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Abstract

Amniotic fluid stem (AFS) cells can be expanded without feeder layers and can
differentiate into mesenchymal and haematopoietic lineages. Long term engraftment
has been difficult to achieve after prenatal stem cell transplantation mainly because of
allogeneic rejection. Autologous cells could be obtained from amniotic fluid (AF)

with minimal risk. My thesis aims to define the potential of human, sheep and mouse
AFS cells as an autologous stem cell source for prenatal cell/gene therapy.

Using pregnant sheep, | explored using AF mesenchymal stem cells (AFMSCs) and
CD34+ cells for autologauin utero therapy. AF was collected under ultraseund

guided amniocentesis in early gestation. Those cells were transduced with enhanced
greenfluoresceniprotein (GFP) using lentivirus vector. After expansion, transduced
AFMSCs were injected into peritoalecavity of each donor fetal sheep. Widespread
transgenic GFP expression was detected in fetal tissue. For looking into
haematopoietic potential, | transplanted autologous fresh and frozen CD34+AFS, and
bone marrow cells into immunocompromised mice. Sl@&ep4+AFS cells formed
colonies, and were positive for CD45, but negative for CD14/CD31/CD4/ CD58.

Flow cytometric analysis at 3 months showed GFP positive cells in all haematopoietic

organs.

To prove congenic transplantation is better than allogeneatleicted AF from
YFP+/C57BL/6 mice at E13. CKit+/Lutells were injected into peritoneal cavity of
every mouse fetus. Peripheral blood engraftment was significantly higher in mice
transplanted with congenic, versus allogeneic cells, as was liver @t spl

engraftment.

Finally, looking ahead to clinical translation, human AF cells could be cultured,
transduced, sorted and expanded in vitro by using conditional medium in adherent
plates. Xenogeneic transplantation of human Ckit+ AFS cells into fetal aso
showed minimal engraftment in peripheral blood.



In conclusion, AF derived stem cells are an important source of autologous cells that
could have prenatal therapeutic value in cell orlcaied gene therapy in the future.
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1 Chapter 1: Introduction

1.1 The burden of congenital disease

Many congenital diseases have a relatively low prevalence, but collectively they
represent aarge burden of diseaglcCandless, 20041t is estimated that they are
responsible for over a third of all paediatric hospital admissions, and for up to 50% of
the total cost of paediatrhospital treatmer{McCandless, 2004 Due to the
improvement in medical care, affected patients can now survive to adulthood

requiring continued theraf§rigure 1.1)

M nderlying condition with strong genetic basis
B Acquired disorder with genetic disposition
B Birth defects without known genetic basis
M Acquired disorder without genetic determinant

No preexisting chronic medical condition

4mm 50% of
total cost
%,

Figure 1.1 Reason for admission to a paediatric hospital.

From 5447 hospital admissions, genetic conditions were responsible for a third of admissions, but
for 50% of the total cost of these admissions. (Adapted from éhfigures of McCandless2004

I

Currently most pregnant women and their partners feecprgnatal diagnosis of
severe lifethreateningcongenital disease in their fetus can only choose either
termination of pregnancy, or to carry with the pregnancto deliver an affected
baby. With progress in fetal medicine, such coupieght be offered prenatal therapy.
Possible therapeutic options might includeiterostem celtransplantationgene
transfer to modify the disease genetically, or a combined genaply stem cell

approach. Some fetuses with congenital structural defects could also benefit from a

! #Y



tissue engineering approach to improve surgical repair of the defect either during
prenatal life or postnatally.

It is now possible to derive stem ceNgh pluripotential ability from the amniotic

fluid and other fetal tissue$his opens up the possibility to use these stem cells in an

autologous or allogeneic approach for prenatal therapy of congenital diseases.

1.2 Advantages of prenatal over postnatatrapy for severe lifthreatening early

onset congenital disease

There are a number cdasonsvhy for some lifethreatening early onset congenital

diseases, performinig uterotherapymay provide an advantage over neonatal or

adult treatmenfWaddington et al., 2007

1. Prevening disease damage before birth: The advantage of prenatal thettagly is
pathological damage to the fetus during prenatal development might be prevented
(David and Peebles, 20081any severe lifghreateningcongenital diseasdmve
theironset while thédaby isin utero.Organ damages oftenirreversible to that
postnatal treatmemiannot improve the quality of lif\ny pathological effeatnay
make the newbordependent on medicines for the rest of their lives and have
severe handicapFor example, a fetus carried with alpha thalassaemia major will
diein uterodue to severe fetal edema thatwurs by the second trimester.

2. Target stem cell and progenito&em cels and progenitors rapigl expar in
uteromaking themaccessible tgenetransfer thatouldprovide a large pool of
corrected cells. Compadto adult bone marrow stem cetir peripheral blood,
fetal stem cells havemuch better abilityo differentige and expad (Harrison et
al., 1997.

3. Dose scaling: The small size thiefetusis an advantage in prenatal therapy. In
adult gene therapy or stem cell transplantation, the dose of vector or cells is far
higher than would be required during fetal ({Burt, 1999. According to animal
studiesthe dosage usuallg calculatedn a per kg body masisasis Production of
usable vector or cells is time consuming and expensive, thus the requirement of a
lower dose or cell number is advantageduasonestudy the amount of cell
number forin uterotransplantation could be reduced in mice, sheep or human
experimentgTroeger et al., 20QPerillo et al. 2008 Surbek et al., 2002



4. Immunological immaturityThe immunological naivety in the early gestation fetus
has given rise to the concept of fetal tolerance, the inability to raise an
immunologicalresponse against foreign antigé¢@sunt and Ramin, 20D.1
Introduction of a foreign protein or antigen and maintenance of its expression
during getation leads to the development of immune tolerance to the foreign
protein. This has been demonstrated to occur in fetal gene therapy experiments in
the mouseWaddington et al. demonstrated a permanent correction of hemophilia
B mice after prenatal genledrapy. The plasma factor IX antigen remained at
around 9, 13 and 16% of normal in hemophilia B mice but fell to undetectable
levels when animals were injected postnat@faddington et al., 20Q4Rejection
of donor cel§ plays a critical role in transplantation, and has a major effect on
successate(Flake and Zanjani, 1999

5. Finally for structural congenital abnormalities, repaiuteromay provide a better
correction of the defect because there is less scarring, and the pathological process
may be interrupted. There is evidence of benefit for example tderotreatment
of spina bifida(Meuli et al., 199%

Prenatal therapy for congenital disease can be applied in a variety of ways, using gene

therapy, stem cell therapy or a combination of the two techniques.

1.3 Gene tlerapy

Gene therapy is a technigtieat uses genetic material to correct the genetic defect in
congenital diseag¢lowe and Thrasher, 20p3cientists may use one of several
approaches for correctirige genetic defectrirstly, a normal gene may be inserted

into a nonspecific location within the genome to replace a nonfunctional gene. This
approach is most common. Secondary, an abnormal gene could be swapped for a
normal gene through homologous recomboratThirdly, the abnormal gene could

be repaired through selective reverse mutation, which returns the gene to its normal
function. Finally, the regulation (the degree to which a gene is turned on or off) of a

particular gene could be altered.

