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Chapter 1 General Introduction

1.1. Stem Cdlls

The flurry of recent studies touting the near-milaas properties
of stem cells underscores the need for more rigodadinitions.

A true stem cell must satisfy several operationatega like
clonogenic capacity, must be capable of unlimitetf-renewal by
symmetric division. Then it must be able to divaeymmetrically,
one daughter resembling its mother, the other daugiving rise to
multiple types of differentiated cells representedy three primitive
embryonic germ layers, at the end it must origitiied® an embryonic
or adult stem-cell source.

There are two different sources for the extractibatem cells: the
embryo or the adult tissues.

1.1.1. Embryonic Stem Cells

Embryonic stem cells (ESCs) are stem cells derike@d the inner
cell mass of an early stage embryo known as adugst at the stage
of 4-5 days post fertilization, at which time thegnsist of 50-150
cells; in fact, after fertilisation, an embryo cats of identical cells
which are totipotent. That is to say that each d@agilve rise to an
embryo on its own producing, for example, identidalins or

quadruplets. They are totally unspecialised ancehthe capacity to



differentiate into any of the cells which will cditste the fetus as
well as the placenta and membranes around the fetus

At four to five days after fertilisation (morulaosage), the embryo
is still made up of unspecialised embryonic cdiist these cells can
no longer give rise to an embryo on their own.

At five to seven days after fertilisation (blastststage), a hollow
appears in the centre of the morula, and the aalisstituting the
embryo start to differentiate into inner and ouwtells: the outer cells
will constitute the tissues around the fetus, idirlg the Placenta; the
inner cells (20 to 30 cells) will give rise to tfedus itself as well as to
some of the surrounding tissues. If these innds @k isolated and
grown in the presence of certain chemical substa(grewth factors),
pluripotent ES cells can be derived.

ES cells are pluripotent, not totipotent since tibapnot develop
into an embryo on their own. If they are transférte a uterus, they
would neither implant nor develop into an embrybisTmeans they
are able to differentiate into all derivatives bé tthree primary germ
layers: ectoderm, endoderm, and mesoderm. Thekgléeach of the
more than 220 cell types in the adult body.

One of the complex technical issues surroundingsbiation and
propagation of embryonic stem cells in vitro is ttientification of the
proper culture conditions, which can keep the cels an
undifferentiated state or induce their differentintinto a particular
type of cell. In addition to soluble factors, plasturfaces can affect
cell morphology, cell density can influence intdraics between cells,
and the transfection of differentiation-inducingnge can help guide

the pluripotent embryonic stem cell to a speciét tate.
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Studies involving human cells date only from 19@8en human
embryonic stem cells were first successfully prated, (Shamblott
MJ et al., 2001; Thomson JAet al., 1998). This milestone relied
heavily on the gradual progress made in the previdQ years
(Thompson S et al., 1984; Bongso A et al., 1994emwmouse and
primate embryonic stem cells were extensively datter&zed (Evans
MJ and Kaufman MH, 1981).

1.1.2. Adult and Fetal Stem Cells

The other stem cell source is dictated by an adtdin cell
(ASCs). It is an undifferentiated cell found amatifferentiated cells
in a tissue or organ, it can renew itself and déifdiate to yield the
major specialized cell types of the tissue or orgdre primary roles
of adult stem cells in a living organism are to mtain and repair the
tissue in which they are found.

The history of research on adult stem cells bedmua50 years
ago. In the 1960s, researchers discovered thatbtme marrow
contains at least two kinds of stem cells - Hemaigtic stem cells
(HSCs), which form all the types of blood cellstie body and bone
marrow stromal cells (BMSCs). Stromal cells are &ewch cell
population that generate bone, cartilage, fat, fimdus connective
tissue. In the field of adult stem cells the speciarea of
hematopoietic stem cells is better understood andemesearched
than any other aspect of stem cells biology. CDB&matopoietic
stem cells isolated from bone marrow that are dapabproducing

cells of the lymphoid and myeloid lineages in bloack the most
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studied. Such cells are the only currently avadalherapeutic
application of stem cells and are used for a waépurposes usually
entailing the replacement or the reestablishmetti@fmmune system
of a host after a disease or toxic therapy.

In the 1960s, researchers studying rats discovevedegions of
the brain that contained dividing cells which beeomerve cells
(Becher H and Knoche H, 1962). Despite these reporbst scientists
believed that new nerve cells could not be gendratéhe adult brain.
It was not until the 1990s that scientists agrdet the adult brain
does contain stem cells that are able to gendratbrain's three major
cell types: astrocytes and oligodendrocytes, wlamh non-neuronal
cells, and neurons, or nerve cells (NobleeMal., 1990). In 1998
Brustle and colleagues found that human cells mffgate into
neurons, astrocytes, and oligodendrocytes, whigbulate the host
fore, mid-, and hindbrain. They generated neurahehas composed
of human and rodent cells to provide a uniqgue meastudy human
neural cell migration and differentiation in a ftiwoal nervous
system (Brustle @t al., 1998).

During development and throughout lifetime neurondgath,
maintenance and neurogenesis occur in a tightlyraked manner
(Tavazoie M.et al., 2008; Doetsch Fet al., 1997). The neurogenic
zones, replete with neural stem cells (NSC) armamily located in
the subventricular zone (SVZ) of the lateral vexhri and the
subgranular zone (SGZ) of the hippocampal dentstesg These
neurogenic zones are intimately associated withir tHecal
microvasculature beds. Further, the behaviors efrtauronal stem

cells and microvasculature in these zones are titoug be
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reciprocally co-regulated, in part, via oxygen tenslocal NSC and
several molecular factors including neurotrophimascular growth
factors, cytokines and nitric oxide ( fig 1) (Li @t al., 2006; Li Qet
al., 2008).
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Figure 1. Proposed endothelium-derived regulators of theltamkural stem cell
niche. Vascular endothelium-derived factors knowmegulate the adult NSC niche
can originate from the endothelial cell itself, tieculation or the ECM surrounding
the blood vessel. Ang: Angiopoietin; BDNF: Brainrgred neurotrophic factor; EC:
Endothelial cell; ECM: Extracellular matrix; GROr@wth-related oncogene; LIF:
Leukemia inhibitory factor; NSC: Neural stem ceiCF: Stem cell factor; SDF:
Stromal cell-derived factor.

Following brain lesion , NSC, supported by theazdbvasculature, are
thought to proliferate, migrate to and differergiadt injury sites,
affecting variable degrees of structural and fuorai recovery (Fagel
DM. et al., 2006). Nevertheless, endogenous neurogenesis badleo

to recover the damaged neural tissue.
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A notable exception to the tissue specific potémtisstem cells is
the mesenchymal stem cell or what is more receo#lifed the
multipotent adult progenitor cell derived from bomarrow stroma.
Such cells have been shown to differentiatesitro into numerous
tissue types and similarly differentiate developta#y in blastocyste
injection into multiple tissues including neuronallipose, muscle,
liver, lungs, spleen and gut.

Adult stem cells have been identified in many oggand tissues.
It is important to note that there is a very snmalinber of stem cells
in each tissue.

Stem cells are thought to reside in a specific afeaach tissue
where they may remain quiescent (non-dividing)rf@ny years until
they are activated by disease or tissue injury.

Scientists do not agree on the criteria that shdddused to
identify and test adult stem cells.

However, they often use one or more of the follgvitnree

methods:

(1) labeling the cells in a living tissue with moleaufaarkers and
then determining the specialized cell types theegate;

(2) removing the cells from a living animal, labelingem in cell
culture, and transplanting them back into anothremal to
determine whether the cells repopulate their tisuigin;

(3) isolating the cells, growing them in cell culturand
manipulating them, often by adding growth factors o
introducing new genes, to determine what diffeagatl cells
types they can become.



Because of these generative properties, it is thopgpbable that
stem cells will find use in the therapy of degetgeadiseases or
injuries.

Another source of stem cell is fetal tissue obtdiaier pregnancy
termination. Multipotent stem cells such as negtam cells derived
from fetal neural tissue, can be multiplied in ardt, though they have
a limited life span. Fetal tissue has unique chiaretics that make it
especially valuable in some treatments. Fetal cgdlselop much
faster than do adult cells, hastening their tharapeeffect — a
potentially significant benefit for gravely ill gahts. They are also
less likely to be rejected by transplant recipidbgsause they are less
antigenic than adult cells. This reduces the nemdekact tissue
matches that can be so difficult to obtain. Fatsue is also easier to
culture and proliferates more readily than complaramult tissue.
Furthermore, it is in greater supply, due to thenber of elective
abortions.

Fetal tissue can also give rise to pluripotent gxmic germ cells
(EGCs) isolated from the primordial germ cellslw# fetus. Such cells
are interesting not only because of their renewal differentiation
potential, but also because such progenitor stéistead to be easily
iIsolated based on anatomic location of dissectioduction into
mature tissue utilising these cells tends to beenstraightforward as
compared with using ESCs.

Although ESCs seem the most flexible type of stesfi, ¢he
ethical constraints and safety issues surroundheig potential clinical

use have encouraged the search for other sourstsmfcells.
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Using fetal tissue in biomedical research and amgplantation is
not a new practice.

As early as 1928 unsuccessful attempts were madensplant
fetal pancreas cells into diabetics (Fichera G8).92

Fetal tissue was used effectively in biomedica¢aesh during the
1950s, and was instrumental in the culture of tbkopvirus, which
led to the development of the polio vaccine. Fasslue cultures were
also essential in the development of the rubeltxivee, and continue
to be used in virology research. Transplantatiofetd! thymus cells
into patients with DiGeorge Syndrome has been msized as
effective therapy since the late 1960s.
Many of the therapeutic applications involving feiasue are still in
the experimental stage, so it is difficult to pimgats transplantation
potential. One promising application is the traasphtion of human
fetal brain cells into theubstantia nigra of patients with Parkinson’s
disease to restore motor function. Fetal neuraisplants have also
shown promise for patients suffering from Alzheimealisease, spinal
cord and other neural tissue injuries, and possdagne forms of
cortical blindness. Fetal liver cells may be usdhu treatment of
some kinds of bone marrow disease seen in leukamib aplastic
anemia patients. Fetal tissue transplantation mag &elp those
suffering from blood clotting disorders, such askk cell anemia,
thalassemia, and hemophilia. Fetal pancreatic didsas potential
applications in the treatment of diabetes, espgcjavenile onset
diabetes. Human gene therapy may employ early dets.

However, the use of adult stem cells is not withpublems

(Verfaillie CM, 2002).
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First, expansion of adult stem cells in culturehisdered by the
paucity of molecular markers by which they can dentified and
quantified. In addition, the expression of markeeos distinguish
populations of stem cells appears to be variablé accasionally
inconsistent; cell surface antigens vary accordiagthe culture
preparation, culture duration or plating densitgc&d, it is now
recognised that cells with different stem cell @tigs can coexist
within some tissues and, more importantly, withimpianted cell
populations. For example, there might be sevena¢tias of each type
of adult stem cell, and only one cell in a colonygim have the
capacity for a particular haemopoietic or mesendiyfate (Phinney
DG, 2002; Vogel Wet al., 2003).

The quantitative and qualitative effects of agedngstem cells are
not well understood, although it is believed thegns cells from a
younger individual should have greater potentiaar{\Zant G and
Liang Y, 2003). Thus, many investigators suggest thtal stem cells
should have an advantage over adult stem cellelinreplacement
therapies. All stem cells invest heavily in selbfactive mechanisms
and can self renew, but whether or not they age tinelifetime of an
individual is the subject of much debate (Roccanbvend Ramphal
P, 2003; Van Zant G and Liang Y, 2003).

There is some evidence from murine models that hbming
efficiency of older Hematopoietic Stem Cell (HS€)eass than that of
younger HSC, and adult stem cells are at a comgetiisadvantage
when transplanted with fetal cells. (Harrison DE83).

Older HSCs have diminished self-renewal capacitgssl|

developmental potency and give rise to decreasetbars of progeny
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when subjected to haemopoietic demands, and thigndan function
iIs even more apparent when older stem cells undenyeased stress
(Wynn Ret al., 1999).

Similar qualitative effects of ageing are seen withsenchymal
Stem Cell (MSC) (Bruce SAt al., 1986; Mets T and Verdonk G,
1981); older bone marrow stroma blunts haemoporesponses after
transplantation and increases post-transplant raatanity (Doria G
et al., 1997; Ordemann R et al., 2002).

Most, if not all, stem cells produce telomerasejciwHengthens
telomeres, protects against genotoxic damage amdlai@s with cell
immortality. The self-renewal and replicative pdtehof stem cells
probably depends on telomerase to maintain staldeneres, as most
evidence indicates that telomere length is a bikerarof the
replicative history of cells (Hayflick L, 2000).

Cells of the germline have very long telomeres, clvhdo not
shorten with ageing of the organism, and fetal staits could be
expected to have an advantage over adult stem icetlsis regard.
Comparative studies of fetal liver and adult boreanow HSC have
confirmed that fetal liver HSC have higher telonseractivity and
adult bone-marrow-derived HSC shorter telomeresjchvhagain
implies that the proliferative potential of HSClisited and declines
with age.

There are, of course, ethical issues associatddtivé collection
and use of fetal tissues for stem cell researclreMeeless, it can be
argued that fetal stem cells are currently obtaifrech terminated
fetuses, thus using tissue that would otherwisedisearded. Fetal

blood and liver, however, also represent potentidiarvestable
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sources of autologous stem cells, which might berahle to genetic
manipulation and reinfusion in ongoing pregnan¢&smpagnoli Gt
al., 2001). Considerable research now suggests thasteta cells are
more plastic than adult stem cells, and hence besater therapeutic
potential. In addition, there is evidence that tHeave important
differences in gene expression. Some fetal sters ¢telve higher
replicative potential than their adult counterparés concept that
argues in favour of the use of such cells for fptargation.

In addition, the pre-immune status of early fetahs cells might
be important in mismatched transplant situationstii@rstrom Cet
al., 2004). There is also a rationale that fetal tneait is better than
adult treatment, especially in anticipated posirditease. Fetal stem
cells are intrinsically primed to develop in theéateenvironment and
an obvious advantage is using autologous stem aallseven
allogeneic fetal stem cells (Michejda M, 2004).

Culturing of human stem cells offers insights tlzainnot be
studied directly in the human embryo or understibwdugh the use of
animal models. For instance, basic research on s&dis could help
to understand the causes of birth defects, intgrtiend pregnancy
loss. It could also be useful to give a better wstdeding of normal
and abnormal human development (chapter 3).

Another area of interest includes studies of hurdesease on
animal models. For example, mouse ES cells cannigegneered to
incorporate human mutated genes known to be as$sdciaith
particular diseases and then used to make trarcsgenise strains. If
such mice express the pathology of the human disélis confirms

the hypothesis that the gene is involved with te#odgy of the
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disease. This strategy also yields an animal madethe human
disease which has, in most cases, a much bettdicfaility for the
human situation than more conventional animal n®d@he of the
most illustrative examples of this method is ite us order to address
the potential causes of Alzheimer’s disease.

Research also studies the use of stem cells in tpenapy. Stem
cells could be used as vectors for the delivergearie therapy. One
current application in clinical trials is the usehmematopoietic stem
cells genetically modified to make them resistanthe HIV (virus
responsible for AIDS).

The last but not the least use of stem cells ispitogluction of
specific cell lines for therapeutic transplantatidh feasible, this
would be the most promising therapeutic applicatdrstem cells.
Research is being actively pursued, mostly in toesa, with the aim
of directing the differentiation of stem cells foroduce pure
populations of particular cell types to be used foe repair of
diseased or damaged tissues. For instance, thewantd be to
produce cardiac muscle cells to be used to allevethaemic heart
disease, pancreatic islet cells for treatment abelies (juvenile onset
diabetes mellitus), liver cells for hepatitis, raurcells for
degenerative brain diseases such as Parkinsor@asdisand perhaps
even cells for treating some forms of cancer. Taadplantation of
stem cells could also help, for example, to reppinal cord damage
which occurs frequently, mainly following traumaoi(finstance car
accidents) and is responsible for paraplegia. Resfithis kind of cell
therapy on animals are promising, but are stillrgyeaway from

clinical application. Even more remote (possiblgat#es away) is the
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prospect of being able to grow whole orgamsitro, but if tissues for
the repair of organs become available, it wouldatiyerelieve the
existing unsatisfied demand for donated organgréosrsplantation. In
providing a potentially unlimited source of specificlinically
important cells such as bone, muscle, liver or dloells, the use of
human stem cells could open the way to a new "r@gdéne
medicine”.

In fact, based on the positive results of experiia#mn on rodents
and primates, clinical trial in patients with Paon’s disease have
been performed on around 200 patients over the l@styears,
especially in Sweden and the USA. They have shomat the
transplantation of neural cells derived from thenhn fetus can have
a therapeutic effect, with an important reductidrthe symptoms of
the disease in the treated patients. The cliniwgrovement among
these patients has been observed for 6-24 mortrstefnsplantation
and in some cases for 5-10 years. It has receety Ishown that 10
years after the transplantation surgery, the tdanspd neural cells
were still alive and producing dopamine, the conmgbwvhich is
deficient in the brain of patients with Parkinsodisease. However,
this therapeutic approach still remains experimemtaaddition, the
availability of neural fetal tissue is very limiteBive to six aborted
fetuses are needed to provide enough neural tigsugeat one
Parkinson’s patient. That is why new sources ofalezells have been
explored in some countries such as the US and Swddeir aim is
to derive neural stem cell lines from fetuses witilimited growth
potential and that could be cryopreserved, progdmnuch greater

amounts of neural tissue for transplantation.
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1.1.3. Stem Cells and Legislation

The use of stem cells, in particular, embryonicrsteells is
governed by laws.

In Europe Article 18 of the Convention on Human tRgyand
Biomedicine establishes that each country shoutdddewhether to
authorize embryo research or not. Each nation iy obliged to
respect two conditions: “to ensure adequate priotecif the embryo”,
that is to say to adopt a legislation fixing thenditions and limits of
such research; and to prohibit “the creation of &nnembryos for
research purposes”. The Convention is binding datythe States
which have ratified it.

At the EU level, although there is no legislativempetence to
regulate research, some directives allude to tkeeisof embryo
research and use. For instance, Directive 98/44¢ECthe legal
protection of biotechnological inventions (pategton life) stipulates
that “processes for cloning human beings” and “uséshuman
embryos for industrial or commercial purposes”... dishbe
considered unpatentable”.

Directive 98/79/EC onin vitro diagnostic medical devices
(including the use of human tissues) provides thia¢ removal,
collection and use of tissues, cells and substantdsiman origin
shall be governed, in relation to ethics, by thegples laid down in
the Convention of the Council of Europe for thetpation of human
rights and dignity of the human being with regardhe application of
biology and medicine and by any Member States egguis on this

matter”.
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The situation in the USA contrasts with that in @&pe. In
September 1988 the National Institutes of HealtfH{Nn the US
convened a panel of non-government experts, ethiciawyers,
theologians, physicians and biomedical researchegpresenting
varied outlooks on the use of fetal tissue, andatbortion. The
conclusion of a substantial majority of the paneammbers was that
though “it is of moral relevance that human fetaktie has been
obtained from induced abortion,” fetal tissue trdastation research
is “acceptable public policy”, provided that centaiafeguards are in
place. They recommended that there be anonymitydsst the donor
and the recipient, and that special consent praoesdbe used to
separate the decision to abort from the decisiaotate tissue. These
recommendations were in keeping with other gui@sliastablished in
other countries and “located squarely in the mitdleinternational
consensus (U.S. National Institutes of Health, 1988

All committees specified that no one should berefibnomically
from donating or distributing tissue, and most rezgpisome form of
record keeping. Many advisory panels stated that fessue research
should be permitted if it is consistent with lod¢alvs and subject to
approval of local institutional review boards.

The issue of stem cell research, particularly emig stem cell
research, became a high-profile political issu¢hm U.S. during the
first year of President George W. Bush's term ficef On August 9,
2001, Bush enacted a ban on federal spending frptirpose of
deriving new embryonic stem cells from fertilizednleayos. He
argued that performing research on embryos is@estt human life,

and should therefore be avoided. Both the 109th1dfth Congresses
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passed bills overturning the ban, but both wereedtby Bush.
During the 109th Congress, both houses passed asiu 8gned a bill
banning the creation of human fetuses with the gmlegpose of
destroying them and harvesting their body partse Benate also
passed a bill encouraging research into the creatictem cell lines
without destroying human embryos.

President Barack Obama removed the rules limiteggarch on
human embryonic stem cells in the United Statese National
Institutes of Health (NIH) in Bethesda, Marylansl,now working out
policies that will allow researchers to apply feagt money from the
agency to study some of the hundreds of cell lioesated after
President George W. Bush limited federal fundingetgearch on lines
in existence at that time. President Barack Obangaed the
executive order on 9 March 2009. The new order &s&sNIH to
develop guidelines and regulations to govern fdijefanded human
embryonic stem-cell research.

Various commissions have been established in theetlibtates
and abroad to study the question of using fetalugs Some early
commission reports examined research on live fetase pregnant
women, paying little attention to the transplamatiof fetal tissue.
Later reports have focused more on the use ofdidsom dead
fetuses. Most committees have made distinctionsvdest different
categories of fetuses, depending on age and wafjlithe fetus,
viability (the likelihood of the fetus surviving taide the uterus),
whether the research was to take placetero or ex utero, whether
the research was to directly benefit that fetusl, éinally, whether or

not the fetus was alive.
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The Center for Biomedical Ethics at the UniversifyMinnesota
reports that more than 1000 patients have recdanasplanted fetal
tissue worldwide. Countries where fetal tissue dpdantation has
occurred include: Australia, Canada, China, the @omwealth of
Independent States (formerly the U.S.S.R.), Culbmecloslovakia,
Finland, France, Germany, Great Britain, Hunganydid, Italy,
Mexico, Norway, Spain, Sweden, and Yugoslavia (\éawDE and
Caplan A, 1992).

Recently, a UK stem cell research company hasvedeapproval
from the UK Medicines and Healthcare Products Retguy Agency
(MHRA) to commence a first-in-man clinical trialrfthe treatment of
patients who have been left disabled by an ischasimbke, the most
common form of the condition. The company has us#sdc-
mycERTAM technology to generate genetically staibdairal stem
cell lines isolated from human fetal brain.

Another innovation, described by Shinya Yamanake&n from
the University of Kyoto in Japan, worked on skidlsé&om the face
of a 36-year-old woman. After collecting these diblasts, the
scientists injected them with genes coding for faranscription
factors. This genetic manipulation enabled thenadtivate certain
genes in the skin cells that are normally activly amh the embryonic
development stage (Takahashetal., 2007).

In the USA, James Thomson’s team showed that faatofs
(OCT4, SOX2, NANOG, and LIN28) are sufficient topregram
human somatic cells to pluripotent stem cells ehdtibit the essential
characteristics of embryonic stem (ES) cells. Sadiced pluripotent

human cell lines should be useful in the produckdmew disease
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models and in drug development, as well as for iegipbns in
transplantation medicing’'u Jet al., 2007).

Although the results of these recent iPS studiesofrenormous
biological and clinical interest, the research laso triggered an
ethical debate. What is the advantage of suchraigge over current
techniques? While some people present iPS as thaosoto many
ethical issues posed by embryonic stem cells agcieutic cloning,
not all the experts are in agreement. The techndpes not require
the use of embryos and produces cells that aretigaltgidentical to
the patient’s own cells.

This recent discovery of the American and Japanmesearch
teams does not seem to challenge the scientifi¢hwafr embryonic
stem cell’'s debate. However, they do hold out neywehfor treating
ailments like cancer, diabetes, arthritis, spinatdclesions, heart
disease, burns, Parkinson’s disease and Alzheiméfith regard to
organ transplants, the new technique could enabitods to create
stem cells using the patient’'s own DNA, thus eliating the risk of
rejection.

It is easy to understand why this innovative meth&doeing
greeted with so much fervour. However, there is&tiong way to go
before the method can be tested for clinical appbos. Above all,
scientists will need to determine how identical i@®% to embryonic
stem cells.

About the human fetal stem cells there is a difiereviay to

improve the research from the government policy.
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1.2. Human Adult Skeletal M uscle Stem Ceélls

1.2.1. Skeletal Muscle Stem Cells (Skmscs)

The primary functions of skeletal musculature apeomotor
activity, postural behavior, and breathing. Howewgeletal muscle is
susceptible to injury after direct trauma (e.g.temsive physical
activities, lacerations) or resulting from indirecauses such as
neurological dysfunction or innate genetic defetftéeft unrepaired,
these injuries may lead to loss of muscle massnhative deficiency,
and in the worse cases lethality.

The maintenance of a working skeletal musculatareonferred
by its remarkable ability to regenerate. Indeedyrupuscle injury a
finely orchestrated set of cellular responses ts/aied, resulting in
the regeneration of a well-innervated, fully vascizled, and
contractile muscle apparatus.

The advances of molecular biology techniques coetbinith the
identification and development of rodent models fmuscular
dystrophy have contributed to the identification afolecular
pathways involved in muscle regeneration. In palac the
identification of muscle satellite cells has lediiajor advances in our
understanding of muscle regeneration. Significasearch into the
biology of satellite cells has elucidated the dalluand molecular
mechanisms during muscle regeneration. These stindiee also led
to insight regarding the development of therapesttiategies that may
alleviate some of the pathological conditions asged with poor
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muscle regenerative capacity, such as the one\azbé&n muscular

dystrophy patients and in the course of normal gagiWiore recently,

the identification of multipotent stem cells camaldf myogenic

differentiation in the course of muscle regeneratias extended our
view on the muscle regenerative process and opeswderspectives
for the development of novel therapies.

Muscle satellite cells have long been consideredlistinct
myogenic lineage responsible for postnatal growtdpair, and
maintenance of skeletal muscle. Skeletal musclellsatcells were
first described in frog muscle by Mauro (Mauro A61) based on
their morphology and position relative to matureofityers and were
later identified in adult avian and mammalian mas@rmand Oet
al., 1983). Satellite cells adhere to the surface yétabes prior to the
formation of the basal lamina, such that the blsalna surrounding
the myofiber and satellite cells is continuous (Ard Oet al., 1983;
Bischoff R and Heintz C, 1994).

Satellite cells mediate the postnatal growth of cleisind are the
primary means by which the mass of adult muscferimed (Schultz
E and Jaryszak DL, 1985). The overall populatiorsatellite cells
decreases with increasing age. Satellite cellgdirtakeletal muscle
are normally mitotically quiescent but are acticht@.e., initiate
multiple rounds of proliferation) in response toest induced by
weight-bearing exercise or trauma (Rosenblatt J&l,et995; Schultz
E and Jaryszak DL, 1985; Bischoff R and Heintz @94 Grounds
MD, 1999). The descendants of activated satelliédisc called
myogenic precursor cells (mpcs), undergo multiplends of division

prior to fusing with existing or new myofibers.
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Satellite cells appear to form a population of steeils that
become activated, proliferate and and express nmyogmarkers
(satellite cells expressing myogenic markers arso atermed
myoblasts) in response to stimuli such as myotraudiamately,
these cells fuse to existing muscle fibers or together to form new
myofibers during regeneration of damaged skeletadate. (Bischoff
R and Heintz C, 1994; Schultz E and McCormick K94).

Since the original description of the myogenic Kigte cell,
considerable interest and research efforts haveséit on myogenic
satellite cell biology. These research efforts harmhanced our
understanding of muscle growth, remodeling, ancemegation. In
addition, new paradigms have been proposed regardime
regenerative capacity and the plasticity of the geyoc satellite cell
population (Lemischka I, 1999; Megeney lefal., 1996.; Ordahl CP,
1999; Seale ket al., 2000).

These paradigms suggest that the satellite celilptpn not only
has a remarkable capacity for muscle regeneratian niay also
contribute to alternative muscle and non-muscledges and may
have clinical applications.

Until a few years ago, skeletal-muscle satellitdsogere thought
to be capable of regenerating muscle fibres onheyTare normally
quiescent but become activated and start to diundeesponse to
muscle trauma. However, studies in the past fewsybave shown
that adult skeletal-muscle tissue contains progenibr pluripotent
stem cells able to differentiate into several plgmes of
mesenchymal cell (Young HEt al,1999; Young HEet al., 2001)

which suggests that the pool of skeletal-musclé+ddr stem cells
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includes distinct subpopulations of precursors withfferent
differentiating capacities. Satellite cells may resent only one of
these subsets (Heslop dt al., 2001). Furthermore, a study in rats
confirmed that skeletal muscle stem cells consfst anixture of
progenitors and pluripotent stem cells able toedéhtiate not only
into different types of mesodermal cells, but alsto cells of
neuroectodermal origin such as astrocytes and nsu(Bomero-
Ramos Met al., 2002). One of the limitations of most of thesedgts

Is that they used animal models, and there have ey few human
studies.

Specific cells within skeletal muscle exhibit apgar stem cell-
like plasticity and multipotentiality (Orkin SH andon LI, 2002;
Romero-Ramos Mt al., 2002). This implies that there is something
unique about the skeletal muscle environment thawsa it to support
the survival of primitive progenitors. Indeed, weavh recently
demonstrated that adult skeletal muscle deriveah stells (SkmSCs)
may also differentiate into neurogenic cell lineagalessandri Get
al., 2004).

The number of quiescent satellite cells in adultsaoel remains
relatively constant over multiple cycles of degetien and
regeneration, suggesting a capacity for self-rehexthin the satellite
cell compartment. Beside this interesting potentsideletal muscle
contains cellswith similar biological characteristics tmesenchimal
stem cells (MSCs) (Asakustal., 2001).

MSCs can differentiate into multiple mesoderm-typells (e.g.
osteoblasts, adipocytes and chondrocytes (Kassenal. 1993;

Justeseret al. 2002; Johnstonet al. 1998). Recently, unexpected
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plasticity has been attributed to MSCs, as theyehdwen
demonstrated to differentiate into a number of nwsoderm-type
cells, including neuronal-like cells (Jiasgal. 2002; Sanchez-Ramos
et al. 2000). The emerging field of regenerative medicine hdlus
promise of treating a variety of degenerative dissawhere no
specific or effective treatment is currently avhiaby transplanting
biologically competent mature cells and organgadrticular, there are
several investigations focused on the transplamtabf MSCs in
neurodegenerative diseas@#hat is encouraging is the presence of an
accumulating evidence of theersatile differentiation potentialand
hypo-immunogenic nature of MSCs .(Le Blat@l. 2003).

1.2.2. Satellite Cell Identification

Anatomic identification. Resident within adult skeletal muscle is a
pool of undifferentiated mononuclear cells termeatelite cells
because of their anatomic location at the periplarghe mature,
multinucleated myotube. The defining characteristicthe satellite
cell is that the basal lamina that surrounds thellga cell and the
associated myofiber is continuous (Schultz E andCotmick KM,
1994). Other distinguishing morphological featunéshe satellite cell
population include a relatively high nuclear-toaptasmic ratio with
few organelles, a smaller nuclear size compareth tie adjacent
nucleus of the myotube, and an increase in the amotinuclear
heterochromatin compared with that of the myonwulelihese
morphological features are consistent with the ifigdthat satellite

cells are relatively quiescent and transcription#iss active. These
25



distinguishing features are absent following ad¢toraor proliferation
of the satellite cells in response to growth, reeliod), or muscle
injury. After activation, the satellite cells areora easily identified as
they appear as a swelling on the myofiber with phgsmic processes
that extend from one or both poles of the cell (#hE and
McCormick KM, 1994). The number of quiescent s#teltells in
adult muscle remains relatively constant over rmldticycles of
degeneration and regeneration, demonstrating arenh capacity for
self-renewal (Gibson MC and Schultz E, 1983; Sehiland Jaryszak
DL, 1985).

The mechanism by which satellite cells undergo-isgiewal in
adult skeletal muscle represents an outstandinge isgill poorly

understood.

1.2.3. Morphological Characteristics of Skeletal Muscle

Regeneration

Adult mammalian skeletal muscle is a stable tisaugh little
turnover of nuclei. Minor lesions inflicted by dé&y-day wear and tear
elicit only a slow turnover of its constituent malicleated muscle
fibers. . Whether the muscle injury is inflicted &ydirect trauma (i.e.,
extensive physical activity and especially resisgatraining) or innate
genetic defects, muscle regeneration is charaetéhy two phases: a
degenerative phase and a regenerative phase Tied Ewent of
muscle degeneration is necrosis of the muscle dib€his event is
generally triggered by disruption of the myofibearslemma

resulting in increased myofiber permeability. Tharlg phase of
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muscle injury is usually accompanied by the acibrat of

mononucleated cells, principally inflammatory cedlad myogenic
cells. Recent reports suggest that factors reledsedhe injured
muscle activate inflammatory cells residing withie muscle, which
in turn provide the chemotactic signals to ciraalgtinflammatory
cells. Muscle degeneration is followed by the atton of a muscle
repair process. Numerous nuclear radiolabeling rexgats have
demonstrated the contribution of dividing myogentells to

regenerating myofibers, and it is well accepted tisdlowing the

myogenic proliferation phase, new muscle fibersfarmed much as
during bona fide embryonic myogenesis; myogenits agifferentiate
and fuse to existing damaged fibers for repaircooe another for
new myofiber formation.

Aging is associated with a significant declinehe tass, strength,
and endurance of skeletal muscles in both human amcals
(Karakelides H and Nair KS, 2005). It has been psep that
compromised satellite cell function contributes ttos age-linked
muscle deterioration. Whether satellite cell nurslecline with age
is controversial and probably varies among differetuscles and
species (Schafer & al., 2005).

1.2.4. Heterogeneity of Satellite Cells

The expression pattern of several molecular martkassindicated
that there may be heterogeneity within the sagediéll pool of young
mice (Beauchamp JRt al., 2000). This could simply be due to

dynamic expression of some of the antigens expdasgsatellite and
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could be related to the length of time that thelscélave been
quiescent. Various functional observations sugdfest the satellite
cell pool may be composed of a heterogeneous pipulalifferences
between myogenic progenitors are also seen inreultthere cells
exhibit heterogeneity in proliferation rate, cloeog capacity and
morphology.

Whether this satellite cell heterogeneity is linkedmultipotency
is unknown. Until recently satellite cells were smlered unipotent
and their function restricted to supplying myobsagbr muscle
maintenance and repair but we found that cellaisdl from muscle
tissue are able to differentiate into both myogean neurogenic
lineages (Alessandri G et al, 2004) while Tamakd awlleagues
demonstrated that they can adopt myogenic and leeldt fates
(Tamaki Tet al., 2002).

1.2.5. Muscle Stem Cell Plasticity

Interestingly, while traditionally thought to be mmitted to the
skeletal muscle fate, it is now evident that musstem cells,
including satellite cells, are multipotent. For Bxde, bone
morphogenetic protein (BMP) treatment activategagtnic markers
in a myoblasts line (Katagiri T et al, 1994; Katadi et al, 1997).
Moreover, satellite cells derived from single fibesultures
spontaneously form adipocytes and osteocytes widinred on a
soluble basement membrane matrix lacking strongoggnic or
adipogenic signals (Asakura A et al, 2001).

The finding that undifferentiated cells in adult @ast cultures

co-express key regulators for myogenesis, osteasgeneand
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adipogenesis, supports the hypothesis that satetitlls have a
multipotential predisposition (Wada MR et al, 200%) order to
extend these findings, we designed new experimamts confirmed
that adult human SkmSC can also differentiate mtggenic and

neurogenic cell lineages (Alessandri G et al, 2004)

1.3. Céll Therapy

Cell therapy - also called live cell therapy, ckllususpensions,
glandular therapy, fresh cell therapy, embryonitl teerapy, and
organotherapy - refers to various procedures irclvprocessed tissue
from animal embryos, fetuses or organs, is injededaken orally.
Products are obtained from specific organs or dissisaid to
correspond with the unhealthy organs or tissueghef recipient.
Proponents claim that the recipient's body autarabyi transports the
injected cells to the target organs, where theyssg@dly strengthen
them and regenerate their structure.

The term “cell therapy” identifies one way of tne&int in which
drugs are replaced with cells. Recently, this d&din has been used
primarily to indicate procedures involving the usg well
characterized cell subsets, subject to specifatrinents, such as cell
selection, andhn vitro expansion, creating clones with anti-infective or
anti neoplastic proprieties. In the area of cediréipy, it is preferable
to use the term "implant” to define an enrichmdraadlular entities in
the host organism for therapeutic purposes sirmespilantation is the
replacement of damaged biological structures witheo intact
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structures taken from the same patient or from rrodghomologous
or heterologous gratft).
The source from which the cells are obtained dsfihe category

of type of implant used:

» Autologous implant: cells taken from the same ptie
* Allogeneic implant or heterologous: cells obtainiedm an
immune-compatible donor.

* Singenic implant: cells of monozygotic twins (rare)

Cell therapy is the treatment of human diseases thy
administration of cells that have been selected/tipied and
pharmacologically treated or altered outside thdyb@x vivo). The
aim of cell therapy is to replace, repair or imgawe function of
damaged tissues or organs or cells.

The reason for the great of interest in cell therapits ability to
do a job better than any chemical could: cells sacrete hormones
(e.g. insulin) or other therapeutic substances,y tloan form
connections with host tissues (e.g. formation afraral connection
in the brain) and they can proliferate to replagered tissue and to
provide structural support (e.g. in the case of culoskeletal

disorders).
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1.3.1. History of Cell Therapy

The theory behind cell therapy has been in existdoc several
hundred years. The Swiss doctor and alchemistdphidi Aureolus
Paracelsus (1493-1541 recorded the first discuss#idhe concept of
cell therapy in hiDer grossen Wundartzney ("Great Surgery Book")
in 1536 that "the heart heals the heart, lung h#aslung, spleen
heals the spleen; like cures like." Paracelsus arahy of his
contemporaries agreed that the best way to tredin@ss was to use
living tissue to restore sickly people.

The first form of cell therapy, in particular a btb cellular
therapy, was made by Jean-Baptiste Denis (1640)1706durt
physician to King Louis XIV. He attempted to tramsé lambs’ blood
into human subjects.

The first cell therapy experiment recorded, ocaliime1912, when
German physicians attempted to treat children \wighothyroidism,
or an underactive thyroid, with thyroid cells.

However, "The father of cell therapy" was Dr. Paliehans
(1882-1971), a Swiss physician. In 1931, afterlieague erroneously
removed parathyroid glands from a patient, Niehattempted to
transplant in this patient the parathyroid glanflaroox. Immediately,
the patient began to improve. Niehans made morastrieven
experimenting on himself, and reported that livéscextracted from
healthy animal organs could cure illnesses. Heebetl adding new
tissue stimulated rejuvenation and recovery.

Swedish researchers have successfully transpldniathn fetal
stem cells into Parkinson's patients, and the phaee is being

investigated further as a possible treatment fgaireng damaged
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brain by neurological disorders such as Parkinsgissase, but also
Alzheimer's disease and epilepsy. However, bectgseells used in
these applications must be harvested from abortedah fetuses,
there is an ethical debate over their use.

Currently, applications of cell therapy in the WnitStates are still
in the experimental and clinical trial stages. Th&. Food and Drug
Administration has approved the use of a celltha@rapy technique
for repairing damaged knee joints. The proceduvelies removing
healthy chondrocyte cells from the patient, cuitgrithem in a
laboratory for three to four weeks, and then tréargng them back
into the damaged knee joint of the patient.

In addition, cell therapy has been used succegdfuliepair spinal
cord injuries, strengthen a weakened immune systéraat
autoimmune diseases such as AIDS, and a wide rahgdronic
conditions such as arteriosclerosis, congenitaleasf cardiac

disorders and sexual dysfunction.

1.3.2. The Choice of an Appropriate Stem Cell Type for CNS

repair.

The choice of an appropriate stem cell type is amg step in the
complex decision process for designing a ratiofaléherapy.

Stem/progenitor cells can be administered in anifiementiated
state or in a pre-differentiated state. While uledéntiated stem cells
have the potential advantage of combining, for gdamvascular and
neural contribution useful for central nervous eyst(CNS) repair,

transplantation of undifferentiated cells may resalunwanted side
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effects such as uncontrolled proliferation and/dfecentiation into
unwanted cell types. For instance, embryonic stelis cequire pre-
differentiation in order to avoid teratoma formati@.i Z et al., 2007).
Pre-differentiation of the stem cells could be adageous since the
environment in the sick organ may have lost the emudhr cues
necessary to induce correct differentiation. On thteer hand,
differentiated cells may be more sensitive to oxygad nutrient
deprivation and may therefore undergo significanityre apoptosis in
an ischemic environment, such as in cerebrovascdiaeases.
Although it is possible that higher immunogenicity the pre-
differentiated cells contributed to their elimirmatj these results may
well be compatible with the hypothesis that prdedéntiated stem
cells are more prone to cell death in an ischenmgirenment, a
question that is currently under investigation.

Recent preclinical work investigating the role dllctherapies for
CNS repair has shown potential neuroprotectiorthi@ different
animal models of neurodegenerative disorders ands Giury.
Mechanisms currently under investigation includgraftiment and
transdifferentiation, modulation of the locoregibnaflammatory
milieu, and modulation of the systemic immunologitdAmmatory
response. While the exact mechanism of action msnzontroversial,
the growing amount of preclinical data demonstmtine potential
benefit associated with cell therapy for neurolagidiseases and
injury warrants the development of well-controllekihical trials to
investigate therapeutic safety and efficacy.

For instance, regeneration of the CNS involves ousiconcepts,

including i) the Regrowth of disrupted neuronal @o ii) the
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Replacement of lost neural cells, and iii) the Recy of lost neural
function, all of which are essential component€NIS regeneration.

Although pioneering clinical experience with sterall-celated
therapy seems promising, it is too early for gelheraical use of this
technique, since many questions remain unanswéneéed, while
guestions about safety, dose, and administration
route/timing/frequency are the first ones to be radsed when
designing a stem cell-based clinical approach,eth&raccumulating
evidence from recent pre-clinical studies that pthgues may also be
at stake. For instance, the choice of stem cellsetaised and their
precise mechanism of action, the need/possibiitycbncurrent tissue
regeneration in case of irreversible tissue loksg, differentiation
degree and specific vascular identity of the tréargpd cells, and the
long-term survival of engrafted cells in the abseraf a normal
supportive tissue environment should be well carsid.

Many researchers have focused their attention drinetypes of
cells that are potential candidates for their ctiarstics in
regenerating the CNS. These cells can be classimd three

categories:

1. Stem cells: adult stem cells derived from differésgues such
as neural stem cells or bone marrow-derived mehyamal
stem cells and potentially, embryonic stem cells.

2. Progenitor cells: neuronal or glial progenitor sell

3. Differentiated or precursor cells: neural precursetls and
specific neuronal subtypein vitro differentiated from

progenitor cells or from adult or embryonic sterisce
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All three cell types have already been implantetd idamaged
CNS in animal experiments showing different projsrt and
efficiency that must be appropriately marked taaobthe best results.

Stem cells (SCs) are immature cells endowed withireeewal
potential that are able to differentiate into vasocell lineages,
regardless of their source (pluripotent).

Progenitor cells are a type of cell already comioissd to a
specific lineage and like stem cells have a capagitifferentiate into
a specific type of cell but their self renewal gmatentialityin vivo
andin vitro are limited (unipotent, sometimes multipotent).

Differentiated or precursor cells are a more speeid cell type
that have a specific physiological role and areald¢ to proliferate.

The optimal candidate for cell-based CNS regermratnust:
proliferate efficiently, differentiate appropriagel survive in the
recipient, integrate into the host tissue, workrappately and not be
harmful to the recipient. A variety of cell typeave been examined
and tested for their capacity vitro studies have examined the ability
of stem cells to differentiate into all cell typed neural tissue
investigated the functional characteristics of ¢healls.In vivo studies
in animal models of neurological diseases have eeadrthe capacity
of stem cells to graft into the host neural tisand then assayed the
functional recovery of the diseased CNS.

These research has shown that cell therapy is migirg option
for the treatment of CNS diseases. Therefore,egji@é to augment
cell function, survival, and homing could be crlicta improve

success rates for cell therapy.
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1.3.3. The Development of Cell-Based Therapies

Stem cell research has the potential to transfoseege treatment,
reduce costs to society and enhance the qualilijeofor millions of
patients. Stem cells also hold the promise of ingrdr business
opportunities — with new directions for industrynavation and
product development. The development of cell-badextapies is
delayed by ethical and policy barriers as well p$dzhnological and
scientific obstructions. Generic methods for therivd¢ion and
establishment of new cells and cell lines and fo propagation,
characterization and differentiation need to bealdisthed and
validated. More specifically, some development peses suffer from
the lack of viable and up-scaled techniques, timétdd control over
the expansion processes, the limited control over directed
differentiation process, the absence of biologmoakkers to identify
the specific cells intended for therapy and to rwonithe
differentiation process, the absence of reliabkesgrvation methods
(long term and short term), the lack of standattmnain the field, and
the lack of human embryonic cell lines free of ewnination by
animal components.

The advanced therapy products such as living, momdine
somatic cells administered to humans for therapeptirposes are
regulated as medicinal products, and require preshapproval. The
regulatory, ethical and quality control levels haeen addressed in
official documents published by regulatory bodies various
Countries such as the Food and Drug Administra(feDA) of the

United States or the European Medicines Agency (BMHhese
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regulatory bodies provide guidelines necessarydsigh a medical
team in charge of a phase I/ll somatic cell therélpyical trial. The

main points for implementing a clinical trial are:

« Patient Safety

Quiality Product Assurence:
Safety

Purety

Effectiveness

Correct Identity

o kr 0N PE

Correct Strength

Facilities

* Maintenance and testing
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1.3.4. Patient Safety

When developing cell therapy, proponents of théatiment must
accept the responsibility to ensure that partidgpamne not exposed to
known unreasonable risks and that the experimgmtalucts are as
safe as possible. It is critically important thanbical trials assure the
safety of human subject participants by using dquationtrolled
products, and by practicing good clinical medicine.