1.3.1 Vectors br gene therapy
Vectors araised tadeliver the therapeutic gene to the target cell population. The ideal

vector for fetal somatic gene therapy is one that can produceédongegulated



expression of the transferred gene using a single and efficientigievery method.

The idea vector should also be safe to the mother and fetus, allowing incorporation
into clinical practice. Other preferential characteristics include a vector with high
transduction efficiency, a specific tropism to the target orgaarrgicg capacity

large enough to incorporate the therapeutic gene and regulatory elements, a low
immunogenicity and a low teratogenic and mutagenic poté@#ahms and Barry,
2007, Sinn et al., 2006

Vector used in gene therapy have been classically subdivided into replication
deficient viral vectors and nonviral vectors. Table 1.1 summarizes the main
charateristics of the different vector systems using for prenatal applications.
There areife commonly used viral vectors for gene therapy.

1. Retroviruses: A class of viruses that can create desitdeaded DNA copies
of their RNA genomes. These copies ofggnome can be integrated into the
chromosomes of host celimd so run the risk of insertional mutageneBe
vector only infects the host cell when the cell is dividiHgwe and
Chandrashekran, 2012

2. Lentiviruses: A class of viruses that can create destoéended DNA copies of
their RNA genomegalso a member of the retrovirus familihese copies of
its genome can be integrated into the chromosomes otéltsand so run the
risk of insertional mutagenesibhe vector infects the host cell whether or not
the cell is dividingHumanimmunodeficiency virus (HIV) is a Idivirus.

3. AdenovirusesA class of viruses with doublgtranded DNA genomes that
cause rgsratory, intestinal, and eye infections in humans. The virus that
causes the common cold is an adenovirus.

4. Adencassociated viruses class of small, singlstranded DNA viruses that
can insert their genetic material at a specific site on chromosoruiledge
and Russell, 1997

5. Herpes simplex viruse# class of doubletranded DNA viruses that infect a
particular cell type, neurons. Herpes simplex virus type 1 is a common human
pathogen that causes cold sores.

Non-viral vectors can also besed but they tend to result in less efficient gene

transfer.



Table 1.1 Characteristics of the different vector systems(Table and data were modified from
David et al., 2008) +: weak efficiency; ++: moderatefficiency; +++: good efficiency.

Vector DNA Efficiency Advantages Disadvantages
(kb)

Nonviral DNA No + Low toxicity Low transduction efficiency

complexes limit Low immunogenicity

Adenovirus 7.5 +++ Can grow to high titer Shortterm expression and
Highly efficient gene immunogenic, associated
transfer with fetal abnormalities

Adenc 4 ++ Low immunogenicity Liver toxicity, miscarriage

associated Long-term expression risk with some subtypes

virus

Retrovirus 10 + Long-term gene transfer  Insertional mutagessis,

infect dividing cells only

Lentivirus 10 ++ Long-term gene transfer  Insertional mutagenesis,
Infects dividing and potential for germ line
nondividing cells transmission

Herpes 30 ++ Retraaxonal transduction, Latent infection

simples Infects nondividing cells

1.3.2 Lentivirus vectors

Lentivirus is an integratg viral vectorthat provides longerm transgeic protein

expression because it is not diluted by cell division.

Lentivirus dose, however, have the potential to cause mutagenesis, and biged on

murine leukaemia virus have been implicated as a causeef [Eukaemia when

used in human trials of neonatal stem cell gene therapy for GGi®@in-Bey-Abina

et al., 2003 Lentiviruses have been associated with insertional mutagenesis when

applied fetally. Mice that were prenatally treated with the equine infectious anemia

virus (EIAV) lentivirus vector developed a high incidence of postnal tumors

(Themis et al., 2005Insertion sites, in these instances, were preferentially associated

with genes involved in development and cell growth, ssiijgg that the fetus and
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neonate may be particularly sensitive. Integrateficient lentiviral vectors have

thus been developed to avoid this problem. These vectors can sustain expression in
postmitotic tissues, such as the brain, while virtually eliating the risk of

insertional mutagenes{®hilpott and Thrasher, 2007

1.3.3 In uterogene therapy

There area number ofn uterogene therapyre-clinical studiesusing animal models
that have shown the efficacy of this approaatthere has not been a move into
clinical trial yet.Figure 12 showed the candidate diseases that have been treated
prenatally in animal models includimgucopolysaccharidosis VILeber's congenital
amaurosis type @nutation of RPE65 gene), Glycogen storage disease type I,
Hemophilia B, and deletion &fDP glucuronosyltransferase 1 famibplypeptide A
cluster(Rucker et al., 200Dejneka et al., 20Q&Karolewski and Wolfe, 2006

Seppen et al., 2008vVaddington et al., 2004 WaddingtonOs work in the haemophilia
mouse model suggested tirauterogene therapy could generate therapdatiels of
human factor IX without development of immune reactions when compared to adult
gene therapy in this model. The human factor IX level was maintained for up to 14
months followup (Waddington et al., 2004

[ MPS VII, brain, AAV-2/1 I

UGT1AT", liver,
VSVG-HIV

Hemophilia B, liver, VSVG-HIV |

Figure 1.2 The summary of 5 disease models of prenatal gene therapy in mice fetuses.



In each box, the disease, followed by the injection sitesd vector types are indicated. (Figure
taken from (Waddington et al., 2007)

1.3.4 Translating fetal gene therapy into the clinic

There are a number of issues facing fetal geampy that renderscomplex to
translate into clinical practice. Important safety concerns @Biltihgs, 1999 King

et al., 1999 Ore major concern is the risk of transduction of gonadal cells which
mightresult in genetic germ line transduction. There is also a potential risk for the
mother because transduction of her somatic or germ cells through transplancental
migration of the vectegene construct could theoretically occur. An additional
important safgy aspect is the possibility of insertional mutagenesis in fetal cells
resulting in a functional gene defect leading to a genetic disease or to the formation of
a malignant tumogHowe et al., 2008 Other problems include thiesk of
developmental aberratiostould be noted and monitored for potential adverse
effects of prenatal gene theraf@outelle et al., 20)2Some of these risks could be
avoided by delivering stem celiather than vectors to the fetd$e likelihood of
insertional mutagenesis can be reduced by the use of self inactivating lentivirus
vectors or by the use of gene corrected stem cells in wiseltion sites can be
examined Schambach et al., 200Modlich et al., 2009

1.4 Stem cells

Stem cells are essential for the development of any living orggRieya et al.,
2001)). Stem cells have the ability to develop and grow during early life and into
adulthood the ability to differentiate into different lineages such as osteogenic,
myogenic, chondrogenic and adipogyad to seHrenew by cell divisionTheseare
the key characteristics that make stem cells different from other cell(Wfaeers
and Weissman, 200Reya et al., 2001