Patients should approach these treatments witleragtrcaution,
should inquire about their proven efficacy and legse in the country
where they live, and should only accept treatmeotnfa licensed
physician who should educate the patient compleaielyhe risks and
possible side effects involved with cell therapye$e same cautions
apply for patients interested in participating imical trials of cell

therapy treatments.

1.3.5. Quality Product Assurence

Cell therapy has the potential to revolutionize te@nagement of
diseases that are currently incurable or have mazate treatments.
Cell therapy products represent a rising area aérajheutic
intervention and their relative newness and compleypresent
considerable challenges in accomplishing produetse.

It is indispensable to maintain an high level desaand quality
in preparing cellular products for therapy. GMP ¢@danufacturing
Practice)-graded cell processing such as cell paéipa, culture, and
manipulation is obligatory for the delivery of suetlvanced cell

therapy.
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Good Manufacturing Practice (GMP) is an internaloset of
regulations, codes, and guidelines by which drugsoyn as
medicinal products in Europe), medical devicesguiastic products,
foods and Active Pharmaceutical Ingredients (APIgre
manufactured. The purpose of GMP is to ensure atyyaoduct. In
the European Union and USA, the GMPs are enforogith more
compliance requirements than those stated in thOVENMPs, are in
force; while in the USA, FDA's version of GMPs, luding
requirements over and above those stated in the VdB€&iment.
Similar forms of GMP are used in other countrieschs Australia,
Canada, Japan, Singapore and where highy soplestic& MP
standards are required.

In general, cell culture operations should be cdisefmanaged in
terms of quality of materials, manufacturing cols#y@nd equipment

validation and monitoring:

 Both manufacturing and testing procedures should be
implemented which ensure the control of cell c@stumith
regard to identity and heterogeneity.

e Cell culturing practices and facilities should besigned to
avoid contamination of one cell culture with anothe

» Characterization of therapeutic entity which regsirthe
manufacturer to prove scientifically that the prodis safe,
and efficacious.

« The essential characteristics of the cultured pelbulation

(phenotypic markers such as cell surface antigiemstional
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properties, activity in bioassays, as appropriaiepuld be
defined, and the stability of these characteriséstablished
with respect to time in culture. This profile shibdde used to
define the limits of the culture period.

* Materials used duringn vitro manipulation procedures should
be clearly identified and a qualification programthwvset
specifications should be established for each compoto
determine its acceptability for use during the nfacturing
process. When using reagent grade material, thkfigation
program should include testing for safety, purégd potency

of the component where appropriate.

Quality control is imperative in order to confirmet conformity,
sterility and the function of cells. The normesuieg that the quality

control be independent and objective.

1.3.6. Facilities

In the case of pharmaceutical products, bactedatammination is
prevented by sterilization by heat or filtrationtesf manufacturing.
However, in order to maintain living cells for céllerapy cells cannot
be sterilized after processing. Therefore, a degdc&MP facility,
conforming to specified standards in order to avaeicrobial
contamination of the product and the environmemt/@nto protect
the operator, is obligatory.

Thus, the Italian Guidelines for Somatic Cell Thsraand also
other guidelines from other contries, prescribe #ihoperations be

performed in Biosafety Level 3 (BL3) laboratoriesgith controlled
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access to the laboratories and high efficiencyiqadate filtered air
(HEPA filter). Specific training of the personnehd standard

operating procedures must be provided.

1.4. Human ALS disecase and anima models: Preclinical

studiesfor development of new cell-based strategies

Amyotrophic lateral sclerosis (ALS), described i862 by the
French neurologist Jean-Martin Charcot, is a fatlrodegenerative
disease whose cause is still unknown. ALS is sanesireferred to as
'‘Lou Gehrig disease' after the famous American lib@layer who
was diagnosed with the disorder. The clinical digtveness of the
ALS pathophysiology is characterized by the progjkes Motor
Neuron (MN) degeneration in the spinal ventral lspnm the most
brainstem motor nuclei, corticospinal and cortidbau systems. The
loss of MN leads to progressive atrophy of skelgtakcles. The fatal
outcome caused by ALS is usually within 2-5 yedisr aonset and it
is due to the acute muscular atrophy leading tarélspiratory failure
with the denervation of the respiratory muscles ahaphragm.
(Bradley WG.et al., 2001). The annual incidence of ALS disease is
about 2—6 cases/100,000 with a lifetime risk ofedeping ALS of 1
per 800 (Cleveland and Rothstein 2001). The medgmof onset is
55 years (Adult-Onset ALS form), although it caarstat younger
ages (Juvenile-Onset ALS form) (Chancellor AM, 1996
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To date many attempts have been made to undergtarckllular
and molecular ALS pathophysiological mechanismswvéieer, little is
known about the genetic defects or environmentdbfa that cause or
predispose to ALS.

The 90% of ALS cases occurs in sporadic form (sAlWBgreas
the familial form of ALS (fALS) accounts for 5-1086 cases.

The fALS cases exhibit significant phenotypic andnefic
heterogeneity (table 1). Among them, about 20% eaased by
missense mutations in the SOD1 gene that codesh&renzyme
Cu2+Zn2+ superoxide dismutase 1 (SOD1). To datbag been
characterized about 70 different mutations in3®1 gene that span
all SOD1 gene exons. Although most cases of SOD1-relatddsfA
follow autosomal dominant inheritance, autosomalcessive
inheritance has been rarely reported.

Recently, the genetic linkage studies have ideutithe loci for
fALS juvenile-onset subtypes: Two recessively irteer loci map to
chromosomes 2q and 15q whereas one dominant jevenset locus
maps to chromosome 9q34 (Hentatiedal., 1994; Hentati Aet al.,
1998; Chance PFet al., 1998). In a recent study Hosler et al have
identified the locus for an adult onset subtype f&LS with
frontotemporal dementia (FTD) that maps to chromos®g21-922
(Hosler BA.et al., 2000).

Although specific genetic alterations do not apgearause SALS,
a number of potential susceptibility and modifiecil have been
identified. In the 1999 Cleveland et al reviewed tontributions that
genetic linkage studies had made to found the ideetwithin the C-

terminal KSP repeat region of the neurofilamentgesubunit NFH)
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gene in a 1% of sporadic ALS patients. These sgéietic linkages
suggest that NF-H variants may represent risk fadtor ALS disease
(Cleveland DWet al., 1999) .

The fALS and sALS forms show very similar clinical
characteristics and common histopathological festusuch as
ubiquitinated inclusions and axonal swellings withe abnormal
accumulations of neurofilaments in degeneratingometrons (Ince
PG.et al., 2000). These evidences suggests that common misoigan
may be implicated in both fALS and sALS pathogen&3n the other
hand the genetic mutations described so far in fAU® SALS
patients affect proteins involved in a wide rangé aellular
mechanisms, including free radical scavenging, gnenetabolism,
axonal transport, RNA processing, DNA repair, velsic transport,
and angiogenesis ( table 1 and 2). Many hypothése® been
formulated to explain the ALS pathogenic mechanismslved in the
selective wvulnerability of the affected MNs: thesaclude
mitochondrial dysfunction, Glutamate-mediated extoiicity,
oxidative stress, protein misfolding, proteosomgdfdnction, aberrant
growth factor signaling, microinflammatory processnd glial
activation. Nevertheless the exact mechanismsttigger the focal
MN degeneration of spinal cord brainstem and caletortex in ALS
patients remain to be elucidate. For instance ibaBeved that the
development of the ALS disease is caused by ampiate between
endogenous  (genetic, metabolic) and exogenous rfacto
(environmental, lifestyle).

Currently, the management of ALS is essentially giynms-based,

and many different drugs have been tested on ttegdacity to
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alleviate or delay the symptoms of ALS patients &mextend their
survival, but none has proved to be successful.

The only currently Food and Drug Administration-spped
treatment for ALS that slightly slows disease pesgion and
prolongs the survival of ALS patients, with no impement in muscle
function, is riluzole (Bensimon & al., 1994).

This drug is an antiglutamatergic agent and lingtatamate
release from nerve endings possibly by stabilizireginactive state of
voltage dependent sodium channels and by a G proteipled
intracellular pathway. However the effect size fizile treatment
was small, as the median increase in ALS patiamtgival is about

two to three months.

Table 1: Familial ALS Loci.

fALS

Gene/Loci

Onset Comments References

Dominant and Recessive type of
OD1 A Shav CEet al., 1998
inheritance 20% fALS.

Ch 18g21 A Dominant type of inheritance Sapp PGt al., 2003
i i i Abalkhail Het al.,
Ch 1612 Dominant type of inheritance i
2003
fALS
| Onset Comments References
Genel/Loci

Dominant type of inheritance.
The TDP-43 protein was identified a%1aekawa St al.,

TDP-43 A o
a component of ubiquitinated 2009
inclusions in FTLD-ALS
Ch 20ptel- Dominant type of inheritance
A Sapp PGt al., 2003
pl3
VAPB A Dominant type of inheritance. Nishimura ALet al.,
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The vesicle-associated membrane
protein/synaptobrevin-associated
membrane protein B (VAPB)
involved in the ER-Golgi transport

systems.

2004

Dominant type of inheritance.
ALS with dementia, Parkinsonism.

The mutations of the microtubule-

MAPT A ] ] Hutton M.et al., 1998
associated protein tau (MAPT) have
been associated with several
neurodegenerative disorders.
Dominant type of inheritance Hosler BA.et al.,
Chog21-22| A
1%-4% fALS. 2000
Ch Xp11- fALS X-linked
A ) ) ) Siddique Tet al., 1998
g12 Dominant type of inheritance
Alsin Recessive type of inheritance
J Hadanoet al., 2001
(ALS?)
SETX J Dominant type of inheritance Chen YZet al., 2004
Ch 15qg15.1- Recessive type of inheritance ,
011 J Hentati A.etal., 1998
gzl.

A= Adult; J= Juvenile. FTLD-ALS= Fronto Temporal har Dementia-ALS
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Table 2: ALS susceptibility/ modifier Loci.

1%

ALS
susceptibility/| Onset| Comments: variants and associatipns Refegencs
modifier loci
The NFH gene encodes for the
NEH A neurofilament heavy-subunit. Figlewicz DAet al.,
The codon deletions in KSP repeats 1994
are found in 1% cases of SALS.
Suppressed expression of the glial
EAAT2 A glutamate transporter EAAT2/GLT-1 i:j;son Metal,
in 60% of SALS patients.
VEGE A Vascular Endothelial Growth Facton | ambrechts Det al.
gene Promoter SNPs in SALS cases 2003
SVIN1 A Copy number variants. sALS Corcia Pet al., 2006
VN2 A Copy number variants. sALS Veldink JHet al.,
2005
Ciliary Neurotrophic Factor , a potent
CNTF J survival factor for motor neurons. | Giess Retal., 2002
Null allele in fALS
ApoE ¢4 A €4 genotype Drory VE et al., 2001

A= Adult; J= Juvenile.
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Several studies of pathogenic mechanisms of AL&gdh the
analysis of ALS autopsy samples, but these date hawt yielded
reliable information about the pathophysiologicechanisms of MN

degeneration from disease onset to the death qfatients.

In the last century the advanced Magnetic ResonafMR)

neuroimaging applications to patients sufferingnfr)ALS have
become an indispensable methods for the unders@nali ALS

pathophysiology under in-vivo-conditions, mainly chkase of its
noninvasive nature. The wide technical advancesi imaging-
based studies should be enhanced more extensielyjndnitoring
treatment efficacy of the ALS-modifying or neurof@ctive agents in
the context of clinical trials. At present, the essment of Riluzile
treatment effects on 1H-MR spectroscopy measureSLia is only

preliminary

Under these circumstances, biomedical researdteisrly expect
to develop possible therapeutic strategies.

In this sense experimental in vivo models have leloped to
improve the knowledge of the SLA pathophysiologyd athe
development of new pharmacological treatments.s&hmclude
animals with spontaneous MN degeneration, transgerdents, and
animals in which spinal MN death was produced with

pharmacological tools (table 3).
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Table 3: Overview of ALS animal models.

'I\A\/Ir:)l(rjr:i Description Pathological changes References
The vps 54 Upper and_ lower MN _
wobbler degeneration, progressive
spontaneous Ref. tab. 5
mouse muscular atrophy of the
mutants )
forelimbs.
Mitochondria swellings,
vacuoles, SOD1 aggregates,
Transaenic neurofilament
mutangt] sop| ALS-linked accumulations, MN loss. | RosenDRet
SOD1 mutations| The severity of the ALS al., 1993
rodents S
phenotype is directly
proportional to the mutant
SOD1expression levels.
Mutant NF-L| ALS-linked NF| —efkarval and axonal NFieeuik.
) - accumulations. Massive
rodents disorganization . . al., 1994
degeneration of spinal MN
Perikaryal accumulations
gy;'et'( ressor| ALS-inked NF | and axonal atrophy Cote Fetal.,
P disorganization | Altered conductivity but ng 1993
rodents
neuronal loss
Peripherin Age-dependent IF _
P ALS-linked NF | aggregates in perikarya and Millecamps S
overexpressor| . - )
disorganization | axons 40% loss of spinal | etal., 2006
rodents MN
Dvnamitin ALS-linked Abnormal gaits and decrease
oelerex ressor| Microtubule- in strength. Axonal |F -aMonte BH
P based transport swellings 25% loss of MN etal., 2002
rodents
defects axons at 16 months
kinesin ALS-linked Staggering gait after 1-year:
heterozygous | microtubule- of gge Pgrogressive mL}/sc Zhao C.et
Knockout based transport 9 9 1., 2001
weakness
rodents defects
Dynein ALS-linked Progressive motor
mutations microtubule- dysfunction BommelH et
heterozygous | based transportLoss of 4-70% of motor al., 2002
rodents defects neurons at 16 months
Dynactin ALS-linked t?ae;iCtgrltr}nvizlleféies of i
y microtubule- P Laird FM et
overexpressor motor neurons, axonal
based transport . . al., 2008
rodents swelling and axo-terminal
defects .
degeneration
Alsin | ALS-linked Defects of endosome Hadano Set
knockout mice| endosomal trafficking, late-onset
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trafficking degeneration of cerebellar | al.. 2006
defects Purkinje cells and of

corticospinal axons
Transgenic ALS linked giﬁthsbr:)c;rm:hgesangt agn
mutant TDP- | TDP-43 'J

. . average survival of 153
43 mice mutations

days.

Lack of cytoplasmic TDP-43
wild-type . aggregates Dose-dependent
TDP-43 '.?.‘:5?143 linked degeneration of cortical and"'s Hetd.,
overexpressor ; spinal motor neurons and2010

mutations
rodents subsequent development pf

spastic quadriplegia

Mutants TDP- . _
43 ALS linked Develop paralysis and deaftPt@lingsNR.
TDP-43
overexpressor ; as early as 12 days. etal., 2009
mutations
rodents
Acute and
chronic spinal The main objective of these
Rodent MN experimental studies is to | Deshpand
Models of degeneration P . eshpande
. : test the different MN- DM etal
non-genetic models induced . . -
) . . proective agents for testing
spinal MN by excitotoxic . . 2006
q . S potential therapeutic
egenerations| agents, sciatic
approaches.
axotomy or
sindbis virus

As a result, scientists can now carry out pre-cihiexperiments
aimed to test various approaches to ALS therapiedLS animal
models such as anti-glutamate agents, neurotropiaictors,
antioxidant, antiapoptotic factors, cell and gdmerdpy strategies.

In the face of extraordinary advances in the kndgéeof the
stem cell biology that will likely hold remarkablpotential for
therapies and cures, Several recent lab studies fegused on ALS
cell therapy approaches.

There already exists evidence from ALS pre-clinisiidies that
stem cells have the capacity to alleviate or retiaedsymptoms and to

prolong the survival of the ALS animal models. (&ad)
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Table 4: Overview of preclinical cell therapiesanimal models of

ALS
Animal Injection sites and  Effect on onset
Cell source . References
Models cell numbers and/ or survival
Presymptom| Cervical sc hNSCs | Bilateral lumbar SC| Delay in onset XulLetal,
atic SOD1 | (8 w old fetus) injections, 4 sites, | Increase in Life 2006
C9%A rats 50 000 cellgsite Span
Presymptom| LeX+/CXCR4+ Bilateral lumbar SC| Delay in onset Corti Set
atic SOD1 | mNSCs from CBA- | injections, 1 site, Increase in Life al., 2007
G93A miice eGFP or Hb9-eGFP| 1x1¢* cells Span. Delayed loss
mouse brains (6—8 of lumbar motor
w old) treated with neurons.
bFGF, laminin, Shh
and RA
Presymptom| ALDH™ SSC° Intrathecal delivery,| Delay in onset Corti Set
atic nmd MNSC fromThy1- 2x10 cells Increase in Life al., 2006
mice (P1-2) | YFPSC treatedavith Span. Delayed loss
Shh, RAcAMP and of lumbar motor
NGF neurons.
Preservation of
large axons (ventral
root)
Presymptom| hUCB cells R.0. injection, 34.2+Delay in onsetf Ende N et
atic 35x1¢ cells Increase in Life| al., 2000
irradiated Span
SOD1 G93A
mice (8 w
old)
Presymptom| mBM cells R.0. injection, 5 { Delay in onsetf Ende N et
atic, 10 cells Increase in Life| al., 2000
irradiated Span
SOD1 G93A
mice
(8 w old)
Symptomati | hNT cells Bilateral lumbar SC No effect on| Garbuzova-
[ injection, 1 site, 7.5 average survival Davis S et
SOD1G93A - 10 cells/site al., 2008
mice (P114)
Adult rats| K048 hNSCs Unilateral  lumbar| Partial recovery] Gao Jet al.,
with sciatic | treated with Shh SC injection, 1 site, | from paralysis 2005
axotomy 110 cells
5-7 wold mMES cells treated Bilateral lumbar SC Partial recovery Deshpande
rats with with Shh and RA injections, 1 site, 6 | from paralysis DM e al.,
chronic, 10 cells 2006
bilateral
motor
neuron
deficiency

50



— . Effect on
. Injection sites
Animal onset
Cell source and References
Models and/or
cell numbers .
survival
Presymptomatic; mBM cells I.p. injection, Delay in onset | Corti Setal.,
irradiated from 30 - 16 cells and increase in| 2004
SOD1%%*mice | Thyl-YFP or life span of
(4 wold) CBA-eGFP or wildtype
SOD1%%**mice BMCs.
No effect of
SOD1G93A
BMCs
Presymptomatic| hNT cells Bilateral Slight delay of| Garbuzova-
SOD1%%A mice lumbar SC onset Davis Set al.,
(P56) injection, 1 site, 2003
7.5 - 1dcells
Symptomatic hNT cells Bilateral No effect on| Garbuzova-
SOD1G93A lumbar SC| average Davis Set al.,
mice (P114) injection, 1 site,| survival 2008
7.5 - 10 cells/
site
Adult rats with| K048 hNSCs Unilateral Partial recovery Gao J et al.,
sciatic axotomy | treated with| lumbar SC| from paralysis | 2005
Shh injection, 1 site,
116 cells

BDNF, brain-derived neurotrophic factor; ChAT; dinel acetyltransferase; CMAP,
compound muscle action potential; CNTF, ciliary merophic factor; CSF,
cerebrospinal fluid; CXCR4, chemokine (C-X-C motiéceptor 4; GDNF, glial cell
line-derived neurotrophic factor; GFAP, glial fikery acidic protein; GFP, green
fluorescent protein; hMSC, human mesenchymal stell) ’lNPC, human neural
progenitor cell; hNSC, human neural stem cell; HMwman nuclear antigen;
hUCBC, human umbilical cord blood cell; LICAM, LZ%ltadhesion molecule;
MAP2, microtubule-associated protein 2; mBMC, mobsse marrow cell; MN,
motor neuron; mOB-NPC, mouse olfactory bulb neysetcursor cell; NeuN,
neuronal nuclei; NF, neurofilament; O4, oligodermjte marker; rAAV,
recombinant adeno-associated virus; rMSC, rat nodgenal stem cell; SC, spinal
cord; SOD1, superoxide dismutase 1;Tujl, antiboglgirest3-11l tubulin; VEGF,
vascular endothelial growth factor; YFP, yellowditascent protein.
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1.4.1. The Wobbler mouse.

The original wobbler mouse mutatiowr{ was first described by
Falconer (1956) as a autosomal recessive genetdificadion that
appeared spontaneously in the congenic C57BL/@&k stod caused
wobbly gait characteristic of the mice (Falconer al., 1956).
Subsequently, the originalr/wr mouse strain was crossbred with a
high fertility NFR/N stock to improve productivitysince then, mice
of the new wobbler (Wr) lineage have been well abtarized
(Mitsumoto, H.et al., 1988; Mitsumoto, H., and W. G. Bradley.,
1982). This hybrid strain presents the same phemtharacteristics
as mice of the original Wr line (Takeo Ishiyardaal., 1997). The
autosomal recessive mutation is pleiotropic, causprogressive
motorneuron degeneration and defective spermiogen@sichen
L.W. and Strich S.J., 1968{eimann, Pet al., 199). A more accurate
characterizatiorof the motoneuronal degeneration in the ventrahhor
of the cervical spinal cord, in the brainstem, anthe cortical regions
of the wobbler (Wr) brain have prompted researchersonsider the
Wr mouse as a goorhodel of amyotrophic lateral sclerosis (ALS)
(Pioro E.P.gt al.1998).

The statistical analysis of the Wr strain progegyHalconer and
colleagues, has providdade genetic mappingf the wr mutation to
proximal mouse chromosome 11 in a region homologousuman
chromosome 2p13-14 recent study by Thomas Schmitt-John has
refined the genetic localization of tiae locus, identifying a missense
mutation in theVpsb4 gene Schmitt-John, Tet al., 2005) This locus
encodes for the vacuolar protein sorting 54 (Vps&43ubunit of the

Golgi-associated retrograde protein (GARP) comphewlved in the
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retrograde transport of endosomes from the penpherthe Golgi
apparatusUntil now the precise mechanism by which the missense
mutation in Vps54 causes motoneuron disease ikmmwn. Chimera
analysis has shown that the Vps54 mutation exeptsiatropic action
through a tissue or cell-autonomous mechanismaratfected organs,
spinal cord and testis (Augustah al., 1997). Up to now, there is no
evidence for mutations of Vps54 human homologupdtients with
ALS. Because of the clinical symptomatology andrapathological
Wr findings fit closely with human ALS it possiblat common
pathways to cell death, perhaps including impauesicle traffic are
involved (Meisler MH et al., 2008).

The evolution of motor neurodegeneratiorthe Wr line develops
into three clinical phases: the presymptomatic phdse evolutionary
phase and the stationary phase (table 5) ( Duettedn 1968).
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Table 5:Overview of the clinical Wr phases and neuropatbicial

Wr findings.
Clinical Time Slot | Clinical Pathological References
Phases Characteristicg Findings
Preclinical The first| Subtle alteration Subtle Bose et al.,
in the righting| Morphological 1999.
Phase mo of age reflex. gSIigh% Cha?]gesgof spindl
reduction in the| cord and brain
normal weight| stem MN
ranges
Evolutionary | 1-3 mo of| 40-50% of Loss of | Nieto-
Phase age red_uction in| beetwen 20% tg Gonzalez et
weight. 40% of the MN in| a.,  2010;
Progressive brainstem and Pioro et al
Muscolar cervical spinal 1998;
atrophy. cord.
Neurodegeneration
in the
cerebral cortex andl
cortical
hyperexcitability
Stabilization | 3-6 mo of| Preserved Arrest of MN | Melki J. et
Phase age motility only in | Degeneration. al., 1991
the hindlimbs Severe muscula
denervation of the
forelimbs.

The presymptomatic phase ocaarthe first 4 weeks of postnatal
life, in which the mice that are homozygous forwremutation do not
display severe clinical signs of the motor neur@odler unless there
is a subtle alteration in the righting reflex ateth to seven postnatal
days of age and an impaired performance duringwaitting at 2 wk

of age.
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Moreover, prior to 3 week of age, the Wr mice shavslight
reduction in the normal weight ranges(B@sal., 1998 Boseet al.,
1999).

The histological and molecular studies of the pmgspmatic
phase have revealed subtle morphological altesti@i the
motorneurons in the cervical spinal cord, in thairmstem, in the
ventral reticular magnocellular nucleus, and inriregor nuclei of the
cranial nerve V and VIl of the mutant. These anaasalare
characterized by an enlargement of motorneuron santha weak
labeling of Nissl bodies. Sporadic neurons wittadeid Nissl staining
or chromatolysis have also been described in thalammclei of the
extrapyramidal system at 2 week of mutant age (8tkdwhn T., and
Bartsch J.W., 1999). During the third week of Vgeahe affected
neurons show the first evidence of mild axon degsren with ultra
structural alterations of the cytoskeleton, abndimaagination ofthe
myelin sheaths, dilation of the endoplasmic retioul and the
presence of large and dense secondary lysosdisumoto, H.,
and W. G. Bradley., 1982)

Alterations in the synthesis of neurofilamentdja@erone Protein
neuropeptide, Growth Factors and Growth-FactoreRexr in the
affected Wr Central Nervous System regions betwésn late
presymptomatic phase and the early evolutionarys@hdave also
been reported (table 6)

From the third to the fourth week of Wr age, Wr giis between
40-50 % less than that of their control littermasesl remains lower

thereafter. At this juvenile stage, Wr mice show the first dve

symptoms of theprogressive neurological syndrome that develops

55



until the second to third month of life. This stag@mresponds to the
evolutionary phase of the motor neurodegenerati@oulpier M. et
al.,1996; Boset al., 1999).

The clinical abnormalities of the Wr miceesult in muscular
atrophy and motor impairment that are particuladypspicuous in the
forelimbs, e.g., biceps and triceps muscles. Tihepsyms in the early
evolutionary phase ametremor of the head, weakness of forelegs and
unsteady gait. These clinical onsets progress fier latages until
motility is retained only in the hindlimb&(drews J.Met al., 1974)

The major histological features of the early evioloary phase are
characterized by a cytoplasm vacuolization of tteeameurons in the
cervical spinal cord, brainstem and deep cerebelatei followed by
aprogressive loss of affected motoneurddggumoto H and Bradley
WG 1985; Duchen L.W. and Strich S.J.,19&ampbell MJet al.,
1972).

At 6 week of mutant age there is a loss of beet®@% to 40% of
the motoneurons in brainstem and cervical spinadl eacompanied
by extensive astrogliosis (Baulat al., 1983; Pollin M.M., et al.,
199Q Junieret al., 1994). The neuronal loss is then stabilizedtbet
vacuoles, which are present in the cell body ofgheviving affected
motoneurons, become increasingly large and numenontdl they
completely fill the soma. These vacuoles origirfeden the dilation of
the endoplasmic reticulum (Duchenal., 1968; Andrews J.Met al.,
1975).

The morphological changes of the motorneuronal sama

accompanied byaxonal degeneration, an event explained by the
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reduction of axonal number or diameter and theratiten of axonal
transport systems.

The slow axonal transport, fast anterograaieg fast retrograde
transports display a reduction of the proteinsgpanted (Bird M.T et
al., 1971; Mitsumotcet al., 1986; Mitsumotcet al., 1990; Mitsumoto
et al., 1993).These phenomena may be related to themadation of
abnormal neurofilaments observed during the presymatic period.

The most relevant molecular alterations observedthe Wr
cervical spinal cord during evolutionary phase enahe molecular
factors belonging to the pathways of neurotrophismforneuronal
differentiation, astrogliosis and oxidative stress.

During the Wr evolutionary phase there is an ineegaexpression
of proteinsbelieved to be involved in motoneuronal developnaart
gliosis, such as brain-derived neurotrophic factor (BDNded its
associated receptors, trkB and p75 NTR, c-Junsfoaming growth
factor alpha (TGFa), and the growth-associated protein GAP-43
(Table 6). Theseevidences indicate that the Wr mutation may
stimulate the production of moleculesndowed with glio- or
neurotrophic propertiesin an attempt to delay degeneration,
considering that these factors promotes neuronal survival after
axotomy and differentiation of embryonm@urons (Hendersoet al.,
1986).

However, the Wr motorneuronal degeneration progaessthere
is a decline of expression of choline acetyltrarasfe (ChAT)
protein, the limiting enzyme for the synthesis oéylcholine, a main

neurotransmitter released by motoneurons.
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Astrogliosis with strong expression of the glidbrfilary acidic
protein (GFAP) are found in Wr gray and white mttef the cervical
spinal cord, primary motor cortex, and subpial oegi This
phenomena is in common with ALS patients. To date ¢ause of
astrocytosis in Wr mice and ALS patients are unkmo8ome authors
consider the astrogliosis event a secondary resports
neurodegeneration In the other hand, availableeendels suggest that
the Wr mutation cause the abnormal astrocytic diffgation. In this
sense, the dysfunction of astricyties could haveok in the
motorneuronal degeneration.

In the 2002 study Corvino et al demonstrated the aatroglia
hyperexpression of the S100B, a calcium-bindingtgino These
authors have show that the high concentrations1®0B protein is
correlate with the increased immunoreactivity fog tndicator of lipid
peroxidation 4- hydroxynonenal (HNE) in the Wr redi cord,
providing the direct evidence of the occurrencextlative stress in
Wr pathology (Corvinat al., 2002).

The higher expression of nitric oxide synthase (N@& chronic
free radical production found in Wr mice cervicpiral cord is one of
the indirect evidences on the participation of atiee stress in Wr
neuropathology (Clowry and McHanwell., 1996).

Whether astroglia dysfuncitons are responsiblekidative stress
or not is yet a controversial question;

Recently, several studies have shown the mitoclaindr
dysfunction in the Wr motor cortex and spinal cortie early stage of

evolutionary phase. These findings lead to the thgms that
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production of free radicals by affected mitochoaedriand its
subsequent impact on lipid peroxidation, may pdakey role in
causing the early pathology in the Wr motor neurpfs G.P.et al.,
2001; Kunjan R. Det al.,2003).

Links between oxidative stress and mitochondriafaiyctions in
human ALS disease have also establishigolviing A. et al.,1993;
Shaw, P.J., Eggett, C.J., 2000; Sasaki S and Mata007).

Several studies have demonstrated that caspasaediaye
apoptosis or necrosis does not account for Wr neatamn death
(Blondet B.et al., 200; Coulpier Met al.,1996; Popper Rt al., 1997;
Chu-Wang LW.et al., 1978; Pilar G. and Landmesser L., 1976;
Clarke P.G.H., 1990; Bigiret al., 2007).

In the 2007 study, Bigini and colleagues have shtheslack of
apoptotic markers, such as caspase activation aidfiagmentation,
in the degenerating motorneuron of the Wr cervispinal cord.
Moreover Bigini et al characterize the intense wieation and the
morpho-functional alterations of mitochondria iretleytoplasm of
degenerating motor neurons suggesting the possibtdvement of
autophagic cell death in the Wr cervical motor oesr( Biginiet al.,
2007). However the identity of the components ef death pathways
that are mobilized in Wr mice has not yet beentified.

The Wr cervical spinal cord motordegeneration, rmlssc
denervation, astrocytosis, overexpression of tmopfactors and
oxidative stress with hyperexpression of NOS &1DOB are the

characteristics that fit with the spinal cord of @lpatients.Despite
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these correlations, the Wr spinal cord neuropatholdiffer from the
human ALS in fact of theselective Wr vulnerability of the cervical
spinal cord compared to the lumbar tract. This \AWthpphysiological
characteristic is a particularly interesting toot further investigating
the cellular determinants of motor neuron deger@ratin this line of
purpose Bastone and colleagues have recently identdifferent
pattern of proteins expression between the affecéedical tract and
the lumbar tract of the Wr spinal cord. These agthshow the
selective Wr lumbar tract overexpression of prateinvolved in
vesicular and axonal transport and proteins invivemitochondrial
function. The hyperexpression of these proteins ni@ywe a
neuroprotective effects and significantly contrdun maintaining
integrity and functionality of motor neurons iretlumbar tract of the
Wr spinal cord (Bastonet al.,2009).

Several ultrastructural abnormalities have beenndoun the
evolutionary phase of the Wr brain closely resengpthose observed
in the brain of patients with ALS.

In the 1998 study, Pioro and colleagues demonsttate neuronal
pathology in the neocortex of the mutant wobblemusgbyin vivo
magnetic resonance spectroscopy 1H-MRS. These samahave
revealed a reduction in the ratio df-acetylaspartate (NAA), one of
the major metabolites localized to neurons, anéatme
phosphocreatine (Cr) which serves as an interraaidsird in the
cerebral cortex of the wobbler mouse during thdyeavolutionary
phase ( 8-12 wees of mouse age). The decreasAAION signal in

1H-MRS analysis is a typical characteristic findingALS patients,
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indicating neuronal dysfunction and/or lo$airbud M. et al., 1996;
Gredal Oet al., 1997).

Pioro et al analyzed the metabolic alteration ie tobbler
neocortex ex vivo by immunocytochemistry. Thesealisis revealed
the accumulation of wubiquitin and phosphorylated avye
neurofilament (P+NFH) in the wobbler cerebral cortBioro E.P.et
al., 1998).

Similar immunocytochemical changes have also bepnrted in
cortical neurons of patients with ALS (Leigh R#lal.,1991).

Recently Nieto-Gonzalez and colleagues have demadedtthe
cortical hyperexcitability of the Wr mice and th&orrelation whit
alterations in inhibitory gammaaminobutyric acid AfA)ergic
system (Nieto-Gonzale# al., 2010).

Similar cortical hyperexcitability has been demaoaist in the ALS
patients, but the cause is still unknown (Caramia & al., 2000;
Vucic Set al., 2008). The studies of Nieto-Gonzalez et al ratbes
possibility that alterations in inhibitory gammaamibutyric acid
(GABA)ergic system could be explain this human AkSrtical

symptom.

The evidence of neuronal pathology in the Wr mduseén shows
that neuronal target cells of the mutation are not restricted to
motoneurons, but extend to upper brain areas,stipgdhe validity
of Wr mice as an animal model of ALS where corticedtor neuron

degeneration is usually present.
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Table 6: Overview of Molecular Alterations in therVWIN and

Their Glial Environment.

Molecule \% Tissue Method References
RNA: RT-PCR Junier M.Petal.,
BDNF * MN Protein: ICC 1998
BDNF + MN, SC | Protein: ICC vz kel
RNA: RT-PCR Junier M.Petal.,
TGFu * dMN Protein: ICC 1998
SMDF 0 dMN RNA:RT-PCR | JonerMPetal,
RNA: RT-PCR Junier M.Petal.,
NT-3 0 dMN Protein: ICC 1998
SC, Schlomann Uet al
TNF-a, IL-1B + brainstem, | RNA: RT-PCR 2000 v
cerebellum
IL-2, IL-6, IL-
10, IL-12, IL-18 | O SC, brainsten] RNA: RT-PCR | Scpermant vetal
IFN-y
Trk B - dMN RNA:RT-PCR | JonerMPetal,
Trk C SC . Junier M.Petal.,
0 dMN RNA: RT-PCR 1998
C-Jun + dMN RNA:RT-PCR | janerMPetal
RNA: RT-PCR Junier M.Petal.,
P75NTR * dMN Protein: ICC 1998
0 SC RNA: RT-PCR P Al Ret
NF light + SC Protein: Western ajerzgss;-G onso
+ dMN RNA: RT-PCR v
. RNA: RT-PCR Pernas-Alonso Ret
NF medium * SC Protein: Western | al., 1996
RNA: ISH Gonzalez D. M.Gxt
GAP-43 * MN, dhSC Protein: ICC al., 1999
Adhesion . Pernas-Alonso Ret
molecule F3 0 SC RNA: RT-PCR al., 1995
peripherin 0 SC RNA: RT-PCR Zerzg;?lonso Ret
ubiquitin + Cortical |~ Pioro E.Pet al. 1998
neurons
NOS (NAPDH + dMN Activity: Gonzalez D. M.Gt
diaphorase) histochemistry al., 1999
PAR-1 " sc RNA:RT-PCR | SacedoRMetal,
RNA: ISH, Krieger C.etal.,
TRPM-2 + SC, MN northern 1991
. RNA: RT-PCR
ADAM-8 + SC, brainstem Protein: ICC, Schlomann Wt al.,
0 cortex 2000
western

The variations (V) as compared to control littertesaare symbolized with +
(increase), — (decrease), 0 (no change). MN, motoms; dMN, motoneurons
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presenting histological signs of degenerationjoaststrocytes; glia, microglial cells;
SC, spinal cord; dhSC, dorsal horn of the spinatlctCC, immunocytochemistry;
ISH, in situ hybridization; SMDF, sensory and motor neuron-dstifactor; TRPM-
2, testosterone-repressed prostatic message 2.oT@Rd TNFe are putative
candidates for a role of motoneuronal inducers stfogliosis Junier M.P.et al.,
1998 Krieger Cet al., 1991) Activation of the cell-surface receptor of théieated
protease (PAR-1) by the serine protease thrombily mmaderlie an eventual
reciprocal action of the reactive astrocytes ugmn MN. Activation of PAR-1 by
thrombin has recently been shown to result in apgptof various neuronal
populations and of avian MN in particulén Wr spinal cords, PAR-1 mRNA levels
are slightly increased at birth, and multiplied %yn 4-wk-old mutants. Its cellular
sources correspond to spinal MN and in vitro Wraasttes release enhanced levels
of thrombin-like activities $alcedo R.Met al., 1998)

The progression of thmotorneuron degeneration during the Wr
evolutionary phase is associated with progressive physiological
muscular denervation atrophy of the head, the rtbekshoulders, and
the forelimbs and less significantly the postenurscles. At the end
of the Wr evolutionary phase the affected musclesws several
anomalies of the neuromuscular synapses whit asegductions of
the neuronal-cell adhesion molecule (N-CAM) expi@Ess
acetylcholine esterase activity and a reorgarupatiof the
neuromuscular contacts (Melkiel.al.,1991).

The Wr evolutionary period is followed by a stataliion phase, in
which the clinical symptoms appear to reach a stesdte. During
this stage the Wr motoneuron loss stops and tleughltation of the
motorneuron disappear at 14 months of Wr abee survival of
affected mice is approximately 1 year when they ar@ntained
together with normal littermaté<Duchenet al., 1968).

The terminal stage dhe Wr muscular atrophy is reached at the
stationary state with the most sevesamptoms that appear in the
forelegs muscle. In factthe electromyographic recordings of the
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forelimbs muscles at the Wr stationary state digpharacteristics of
muscular denervation, whereas, the hind Ilimb mgsckre
electromyographically normal (Andrews J.8lal.,1974).

In  summary the refined investigations of the Wr
neurodegeneration at the clinical, cellular, andemdar levels reveal
that motoneuron degeneration is accompanied by dlassical
etiopathological mechanisms that are common to rotipes of
neurodegenerative illnesses excitotoxicity, de¥ectifree radical
detoxification pathways, and accumulation of toxjgrotein
aggregates. Thus the studies tie effects of potential therapeutic
agentsin Wr model, enable the researchers to developseitcient
therapies, such as cell therapy, also for other amm

neurodegenerative diseases.

64



Scope of the thesis

Stem cell research has the potential to transfoseade treatment,
reduce costs to society and enhance the qualilijeofor millions of
patients(Chapterl).

The stem cell technology for neurological disosdesuch as
Amyotrophic lateral sclerosis disease (ALS) prami® provide
potentially curative treatments for this and otlpogressive and
debilitating conditions.

In this thesis we analyze the neuroprotective regutorestorative
proprieties of human SkmSCs transplanted in amanmodel of
ALS diseases (Chapter 2). Moreover we demonstrétedutility of
human neural stem cells, isolated from LND tissues, studying

disease and identifying potential therapeutics (T#3).
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2.1. Abstract

Stem Cell Therapy represents a promising approachréating
incurable and fatal motor neurodegenerative digsrdesociated with
progressive muscular atrophy such as Amyotrophiersh Sclerosis
(ALS). Various sources of Stem Cells have been usgate-clinical
cell therapy research to evaluate their therapeptitential on
different neurodegenerative disorders. As candsdftethe treatment
of neurodegenerative diseases, mesenchymal stels peksess
numerous protective features as well as the capatnl differentiate
into functionally specialized neurons.

To determine the potential of non-neural stem cfltsCentral
Nervous System (CNS) cell therapy, we investigabedusefulness of
human Skeletal muscle derived stem cells (SkmS@s¥plants in the
oldest known rodent model of the naturally occigriiLS disease,
Wobbler (Wr) mouse.

In order to perform effective cell therapies, Skns®Gming was
evaluated in a noninvasive manner. Using MRI lardjital studies,
we verified the location, distribution and longfteviability of human
SkmSCs labeled with the contrast agent Endorem™,
superparamagnetic iron oxide (SPIO) associated diktran, and
transplanted in the lateral ventricles of the Wailbr Remarkably,
using histology, we show that, upon transplantati®RIO-labelled
hSkmSCs migrate and integrate in a manner apptepfa their

location. In order to identify the colocalizatioettveen SPIO signal
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and human SkmSCs engraftment, we performed histolotp Anti-
dextran and human specific neural marker antibodies

Moreover, in order to determine the functional outes of
SkmSCs engraftment, we performed clinical evaluatad ALS-
related Wr motorneuropathological progression andaular atrophy.
Interestingly, the behavioural tests and histolagenalysis seem to
suggest a functional motor recovery and a sigmficslowing of
disease progression. Although further experimeatslucidate the
human SkmSCs beneficial effects are requitlkd,possibility to link
the interactions between transplanted cells in hbossue to
behavioural studies represents an original approdéikbly to be
associated with future clinical translation. Takegether, our findings
demonstrate that human SkmSCs transplanted intoVWhebrain
survive and can improve behavioural deficits asged with

widespread ALS disease pathology.

2.2. Introduction

Cell based therapies holds great promise for gegriment of acute
and chronic central nervous system diseases thaently lack
effective therapies. The main idea of stem celtapg is based on the
mainstream concept of protecting the parenchymadls cgom
degeneration and replacing those that have alrdéaithd in their
function. As candidates for the treatment of neagmherative
diseases, mesenchymal stem cells (MSCs) are ergergn an
effective therapeutic approach to a wide range @dral insults.
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Indeed, recent reports have shown that administradf MSCs also
produced beneficial effects in animal models of rndagenerative
diseases, such as Parkinson's disease, experimaataimmune
encephalomyelitis, and stroke (Rina Aharoni et 2009). Human
MSCs niches reside in various tissues, from whifterént amounts
of human MSCs can be isolated.

Among them, Skeletal muscle derived stem cells &&s) have
been functionally defined as multipotential celléshwthe capacity to
transdifferentiate into many types of cells inchglheurons and glial
cells (Alessandret al., 2004; Mignonet al., 2005; Romero-Ramas
al., 2002; Schultzt al., 2006; Tamakiet al., 2007; Vourc'het al.,
2004;Baek YSet al., 2009). The plastic ability of human SkmSCs to
differentiate into neurogenic cell lineage and theeuroprotective
effects make them a good candidate for autologterm €ell-based
therapy purposes.

Amyotrophic lateral sclerosis (ALS), described 862 by the
French neurologist Jean-Martin Charcot, is a fatlrodegenerative
disease whose cause is still unknown. ALS is sanesireferred to as
'‘Lou Gehrig disease' after the famous American libk@layer who
was diagnosed with the disorder. The clinical digtveness of the
ALS pathophysiology is characterized by the progjkes motor
neuron degeneration in the spinal ventral hornsmost brainstem
motor nuclei, corticospinal and corticobulbar syste The loss of
motor neurons leads to progressive atrophy of tklefauscles. The
fatal outcome caused by ALS is usually within 2-€ang after onset
and it is due to acute muscular atrophy leadingespiratory failure

with denervation of the respiratory muscles angbldiagm. (Bradley,
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1996). The annual incidence of ALS disease is abaub
cases/100,000 with a lifetime risk of developingSAbf 1 per 800
(Cleveland and Rothstein, 2001). The median agmsét is 55 years
(Adult-Onset ALS form), although it can start atuypger ages
(Juvenile-Onset ALS form). To date, many attemm@gehbeen made
to understand the cellular and molecular ALS patlysmlogical
mechanisms. However, little is known about the ¢engefects or
environmental factors that cause or predisposepsr® ALS.

In 90-95% of instances, there is no apparent getieliage (a
form of the disease referred to as sporadic ALS),ifthe remaining
5-10% of cases, the disease is inherited in a domhimanner (a form
referred to as familial ALS). The hallmark of botlorms is
progressive muscle weakness, atrophy and spastidégervation of
the respiratory muscles and diaphragm is genethflyfatal event.
Development of an effective therapy to ALS is coicgied by the
multiple events considered to contribute to thedele loss of motor
neurons. Many different drugs have been testedhiir capacity to
alleviate or retard the symptoms of ALS patientd smprolong their
survival, but none has proved to be effective. ®hky currently Food
and Drug Administration-approved treatment for All&t slightly
slows disease progression and prolongs the surgivALS patients,
with no improvement in muscle function, is riluzo(®/okke Jet al.,
1996).

Under these circumstances, biomedical researdheionly hope
to develop possible therapeutic strategies.

In this sense experimental in vivo models have meloped to

improve the knowledge of the ALS pathophysiologyd athe
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development of new pharmacological treatments. &hexlude
animals with spontaneous motoneuron degeneraticamsdenic
rodents, and animals in which spinal motoneuroritdeas produced
with pharmacological tools.

Among them, Wr mice are one of the most valuabldetfor the
study of ALS syndrome progression and theraperdgtinent effects.

The original wobbler mouse mutatiowr was first described by
Falconer (1956) as a autosomal recessive genetdificadion that
appeared spontaneously in the congenic C57BL/@&k stod caused
wobbly gait characteristic of the mice (Falconer al., 1956).
Subsequently, the originalr/wr mouse strain was crossbred with a
high fertility NFR/N stock to improve productivitysince then, mice
of the new Wr lineage have been well character{géitsumoto, H.et
al., 1988; Mitsumoto, H., and W. G. Bradley., 1982his hybrid
strain presents the same phenotypic characteriacenice of the
original Wr line (Takeo Ishiyameet al., 1997). The autosomal
recessive mutation is pleiotropic, causing progvessnotorneuron
degeneration and defective spermiogendsisciien L.W. and Strich
S.J., 1968Heimann, Pet al., 199). A more accurate characterization
of the motoneuronal degeneration in the ventrahhafrthe cervical
spinal cord, in the brainstem, and in the cortiegjions of the Wr
brain have prompted researchers to consider then@ise as a good
model of amyotrophic lateral sclerosis (AL®jdro E.P.gt al.1998;).