Stem cells can be classified according to their potency: pluripotent, multipotent and
totipotent(Wagers ad Weissman, 200&erafini and Verfaillie, 2006 Totipotency

is the ability of all living cells potentially to regenerate whole new individagls
cloning Pluripotency is the potential of a cedl develop into more than one type of
mature cell, depending on environment. A pluripotent cell can create all cell types



except for extra embryonic tissue. Mptitency is the ability a cell wevelop into
closely related family ofells. Forexamplea blood stem cell can develop into types
of blood cells ike erythrocytes, leucocytémit cannot develop into any otHend of
cells Stem cells can be derived framanydifferentaccessiblesources such as bone
marrow (BM), peripheral blood (PB), cortbbd (CB), chorionic villi andamniotic
fluid (AF) (Ljungman et al., 20Q6&chmitz and Barrett, 20D2There are also stem
cells that reside within tissues and orgdfsbryonic stentells (ESC), mesenchymal
stem cells (MSC), endothelial progenitor cells (EPC), l@noietic stem cells
(HSC) and amniotic fluidlerived stem (AFS) cells are some of the tygfestem cells
that have beestudied(Le Blanc et al., 2005-auza, 2004Balsam et al., 2004

Stem cells are likely to be importantthre repair of tissues and organs, and for

diseases such as myocardial infarction, diabetes and ischaemic disease where aging is
occurring(Balsam et al., 20046tamm et al., 20Q3Hussain and Theise, 200Z hey

may also preide a renewable source of cells for tissue engineéRegy et al.,

2003.

1.4.1 Stem cells from theftal liver

Fetal liveris an abundant source of both haematopo#tt mesenchymal stem cells
(Fukumitsu et al., 20Q%.e Blanc et al., 20050neproblem for their clinical
application igheir collection, sincéhey can be easily obtained only from women
undergoing either surgical termination of pregnancy procedures, or less commonly
from women having ultramind guided fetal liver sampling for prenatal diagnosis of
liver disordergKleijer, 200) which carries a high risk of miscarriage. Sampling of
fetal liver cells fdlowed by autologous transplantatiasas shown to carrg high risk

of miscarriage in the fetal she€f8%)(Schoeberlein et al., 20R4This is probably

due to the damage to the liver that occurs when a relatively large needle is inserted
within it, and which sucks up some of the celiss likely thatthefetal lossrate

would be similarly high in clinical use. Therefore, fetal liver cells are notylilcebe
useful for therapy using autologous transplantabianmay be available if considered
ethically acceptable, from termination of pregnancy collection, for allogeneic
transplantation.



1.4.2 Stem cells from thdgrenta

Placental tissue can be collecteénatally via chorionic villus sampling (CV&yr
prenatal diagnosi@Rhoads et al., 1989or from the placentat birth(Castrechini et

al., 2010. The overall miscarriage rate after CV&jgproximatelyone in 10QTabor
and Alfirevic, 2010 and is related to the skill and experience of the operékos
invasive procedure needshe carefully performed tample the fetal side of the
placenta tgrevent significant maternal contaminatiédso, it was not suggested to
perform the CVS before 11 weeks of gestational age as fetal limbs deformity
combined with high miscarriage ratasvnoted. Wi are cleared of any adherent
maternal blood afterwards under the microsdogiere cell culture for karyotyping
studies.

The placenta contains a number of stem cell types sudis@gPortmannLanz et

al., 2006 Brooke et al., 200%andHSCs(Lee et al., 2010 MSC showed the typical
phenotype with positive for CD166, CD105, CD90, CD73, CD44, CD29, CD13,
MHC I, and negative for CD14, CD34, CD45, MHC Il. HSC derived from placenta
showed the evidence of growing all lineages of haematopaietbnies.

The advantage for CVS is the timing; it could be performedcdg as 11h weeks of
gestation in humans. This would allow sufficient time to differentiate, expand and
transduce these cells, and inject them back into the donor fetus in bogauso
approactbefore immune competence develops from around 16 weeks of gestation
This mayalsobe an advantage where evidence suggests that it is better to treat
congenital fetal disease as early as possible to prevent the irreversible organ damage

in utero.

1.4.3 Cord bloodstem cells

HSCs can be easily derived from cord bloaxld havébeen used clinically for many
years Theyhave several advantages compared to adult bone marrow including less
rejection, less invasion, and less contamination with {iKegstenbauer et al., 2009
This study also showed the expansion protocol of cord blood HSC (CD34+) that has
been standardised by many study grodpiile it is common practice to derive HSC
from cord blood at birth, they may be derived during pregnancy using ultrasound
cordocentesis that can be perforrmgth a low rate of miscarriage (approximately

1%) from 20 weeks of gestatiqAntsaklis et al., 1998 The most common reason for
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performing cordocentesis in current clinical practice is for treatment of fetal anemia
using fetal blood transfusion. The miscarriage rate depends on the indicatioalfor fet
blood sampling and is higher in anaemic fetugedsaklis et al., 1998 but overall it

is only slightly higher than following CVS or amniocentg$§islandi et al., 1990

Their mesenchymal counterpart can be isolated in a limited number of cord blood
samplegpresenting positive CD44, CD73, CD90, and CD105 MSC phenotype.
(Weissand Troyer, 2006

1.4.4 Stem cells derived from amniotic fluid

A variety of stem cells can be derived from the amniotic fluid, including MSCs and
cells with haematopoietic potential and pluripotent cells.

Amniotic fluid (AF) is the clear, watery liquid thatrrounds the growing fetus within
the amniotic cavityand which has a number of ral@e fluid allows the fetus to

grow and move inside the uteritsprotectsthe fetusrom outside injury by

cushioning sudden blows or movemeiitscts as a vehicli®r the exchange of body
chemicals with motheaind is vital for the development of some organs such as the
lungs, in which inhalation of the AF via fetal breathing movements allows normal
lung developmeniThe AFcontains cells of fetal origin such as #manion, skin, and
respiratory syster{Prusa and Hengstschlager, 2002ai et al., 2006b AF is
commonly usd in prenatal diagnosis of chromosomal or genetic defects in the fetus
(1976 Gosden, 198elo et al., 2006 Amniocentesis is a wedstablished, and

least minimally invasive procedure in clinical pract{Eegure 1.3) The miscarriage
rate has been reported as low as 1 inwWlb8n performedby a trainedetal medcine
specialis{Odibo et al., 2008 The timing of amniocentesis is from 15 weeks of
gestation in human since earlier sampling is associated bntirmalitiesof limb

development.