A recent study by Thomas Schmitt-John has refired genetic
localization of thewr locus, identifying a missense mutation in the
Vpsh4 gene Echmitt-John, Tet al., 2005) This locus encodes for the

vacuolar protein sorting 54 (Vps54), a subunithaf Golgi-associated
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retrograde protein (GARP) complex involved in thetrograde
transport of endosomes from the periphery to thdgiGapparatus.
Until now the precise mechanism by which the missense matatio
Vps54 causes motoneuron disease is not known. Chiamalysis has
shown that the Vps54 mutation exerts a pleiotr@uton through a
tissue or cell-autonomous mechanism in the affeciggns, spinal
cord and testis (Augustiet al., 1997). Up to now, there is no evidence
for mutations of Vps54 human homologus in patiewtth ALS.
Because the clinical symptomatology and neuropagichl Wr
findings fit closely with human ALS, it possible ath common
pathways to cell death, perhaps including impairesicle traffic are
involved (Meisler MH et al., 2008).

The evolution of motor neurodegeneratiorthe Wr line develops
into three clinical phases: the presymptomatic phtdse evolutionary
phase and the stationary phase ( Dudctah, 1968).

The presymptomatic phase ocdnrthe first 4 weeks of postnatal
life, in which the mice that are homozygous for Wrenutation do not
display severe clinical signs of the motor neurmoier. (Boset al.,
1998 Boseet al., 1999).

From the third to the fourth week of Wr age, Wr ggiis between
40-50 % less than that of their control littermadesl remains lower
thereafter. At this juvenile stage, Wr mice show the first dve
symptoms of theprogressive neurological syndrome that develops
until the second to third month of life. This stag@responds to the
evolutionary phase of the motor neurodegenerati©oulpier M. et
al.,1996; Boset al., 1999).
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The clinical abnormalities of the Wr miceesult in muscular
atrophy and motor impairment that are particuladpspicuous in the
forelimbs, e.g., biceps and triceps muscles. Tihepsyms in the early
evolutionary phase ametremor of the head, weakness of forelegs and
unsteady gait. These clinical onsets progress fier latages until
motility is retained only in the hindlimb&(drews J.Met al., 1974)

At 6 weeks of mutant age, there is a loss of beet@#b6 to 40%
of the motoneurons in brainstem and cervical spoadaccompanied
by extensive astrogliosis (Baulat al., 1983; Pollin M.M., et a.,l
1990; Laageet al., 1988; Hantaz-Ambroiset al., 1993; Junieket al.,
1994).

Muscle weakness and contracture in the forelimbgnesss rapidly
until eight weeks of age. Subsequently, these meusoular deficits
progress slowly. Motor function of the forelimbsctiee to the
terminal stage at 10-12 weeks of age.

The Wr evolutionary period is followed by a stataliion phase, in
which the clinical symptoms appear to reach a stetate.

Noninvasive monitoring of stem cells, using higkakition
molecular imaging, will be instrumental to improeénical neural
transplantation strategies. Neurotransplantatiolidshgreat promise
for the treatment of acute and chronic central mes\system diseases.
The ability to track stem cell transplants in theib by in vivo
neuroimaging will undoubtedly aid our understandofghow these
cells mediate functional recovery after transplaota

In order to reach this goal, SPIO-labeled human SRm were
transplanted into the lateral cerebral ventricleg aveeks Wr mice.

We then used MRI to analyze migration patterns BfCslabeled
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transplanted SkmSCs. Using MRI, we were able tedeahe SPIO-
related signal into the Wb CNS until sacrifice. Mover, using
histology, we show, interestingly, that upon trdasgation, SPIO-
labelled SkmSCs migrated and integrated in a maapgropriate for
their location.

Additionally, our results of behavioural tests inkn&Cs
transplanted Wr mice seem to suggest a functionabinmecovery and
a significant slowing of disease progression. Resaof the present
study confirm and extend our previous findings,vging that human
SkmSCs are able to differentiate into neural cealedge. The
SkmSCs, when transplanted into the lateral veesiof Wr mice of 4
weeks of age, home along ventricles and integrate the region of
severe motor neurodegeneration, ameliorating theal outcome.

Knowledge of hSkmSCs migration patterns and thesipoisy to
link the interactions between transplanted cellshost tissue to
behavioural studies represents good strategiesypoove the design

of future clinical transplantation efforts.

2.3. Results

2.3.1. In vitro Characterization of Human SkmSCs

We isolated, expanded and characterized five huRlamSCs

lines in order to verify their proliferative andférentiative potential.

Our protocol to isolate and culture human SkmSQsreviously
described (Alessandri et al., 2004).
97



After the digestion of Fetal muscle specimens (Zegyl to obtain
a large number of cells (6x107), with a heterogepopulation of
differentiated and immature cells, are obtainede $hspended cells,
containing differentiated and more immature celtg, seeded in tissue
culture flasks using serum-free growth medium.

After three passages (P3), these primary culturesdapleted of
differentiated cells due to the serum-free condgiand only the more
immature cells survive and grow. Under these cistamces, we are
able to isolate an homogeneous human SkmSCs pigoulatth
human mesenchymal stem cells-like morphology thatwg as
adherent cultures. As human SkmSCs gradually comtio grow and
reached confluency, they are constantly colleatearder to count the
cell number with Trypan Blue Assay. A result, wesetved that
human SkmSCs kept in culture for several weekddUg20) maintain
a stem cell-like’proliferation profile (fig. 1 A) e immunophenotypic
analysis by FACS of this cell population showedt ttza high
percentage of the human SkmSCs (P8-10) expressedotéristic CD
markers of mesenchymal stem cells, e.g., CD10518%. 4.44%),
CD73 (98.27 + 2.57%), CD90 (96.59 + 2.57%), CD48,99+0,75);
CD166 (69.25 + 5.95%) and CD56 (69, 7+11, 6).

However hematopoietic stem cell CD markers seebretpresent
in a lower fraction of human SkmSCs (P8-10), eGD34 (44,8 +
27,8), and CD133 (33,5£19,1) (fig. 1 B) This sudgdsa common
precursor between the hematopoietic and mesencHymeabes (Yin
A Hetal., 1997).
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For neural differentiation assays, morphologicdltynmogeneous
human SkmSCs, (P10) were plated into matrigel-cbabishes in
presence of growth factor deprived medium + 2%BSF

Human SkmSCs, when induced with neural differeiotiatnedia
for seven days, started showing morphological cearsyiggestive of
cells of astrocytic/neuronal and oligodendrogliaéages by day 4. At
seven days post neural differentiation conditiaghe,Human SkmSCs
samples stained positive and for early neural nmarkach as Nestin,
Tujl/Beta tubulin-lll, GFAP on immunocytochemistrywith a
reproducible percentage of all neural markers, eetsgely: Nestin
56%z 3,6; Tujl/Beta tubulin-lll 78%z 7,5 and GFABY%+ 7,2 (fig.1
C and D)

These cells are cryopreservable and retain botlifgredion and
differentiation capacities even after long terncutture.

2.3.2. In vitro labeling of SkmSCs with SPIO and PLL
transfect agent

In order to perform longitudinal studies with MRfl toansplanted
Wr mice, we labeled human SkmSCs (P10) with SPIQrast agent.

We observed that SPIO labelling of human SkmSCkasible
and does not impair cell viability or biologicalasacteristics in vitro.
We achieved a 100% labelling efficiency as deteedirby Anti-
Dextran and Hoechst 33258 staining (fig. 2 A).

Moreover, there was no difference in the FACS analpf CD
expression markers and differentiation behavioutwben SPIO-

labeled and unlabeled Human KmSCs (data not show).
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2.3.3. In vivo-ex vivo correlation of SkmSCs tracking
Hoechst/SPIO- double labeling

The double labeling of SkmSCs with fluorescent (¢l 33258)
and SPIO tracers allowed us to evaluate the pessbhatomical
correspondence between the hypo-intense signatiassd with the
presence of iron oxide and the fluorescence rel&tethe nuclear
marker.

MRI analyses, performed 1 day after cell transpgiaon, showed
hypo-intense areas corresponding to the ventriceystem. These
results were similar to those observed in animaly oceceiving the
SPIO-labeled SkmSCs (Fig 3A; Fig 3B) and were okegrfor all
transplanted Wr mice. The visualization of brailced from the two
Wr sacrificed one day after SkmSCs transplantatcamfirmed the
almost selective localization of fluorescent nuaking the different
compartments of ventricular system. Figure 2B shéows different
representative images of axial MRI slices, six dafger cells
transplantation, corresponding to the anterior bafdgteral ventricles
(Fig. 2B upper-left panel), the body of lateral treakes close to the
hippocampus (Fig. 2B upper-right panel) and theapeleductal grey
and cistern magna in the cerebellum and brainskegn 2B lower-left
panel). Quite interestingly, the observation ofngpicord slices
revealed that, already 24h after transplantatiorelevant amount of
Hoechst positive nuclei is localized in the extérsarface, likely
associated with meningeal layers (Fig. 2B lowehtiganel). The

MRI analysis confirmed the pattern of SPIO disttibn observed one

100



day after cells transplantation. In addition hightagnified pictures,
revealed the presence of Hoechst 33258 positivelenum
correspondence of ventricular compartments charaeteby a strong
decay of signal intensity (Fig. 2B lower-left ingerThese results
further strengthen the correlation between the éwogenous tracers
internalized in observed SkmSCs before transpliantand account
for the presence of cells far from the site of adstration and close
to the site of motor neuron degeneration. Althosgheral spinal cord
sections analyzed from Wr mice 1 and 6 days aftrsplantation,
displayed a relevant number of Hoechst 33258 pesituclei, we did
not find a migration of fluorescent cells to theagrmatter and, in
particular in the ventral horns.

In spite of a small decay of SPIO-induced hypofiste signal
detected by MRI, a drastic reduction in both theensity and the
overall number of Hoechst 33258 positive nuclei waserved in the
ventricular system of Wr mice 42 days after Skm8@ssplantation.
This apparent dichotomy among the two differentrapphes of cell
tracking could be likely due to the bleaching afoilescent dye or the
detachment of bysbenzimide molecules from the migove of
DNA. The hypothesis that these results were reltdegh actual loss
of transplanted cells (reduction of fluorescentleany@and a release of
SPIO nanopatrticles inside the CSF (maintenance ypb-mtense
signal by MRI) can be excluded by the presence eflsc
immunoreactive for the human-nuclei and carboxytdex(Fig. 4 A-
D).
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2.3.4. Clinical outcome

From the 4th to the 7th week of life, the body virtimmcrease was
almost similar between the Wr mice transplantech v@kmSCs and
the group receiving PBS alone. In the last weesliofcal observation
the group of treated mice showed a higher trend that of vehicle-
treated mice but this difference did not statistycdiffer among the
two groups (Fig. 5A). The rapid and progressiveraltion of forepaw
adduction observed in Wr mice receiving PBS bwi.gvas greatly
attenuated by SkmSCs transplantation (Fig. 5B). @émeeficial effect
was already found at the 1st week after transpiantaand was
maintained along the whole duration of clinical etstion. The
attenuation of the degree of forelimbs muscle dtyopwas
accompanied by a significant improvement of mugcstieength in Wr
mice transplanted with SkmSCs (Fig. 5C). The sigaift difference
in terms of muscular strength between the two empetal groups
occurred at the 6th week of life and was protractetil the end of the

study.

2.3.5. Histopathology of human SkmSCs transplanted Wr

mice

Figure 5 D-E shows a representative immunohistocsteymof
Choline acetyltransferase (ChAT) positive motor rees in cervical
spinal cord from 9 weeks-old healthy mice (Fig. &dd from age-
matched Wr mice. A reduction of about 60% of ChAdsifive

neurons was found in the cervical spinal cord Weenieceiving PBS
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alone (6.3+0.42 meanMNs=S.E.) compared to age-radtdiealthy
mice (32.6x2.7 meanMNszS.E.). The transplantatioth 8kmSCs
did not lead to a reduction in the rate of motouroa death at the
cervical spinal cord level of 9-week-old Wr mice.1@&t0.22
meanMNszS.E.). Histograms showing the differencehef amounts
of ChAT positive motor neurons in the three expental groups

considered in the present study are reported iar€i§ F.

2.3.6. Molecular characterization of SkmSCs regenerative

proprieties

In the aim to characterize the molecular factorgolved in
therapeutic proprieties of SkmSCs in the Wr mice, performed a
human gene expression profile of the regulatiokeyf neurogenesis
processes in total brains and spinal cords of Waen@ weeks after
SkmSCs transplant. We focused our analysis on @samy gene
expression higher than fourfold. A deeper analgsigaled that of the
84 genes analized, more than one showed a stalligtgignificant
increase in expression. The identified genes wdassified into
different groups: neural development, synaptic tuldg, neuronal
transmission, myogenic differentiation and cell leygroliferation,
depending on their function and the pathway in Whit they were
implicated (Table 1).
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2.4. Discussion

The treatment of incurable neurodegenerative oeseawith
allogenic or autologous cells are becoming a reatitthe field of
regenerative medicine (Mathiasen A.B. et al., 200®ab A.S et al.,
2009). In particular, stem cells have unlimitedf-sehewal capacity,
high multilineage differentiation potential, andjury site homing
capability (Deans R.J., Moseley A.B., 2000).

As results, there is a massive and widespreadesitén the ALS
stem cell therapy, both in how it is helping peoplth ALS today and
how it may benefit ALS patients in the future.

Therefore the regenerative capacity of differepetyof stem cells
are under intensive pre-clinical investigations hwiALS animal
models.

With promising results from these studies, an irtgadr topic is
how to monitor the temporal and spatial migratitwe, homing and the
engraftment efficiency of the administered celléopng with the
functional improvement of the target organs/tissues

Recent attention has focused particularly on the ob the bone
morphogenetic proteins (BMPs) inhibitors, in promgt neural
induction and differentiation (Mabie PC, Mehler MRgssler JA,
1999; . Li W, LoTurco JJ, 2000; Lim DA et al.,, 200@ne of the
earliest identified BMP antagonist/neural-inducfagtors is Noggin.
For the neuroregenerative purposes we have chosarmpplement the
culture medium with Noggin to improve the neuralmeoitment
(Wada T, et al., 2009).
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Several results have shown that transgenic expressgi Noggin
by MSCs, or culturing MSCs in a defined medium wiioggin,
promote neural differentiation (. Kohyama J, et 2001). Thus, we
speculated that SkmSCs may be prineditro towards neurogenic
lineage by the addition of Noggin.

Although non-invasive methods for tracking varidyses of cells
in real time with SPIO nanopatrticles for in vivo MBtudies have
been shown, there is a lack of information conegyrthe ability to
track human SkmSCs.

Here, we prove that the biology of SPIO labelledrSICs is not
altered in vivo, allowing us to monitor the fatetbese cells in vivo
over extended periods of time (up to 18 weeks).s€hndings may
have significant impact on the eventual translatioh SkmSCs
regenerative medicine to the clinic.

Histological examination of brain sections showleel presence of
donor labeled cells in the area of decreased MRasigntensity,
confirming a correlation between MRI findings andneentional
histological evidence. These findings have impdrtamifications for
the eventual transplantation of stem cells intohthiman brain and the
role of MRI in facilitating the process and tradgirstem cell
migration.

Here we show cell tracking studies, along with i@l outcome
analysis of SkmSCs transplants in Wr motor neumthgogy. These
approaches are essential for the translation oh stell regenerative
strategies from experimental studies to clinical#épies.

Current scientific evidence supports the claimg tM&Cs can

provide a predominantly supportive and trophic fiorcinstead of a
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replacement capability in neurodegenerative dised@dsahmood A,
Lu D, Chopp M., 2004).

The RT profiler analysis of SkmSCs-transplanted WNS
revealed that one of the genes overexpressed iam@BDK5R1. This
gene encodes for the Cyclin-dependent kinase bjatgy subunit 1
(p35).The complex of Cdk5 and p35, the neuron-fige@gulatory
subunit of Cdk5, plays important roles in brain elepment, such as
neuronal migration, neurite outgrowth and neurcnaitter release in
the presynaptic terminal (. Tomizawa K. et al., 200The
overexpression of p35 in human SkmSC two weeksr afte
transplantation, may suggest a possible effect hafsé cells in
reducing the functional decay affecting spinal corator neurons of
Wr mice.

Another gene overexpressed in transplanted Wr nsceGF-13.
Quite interestingly, has been reported that thatiment with FGF-13
increases ChAT activity for seven days in neuranddures from rat
embryonic cortex (Greene JM, et al., 1998).

ChAT activity is considered an indirect marker obtor neuron
functionality and its significantly reduced levdiave been found in
different models of motor neuron degeneration amutor nerve
pathology. A marked decrease of ChAT activity wegorted by our
group in the cervical spinal cord and in forelinthheeps muscles of
Wr mice already at the early symptomatic stage.s Tit@duction
proportionally decreased by the evolution of clatiprogression thus
indicating a direct association between the fumatioactivity of
ChAT and the degree of denervation and musculaphy (Bigini P.

et al., 2001). Quite interestingly the percentaighe decrease of
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ChAT activity at the different stages of the disepsogression in Wr
mice, was lower compared to the percentage of ¢dssholinergic
cervical motor neurons measured by immunohistocsteyn{Bigini P
et al., 2004). This difference could be due to yrehactivity of ChAT
activity in the remaining neurons, likely as a camgatory effect .
The ChAT activity can be influenced by a wide ranf@layers (Wu
D, Hersh LB., 1994). The overespression of FGF-13 the
transplanted Wr CNS may suggest that FGF-13, espdesand
secreted from human SkmSC even far from the pagicdb areas,
was able to increase the activity of the remaimmgor neurons thus
not producing a direct effect on motor neuron stabi

Finally, we have seen that the gene MEF2C, involed
myogenesis is expressed up to 2,600 fold in resjethe control.
Myocyte enhancer factor 2C (MEF2C) is a member haef MEF2
family which cooperates with the MyoD family to d&i skeletal
muscle development during embryogenesis and totenaisarcomere
integrity during the postnatal maturation of skaletmuscles.
Knockout mice for MEF2C showed hypoplatic myofihedefects in
the M line, marked reduction of muscular mass andaie fibers
degeneration that caused perinatal death (Potihaffet al., 2007). A
relevant disorganization of myofibers has been rilgsd in forelimbs
muscles of Wr mice at the first stages of musadlepdty (Mitsumoto
H, Bradley WG., 1982)). The overexpression of MEF2GmM
transplanted SkmSC may therefore improve or mairitee sarcomere
integrity during the first phases of muscular atnpphus slowing the
morphofunctional decay and significantly ameliargtipaw function

and muscle strength scores observed in Wr micevingeSkmSCs.
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However, investigators need to know the migrationd a
accumulation status of the administered cells amel functional

improvement of the target organs/tissues.

2.5. Conclusion

In conclusion, the issue of whether human SkmS@sirdagrate,
differentiated in neural lineage and improve clatioutcome of
rodent animal model for ASL disease, is only onetld several
aspects that must be clarified by rigorous laboyatxperimentation
in order to translate our results of pre-clinidans cells therapy from
bench to bedside

2.6. Materialsand M ethods

SkmSCsisolation, culture, and differentiation

SkmSCs were derived from muscles of 12-16 weekfetdses
obtained following the ethical guidelines of ther&pean Network for
Transplantation (NECTAR) and were processed as iqusly
reported (Alessandri Get al, 2004). Briefly, These tissues are
dissected into small pieces and enzymatically arechanically
dissociated. Single cells are plated in the preseric20 ng/ml EGF
and 10 ng/ml bFGF in a serum-free stem-cell medi(BCM)

optimized for neural stem cell growth supplemeniath rhNoggin
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(100ng/ml, R&D systems, Minneapolis, MN, USA) (Grtbw
Medium).

The experimental protocol was approved by the stbammittee
of the Fondazione IRCCS Istituto Neurologico ‘CaBesta’ and
Fondazione IRCCS Paliclinico-Mangiagalli- Regin& k.

I mmunocytochemistry

For differentiation assay, human SkmSCs were platechatrigel-
coated glass-chamber slides (Nunc, Naperville, USA), in basal
medium with 2 % of FBS for 7 days and fixed in 4%
paraformaldehyde. After that, cell composition wasalysed by
means of immunostaining with lineage-specific asdilbs: such as
GFAP (rabbit, 1:500), NG2 (rabbit, 1:200), b-lllbwlin (mouse,
1:100) (purchased from Chemicon, Temecula, CA, U&AJ Nestin
(mouse 1: 100 R&D systems, Minneapolis, MN USA)teAfseveral
washings, the cultures were incubated with secondartibody,
conjugated with either Cy2 or Cy3 (Jackson ImmursEech
Laboratories, West Grove, Pennsylvania, USA) anwhllff were
mounted with Fluorsave and were viewed under asZaigophot-2
microscope.

FACS analysis

The phenotypic characterization of SkmSCs were uavatl by
flow cytometry (FACS) as described previously (Alasdri, Get al.,
2004). Anti-CD44, CD166, CD73 were purchased fronD B
Pharmingen, (San Jose, CA, USANJ, USA) CD56, C[2,38D34
were purchased from Miltenyi Biotec (Bisley, SurréyK), CD105,
was purchased from ABDSerotec (Raleigh, NC, USA) @90 was
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purchased from Millipore (Temecula, CA,USA) The tols were
isotype-matched mouse immunoglobulins.

Magnetic L abeling of human SkmSCs

SPIO particles Endorem (AMI-25; Guerbet; particiees 80—-150
nm; stock solution, 11.2 mg Fe/ml) and poly-L-hssitransfection
agent were incubated for 30 min at 37° in culturediam before
being added to the cells for 24 h as previouslprea (Neri M.et al.,
2008). After incubation, the cells were washed toffremove the
medium with un-internalized SP10s and resuspenadd&esh media.

Hoechst 33258 dye Staining of SP1O-labeled human SkmSCs

SPIO-labeled human SkmSCs cultures in 12-well plakere
washed twice with phosphate buffered saline (PB®) acubated
with 2 uM Hoechst 33258 reagent ( Molecular Probes,
Eugene,Oregon, USA) for 1 hour at 37°C in the daéfker 1 h of
incubation the cells were three washed with PBS ek plated on
matrigel-coated glass-chamber slides (Nunc, Nalerii, USA), in
Growth Medium for 2 days and fixed in 4% parafordedlyde. After
that, SPIO efficiency was analysed by means of imgstaining with
anti-dextran antibody ( StemCell Technologies, Sigt Louis, MO,
USA marca). The Hoechst 33258 reagent is takenyupd nuclei of
the cells, and apoptotic cells exhibit a bright eblfluorescence,
whereas living cells are dark blue.