P
1 e

Ultrasound
transducer

Amniotic fluid

Figure 1.3 Ultrasound Guided amniocentesis.
(Picture was modifiedfrom Mayo Foundation for Medical Education and Research)

The AF contains stem cells whidandifferentiak into the three embryonic layers,
including adipogenic, osteogeneic, myogenic, neural, epithelial, and hepatocyte
lineages. The cells have both MSC and HSC differentiation potébttabi et al.,

2009. Studies on transplanted AF cells do not report any teratoma formation. In the
last few years there is strong evidence that AF cannot only be used as a diagnostic
tool but also as a potential source for therapeutiaaians in a multitude of
disordergDelo et al., 2006

1.4.5 CKit+ amniotic fluid stem (AFS) cells

The fird evidence that the amniotic fluid could contain pluripotent stem cells was
provided when Prusa et aescribed the presence of a distinct-population of
proliferating amniotic fluid cells (0ED.5%) expressing the pluripotency marker Oct4
at both trascriptional and protein leve(®rusa et al., 20030ct4 (octamer binding
transcription factor 4) is a nuclear transcription factor that plays a critical role in
maintainingembryonic stem cell&ESQ differentiation potential and capacity for
selfrenewal(Scholer et al., 198Nichols et al., 1998Niwa et al., 2000 Other than

its expression by ESC, Oct4 is specifically expressed by germ cells, where its
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inactivation results in apoptosis, and by embryonal carcinoma cells and tumours of
germ cell origin, where it acts as an oncogenic fate determiDanbvan, 2001

Pesce and Scholer, 2Q@idekel et al., 2003.ooijenga et al., 2003While its role

in stem cells of fetal origin has not been completely addressed, it has been recently
demonstrated that Oct4 is neither expressed nor required by somatic stem cells o
progenitorgBerg and Goodell, 20QZengner et al., 20QLiedtke et al., 200/

After the study presented by Prusa etdifferent groups confirmed the expression of
Oct4 and of its transcriptional targets (e.g. R¢xn the amniotic fluidBossolasco et
al., 2006 Stefanidis et al., 2008Remarkably, larlmark et altransfected human
amniotic fluid cells with the green fluorescent protein gemger either the Oct4 or
the Rex1 promoter and established that some amniotic fluid cells were able to
activate these promotefisarimark et al., 2006 Several authors subsequently
reported the possibility of harvesting amniotic fluid cells digplg features of
pluripotent stem cell§Tsai et al., 2006IKim et al., 2007. Thereafter, the presence
of a cdl population able to generate clonal cell lines capable of differentiating into
lineages representative of all three embryonic germ layers was definitively
demonstrate@©e Coppi et al., 200FaThese cells, named amniotic fluid stem cells
(AFS cells), are characterized by the expression of the surface ankgdcD117),

the type Il tyrosine kinase receptor of the stem cell fg@sebo et al., 1990

Pluripotent cells displaying CKit+ have so far been isolated from human and rodent
AF (De Coppi et al., 200§aCKit (CD117)is a surface antigethat is the receptor for
stem cell factofDelo et al., 2006(Figure 1.4). it is a Type Il tyrosine kinase
receptor for the ligand of cytokine stem cell factor and these receptors locate on the
cell membrane of germ cells, haematopoietic stem cells, neuroectodermal cells
(Ashman, 1999 cardiac cell¢Beltrami et al., 200B8and retinal stem cell¥&oso et

al., 2007. Approximately 0.8% to 1.4% of thelts from hunan AF possess the

CKit+ surface antigen and thean be sorted using immunoselectiomfiggnetic
microspheres. CKitstem cells from AF were named OAFSO (@#sCoppi et al.,
20073. The expansion of human AFS cells has been well established igfn
population doublingateand their phenotype has besall characterizedDe Coppi

et al., 2007aDelo et al., 2006Tsai et al., 2006lPozzobon eal., 2009 Cananzi et

al., 2009.
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Figure 1.4 The illustration showed the functional role of Ckit as a type Il tyrosine kinase
receptor. Dual upregulation of Ckit and membrane-bound SCF (mSCF) on dendritic cells by
allergens and allergyinducing adjuvants promotes IL-6 and Jagged2 expression. Dendritic cells
stimulated with Cholera toxin, house dust mite or prostaglandins upregulate-kit and mSCF
expression that is mediated by cAMP. Ckit activation by mSCF via celtell interactions, triggers
sustained downstream activation of the PI3 kinase/AKT pathway and possibly MAPK and JAK
STAT pathways resulting in increased production of 1-6, whose transcripton is known to be
dependent on NFB and NFIL6, and may also involve Notch/Notch ligand. Activation of it
also upregulates expression of Jagge?] and Notch receptors (NotchR). The red arrows show
known mechanisms of activation while the broken blueraows indicate activation pathways for
which the mechanisms have yet to be determine(lhe figure was modified from(Ray et al.,
2008)

These cells could maintain the potential up to 250 passages without telomerase length
change. But they did not show the teratoma formation while in vivo injection
performed which is the main concern and ethical issue in embryonic sterfbDeells

Coppi et al., 2007aMoreover it has been shown that amniotic fluid derived stem

cells can be easily transduced without losing their potential in human, mice and sheep
(De Coppi et al., 2007I6srisafi et al., 2008 Rodent and murine AFS have similar
characteristics to human/S cells. Rodent AFS cells demonstrate similar growth
properties and differentiation potential (in vitro) while murine AFS cells express
markers of embryonic and adult stem cell ty(igs Coppi et al., 2007aFinally,



freshly isolated AFS cells can generate various haematopoietic lineages both in vitro
and in vivo(Tiblad and Westgren, 20R8AFS cells have an estimated doubling time

of 36 hours and no feeder layers are requiredhferculture of these cell$he high
capacity of selrenewal is impressive where AFS cells may proliferate over 300 times
(exceeding HayflickOs limitayflick and Moorhead, 196And retain the same
karyotypes without developing chromosomal anueploiedo et al., 2006

As mentioned previously, the surface antigéit@CD117) is known to be the
receptor of stem cell factor and to play asential role in gametogenesis,
melanogenesis and haematopoiésisischman, 1993 Human AFS cells express
surface markers of mesenchymal and/or neural stem cells originsp@géc
embryonic antigen (SSEA), a marker that is usually present in ES cells anedQat
transcription facto(De Coppi et al., 2007aA number of MSC markers are positive
on AFS cellstiat include CD29, CD44, CD73, CD90, CD105 and vimentin. HSC
markers like CD34, CD45 and CD133 are negative on AFS(&adtsn et al., 2008
Walther et al., 2009 Since MSCs are less immunologically competent than their
haematopoietic counterpatS'Donoghue and Fisk, 2004uman AFS cells might
be a good candidate for transplantation since they may result in less tratgptant
relatedrejection. Human AFS cells can eithepard or be induced to differentiate
into various cells of 3 embryonic layers that include adipocytes, osteocytes,
endothelial cells, hepatocytes, myocytes, and neuronalPell€oppi et al., 2007a
Delo et al., 2006Perin et al., 2008 Importantly, our study group recentigve
demonstrated that, whemected into irradiated Rag immunodeficient mice,
murine AFS cells are able teconstitute the entire bone marrow and haematopoietic
lineageqDitadi et al., 209). This was the first paper showing the HSC like
characterization could be found in amigdtuid cell samples. Table 1showed the
summary of characterization of AFS cells, and compared to other stem cells types.
The AFS cells have ES cell like pipotent markers including SSE3, SSEA4, and
Tra-1-60, but AFMSC or HSC donOt have.



Table 1.2 Characteristics of different kinds of stem cells.
AFS: amniotic fluid stem cells; AFMSC: amniotic fluid mesenbymal stem cells; HSC:
haematopoietic stem cells; ESC: embryonic stem cells.

AFS AFMSC HSC ESC
SSEA3 + - - +
SSEA4 + - - +
Tra-1-60 + - - +
Tra-1-81 - - - +
CD73 + + -
CD90 + + +
CD117 + - +
CD105 + + -
CD14 - - +
CD34 - - +
CD45 - - +
MHC | + + -
MHC I - - +

1.4.6 Amniotic fluid mesenchymal stem cells (AFMSC)

AFMSC can be easily obtained in humans from sed¢antesterand third trimester
amniotic fluid where their percentage is estimated to bd 8% (Roubelakis et al.,

2007); and in rodents from the amniotic fluid collected during the second and third
week of pregnancgDe Coppi et al., 2007a

Various protocols have been proposed for their isolation; all are based on the
expansion of unselected populations of amniotic fluid cells in seiehhtonditions
without feeder layers, allowg cell selection by culture conditions. The success rate

of the isolation of AFMSC is reported by different authors to be 100%i et al.,

2004 Nadri and Soleimani, 2007AFMSC grow in basic medium containing fetal
bovine serum (20%). Importantly, it has been shown that human AFMSC can also be
culturedwithout animal serum without losing their propert{@unisaki et al., 2006

this finding is a fundamental prerequisite for the beginning of clinical trials in humans

where culture in serum free medium is usually required



Figure 1.5 shows the characteristiiform spindleshaped fibroblastike

morphologyof AFMSC that issimilar to that of other MSC populatianPSFMSC

expand rapidly in cultur€Tsai et al., 2004 Human cells derived from a sirgk mi
amniotic fluid sample can increase up to 1800 cells within 4 weeks (three
passages) ands demonstrated by growth kinetics assays, possess a greater
proliferative potential (average doubling timeEBB h) in comparison to that of bone
marrowderived MSC (averageoubling time 3890 h)(In 't Anker et al., 2003
Roubelakis et al., 200:/Moreover, the clonogenic potential of AFMSC has been
shown to exceed that of MSC isolated from the bone marrow (86 + 4.3 versus 70 +
5.1 colonies)Nadri and Soleimani, 200.7Despite their high proliferatiorate,

AFMSC retain a normal karyotype and do not display tumourigenic potential even
after extensive expansion in cultdog over 3 monthgRoubelakis eéal., 2007.

These cells are positive for CD73, CD90, and CD105 that are standard mesenchymal

stem cell markers.

Figure 1.5 The morphology of amniotic fluid mesenchymal stem cells.
The cells display a miform spindle-shape fibroblastlike images. 40X

1.5 Autologous, allogeneic and xenogeneic stem cell transplantation

There are two major types of stem cell transplants: autologous and allogeneic. Each of
these stem cell procedures has its own distinct proddssn patient®r animals

receive cells that have been donated by someone else, these transpleaitedar



allogeneic transplantatipand the cells used are called allogeneic c®@ltsthe other
hands, when the cells used for transplantation cameyloamown or same genetic
background animals, we called this autologous or congenic transplantation.
Xenogeneic transplantation meant the cells injection from two different species.
Moreover, autologous stem cell transplants and allegetem cell trandpnts are

each associated with distinct benefits and risksshould be taken into account when
deciding which of these stem cell treatments a patient should undergo. One advantage
of this stem cell treatment procedure is that in an autologous stetransplantfhe

graft would attack the hgstn occurrence known as Gra#trsusHost Disease

(GVHD). In addition, autologous transplants have the added advantage of avoiding
the sometimes difficult process of finding a donor for stem cell treatfReazobon

et al., 2009Peranteau et al., 20p7

1.6 In utero stem cell transplantation

1.6.1 Preclinical experimets onin utero stem cell transplantation

Fetal mice injected with congenic HSCs maintaisidble, longterm, multilineage
chimerism compared with less than 20% of allogeres@pientsPeranteau et al.,

2007. In addition, in mice, early allogeneic fetal stem chlmerism may be

enhanced by pretément of the allogeneic stem cells with cytokiradsough long

term engraftment was unchanged. It is possible that this is due toiartaist

response to class | alloantigens or a lack of strain specific stromal support for the
allogeneic transplantezklls (Sugiura et al., 199Hashimoto et al., 1997In addition
maternal T cells have been shownnite to cross the placenta and destroy engrafted
allogenic cell{Nijagal et al., 2011p

Schoeberlein at el. demonstrated the first sheep in utero tramsiglamhodel

comparing autologous and alkmgeic stem cell transplantati@Bchoeberlein et al.,
2004. Under ultrasound guidance they collected a fetal liver sample and cultured the
cells in MSC condibn. They injected intraperitoneally at 48 to 64 days of gestational
age back to thdonorfetus intheautologougroup, andetal liverfrom another

animal in the allogeneic grouph@& autologous group hamuch higler loss rate

(73% versus 29%).



1.6.2 IUSCTin humans

In uterostem cell transplantation (IUSCT) aims to treat congenital disorders in the
fetus using cells capable of sednewal that can enhance or substitute the affected
tissues/organs of the fetudnlike in uterogene therapy, there is no afitvector issue

in stem cell transplantation. Around 50 human cases of in utero stem cell therapy have
been reported using fetal liver or parental CD34+ bone marromTélad and

Westgren, 2008Shaw et al., 201)bTable 1.3howed the 4 categories of diseases

that have been addressed including hemoglobinopathies, immunodeficiencies, enzyme
storage diseasand osteogenesis imperfect ((E)ygraftment has been reported in 10
patients with several having a benign clinical comskelad and Westgren, 2008).
Attempts to treat diseases such as sickledisdlas€éWestgren et al., 199@r

metabolic storage disorders for example, have basacessful, evemvhere a

suitably matched donor has been available.

Table 1.3 Summary of in utero stem cell transplantationcases in humans
(Summary from Tiblad and Westgren, 2008 Shaw et al., 2011p

Number Number of cases Cell typeof transplantation
of cases demonstrating

engraftment
Hemoglobinopathies 22 0 Fetal liver or parental CD34+ BN
Immunodeficiencies 12 8 Fetal liver or peental CD34+ BVI
Enzyme storage diseast 7 0 Fetal liver or peental CD34+ BM
2 Fetal liver MSCs

Osteogenesibnperfecta 5

Successful engraftment has only been demonstrated in cases of immunodeficiencies
or Ol who receivedh uterostem cell transplantation.

In Ol, dlogeneic mesenchymal sterellssourced fronfetal liverwereinjected into
affected fetuseby intrahepatic route of injectioiiuccessfuéngraftnent was
observedn 2 out of 5cases (Tiblad and Westgren, 2008)this case, a female fetus
affected bytype Il of Ol received an intraperitoneal injection of human fetarliv
mesenchymal stem cebs$ 26 weeks of gestational age. The donor cells showed
persistent bone marrow engraftment around 7% up to threeglddte Blanc et al.,
2005.

As mentioned previously, all the cells were donated from allogeneic sources rather
than being of autologous origin and it is this perhaps that has resulted in the low
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engaftment success in congenital diseases susltldge cell or metabolic storage
disorers where the immune system is relatively intact. The stem cells derived from
autologous or syngeneic (identical twin) origin could be a possible solutian for

uterostam cell transplantation.

1.7 Development of the human fetal immune system

The presencef a functionally developed immune system as early as the second
trimester ofpregnancy calls for alternative strategies (Westgren et al., IB®6).
immunological naivetyf the early gestation fetus has given rise to the concept of
fetal tolerance, the inability to raise an immunological response against foreign
antigengGaunt and Ramin, 20Dt is believed that théetal immune system may
play a larger role in preventing allogeneic fetal stemergjraftment than was once
thought.