Animals

Mice were maintained at a temperature of 21tl1°Cative
humidity 55£10% and 12h of light. Food (standartlgtg) and water
were supplied ad libitum. Procedures involving aadsrand their care

were conducted in conformity with the institutiorgalidelines that are
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in compliance with national (D.L. No. 116, G.U. $up40, Feb. 18,
1992, Circolare No. 8, G.U., 14 Luglio 1994) antemational laws
and policies (EEC Council Directive 86/609, OJ L8343 Dec.12,
1987; NIH Guide for the Care and use of Laboratdmmals, U.S.
National Research Council, 1996). All efforts werade to minimize
the number of animals used and their suffering. hVimce showed
the first pathologic symptoms (reduced hind-limldaation after tail
suspension), food and water were supplied inside dage. The
protocol for the use of laboratory animals was aped by the Italian
Ministry of Health and by an internal ethical conte.

Wr mice were originally obtained from NIH genetiaad then
bred at Charles River ltaly, Calco (LC), ltaly. &nheterozygous
mice do not show any phenotypic difference comparited
homozygous healthy littermates, heterozygous fotmdevere
designed by genotyping.

Genotiping of Wobbler mice

Genotyping of Wobbler mice were based on restnctio
polymorphism in Cct4 geneRéthke-Hartlieb Set al., 1999) The
PCR reactions were performed as follows: initiahateration step 4
min at 94°C followed by 35 cycles of 30 s at 9@F&haturation, 30 s
TAnn and 30 s 72°C polymerization. Restriction eneg were
obtained from Roche. PCR products (15ul) were degesén a total
volume of 25ul with 1ul of Alul for 45 min at 37°C, separated by 2%
agarose gel electrophoresis and stained with etiidoromide. All
animals received food and drinking water ad libitusfice showing

the Wobbler phenotype (genotype wr/wr) (the phepetgppears at
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about 30-40 days of age) were used. Littermatesn@pamormal
phenotype (genotype +/+) were used as control

Experimental schedule

The recruitment of wobbler mice for our studies wasried out
after clear diagnosis of the disease based on pjmnanalysis (4th
week of life). Age-matched healthy littermates, lbaygous for the
wild-type form of the VPs54 gene, were selecte@raffenotyping
(Rathke-Hartlieb %t al., 1999).

Thirty wobbler mice were recruited and randomlyigssd two
experimental groups. The first experimental gronp=(15) received
unlabelledhSkmSCs (see next paragraph), the second groupl§) =
received the same volume of sterile PBS. Both gsowpre weekly
examined by standardized behavioral trials (seewein order to
monitor their clinical progression and motor dysftion. In order to
verify that, at the starting point, both groups hadimilar clinical
condition, the first behavioural trial was carriedt one day before
transplantation. Behavioural trials were stoppedha &' week of
life, corresponding to the peak of clinical progies, and animals
were sacrificed by intracardial perfusion (see W¢loervical spinal
cord was collected for immunohistochemical expentadsee below).

To track the route of cells in the brain and inngpicord at
different times, 4-week-old wobbler mice (n = 6kewed 5x 10
SPIO-labeled 8kmSCsinto the lateral ventricles ( ICV). For both
groups, the first MRI analysis was carried befatsctransplantation.
The following MRI were performed 1 day after SPHb¢led
hSkmSCsand then all animals were weekly monitored urté .8’

week of life. At the end of MRI experiments all enals were
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sacrificed by intracardial perfusion, brains andnap cords were
collected for immunohistochemical studies.

For the cell localization in different brain areasd at three
different times transplantation, a group of 4-wedédkwobbler mice (n
= 6) were transplanted with 5x 2L6SkmSCsloaded by SPIO and
incubated by the nuclear fluorescent vital dye Hee83258 (Sigma-
Aldrich,MO, USA). MRI experiments were carried lydaefore cell
transplantation and 1 day, 6 days and 42 days afiesplantation.
One third (n = 2) of animals, randomly selectedbbetthe first MR,
were sacrificed just after the first (1 day), teeand (6 days) and the
third (42 days) MRI analysis, respectively. Braimdapinal cord were
carefully removed and rapidly frozen by dry ice. énty pum thick
serial coronal sections were observed under UVrdage reveal the
presence of Hoechst positive nuclei.

Finally, 4-week-old wobbler mice receiving unlaleellhSkmSCs
(n = 4) were sacrificed twoo weeks after transglaon for the
detection of the gene expression of several huneaesy(see below).
To exclude fouls positive results, the same pamélgenes was
evaluated in a second group of 4-week-old wobbl&en{n = 4)
sacrificed two weeks after ICV administration oéthame of saline
solution utilized to suspend hSkmS@sring for the transplantation.
For each experimental group the same number ofsvaald females
were recruited, since no sex-related differencthéevolution of the
wobbler disease has been reported.

Human SkmSCs Transplantation in AL S animal models
For injection of SkmSCs, mice were anesthetizedgusoflurane

and placed in a stereotaxic frame. The head wagedhand a ~1 cm
113



incision was made to expose the skull. Using a odiig, two 1-2
mm holes were produced to allow two i.c.v. injestio(stereotaxic
coordinates of 4-week-old control mice +/-1.0mnetat to bregma,
+/-0mm rostro-caudal to bregma and 3.0mm deep fthen skull
surface; stereotaxic coordinates of 4-week-old Wecemt+/-0.8mm
lateral to bregma, +0.5mm rostro-caudal to bregnmh 25mm deep
from the skull surface). As sham controls, aninveése injected with
10ul PBS without cells. All injections were performedith a
Hamilton syringe. The syringe was left in place f@rmin after
injection to allow dispersion of the cells. A totd#l5x105 cells with a
total volume of %l was injected per animal. No immunosuppression
was given since human fetal cells were utilizedldwong surgery,
the skin over the skull was sutured closed and alsinvere placed in
separate, heated cages and monitored until fuliguered.
MRI experiments

MRI scanning was performed by a 7 Tesla and 30cra Bouker
specttrometer (BioSpin 70/30 USR) equipped withudage mouse
brain RF coil. A 3-orthogonal plane gradient etfigoilot scan was
used as a geometric reference to locate the otfadiolbs and to
choose the sections from. T2 weighted images (Axsagittal,
coronal; RARE factor=8, TR=3.3sec, TE=54ms, inteche
time=13.5ms, FOV=2.2x2.2cm2, data matrix 256x258jces
thickness=1mm) were acquired to visualize anatondesails. T2*
weighted images (Axial; FLASH Flip Angle=30deg,TRet,
TE=7ms, FOV= 1.8x1.8cm2, data matrix 128x128, slice
thickness=0.6mm) were acquired to visualize the cespigbility

artefacts due to the presence of iron. In ordexciguire the image of
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the spinal cord with a Gray-White Matter contrastweighted images
(Axial; Spin-echo, TR=300msec, TE=11.7ms, FOV=2.7gem2,
data matrix 256x256, slice thickness =0.5mm) wergaed.

Disease progr ession assessment

Behavioural trials were performed by the same dpetalind to
the treatment and were performed according to theceglure
previously described (Mennini T, et al., 2006).

The following tests were employed to evaluate the
neuropathological progression affecting wobbleremic

1) Paw abnormality: Paw abnormality is an obseoveti test. The
operator assigns a score to these parametersg $oaie 0 to 4, on the
basis of the severity of abnormalities. The pawitmosis graded as
follows: 0, normal; 1, retracted digits; 2, curldidits; 3, curled wrists;
4, forelimb flexed to body.

2) Grip strength: Mice are lifted by the tail antbaed to grasp
with both forelegs to a horizontal bar, which isnoected to a
mechano-electric transducer (Basile). The gripngiife of the front
paws is measured at the point when the mouse esl¢he horizontal
bar as a result of a gentle traction applied bydperator. Healthy
mice can record values higher than 100 g, wheralkges recorded by
wobbler mice are very low (< 20 g) and drasticattiguced during
symptom progression. When animals are no longex &blgrip the
bar, grip strength is recorded as 0 g. Values qf gtrength were
normalized by dividing each value by body weightcontrol for

weight differences between wobbler and healthy mice
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Because wobbler mice develop early and severe hatrag
forelegs without a clear impairment of hindleg mascthe classical
rotarod test cannot be considered a reliable toel/aluate the clinical
progression in these mice.

Motor neuron counting

Animals were perfused transcardially with 4% panaf@dehyde
(w/v) in 0.1M PBS (Sigma-Aldrich) and following gt were carried
out according to the procedure previously descrijBaini and
Mennini, 2004). Immediately after perfusion, spinabrds were
rapidly removed and post-fixed for 4 h in the sdxative (4°C) and
then dehydrated and cryoprotected with serial sted9%, 20% and
30% sucrose in 0.1 M PBS at 4°C until they sankbsBguently,
spinal cord were included in OCT (Tissueteck, Ne#mels) and
frozen in n-pentane at -45°C. Serial 30 um thiclonal sections were
cut and immunohistochemistry against choline acetghsferase
(ChAT) (mouse monoclonal antibody, ImmunologicaleBce, lItaly,
1:1000) was performed according to the protocotdesd by Houser
et al. (1984). ChAT positive neurons counting wagied out in the
cervical region corresponding to C2-C5 from 9-weék-wobbler. At
least 25 sections for each animal were stainedHYTC The number
of MNs for each animal was expressed as the meameux S.D of
large-sized ChAT neurons (>2%@n2 of surface) calculated in each
single section. Olympus-DB software, coupled to th&roscope
camera, was used to count the ChAT positive celt5&um2. The
number of large-sized ChAT neurons was also peddrat the same

spinal cord level (C2-C5) of healthy mice homozygdor the Vps54
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gene (n 0 3) to assess the extent of MN loss it lgooups of
wobbler mice ( n = 14 for each group).

I mmunohistochemistry

At different times after transplantation, the idethCNS of
Wobbler mice were equilibrated for 24 h in 30% sgerand fixed in
4% PFA. The Serial sections, cut at the vibratomecrgoste, or
wholemount spinal cords were processed by immuocdkcence
with GFAP, Anti human nuclei, AHN ( Chemicon, Temkx CA,
USA) and DAPI.

Real Time Quantitative Polymerase Chain Reaction

RNA extractions were performed on three total lsaand spinal
cords of Wr mice 2 weeks after transplanted witmSKs and on
controls of SkmSCs cultured as described above.

For the detection of genes related to the regulaid key
neurogenesis processes such as the cell cycle ehgraliferation,
differentiation, motility, and migration, Real-tinRCR was performed
using the Neurogenesis and Neural Stem Cell RTfil@&d PCR
Array according to manufacturer's instructions (&uyray
Bioscience Corporation, Frederick, MD, USA). Patii@cused gene
expression analysis was performed with the PCRyABgstem and
the PCR Array Data Analysis Web Portal. Each Neenegis and
Neural Stem Cell RT2 Profiler™ PCR Array was dome separate
cDNAs at least three times.

Statistical analysis

Numerical values are expressed as meantSD. Coroparisf

parameters were performed with Student's t tesmpaoisons of
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parameters among 3 groups were made with a oneAM&ENVA test.
A value of P<0.05 was considered significant.

2.7. Figures and L egends

Figure 1: In vitro characterization of human SkmSCs
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(A) Growth Rate of SkmSCs: the cell number withinet
individual passages was determinated by the usphase-contrast
microscopy and trypan blue exclusion test. Grovatex(n+1)-n/n
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values; n=number of passage. (B) FACS analysis kih&Cs:
representative flow cytometry dot plots show thghhpercentage of
expression of MSCs markers. (C-D) Immunofluorescamlysis of
neural markers upon differentiation of SkmSCs. [@iferentiated
SkmSCs stained positively for b-tubulin Il (red)daGFAP (green);
(D) Immunostaining for Nestin (red). DIV, days irtra. All nuclei
were counterstained with DAPI (blue). Results apresentative of

five different SkmSCs lines. Results are displageanean £SD.

Figure 2: human SkmSCs SPIO internalization and in vivo MRI
tracing.

A

SkmSCs SPIO internalization amdvivo MRI tracing.SPIO labeling
was efficient and did not affect cell viability 8&kmSCsin vitro. (A)
SPIO-labeled SkmSCstained with an anti-dextran antibody (in red)
and counterstained with a viable cells dye Hoe83258 (blue) for
quantitative and qualitative analysis P10 labeling efficiency(B)
MRI of control mice brain postgrafted with hoecB&/Odouble

labeled SkmSCswas performed on living Wr mice one week
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postinjection. Axial MRI shows hypointensities repenting
Hoechst/SPI10-labele@kmSCsin the lateral ventricle of the brain
(upper panels), and in the pial surface of thenbsa&m (lower panel
left) and cervical spinal cord (lower panel right)insert.)
Corresponding histological section show the coiaesibn with MRI

hypointense signal and Hoechst staining of SkmSCs

120



Figure 3: Long-term monitoring of SPIO-labeled human SkmSCs

(A-B) Representative MRI axial sections of (A) T2ighted images
mouse brains and (B) T1l-weighted images cervicalasgord. (C)
Photograph of Wr CNS. The immunostaining of Wr vamobunt
spinal cord cervical region with AHN (red) 18 wegdast-transplant.
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All nuclei were counterstained with DAPI. TO=MRI cagsition of
pre-transplanted mouse brain; T1=0 h post-transplB2=2 weeks
post-transplant; T3=4 weeks post-transplant; T4=8eks post-

transplant; T5=12 weeks post-transplant.

Figure 4: SPIO-labeled human SkmSCsintegration in Wr brain

(A) Immunostaining of Wr brain medial region 18 wWksepost-
transplant withAHN (red) and NG2 (green). (B) Corresponding
mouse brain axial T2-weighted MRI. (C) Scatter Graf(b)
Immunostaining of Wr brain medial region 18 weekstgransplant
with anti-dextran antibody (red) and GFAP (green{E)
Corresponding mouse brain axial T2-weighted MRI$Eatter Gram.
S1BF= somatosensory 1 barrel field; VPL= Ventraktewmlateral
Thalamic Nucleus.
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Figure 5: Clinical outcome and histopathology of SkmScs
trasplanted Wr mice.
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(A-C) Behavioral scores of Wr mice that receivesnan SkmScs or
veichle. Each point represents the mean = SD @rifals per group.
(D-E) Representative immunohistochemistry of ChABipve motor
neurons in cervical spinal cord from 9 weeks-olélthy mice and
from age-matched Wr mice. (F) Effects of human S&snBansplant
on  Motoneurons survival. Data represent mean =SD 14

replications. “*p<0.0001.
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Table 1. Fold differences in gene expression profile of human

SkmScstrasplanted Wr CNS

GenelD Fold difference p value

Decreased gene expression
S100B 16.6 0.0025
S100A6 21062.4 0.0001

I ncreased gene expression

APBB1 646.9 0.002
CDK5R1 64.7 0.001
DVL3 146.7 0.042
GNAO1 1445.7 0.004
FGF-13 20.1 0.003
MEF2C 2660.7 0.005

Results are expressed in fold change signal betweeitro SkmSCs
and SkmSCs-transplanted Wr CNS. Values are exmlesse
mean+SD. *P<,0.05 SkmScs trasplanted Wr CNS ve&kmScs

cultured in vitro.
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3.1. Abstract

The study of Lesch-Nyhan-diseased (LND) human hisagrucial
for understanding how mutant HPRT might lead to roeal
dysfunction. Since Lesch-Nyhan disease is a rategrited disorder
caused by a deficiency of the enzyme HPRT, humanahstem cells
(hNSCs) that carry this mutation are a preciouscaior delineating
the consequences of HPRT deficiency and for devsdomew
treatments.

In our study we have examined the effect of HPRficamcy on
the differentiation of neurons in hNSCs isolatednifrhuman LND
fetal brain.

We have examined the expression of a number obdrgotion
factors essential for neuronal differentiation anthrker genes
involved in dopamine (DA) biosynthetic pathway. LNBNSCs
demonstrate aberrant expression of several trgmserifactors and
DA markers. HPRT-deficient dopaminergic neuron® alemonstrate
a striking deficit in neurite outgrowth. These Hsuepresent direct
experimental evidence for aberrant neurogenesisNid hNSCs and
suggest developmental roles for other housekeemeges in
neurodevelopmental disease.

Moreover, exposure of the LND hNSCs to retinoicda{RA)
medium elicited the generation of dopaminergic aesr

The lack of precise understanding of the neurobldgilysfunction
in LND has precluded development of useful therapidese results

evidence aberrant neurogenesis in LND hNSCs angest@ role for
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HPRT gene in neurodevelopment. These cells conthm@eculiarity
of a neurodevelopmental model and a human, netgahdo provide
an important tool to investigate the pathophysiglogf HPRT
deficiency and more broadly demonstrate the utdityhuman neural

stem cells for studying disease and identifyingeptial therapeutics.

3.2. Introduction

Lesch-Nyhan disease (LND) is a X-linked recessig®rder that
occurs as frequently as one in every 380,000 listsin Canada and
1/235,000 live births in Spain (Crawhall,J.€ al., 1972). This
disorder involves a virtually complete absence ofivay of the
enzyme hypoxanthine-phosphoribosyltransferase (HPRie HPRT
gene consists of 9 exons and 8 introns. An opereading frame of
654 nucleotides corresponds to the protein-encodmegion
(Wilson,J.M. et al., 1983). The HPRT gene is well known for its
clinical and genetic heterogeneity. At least 2,0@rent mutations
have been reported (O’'Neill,J.let al., 1998). The human HPRT
amino acid sequence is similar to that of rodeimglying that it is
very conservative and sensitive to any single basbstitution
(Konecki,D.S.et al., 1982). Molecular defects may result in partial o
entire gene deletion, insertion, duplication, splicerror, or formation
of a stop condon, leading to an alternation indilze of the translated
protein. Some molecular defects cause only a siageno acid
substitution. Any changes that alter the three-dsrenal shape of the
protein or reduce its active sites, at least partidecrease enzyme
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stability, functional activity, and enzyme syntlee¢Mak,B.S.et al.,
2000).

The lack of HPRT activity results in an excessiverproduction
of uric acid and related symptoms of gout and relyafunction. In
addition, patients with Lesch-Nyhan syndrome halativelyuniform
motor phenotype that consists of severe generalidgstonia
superimposed on hypotonia, sometimes with less iowmh
choreoathetosis or spasticity (Jinnah,H.&. al., 2006), mental
retardation, dysarthria and very dramatic compelself-mutilation
habits (Lesch,M. and Nyhan,W.L., 1964).

It is documented that dopaminergic neurons are dathan
affected patients (Visser J.Et al., 2000; Nyhan,W.Let al., 2000).
However, the mechanism by which features of Lesghad
syndrome result from impaired purine metabolisnstidl not well
understood.

In an attempt to study the underlying causes of ¢heplex
phenotype observed in persons with Lesch-Nyhanrsynel, at least
two mouse models have been created that exhibitTH&&iciency
(Hooper M. et al., 1987; Kuehn,M.Ret al., 1987). Mouse models
contribute to our understanding of biology with pest to the
similarities and differences between species andows organ
systems, and provide models for testing therapguiven though the
HPRT-deficient mice have failed to fully recapitidahe phenotype in
the human disease, they do have an abnormal phpenay the
molecular, biochemical, morphological, and pharnagical levels
(Elsea S.H. and Lucas R.E., 2002). Some studies $anght to more

closely model the neurobiological consequenceb@®fenzyme defect
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by studying HPRT-deficient dopaminergic neurons cnltures
prepared from the knockout mice (BoerePal., 2001; Smith D.Wet
al., 2000). HPRT-deficient mouse dopaminergic neumesvaluable
for exploring the purine synthesis pathways witlgarel to the
interactions with the dopaminergic pathways andréseilting effects
on the basal ganglia. The recent development afced pluripotent
stem (iPS) cell technology provides models of hunganetic
diseases. iIPS cells give a new opportunity to aestlye pathways that
lead to disease pathogenesis based on a partgeniatic trait at the
cellular level. Park and colleagues (Park kthl., 2008) generated an
IPS line from a female carrier of Lesch-Nyhan Symde (LNSc-
iPS2) that will be a valuable resource for studifshomologous
recombination in iPS cells, and for analysis of Kramosome
reactivation during reprogramming and random inatibn with
differentiation.

Dopaminergic neuronal cultures were prepared atsm HPRT-
deficient PC12 (Bitler,C.M. and Howard,B.D., 1986eh J.et al.,
1998), HPRT-deficient neuroblastoma mutants (Syilile. et al.,
2007; Lewers J.C.et al., 2008) and HPRT2 MN9D sublines
(Ceballos-Picotlet al., 2009). Another model of LND in human cells
was created by Urbach and colleagues (UrbacletAl., 2004) by
inducing the mutation in human embryonic stem qé&is).

Since LND is a developmental disorder, it is noakitclear that
the knock-down of the gene comes close to recapitg the more
complex developmental changes that clearly occuhim disease as

defined in the literature.
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A limitation of cell models is that the findings ynbe restricted to
the in vitro environment, with little relevance for tha vivo state,
especially in the brain. This limitation can be sdded by examining
brain tissue from affected Lesch-Nyhan patients.

To test the hypothesis regarding a defect in newedpment we
isolated, from LND human fetal brain specimens, aomeural stem
cells (hNSCs). These cells have two main propertse#f-renewal
capacity and pluripotent differentiation poten{eescovi A.L.et al.,
1999; Parati E.Aet al., 2004). It has been suggested that these cells
could play a major role in transplantation and bke a0 advance our
knowledge in human development. Guarvitro model provides an
alternative approach to study HPRT deficiency effsince LND
hNSCs are capable of differentiation into dopangimeneurons under
controlled inducing conditionis vitro and could provide new insights
into LND by permitting analysis in a human systaming a large
number of genetically modifiable cells but withoanhy genetic
manipulation.

To our knowledge, we isolated and studied for thist ftime
hNSCs from brain specimens of LND human fetuses tastéd the
hypothesis that HPRT deficiency can adverselecdffspecific
processes in neural development, including diffeaéion and
proliferation. The study of the differentiation @ND hNSCs to
dopaminergic neurons may offer an opportunity tdveldnto the
developmental processes that lead to the malfuncid the

dopaminergic neurons in LND.
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3.3. Resaults

In order to generate an vitro model for Lesch-Nyhan disease, to
our knowledge, we isolated, for the first time, éSfrom two 14-
week Lesch-Nyhan-affected fetuses according to pinecedure
previously described (Vescovi A.kt al., 1999). This technique uses
a serum-free medium containing mitogens (EGF an@H)Fwhich
facilitate the expansion of stem cells, while défetiated cells
generally become apoptotic and display poor growtpacity
(Vescovi A.L.etal., 1999).

Characterization of the genetic mutation accounting the
deficient enzyme activity reveals that one fetugiea a r.319 402
deletion, while the other one carries a missensmt pmutation
(c.208G>T, p.Gly70Trp). No other significant diféerce between the
two LND hNSC linesvas detected in all the analyses performed in
this study.

Under these culture conditions, the morphologiqgiesmrance of
the Lesch-Nyhan hNSCs after 7 days of culture wgscally
neurospherical and showed no apparent morphologidtdrences
when compared to healthy ones. All pathologicallsce@ppeared
healthy without overt signs of toxicity, such asigh frequency of
non-viable cells, debris or apoptotic figures (FeglA).

We analysedHPRT1 levels by Real-Time PCR and found that
LND hNSCs expresslPRT1 at mRNA level.