1.8 Clinical applications of poshatal haematopoietic stem cell transplantation and
gene transfer
Haenmatopoieticstem cell transplantatianvolves the use of SC derived from bone
marrow, cord blooar peripheral bloognd transplanted into the host with the
intention of reconstituting part or all of the bone mar(bjungman et al., 2006
Transplants may be xenogeneic from one species to another although this is rarely
used in clinical practice. Mostansplants are allogeneic, where a human leukocyte
antigen (HLA) matched donor graft is harvested iafused into the recipient

Autologous stem cell transplantation involves the harvesting and isolation of a graft
derived from the recipient and infes back into the recipient, usually after a
treatmen{Ljungman et al., 2006 Therefore, autologous cells can begeorrected

ex vivobefore transplantation, as has been used successfully in the recent trials of
retroviral gene therapy of bone marrow in SCID that is eithknkéd (HaceinBey-
Abina et al., 200Ror due to adenosine deaminase deficigAayti et al., 2009. The
advantages of autologous transplants ineladow incidence of graftersushost

disease (GVHD) or graft failure, low risk of acquiring infections and the difficulty of
finding a suitable donor.
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Haematopoietic stem cells are attractive targets foibesled gene therapy, because

they have the pential to produce progeny cells containing a therapeutic gene

lifelong. Current clinical protocols of pesatal gene therapy in paediatric patients

with genetic diseases are based owigr retrovial transduction of lymphocyte
(Bordignon et al., 199%r haematopoietic stem cells from cord blood or bone

marrow, followed by autologous transplantation of the engineered cells back in to the
patients(Kohn et al., 199p Initial trials showed the feasibility and safety of gene
therapy using cord blood cells in patientshMiDA -deficiency, although only very

limited clinical efficiency has been achieved as reported in a fellpwtudy(Kohn et

al., 1999.

The main obstacles concern transduction efficiency, random integrationtof vec
geneconstruct into host genome, duration of expression of the therapeutic gene (gene
silencing), host immune response against vector, gene or gene product, and
reproducible production of safe replicatiree hightitre vectorVerma and Somia,

1997. Gene expression can be severely impaired by spontaneous cessation of
regulatory sequence activity that control gene expression, by inactivation of
promoters inlie transduced host cell, by specific host defence mechanisms or by
elimination of the transduced cells by the host immune system recognizing the foreign
gene produc{Bestor, 2000

1.9 Animal models

The use of animal medk is essential in the field of clinical research particularly
when translating therapies into the clinic. Animal models can provide knowledge on
the safety and efficacy of drugsellsandothertreatmens. A variety of animal

models such as sheep, masasjand rodents such as mice and rats have been used to
study stem cell transplantation. Isolated cells from various sources can be injected
into animal models to identify their target and function in the {@dysaand
Hengstschlager, 2002The behaviour, participation and development of transplanted
cells can be closely monitored. The usefulness of each model has limitations as no
animal model can truly recapitulate the human b@fynahue et al., 200%and tere

are advantages and disadvantages to any animal model used to study THBET.



1.4showed the characteristics of experimental animals commonly used itgbrena

therapy preclinical assessment.

Table 1.4 The characteristics of experimental animals used in prenatal therapy preclinical
studies

Species Gestational Placenta Maternofetal Fetal number
length shape indigitation
(Days)
Human (3rd Trimester) 280 discoidal villous 1-2
Human (1st/2nd trimester) 280 discoidal villous 1-2
Primates (higher): great apes 240 discoidal villous 1-2
Primates (lower): Galago 130 diffuse folded 1-2
Rabbit 31 discoidal labyrinthine  5-10
Guinea pig 67 discoidal labyrinthine  2-5
Rat 21 discoidal labyrinthine  5-10
Mouse 21 discoidal labyrinthine  5-10
Sheep 145 cotyledonary villous 1-2

1.9.1 Gestation length

Stem cell culture, transdtion and differentiation takex least 2 week® vitro. In a
mouse or rat model, it would be impossitiaiseautologous cells due to the short
gestational length of only 21 days. Congenic transplantation to an affected mouse is
an alternative feasible way to stualytologous transplantation using midehe same
genetic backgrountb provide the cells for transplantation into the target affected
mice.

Large animals have relative long gestation lengths, for example the sheep has a 145
days pregnancyor the pmmates has a 240 days (Table)1lglving enagh time to

prepare the autologous stem cells and transplant ®enal transplantation afat
repeated sampling can be perforntegt@r in gestatiorfPorada eal., 20083

Considerable insight has been gained on donor cell activity over a period of time in

the same model post traotantation.

1.9.2 Maternal fetal cell trafficking
Studies in humans show thetdl cellstransferred into maternal blood during
pregnacy engraft maternal tissues and persist for decades. Fetal microchimerism was

initially implicated in autoimmune disease, such as systemic sclé¢hkssson, 2009,
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but was subsequently also associated withaidnimmne conditions such as thyroid
adenomagSrivatsa et al., 200Johnson et al., 2002However, fetomaternal
trafficking occurs in all pregnancies, and there is increasing evidence that
microchimerism ocurs in healthy women as wé@lhosrotehrani et al., 2003
Lambert and Nelson, 20R3The frequeng of fetal microchimerism in healthy
women is unknown, with autoimmune studies suggesting wide variation.
Murine models of microchimerism provide some insi@iainchi and Fisk, 2097
Fetal cells from an earlier pregnancy peesisn lymphoid tissu@.iegeois et al.,
1981 and microchimeric fetal cells found in all tissues tested in pregnant mice
declined in frequency postpartum, but were still present in retired breeders
(Khosrotehrani et al., 2005Similarly, fetal cells have been demonstrated inimeur
maternal brains, with a peak frequency of 1.8% at 4 weeks postp@raumet al.,
2009. A study finding male presumddtal cells in bone marrow and bone fraith
postreproductive women who had sons decades e&di®onoghue et al., 2004
suggests that fetal microchimerism in human is as frequent as thatricamcdal

studies, and may even be ubiquitous.

1.9.3 Open or ultrasound guidecktivery of stem cells to the fetus

Based on the concept of acquired neonatal tolerance to foreign ariBgengham

et al., 1953 initial experiments have been performed in a mouse model using
intraplacetal injection of haematopoietic stem cells and showed the potential of this
method to cure genetic anemias prenai@#lgischman and Mintz, 197 Delivery of
stem cells to fetal mice, rats and other rodents requires open surgery, wheahaar
significant mortality rate of miscarriagdsater, Flake et al. successfully developed

the sheep model with intraperitoneal allogeneic stem cell transplantation of fetal liver
cells into a fetal recipier{Flake et al., 1986 Subsequently, several different animal
models have been used, including n{iB&zar et al., 199%Archer et al., 199y7and
monkeys(Harrison et al., 1989

Large animals such as the sheep model pralyentagessince theyallow surgical
manipulationandultrasoundmaging can be usddr prenatabhssessmerandto
guideinvasive procedure Unlike the mouse model, performing adaotomy for

fetal sheep IUSCTs not needed. Ultrasound guided invasive proces could be
performed by an experienced obstetrician without any diffictilig use of sheep as
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a predictive model for the study of stem cell transplantatsamg ultrasountias been
successfully establishéBorada et al., 2003bThe sheep model hatsobeen used to
investigateminimally invasive ultrasound guided prenatal ggaasfer(David et al.,
2006h Weisz et al., 2005 Techniques carry a low morbidigyd mortality rate

when performed under ultrasound guidance.

1.9.4 Route of administration

It is uncertainwhether intravascular (IV) rather than intraperitoneal (IP) injection is
associated with a higher frequency of donor cells in the target organ haematopoietic
microenvironment in the fetal liver and marr¢westgren et al., 199.7However,

even if the intravscular route was more favourable, it may be technically difficult

and risky at <14 weeks of gestation in hur(@uarbeket al., 200D or early stage in
rodent pregnancy, and therefore the IP routénforterostem cell transplantation

would be preferred by most investigators if stem cell delivery is to be performed early
in pregnancy. Nevertheless, it is unknown to whdént the transplanted cells enter

the circulation to reach the target organs. In sheep models, ultrasound guided
intramuscular and intrahepatic routes of delivery of a viral vector to fetal sheep were
also demonstrated and found to target the systenciglaiion(David et al., 2006a

David et al., 2003David € al., 2010.

1.9.5 The development of the immune system in animals

The fetal immune response seems unlikely to play a significant role during early
engraftment events after uterocell transplantatiomhile comparing allogeneic or
autologous transplantati (Schoeberlein et al., 2004). Reports that show that fetal
sheep are not capable of reacting to foreign antigens before 60 to 65 days of gestation,
while the cellmediated immune response is elicited at approximately 70 days of
gestation, are in line witthis observatio(Miyasaka and Morris, 1988Furthermore,
Schoeberlein et al. suggested that early engraftment of donor stem cells in
haematopoietic niches afteruterotransplantatn does not seem to be MHC
restricted. Other studies also found there was no difference intshorengraftment
between congenic and allogeneic donor stem cells irde@oient(Shaaban et al.,
1999 and deficient micéBarker et al., 2003 In fetal sheep, it has been shown that

co-transplantation of donor stromal cells as well as allogeneic stromal cells enhances
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engraftment bdonor haematopoietic stem ceglmeidaPorada et al., 19990ther
mechanism such as the competitive marrow population by host haematopoiesis in
laterdevelopment are more likely to be responsible for the limited engraftment of
donor cells in recipients with a quantitatively normal haematopoiesis. Nevertheless, it
remains open whether these results can be translated to human fetuses, because

reactive lynphocytes can be found already at 10 weeks in human fetuses.
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1.10 The concept and clinical applications of amniotic fluid stem cells in prenatal
and postnatal autologous transplantation
Stem cells derived from amniotic fluid could be collected, culturdf&rdntiated into
cells with MSC or HSC potential and then used for stem cell therapy applications.
The major advantage of amniotic fluid stem cells is the timing, which means that
potential cells could be obtained as early as the second trimester tibgesta
providing a chance /time window for autologous transplantation back into the same
fetus. In addition, the amniotic fluid stem cells could be stored for further postnatal
use with autologous stem cell origin. Figure 1.6 shows this concept of prerdhtal a

postnatal autologous transplantation using human amniotic fluid stem cells.

Figure 1.6 The conceptof in utero and postnatal autologous transplantation uisig amniotic fluid
stem cells.

The amniotic fluid could be collected under ultrasound guided amniocentesis (1), and culturéal
vitro (2). These cellgould betransduced with a vector encodinga therapeutic gene (3) then the
transduced cells are expandeth vitro (4). Expanded/transduced cells coulthe transplanted back
into the same fetus afteta few weeks as fetal autolgous transplantation (5), alternatively, stored
stem cells or engineered tissuenuld be provided for anaffected newborn postnatally (6).
(Figure was taken from Shaw et al, 2014)



1.11 Clinical applications of amniotic fluid stem cells: Postnatal tissue repair

In previous sectiofChapter 1.6)in uterostem cells transplantation was discussed by
using amniotic fluid stem cells. Heremaiotic fluid derived stem cells have been
usedin variety of tissue repair studies. Amniotic fluid stem cells have been cultured
and isolated from human, mice, rat, rabbit, and sheep. Those cells showed the
potential to repair the chest wall injury, cardiac injury, neurologic disorder/injury,
lung injury, bladder injury, hematopoietic disorder, tracheal repair and diaphragmatic
hernia repair (Tabl&.5) (De Coppi et al., 2007Ibitadi et al., 2009Carraro et al.,

2008 Cheng et al., 201Fuchs et al., 20Q45hionzoli et al., 2010op et al., 2008

Klein et al., 2010Kunisaki et al., 2008Pan et al., 20Q%®erin et al., 201,Rehni et

al., 2007 Schmidt et al., 20Q8rang et al., 2010veh et al., P10, Zani et al., 2009

Shaw et al., 201)aMost of them are demonstrated the ability of tissue repair in adult
or neonate stage. There are only f@udies using amniotic fluid stem cells to do
transplantation or tissue repairing prenaté8iaw et al., 2011&unisaki et al.,

2006. AFS cells could be a great and potential source to treat congenital diseases in

utero in the near future.

For autologous repair, tendon was engineered using sheep mesenchymal amniocytes
labelled with green fluorescent peat (GFP), that was expanded and seeded into a
collagen hydrogel. This was then used to repair a diaphragm defect postnatally after
creation in the donor sheep fet@ells that were labelled with GRirere tracked in

the sheep and visualised at sacrifRepair of the diaphragmatic hernia with the
autologous AFMSC engineered tendon had a lower recurrence than repair using the
collagen hydrogel alone, Diaphragmatic hernia recurrence was significantly higher in
animals with acellular grafts then in animedsh cellular ones supporting the

autologous approadlruchs et al., 2004



Table 1.5 Prenatal and postnatal appication of amniotic fluid stem cells.

(Modified from Shaw et al., 2011b)

Target disease or model Animal Donor cells Transplantation  Route Reference
Prenatal approach
“In uteroautologous Sheep Sheep AFMSC  Autologous intraperitoneal Shawetal., 2011a
transplantation
Fetal tracheal reconstruction Sheep Sheep AFMSC  Autologous Cartilaginous graft Kunisaki et al., 2006
Postnatal approach
“Cryoinjured bladder Rat RatAFS Allogeneic ~Intravascular injection De Coppi etal., 2007b
Hematopoietic system repair Immuno- Human and Xenogeneic or Intravascular injection  Ditadi et al., 2009
suppressed mice mice AFS Allogeneic
Postnatal chest wall repair Rabbit Rabbit AFMSC  Autologous osseous graft with Klein et al., 2010
scaffold
Sciatic nerve crush injury Rats Human AFMSC  Xenogeneic Direct injury site Cheng et al., 2009
injection
Postnatal diaphragm Sheep Sheep AFMSC  Autologous Autologous tendon Fuchs et al., 2004
reconstruction
Cell migration in abdomen Rat Rat AFS Allogeneic Intraperitoneal Ghionzoli et al., 2010
injection
Heart cryoinjury Rat Rat AFMSC Allogeneic Intracardiac injection  Lop et al., 2008
Sciatic nerve crush injury Rats Human AFMSC  Xenogeneic Direct injury site Pan et al., 2009

injection




Actue tubular neasis

Cerebral ischaemia
reperfusion injury

Immune
deficient mouse
Mice

Heart valve tissue engineerin -

ParkinsonOs disease

Postnatal cardiac repair for
myocardiac infarction

Hyperoxia lung injury

Rat

Immune
suppressed Rat

Mice

Human AFMSC Xenogeneic

Human AFS Xenogeneic

Human AES

Human AFS Xenogeneic

Human AFMSC Xenogeneic

Human AFS Xenogeneic

Intravascular injection Perin et al., 2010
Intracerebroventricula Rehni et al., 2007
injection