The lack of HPRT function in LND hNSCs was confianby

measurement of live culture incorporation *8€-hypoxanthine into
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IMP. The healthy hNSCs readily incorporatéC-hypoxanthine,
while LND hNSCs exhibited enzyme activity that waelow
detectable limits (Figure 1B).

HPRT malfunction is responsible for the accumulatimf uric
acid; to further analyse HPRT presence in hNSCéatstd from
developing Lesch-Nyhan brains, we analysed thddenfeuric acid in
our hNSCs (Figure 1C). Indeed, the accumulatiorurad acid was
significantly higher in LND hNSCs than in healthsils.

In addition, we compared the proliferation rate h&falthy and
LND cells under the selection of 6TG and HAT to foon that the
HPRT protein is not expressed in the LND hNSCs. HA&dium
inhibits thede novo pathway of purine synthesis and prevegutsvth
of cells that lack an active salvage pathway. TheDLcells
proliferated in the presence of 6TG and died in HA&dium while
healthy cells behaved in an opposite fashion (liglD). These
results confirmed the deficiency of HPRT in LND hGkS

Human NSCs generated from LND fetal tissues havessgr
morphology that is similar to hNSCs derived fromafiected fetal
tissue (Figure 1A). On the basis of appearance, bNBCs grown as
neurospheres do not differ from healthy neurosphere

To determine if HPRT deficiency impaired cellulaolgeration,
we analysed their growth rate and the frequencyn@iirosphere
formation. To this end, we compared the behaviduhe two LND
hNSCs to five healthy hNSCs lines with similar géisihal age and
culture history. Proliferation rates of LND hNSCere assessed at
different passages (from passage 2 to passagé&ld®yrowth of LND

hNSCs was not significantly different from norméalk#l passages. As
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shown in Figure 2A, Lesch-Nyhan hNSCs proliferatesdl in serum-
free conditions and showed no significant alteregio

Next, to determine the frequency of neurospherenddion, we
initially plated single-cell suspensions at lowlagnsity in Growth
Medium containing methylcellulose to ensure that distinct colonies
were derived from single cells and therefore clomalorigin. We
found that LND hNSCs form neurospheres at the sietgiency as
those from unaffected individuals (Figure 2B).

RT-PCR revealed the expression of neural precasdrstem cell
markers such as GFAP, nesttubulin Ill, NG2, SOX2, FLT4 and
CD133 in healthy and LND undifferentiated neurospke As far as
the expression of GFAP, NG2, SOX2 and CD133 wasewed, the
data showed no particular alteration when comptrédrbalthy hNSCs
(Figure 2C), but regardinf-tubulin 11l and FLT4 expression, LND
hNSCs appeared to express smaller amounts tharthyeahes.
Western blot analysis of neural markers GFARubulin 1l and
nestin, performed on undifferentiated hNSCs, ewdennestin and
GFAP protein levels comparable to healthy cells andfirmed a
reduced level o-tubulin Il in LND hNSCs (Figure 2C).

Since one of the hallmarks of LND is neurologickémtion, we
induced hNSCs to differentiate as previously déscti(Vescovi A.L.
et al., 1999) and performed immunofluorescence to it
morphology and the number of typical neural preotgssuch as
nestin, GFAP-tubulin 1l and NG2 at different times (Table 1)e
found interesting differences between pathologarad healthy cells.

In fact, LND cells revealed significant reductiofes [-tubulin III

137



positive cells already after 3 daiysvitro (DIV) of differentiation and
this discrepancy increased during time, whereas sigmificant
difference was observed for GFAP expression (Figua).
Oligodendrocyte precursors, still present at 5 Chécame greater in
number at 7 DIV in LND cells with respect to thasehealthy ones.
The data at 7 DIV were confirmed by Real-Time PTRb{e 2).

To determine whethéhe reduction in the number of LND neurons
was due to an increase in cell death or to a bioadfifferentiation,
cells were stained by using the TUNEL method and by using
corresponding markers for the individual cell typaisdifferent stages
of differentiation. Only a few TUNEL-positive cellgere observed in
the healthy differentiated hNSCs while, the numiieltND TUNEL-

positive cells from 3 to 7 days of differentiati¢Rigure 3B) was

significantly higher.
To identify the cell types of the TUNEL-positive lise double
staining was performed usin@-tubulin Ill, GFAP and NG2 as

markers for neurons, astrocytes and oligodendredfaigure 3B, C).

Interestingly, the most apoptotic processes in Lilifferentiated
cells were charged to astrocytes as demonstratetbblyle labelling
with TUNEL plus immunostaining with GFAP. The pemtages of
LND TUNEL-positive astrocytes at 3, 5 and 7 DIV weespectively
20%=+1.5, 18%z=1.7 and 16.87+0.9 while the values heflthy
differentiated cells were significantly lower: 0%%6+0.3, 2.30%+0.6
at 3, 5 and 7 DIV respectively.

LND TUNEL-positive neurons were significantly highéhan
healthy ones and the values ranged from 2.98%0CdV32.15% at 5

DIV and 4.35% at 7 DIV.
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No TUNEL-and-NG2 double-positive cells were founther in
LND or healthy cells at 3, 5 and 7 days upon défdiation.

We hypothesized that the differences in the exténbeuronal
differentiation between Lesch-Nyhan and healthy @GKISwere
probably due to dopamine (DA) dysfunction, a didive aspect of
LND. To investigate these findings, we performedlgsis to detect,
in undifferentiated hNSCs, the presence of mRNAdcaipts, relevant
in dopaminergic neuron development and functiohsas tyrosine
hydroxylase (TH), D2 receptor (D2R) and nucleareptor-related 1
(NURR1), determined by RT-PCR. This analysis ditlindicate any
relevant difference (Figure 4A). To further delventoi the
dopaminergic differentiative pathway of LND hNSQbkese cells
were induced to differentiate towards dopaminergeurons and
immunofluorescence was performed to test the poesesf key
dopaminergic enzymes, such as dopamine transg@#er) and TH
(Figure 4B and 4C). No significant differences &edsbetween LND
and healthy hNSCs regarding the percentage of qaistive to
dopaminergic markers even if the physical appearavic Lesch-
Nyhan dopaminergic neurons was significantly ddfdar when
compared to healthy ones. Statistical analysisxaomine the overall
effect of HPRT deficiency in LND dopaminergic neasorevealed a
significant reduction in soma area (Figure 4D).hAaligh the number
of neurites per cell could not be clearly evaluatatl this
developmental stage, LND dopaminergic neurons’ iteelgngth was
significantly reduced (Figure 4D).

During human fetal development, multiple transacoiptfactors

participate in the induction and maintenance of ynaspects of the
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neurochemical phenotype of LND neural cells (Lid.Jand Rosenthal
A., 2003). Although the proliferative potentialldiD hNSCs appears
unaltered, it is possible that the LND stem cedsenhdistinctive gene
expression patterns that have implications for rlagteps in
development. To detect any alterations in the esgio@ of genes
related to the identification, growth and differatibn of stem cells,
we performed a gene expression profile of stemsgakcific markers
as well as stem cell differentiation markers. Tbenparison between
LND and healthy hNSCs revealed 10 genes betweeartalyzed 84
genes, whose mMRNA expression was more than thtéelfberent in
LND hNSCs (Table 3). A deeper analysis revealed fika of these
genes analysed showed a statistically significaecrehse in
expression and play a role in neural cell diffeisian (ALDHL,
CD44, NCAM1, NEUROG2 and TUBB3) while PPAR a
transcription factor expressed during neuroiralvitro maturation
(Cimini A. et al., 2007) and BMP2, key determinant of neural crest
induction and development (Gossrau Git al., 2007), were
upregulated. All of the other genes misexpresseldNBD hNSCs are
involved in transcriptional pathways (Kurooka Hdatonjo T. 2000)
(Table 3) Expression levels of ALDH1 in hNSCs were compaaéd
the cellular level among controls and LND. Quatitta PCR
confirmation (Table 3) revealed a thirty-fold dexse in the
expression of the ALDH1 gene.

The major biosynthetic pathway of retinoic acid (Rfom retinol
is the irreversible oxidation of retinal to retinaacid catalyzed by a
cytosolic aldehyde dehydrogenase 1 (ALDH1) (Elizor@. et al.,

2000). To determine whether RA synthesis by ALDHE la role in
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the development of LND dopaminergic neurons, we edinto
compensate for ALDH1 downregulation byn vitro RA
administration. The LND and healthy hNSCs wereweli in Growth
Medium containing 5uM RA. Seven days later, we first examined
morphological changes during RA-induced neuron#fledintiation
(Liour S.S.,et al., 2000) and found that RA restores normal neurite
formation and soma area (data not shown). Charsiitepatterns of
TH expression were observed in LND cells cultunedRiA-enriched
culture medium (Figure 4E).

In order to address the role of nitric oxide (N@)the dopamine
deficit that develops in HPRT-deficient brain, tftemation of NO
was evaluated by measuring the stable NO andatugts, nitrite and
nitrate (Table 4). These results revealed that LNNSCs NO
production was significantly higher than that ofaley hNSCs and
was prevented by the addition of L-NAME (1QM). As the majority
of NO produced in the brain is from the predomind@S1 isoform,
we determined its expression at mRNA level in hsaknd LND
hNSCs. Our results (Table 4) indicated that asaRiILND hNSCs
were concerned, NOS1 was not responsible for NQpowduction.
To further investigate the idea that increased N®els inhibit
dopaminergic differentiation of LND hNSCs, thesdscwiere treated
with L-NAME (100 uM) upon differentiative conditions. After 7 days
we examined TH (Figure 5C) ar@ttubulinlll (data not shown).
Positive cells were counted in a blind manner andsignificant
difference was observed between LND hNSCs withvaiodL-NAME
addition upon differentiative condition.
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3.4. Discussion

HPRT activity in patients with classic LND is typity absent or
less than 1.5% of normal values. This genetic dééaals to a typical
pathological pattern which includes characteristieurological
symptoms. It is still not clear how the deficiencyHPRT activity
leads to these symptoms, although it is documethitddopaminergic
neurons are damaged in affected patients (Visgerel.al., 2000;
Nyhan,W.L.et al., 2000).

In an attempt to study the underlying cause of toenplex
phenotype observed in persons with Lesch-Nyhanrsyne, HPRT-
deficient mouse models have been created. These anécuseful for
studying the biochemical and physiological pathwasspecially
involved in embryonic and fetal development, andcHfc functions
in various organs. They provide a useful model esystfor the
development of new therapeutic techniques.

An alternative approach is the generation of prin@dtures from
patients’ cells. This methodology is limited duehe specific range of
tissues from which cells can be obtained.

An innovative approach to study LND pathology iet@mine the
phenotype and possible aberrations of human feétd beural stem
cells. By analysing human LND hNSCs, it is possilibe study
developmental abnormalities without regard to whetthey are
caused by direct action ¢iiPRT1 mutations, or, more likely, by a
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combination of direct and indirect effects @PRT1 mutations and
epigenetic factors.

As expected by prenatal diagnosis, LND hNSCs usalér fail to
incorporate hypoxanthine. When primary human feiabue is
exposed to the mitogens EGF and FGF-2, aggregdtstem and
progenitor cells form, which have been termed ‘nspheres’. These
neurospheres can be expanded in culture for extiepeleods of time
(Vescovi A.L.et al., 1999)and as such provide an ideal alternative
model to study human brain development. The nelerspculture
system allows the study of specific processes uraledevelopment,
including proliferation, migration and neuronalfdientiation.

The results in this paper demonstrate that huméeal feesch-
Nyhan brain contains a population of neural stefts aghich shows
the same capacity to proliferate and form neurogsh@s healthy
hNSCs and which has the ability to express typreiral markers
(Vescovi A.L.et al., 1999). Cells within the neurospheres differaatia
when exposed to an appropriate substrate and wieenvdd of
growth factors to consistently produce neurons gl Therefore,
human neurospheres offer two major advantagesriaké them ideal
to study processes of neural development in LNPtigsue can be
derived from human LND brain and neural stem ceiésr be
expanded in culture for extended periods of tim;neurospheres
can be manipulated both genetically and epigeribtica

Here to our knowledge we report for the first tirtee use of
neurosphere cultures to reveal molecular and eelldifferences
between LND and normal hNSCs. The limitation of study is that

in vitro models are not capable of considering all thealdes of the
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human body. Nevertheless, this study yields reledata useful in
designingn vivo studies to explore such variables.

Human LND NSCs’ morphology was similar to that Mi$Cs
derived from unaffected fetal tissue. Proliferatioates and the
lifespan of LND hNSCs were not significantly difégt from controls
at any passage; the ability to grow these cellekbended periods of
time allows their banking and makes them a valuabkource for
LND studiesin vitro.

Previous results indicate that it is the procesditbérentiation of
dopaminergic neurons that is particularly affectsdiversely by a
HPRT deficiency. This is consistent with the spkeaportance of
HPRT in the brain during neonatal life as indicabgdthe substantial
increase in HPRT activity in human and rat brainmdythe first few
weeks after birth, a period of active neuronal tgwaent (Adams A.
and Harkness R.A., 1976). Thus it is reasonablsujgpose some
general differences in function and expressionepatbetween LND
and healthy hNSCs. Based on our experience inidgfthe pattern of
neural stem cell markers expression in healthy h&y$¢@ compared
the expression profile of healthy and LND hNSCs dodnd
interestingly differences. The expressionefubulin Il and FLT4
resulted significantly lower in LND hNSCs than irdithy ones.
These alterations could be implicated in the céihjgicture of LND
since, as previously demonstrated, the decreabe iexpression -
tubulin 11l could represent a neurodevelopmentadaality (Shafey
D et al.,, 2008). Furthermore, VEGF-C is required by brain

neuroepithelial cells during embryonic developmentl has a direct
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neuroprotective effect on various types of neuradgpnitors cell
expressing FLT4 (Le Bras Bt al., 2006).

We next assessed the rate of neuronogenesis hyioglhNSCs
in differentiating medium and establishing the nemlof neurons.
Interestingly, the percentage of LND cells positit@ neuronal
markers was significantly lower when compared talthg ones. The
reduced number of LND neurons could be due to akblm
differentiation or to enhanced cell death of déistiated neurons. The
TUNEL stain results revealed a striking percentafeapoptotic
events in LND astrocytes even at early stages fiérdintiation. As
previously demonstrated by Pelled and colleaguesb{ga G.H.et
al., 2010), the HPRT-deficient astroglia cultures ibxbd altered
content of purine and pyrimidine nucleotides. Inewi of the
guantitative dominance of glial cells in the braitme abnormal
nucleotide content in these cells, even if confiteed specific stage of
development only, may be associated with the negrcdl deficit in
LND. A hypothetical pathway involved in LND astrdeg apoptosis
could be found in the accumulation of-Aminoimidazole-4-
carboxamide riboside (AICAR) which has a toxic effen neural
cells (Pelled D.,et al., 1999). AICAR may accumulate in those
individuals in which an inborn error of purine migbtéism causes an
increase in the rate of de novo synthesis and/arvanexpression of
cytosolic 5'-nucleotidase, that appears to be tilyrae responsible
for AICAR hydrolysis.

5'-nucleotidase activity has been shown to incraaseatients
affected by Lesch-Nyhan syndrome. Moreover, astescgell death

may contribute indirectly to neuronal injury or ethCNS pathologies
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since astrocytes provide neurotrophic support, egtotagainst
excitatory amino acid neurotoxicity, and maintaihe t normal
homeostasis of the extracellular fluid (GuibingddGet al., 2010).

It is documented that dopaminergic neurons are dathan
affected LND patients (Visser J.Eet al., 2000; Nyhan,W.Let al.,
2000). The severity of symptoms in Lesch—Nyhan diseaseairesn
constant once the neurobehavioral syndrome is felkpressed
(Garcia Gil M.et al., 2003) suggesting a developmental rather than a
continuing degenerative process. The early presehd®pamine in
the embryonic brain of primates (Anderson L&.al., 1992; Olson
L., et al., 1973; Freeman T.Bet al., 1991; Silani V.et al., 1994)
suggests a role for this neurotransmitter in therogenesis of the
dopaminergic system and maturation of the striatum.

The establishment of ann vitro system that mimics the
differentiation of undifferentiated Lesch-Nyhan ahdalthy neural
stem cells into dopaminergic neurons gave us tiperynity to study
the developmental processes that lead to the nwifum of the
dopaminergic neurons in LND. When challenged tdedgntiate
towards dopaminergic neurons, LND neurons showededuced
neurite outgrowth and soma area. Morphological abaéties could
be a consequence of HPRT deficiency on purine roésah. Previous
studies demonstrate that guanine nucleotide depletiin
neuroblastoma cell lines promotes neuronal diffégaéon and
reduces proliferation, especially in dopaminerggcinons showing an
abnormal neurite outgrowth (MessinaekEal., 2005; Connolly G.Ret
al., 2001; Korenevsky A.\et al., 1999).
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Although the proliferative potential of LND hNSCspeears
unaltered, it is possible that the LND hNSCs haistirtttive gene
expression patterns that have implications for rlagteps in
development. To identify pathways affected by HPBE&ficiency
during early cortical development, Stemll RT” profiler PCR array
was then used to compare gene expression pattetwwsdn LND and
normal stem cells. The benefit of looking at gengression in
neurospheres, as opposed to using primary fesldjsis that these
cultures represent a relatively pure populatiordiefding cells at a
specific time in development. We have shown thategexpression
patterns are dramatically changed in LND neuroggshdvlany of the
specific signalling pathways are important for pgeshtion and
differentiation, so the absence of significant eliéinces in the
proliferation of LND hNSCs could be explained bye tifact that
misexpression of these genes causes slight chantjes behaviour of
the cells that we have failed to detect. The proalegene neurogenin
2 (Ngn2) is a member of a family of bHLH transcapt factors
(Sommer L.et al.,1996), and is important not only for neuronal
differentiation (Fode Cet al., 1998), but also for neuronal subtype-
specification in various regions of the nervousteys(Scardigli Ret
al., 2001).

We suggest that the dysregulation of the expressufn
transcription factor genes crucial for the probfiton and
differentiation of hNSCs and for the maturationngfurons may be
associated with the severe neurological phenotyh&D.

Along with the transcription factors described adowe have also

demonstrated an altered expression of ALDH1. Thendegulation
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ALDH1 suggests a possible involvement of aldehyeleydrogenases
(ALDH) in the pathogenesis of LND disorder. ALDH irsvolved in
the synthesis of retinoic acid from retinal (Yoshid. et al., 1992).
Retinoic acid and related retinoids are likely ® df importance for
mesencephalic DA neurons since receptors and Imgnehzymes are
expressed at high levels both in the substantilamgurons and in
their target regions (Zetterstrom R.Het al., 1996). During
development, expression of retinoic-acid-generatirenzymes
precedes TH expression in DA neurons (WallenetAal., 1999),
indicating that retinoids may be important for timeluction of the
dopaminergic phenotype. Ithis study, we show thatn vitro
supplementation of RA counterati®e developmental defect in LND
DA-neuron morphology differentiated from LNENSCsThis implies
that RA is cruciato induce proper DA neuronal differentiation. Most
appealing,by linking local RA synthesis to LND DA neuronal
development andhorphology, a novel mechanism is proposed, with
essential implication®r LND clinical pathology.

Another important aspect of this pathology, desztiby Song and
Friedmann (Song S. and Friedmann T., 2007), is tHRRT
deficiency induces secondary transcriptional aliema in other
genes as observed in our study, and the expressforthe
corresponding secondary genetic defects could gaynportant role
in the development of some aspects of the HPRTiéeky
phenotype, especially the neurological deficits;fact a relatively
small number of unrelated genes are aberrantlyesged in HPRT-
deficient mouse striatal tissue. These data sudgbespossibility that

functionally multigenic mechanisms of pathogenegiglerlie this
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monogenic disease (Song S. and Friedmann T., 200é).fact that
physiological or developmental damage may occuy early in life
could make it difficult to rescue the abnormalit®s reintroducing a
non-mutant HPRT cDNA. Nevertheless, the future tgeent of
this study will include the correction of HPRT dréincy.

Oxidative stress compromises dopamine neuron fomcand
previous studies found that the oxidant sensitivéochondrial
enzyme, aconitase, was partially inactivated by ihereased
production of either NO, £, ONOO, or H,0,, in HPRT-deficient
brains (Visser J.Egt al.,2000; Gardner Bt al., 2000). The present
study revealed an overproduction of NO which was cmrelated
with NOS1 expression. Alternative sources of NOwéweer, should
not be ignored. The inducible form of NOS, NOS2,ilevhnot
normally expressed in the brain, can be induceceupathological
conditions (Hunot S. and Hirsch E., 2003). It isgible that HPRT
deficiency may cause an upregulation of NOS2 leadm toxicity
through NO itself. LND hNSCs’ exposure to L-NAMEesults in
reduced levels of nitrites and nitrates (reflectiaguced NO) but did
not influence the differentiation of neural stenfi® neurons.

To our knowledge our results present for the fitghe
experimental evidence that HPRT “housekeeping” geteys an
important role in human fetal neurodevelopment bymplex
mechanisms that still need to be elucidated. Dgveémtal
neurobiology may throw light into the neurochemieald structural
events that contribute to the clinical picture esth—Nyhan disease.

Such knowledge may then suggest therapeutic intéores.
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3.5. Conclusions

In summary, our analysis points to the relevancasoig human
Lesch-Nyhan NSCs in complementing murine modelsHerstudy of
this human genetic disease. It also reveals pdssibiof utilizing
LND human NSCs in investigating the role of HPRTpiocesses of
neural development. Developmental neurobiology rfapw light
into the neurochemical and structural events thuattridbute to the
clinical picture of Lesch—-Nyhan disease. Such keoge may then

suggest therapeutic interventions.

3.6. Materials & Methods

Cell Culture and Neur osphere for mation assay

Human fetal tissue was obtained from two 14-weeklegally
aborted Lesch-Nyhan fetuses and from five 12-14kvad@ healthy
fetuses, according to the ethical guidelinéshe European Network
for Transplantation (NECTAR). Deficiency of HPRT svdiagnosed
on the basis of characterization of the geneticaturt accounting for
the deficient enzyme activity: one fetus carries3d9 402 deletion,
while the other one carries a missense point nartafc.208G>T,
p.Gly70Trp).

The experimental protocol was approved by the stbammittee
of the Fondazione IRCCS Istituto Neurologico “CaBesta” and
Fondazione IRCCS Policlinico-Mangiagalli-Regina e HNSCs

were isolated as previously described (Vescovi Atlal., 1999; Galli
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R. et al., 2000; Pagano S. [t al., 2000). HNSCs were cultured in
serum-free human medium optimised for neural steth growth
(Growth Medium) (Alessandri @t al., 2004). Under these culture
conditions, hNSCs grew as nonadherent cells andneddr
neurospheres.

For neurosphere formation assay, healthy and LNI> egere
dissociated at different passages and the resudiagte cellswere
plated in six-well plates at a density2 x 10 cells per well in Growth
Medium containing 0.8% (wt/votpethylcellulose. The numbef cell
clusters with a diameter of over 2 nwas counted at 3 weeks after
plating under a Nikon Eclipse TE300 inverted micage equipped
with a Zeiss Axiovision device camera.

Selection Media and Cell Proliferation

Selection media were added to healthy and LND d¢eltsst for
the activity of the purine salvage pathway. Thuwe hNSCs were
grown with 6 TG (1pug/ml, Sigma, St. Louis, MO, USAJternatively,
the cellswere incubated with HAT (1xIM hypoxanthine, 4x10M
aminopterin, 1.6xI0M thymidine; Gibco, Invitrogen, Carlsbad, CA,
USA). Cell viability was evaluated by trypan blueckision test after
oneto three days after adding the selection media.

Real-Time Quantitative Polymer ase Chain Reaction

TagMan Real-Time polymerase chain reaction wasopadd to
investigate expression of HPR{E-lII tubulin, GFAP and NG2. Three
separate RNA extractions were performed on thelesibyD hNSC
line and the pooled controls, and processed sehard&dach cDNA
sample (corresponding to 100 ng total RNA) was &gl in

triplicate using a GeneAmp 5700 Sequence DetectBystem
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(Applied Biosystems, Foster City, CA, USA) in a P@&ume of 20
ul containing the TagMan Universal PCR Master Mixt(wAmpliTaq
Gold DNA polymerase) and the Target Assay Mix taedm Applied
Biosystems) for 35-40 cycles. The relative expoassif each gene
examined was normalized to GAPDH and calculatedralg to the

formula 244

as described in the manufacturer's instructiongp(j&d
Biosystems).

For the detection of genes related to the ideatifor), growth and
differentiation of stem cells, Real-Time PCR wasf@ened using the
Stem Cells RT®rofiler™ PCR Array according to manufacturer’s
instructions (SuperArray Bioscience Corporationgdearick, MD,
USA). Pathway-focused gene expression analysispedermed with
the PCR Array System and the PCR Array Data Ansllyéeb Portal.
Each Stem Cells RTProfiler™ PCR Array was done on separate
cDNAs at least three times.

HPRT enzymatic deter mination

Activity of the enzyme HPRT was determined in LNDdahealthy
hNSCs by a high-performance liquid chromatograpaseol method
(Rylance H.Jet al., 1982; Puig J.Get al., 2007). In brief, each cell
line was incubated for 40 min at 37 °C in 10 mM HER 125 mM
NaCl, 2.6 mM KCI, 5.5 mM glucose, 1 mM CaCh0 mM MgC}, 18
mM NaH,PO, and 10 pM }'C] hypoxanthine. At the end of the
incubation time, radioactive IMP was separated flypoxanthine by
high-performance liquid chromatography, and radigdyg in the IMP
peak was measured. HPRT activity was expressethasrporation

of [**C] hypoxanthine normalized to cellular protein gmercent of
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healthy hNSCs. Numbers are the meanstSD of fiveepgaddent
experiments.

Under these assay conditions, normal values fasrparation of
[**C] hypoxanthine into'fC] IMP in cells were 98%—100%.
Western Blot analysis
The single LND hNSC line and the pooled controlsx1(®
undifferentiated cells each line) were suspendedd@ pl of cold
RIPA lysis buffer (Pierce, Rockford, IL, USA) supptented with a
protease inhibitor cocktailProtein whole extracts (4Qy) were
separated by SDS-PAGE and then transferred to ceittdose
membrane (Pierce, USA). Membranes were probed witmary
antibodies for GFAP (mouse, 1:500), GAPDH (mous&PQ) (both
from Chemicon, Temecula, CA, USAB;Ill tubulin (mouse, 1:100,
AXXORA, San Diego, CA, USA), nestin (mouse, 1:10R&D
Systems, Minneapolis, MN, USA), followed by secarydantibody
horseradish peroxidase conjugated-anti-rabbit aniitnaouse IgG
(Chemicon; 1:5000)The lysateex vivo human fetal healthy brain was
used as a positive control.

TUNEL assay

To detect apoptosis in human LND and healthy dffiéated
NSCs, a DeadEND fluorometric tunel system (Promedadison,
WI, USA) was used to carry out TUNEL method accogdito
manufacturer's recommendations. Approximately 4*i0SCs were
plated on chamber slides upon differentiating ctoowis.

As a negative control, cells were incubated withct®n mixture
without the enzyme terminal transferase. No stainedlei were

detected.
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Quantification of Uric Acid and NO Production

Lesch-Nyhan and healthy hNSCs were grown in 4 ndianfor 48
hours. The medium was concentrated to 1 ml by degal filter
devices (Centricon, Amicon, Millipore, Bedford, MAUSA)
according to manufacturer’s instructions. We asskttse level of uric
acid using Cobas6000 (Roche, Mannheim, Germanyeasribed in
the manufacturer’s instructions.

NO production was quantified by the accumulatiomitrite in the
supernatants of hNSCs cultures by the standards&rreaction
according to the manufacturer’s instructions (R&BQpnversion of
absorbance to NO micromolar concentrations was atidrom a
standard curve. Treatment with the NOS inhibitoNN-o-L-arginine
methyl ester (10@M, L-NAME, Sigma) dissolved in culture medium
of LND hNSCs and maintained for 72 h. At that tif&) production
was quantified as described.

Immunofluor escence and M orphological analyses and Neural
Induction

HNSCs were plated on matrigel-coated glass chanstides
(Nunc, Naperville, IL, USA), in media without mitegs (Vescovi
A.L. et al., 1999). After that, cells were fixed at differdimhes (3, 5
and 7 Daysn vitro (DIV)) and analysed for the presence of neural
markers such as GFAP (rabbit, 1:500), NG2 (rakhi200), 3-IlI
tubulin (mouse, 1:100) (purchased from Chemicon) rbyans of
immunostaining as previously described (Alessa@lgt al., 2004).
Three separate immunofluorescence analyses weamped on LND

and healthy hNSCs; positive cells were countedbhirel manner.
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Neuronal differentiation was induced by addition cof-retinoic
acid (RA, Sigma) to the differentiation media (VescA.L. et al.,
1999) on matrigel-coated glass chamber slides (Nuat a final
concentration of M.

Neuronal differentiation was investigated upon efihtiative
condition after addition of 10AM L-NAME (Sigma). After 7 days,
the samples were fixed for immunocytochemical €sidis described
above.

For the evaluation of Dopaminergic differentiatiodND and
healthy proliferative hNSCs were treated as preshoudescribed
(Wang X.et al., 2004). Induced cultures were fixed and proce$sed
dopaminergic markers immunostaining (mouse anti-T300, rabbit
anti-NF, 1:250; rat anti-DAT, 1:500, all from Chexon).

Phase-contrast digital micrographs have been adaaiy merging
of single fluorescence digital images of randontdd&ewith a Nikon
Eclipse TE300 microscope equipped with a Zeiss cantoma size
and neurite length were examined using Axiovisioftvgare. At least
50 neurons were evaluated for each line.

Rever se Transcriptase-Polymer ase Chain Reaction

Three separate RNA extractions were performed om tw
undifferentiated LND hNSC lines and the pooled tfedentiated
controls and processed separately. Total RNA frasch-Nyhan and
healthy hNSCs was isolated with TRIzol reagent iffogen)
according to the manufacturer’s protod®illl tubulin, GFAP, nestin,
NG2, SOX2, FLT4, CD133, D2R, NURR1, TH and GAPDHer
sequences are available on request. To ensureaagc@ach reaction

was repeated three times.
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RT-PCR reactions were optimized for GAPDH to detaenthe
cycle-kinetic and the cDNA concentration under Baturating
condition. The optimal number of cycles was 28 g2 ng of cDNA
in 20 ul of the PCR reaction volume (Supplemetary FigurelUhder
these cycle-kinetic and the cDNA concentration dorals, we tested
the expression of GAPDH gene in LND and healthy 658lISGAPDH
levels was comparable in the analyzed cell lines.

Statistical analysis

Data are presented as meantSD. Statistical analysis
performed using Wilcoxon rank sum teBt<0.05).

156



3.7. Figuresand L egends

Figure 1. Characterization of LND human neural stem cells
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Figure 1

(A) Human LND and healthy hNSCs after 7 DIV. (B)tAdy of
the enzyme HPRT was determined in LND and healtN$$@s by
HPLC-based method. (C) Uric Acid Production in healtimgd &ND
hNSCs.(D) Analysis of HPRT activity using selection medidormal
cells stop growing in the presence of 6 TG, whike mhutant cds stop
growing in the presence of HA
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Figure 2. Proliferation and gene expression profiles of LND and
healthy undifferentiated hNSCs
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(A) LND and healthy hNSCs proliferative potentig@d) LND and
healthy hNSCs frequency of neurosphere formatiala are means
SD (n=3).(C) RTPCR analysis (upper) and Western blot (bottorr
neural markers in LND and normal undifferentiat®SiCs
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Figure 3. Differentiative potential of LND hNSCs

Figure 3 Differentiated NSCs upon 7 DIV
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(A) LND (upper) and normal (bottom) hNSCs differieted cell
staired positively for B-tubulinlll  (red) and GFAP(green
oligodendrocytes stained positively for NG2 (greamd for nesti
(red). All nuclei were counterstained with DAPI{b). DIV = Day:
invitro.

(B) The data represent the percentages of TUNELMSF
TUNEL/B-tubulinlll or TUNEL/NG2 doubl-positive astrocytes ¢
neurons or oligodendricytes after doi-positive cells from tel
randomly chosen fields of four independent expenis

(C) Double staining of TUNEL positive cells with espfic cell
markers. TUNEL/B-tubulinlll doublepositive and TUNEL/GFAI
doublepositive were observed in LND hNSCs upon 7 DIV. idiclei

were counterstained with DAPI (blu
159



Figure 4. Dopaminergic Differentiation and Gene expression in
LND hNSCs
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(A) RT-PCR analysis of dopanergic marker in LND and in norm
hNSCs. There is no difference between LND and hgdlNSCs. (I-
C) Dopaminergic differentiation. LND hNSCs exprebs$2AT (red),
NF (green) (in B), and TH (red in C). All nuclei mecounterstaine
with DAPI (blue). (D) Mophometrical parameters after dopamine
differentiation of LND and healthy cells. Bottomngk morphology
of LND and healthy dopaminergic neurons stainech Wt. Nuclei
were counterstained with DAPI (blue) (E) Immunasiag of LND
hNSCs upon differeiation w/o RA (left panel) and withy1 RA
(right panel): RA induced dopaminergic differenbat in LND
hNSCs as demonstrated by the expression of TH. Astrocytes
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were stained with anti-GFAP (green). Nuclei werarnterstained with
DAPI (blue)

Figure 5. Optimization of RT-PCR conditions of the amplified
GAPDH c-DNA
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(A) Optimization of RT-PCR to determine cDNA cont&tion

under non-saturating condition. The detection ofh-saturating
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conditions was carried out for GAPDH gene. The gnigiack circle
indicates the c-DNA concentration (25 ng) utilizadthe subsequent
PCR of gene expression (right panel). In left pahel relative RT-
PCR analysis of GAPDH (B) RT-PCR reactions wergnoiged for
GAPDH to determine the cycle-kinetic. The optimamber of cycles
was 28 using 25 ng of cDNA in 30 of PCR reaction volume (right
panel). In left panel the relative RT-PCR analysisGAPDH. (C)
Immunostaining of LND hNSCs upon differentiationowl.-NAME
(left panel) and with 1@V L-NAME (right panel): L-NAME did not
induced dopaminergic differentiation in LND hNSCEH positive
cells are shown in red. Astrocytes were stainec veihti-GFAP
(green). Nuclei were counterstained with DAPI (Blue
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Tablel

| mmunofluor escent

differentiation of hNSCs

3 DIV

LND Healthy

analysis

of neura

SDIV

LND Healthy

markers  upon

7 DIV

LNND Healthy

pB-tubulin ITT
GFAP

NG2

2%30.1%  7%=+2

16%+3  18%=2

ND. ND

5.2%+1%* 14%+2.3

51%x4  49%+6

19%+0.1*  N.D.

T%+0.2*  20%+1

70%%2 67%+3

5.6%+0.4% 2%+0.6

Human neural stem cells (hNSCs); Lesch-Nyhan des¢aND);
not determined (N.D.); days vitro (DIV).

*p<0.05 LND hNSCs versus healthy ones

values are expressed as meanzSD

Table?2

Real Time PCR analysis of neural markers upon differentiation

B-tubulin I11 GFAP NG2
LND hNSCs | 0.6+ 0.02%* 1.0+0.022% 1.24+ 0.04%*
Healthy 1+0.01% 1+0.015% 1+0.03%
hNSCs
(calibrator)

Human neural stem cells (hNSCs); Lesch-Nyhan dés@as¥D)
* p<0.05 LND hNSCs versus healthy ones
Values are expressed as mean+SD
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Table3

Fold differencesin gene expression profilein LND hNSCs

Gene ID Fold difference p value

Decreased gene expression

CD44 228 0.003
NCAMI1 2.14 0.010
NEUROG2 9.49 0.013
TUBB3 1.40 0.008
ALDHIAL 39.02 0.001

Increased gene expression

PPARDS 11.99 0.001
BMP2 14.46 0.006
NOTCHI 11.11 0.042
MYSTI1 427 0.005
GCN3L2 12.41 0.039

Human neural stem cells (hNSCs); Lesch-Nyhan des@asD)
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Table4

NO production and NOSL expression in healthy and LND hNSCs

NO production (pmol/L)

NO production (lmol/L)

NOSI1 at m-RNA level

Growth Medium Growth Medium plus L-
NAME 100 pM
LND hINSCs 0.405x0.01* no detection no detection
Healthy hNSCs | 0,197+0.008 no detection no detection

Total brain

(control)

not analysed

not analysed

positive detection

Human neural stem cells (hNSCs); Lesch-Nyhan des¢aND);
nitric oxide (NO); nitric oxide synthase 1 (NOSING-nitro-L-

arginine methyl ester (L-NAME).
*p<0.05 LND hNSCs versus healthy ones
Values are expressed as mean+SD
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Chapter 4

4.1. Summary

Stem cells, irrespective of their origin, have egeer as
valuable reagents or tools in human health in dst p decades. In
this thesis, we have attempted to provide a prekny account of
human stem cells in the context of research iremegative
medicine.

Neurodegeneration refers to a great clinically and
pathologically heterogeneous disease entity adsacigith slowly
progressive neuronal loss in different anatomical &unctional
systems of the brain. Neurodegenerative diseapessent one of
the leading causes of death and disability in tloeldwide. Most
of the Neurodegenerative disorders are thoughtise ahrough a
complex interplay between inherited genetic vaoiatiand
environmental triggers. At the moment the mostrady clinical
Neurodegenerative diseases trials are based ommpabalogic
strategies. The current pharmacologic and interveal strategies
fail to regenerate dead neural tissue and are lysoaufficient to
prevent the impact of the neurodegeneration in thumctional
physiology of the CNS. For these reasons the dpuants of
strategies that allow functional restoration of dged CNS
present a formidable challenge for the preventidn post-
degeneration CNS functional failure. One strategghinbe the
use of cell-based therapies for both the prevergmhtreatment of
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neurofunctional failure . The term of Cell Therajplentify one
way of treatment in which drugs are replace withscRecently,
this definition has been used primarily to indicgecedures
involving the use of well characterized cell subsetubject to
specific treatments, such as cell selection, imoviéxpansion,
creating clones of anti-infective or anti neoplagtioprieties. ALS
is a progressive neurodegenerative disease wittuléifatorial
pathology; many causes are involved in the progress
degeneration and death of motor neurons and noctiee
treatment exist at the moment. Animal models of
neurodegenerative diseases are useful to assesHabis of stem
cell therapy and estimate the ability of stem cedsrestore
damaged tissues. Nowadays, an important limit emstcell
engraftment is the difficulty to detect transplahteells. At
present, it is possible to track the engraftedsd@}l labelling them
with some commercial tracers, such as bromodeaiyg; or by
utilizing transfected cells expressing a detectalotarker.
Although these systems are mainly utilized, they arot
completely satisfactory. A particular labelling kit SPIO
nanoparticles allows to visualize the engraftedisceéhrough
magnetic resonance imaging. It is interesting tadygthuman
SkmSCs in vivo where cells can be engrafted infenel@ area of
the central nervous system in animal models tofywetheir
distribution, differentiation and function. We sied the effect of
transplanted human SkmSCs in pathological recipaennals to
understand if they are able to produce trophicofacbor some

proteins useful as a defence against motor newrathd
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Nowadays it is possible to obtain stem cells ofti@@mervous
system from foetus (Piper DR. et al., 2000 ): nlesitem cells are
able to proliferate generating special clustersedaheurospheres
that posses a lot of plasticity. Under specific dibans neural
stem cells can differentiate in neurones, astracyt@nd
oligodendrocytes in vitro. In our study we used humeural stem
cells isolated from LND tissues to provide new @mgs into the
mechanisms that underlie neurological diseases and
neurodevelopment.

LND human neural stem cells allowed us to obseivectly
the effect of the HPRT deficiency on proliferationigration and
neuronal differentiation. We found that there is carrelation
between HPRT activity and proliferation rate bugitlproperties
of differentiation, the expression of specific genelevant in
dopaminergic neuron development and function showed
significant abnormalities.

These cells combine the peculiarity of a neurodgwakntal
model and a human, neural origin to provide an g tool to
investigate the pathophysiology of HPRT deficieranyd more
broadly demonstrate the utility of human neurairsteells for

studying disease and identifying potential theréipsu
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4.2. Conclusions

Stem cell-based regeneration depends partly oddlieery of
stem cells to the damaged area. Repair by sten@pitog cells,
whether endogenous or transplanted, may be linnitgzhrt by an
inability to ensure a sufficient number of reconsing cells in the
damaged area at the opportune time. Optimising nexgéive
processes, therefore, may depend on first idengfyhe range of
molecules that subserve trafficking. We intend t@lere an
aspect of this process by studying the interactmete/een human
SkmSCs and microenvironment.

A key novelty of this project is the integration aflvanced
technological tools, such as nanotechnologies andfoimaging,
to study human stem cells cells’ homing in animabteis of ALS.

The failure of a noticeable number of experimepi@tocols
based on neuroprotective drugs, which proved teffective in
rodents, indicates a clear demand for an additienpkerimental
step between common rodent models and human patiant
evaluating novel ALS therapies before entering icéh

applications.
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4.3. Future Prespectives

Stem cells and regenerative medicine is one of riost
rapidly advancing area of biology today. Recentaleries in the
field of stem cell research have opened new avetoeshe
therapy of complex diseases, particularly thoseth&f central
nervous system (Nishino H et al., 2000; Ogawa alet 2002;
Silani V. et al., 2004).

The objective of this project is to promote a thagbo
exploration and characterization of the bi-directib
communication between stem cells and the niche thay
encounter in vivo under normal and compromisecestaguch as
ALS. Of particular interest is the rigorous chaegiation of how
interactions with localized cues in space and tiegulate stem
cell survival, migration, replication, and "plasty¢ in the nervous
system.

The main focus of this project is the study of hanCs
homing and interactions within pathological micreeonment in
order to identify the limits and the benefits dedvrom stem cell
based therapies. To reach this goal, we will perfon vitro
studies on human SCs trafficking, the critical ialitstep of the
homing cascade. Our studies will compare differelasses of
stem cells or progeny at progressively more adw@rstages of
differentiation when placed in the same sites woviThe initial
hypothesis governing these studies was that theatiog of SCs

to the affected areas and their transdifferentiatioward the
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neuronal lineage could replace degenerated neanmthdherefore
restore the functionality of the motor system. Hoere it is now
clear that the effect produced by these cellsksyirelated to an
indirect action (e.g. induction of neurogenesispwgh factors
release, anti-inflammatory activity) rather than aactual
substitution of degenerating neurons (Mahmood Al.e2004).

Bruijn et al suggests that “stem cells engineetedecrete
growth factors or other factors required for neatasurvival” or
to “stimulate endogenous stem cells in the braigénerate new
neurons” may be more feasible for ALS than neueglacement
Bruijn et al., . Moreover, therapeutic strategiesrétard disease
progression ‘“seem to be a more realistic clinieglproach as
compared with neuronal replacement” (Lindvall ®ak, 2004).

Using specific factors we will reprogram humammary cells
to yield iPS; such an approach provides a uniqueicel
opportunity to use the adult cells obtained fronmpatient to
genetically reprogram the cells according to theigaar need of
the patient.

To better understand stem cell biology and reafize full
potential of stem cell therapy, we will monitor thafficking of
labelled stem cells by molecular and cellular imggi The
marriage of nanotechnology and stem cells will igantly
advance our ability to understand and control stesfi-fate
decisions and develop novel stem cell technologidsch will
eventually lead to stem cell-based therapeuticshf@rprevention,
diagnosis, and treatment of human diseases. Ndmuitgy will

allow us to label stem cells using magnetic, genetifluorescent
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probes which can be monitored by magnetic resonanaging
(MRI) or fluorescence imaging.

Although numerous previous studies have investijatem
cell migration using fixed brain tissue, there itld knowledge
based on live imaging in response to brain damiiydtiphoton
microscopy is a key technology that will allow wsdbserve cell
behaviour and cellular biological activity in liaimals or living
brain slices. This technique will provide insighisa the
mechanisms and dynamics of morphological remodglim the
pathological CNS following stem cell transplant. Ascondary
objective, the response of the surrounding cellshie specific
perturbation will be studied as a model of the tigacand
degenerative changes in microstructure observedcarain
neurodegenerative diseases. Several different tgp&Cs, both
mouse and human, have a capacity for precise nugr&h even
widespread and distant areas of pathology in a euantddf
experimental models of CNS disease. Because stelh
engagement with a degenerating environment is itke dritical
step in regeneration, realizing the therapeutionse of the SC
depends in part on understanding the mechanismearlymd) its
mobilization during degenerative progression of Ghkease .

Repair by stem/progenitor cells may be limited artby an
inability to ensure a sufficient number of reconsing cells in the
damaged area at the opportune time. Optimizing negdive
processes, therefore, may depend on first idengfyhe range of

molecules that subserve trafficking .
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In recent years, the application of nanotechnolagstem cell
research and development have made great progi@ssxample,
magnetic nanopatrticles (SPIO) have been successfiskd to
isolate and sort stem cells, and all these advaspesd up the
development of stem cells toward the applicatiomeigenerative
medicine (Song M et al.,2009). The use of nonlinegtical
methods in biology is continually undergoing depatents and
refinements. Two-photon microscopy is particuladgeful in
neuroscience where in vivo imaging has shown gueggntial in
studying the structural correlates of learning aneimory. This
technique will provide insights in the mechanismsl @ynamics
of morphological remodeling in the brain followingem cell
transplant.

Although this project is focused on the treatmehbS, it
will provide an important therapeutic protocol foe treatment of
other neurodegenerative diseases.

The approach described in this project represamtsxample
of a state of the art strategy, combining 2 pogdiytitherapeutic
activities of human KmSCs: (i) replacement of degated
neurons and (ii) delivery of therapeutic agentgivo. This project
will likely generate important information not onlgbout the
molecular details of the treatment of ALS, but aksmout the
biology of transplanted stem cells.

The final goals of this project are:

the development of innovative approaches that could

contribute to the cure of several neurological discs.

182



to yield novel strategies for interfering with neoal loss
during neurodegenerative disorders.

the translability of the results “from the benchthe bedside”.
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