In vitro study Schmidt et al., 2008

Intracerebroventricula Yang et al., 2010
injection
Intracardiac irgction  Yeh et al., 2010

Intravascular injection Carraro et al., 2008




Several studies also have been performed to find an appropriate cell source for the
treatment of a wide range of disorders. Fstance, the chondrogenic potential of

AFS have been studied and established in order to carry out the regeneration of
damaged articular cartilaggolambkar et al., 2007 The feasibility of using ovine
BM-MSC as a source of heart valve engineering has been demon@®extgcet al.,
2003. This was supported by the ability of cells to populate in scaffolds and possess
similar biomechanical properties. Many fetuses with structural defects undergo
amniocentesis for prenatal diagnosis, Iseaof the associated high risk of fetal
aneuploidy. This includes such abnormalities as exomphalos, congenital
diaphragmiatic hernia and major cardiac defects. Amniotic fluid stem cells could be
collected either via amniocentesis earlier in gestatiat Gaesarean delivery, if
sufficient time was available between their collection and requirement for organ
repair. Much will depend on the different characteristics of cells collected at different
gestational age time points and further research is deedxplore this.

Therefore autologous transplantation using amniotic fluid stem cells could be an
ideal way and strategy in the near future as figudeThese cells could be injected
back into the same fetus within few weeks before the diseasepsagr or into

newborn afterwards if longer time needs for tissue engineering. Stem cells derived
from amniotic fluid are a relative new source of cells which is still relatively unknown
but that could have a therapeutic value in various diseases diagmesathlly and
treated pre and/or postnatally.



1.12 Study aims

In my thesis, investigated the feasibility and potential of amniotic fluid for prenatal
therapy in order to combine IUSCT and gene therapy intdle@rapeutic strategy.

1. to determine whherin uterotransplantation of autologous amniotic fluid stem

cells was feasible.

2. to compare engraftment afteruterotransplantation of amniotic fluid stem cells

from congenic and allogeneic sources and to investigate whether this technique can
correct a mouse model of haematological disease.

3. to investigate whether human amniotic fluid stem cells can be transduced and used

for in uterostem cell transplantation.

For Aim 1, lexplored amniotic fluid mesenchymalsieells andused the fetal
sheepwhich has the advantages of long gestational age, similar fetal size and
comparable fetal development and physiology to human preg@agid et al.,

2006h David and Peebles, 200&nd in which there is wide experience with fetal
interventional procedurég®avid et al., P06 David et al., 2003aSecond, novel

sheep CD34 antibody was used for sorting the CD34+ sheep AFS cells that would be
autologous transplanted back into the sheep fetus as the same procedure.

For Aim 2, | used a small animal model the mouse, to investigate the prenatal cell or
cell-based gene therapy using marking vectors. Congenic versus allogeneic
transplantation were also compared in mice model using mice AFS cells. | further
investigated a dissa model of thalassemia for prenatal therapy of small animals.

For Aim 3, | collected and cultureditnan amniotic fluid samples in vitro to

determine theipluripotency and characterization. Ex vivo expandable cells could be
transduced with viral vectoend used for xenotransplantation.



Chapter 2

Material and Methods



2 Chapter 2 Material and Methods
2.1 Sheep experiments

2.1.1 Generation of time mated sheep

Sheep of Romney breed were used. Each ewe was ear tagged twiae with
identification number ahthe sheep flock was vaccinated against Toxoplasma,
Chlamydia and Clostridium annually. All procedures on animals were condocted
accordance with the UK Home Office regulations and the Guidance fQpition
of Animals (Scientific Procedures) Act986) under Project Licenceimber 70/6546
titted OFetal gene theraipyuteroO

All experiments were conducted on tim&ted sheep to ensure thestational age of
fetus was consistent. Tupping of sheep was begun inaatdynn during the sheep
breedingseason and approximately 20 sheep wapped each year. To enable timed
mating of sheep, Chronogest” spong@&sugestone acetate) containing 30mg of
progesterone were placed in the vagihawes for 2 weeks to induce ovulation.
Forty-eight hours afteremoval of theprogesterone sponges, ewes were placed in a
pen with the ram overnight. Tla®domen of the ram had been marked beforehand
with Ram Raddle”, a colouregowder mixed with liquid paraffin that permanently
marks the fleece on the bagkthe eweonce she has been tupped. Ewes that had been
marked the nexnorning were presumed to have been successfully tupped. Two
weeks later ewewere placed back in with the ram overnight in case of unsuccessful
tupping thdirst time. A different coloured Ram Redle was used to be able to
differentiatethe two tupping dates. Ewes were scanned by the technical staff at the
RoyalVeterinary ColleggRVC) at approximately 5days of gestation to confirm
pregnancyNon-pregnant ewes were-sponged and rupped a moth later. The

successate of sheep pregnancy on tupping was 85%.
Pregnant ewes were séram the RVC Hawkshead Campus to the Biological

Services Unit (BSU), RVC Camd&ampus in a lorry one week before use to allow

acclimatization. At the BSU i@amda, they were housed together in pairs in



specially designed sheep penamtbient temperature. The floor of the pens was
covered with straw and the ewlesd ad lib access to hay and running water and were
given a daily portion oSuper Ewe and Lamtompounl feed The feed is a
concentrated source of oil, protein and vitamins and the amount given torxsdeeep
increased as gestation progressed or when there was more than offéietissures
adequate nutrition for the ewe and reduces the risk of toxaanmsad by the large

late gestation fetus compressing the rumen and reducimdpilitg of the ewe to

digest enough hay for nutrition.

Total of 19 ewes (Romney breedere used in my projectall pregnant sheep were
scanned the day after arrival at thelB&amderto confirm pregnancy, fetal number
and gestational age. Ewes were caught, tuapeahd held in a sitting position for
scanning by an experienced animal technicldre fleece was then clipped from the
abdomen. Using gel (Ultragel Vé@transpharra Sas, Italy) applied to the suprapubic
area and lower abdomen, experienced fetal medicine specialist (Anna Daxrid
myself) scanned the uterus using an Acuson 128 XP10 ultrasound s¢ai@meens,
Bracknell, United Kingdom) with a C3 3.5 MHz curvilindeansducertetal number
was checked and the gestational age of the fetuses was cortfiyroethparing the
biparietal diameter (BPD) and occipi#oout length (OSL) witpublished data
(Barbera et al., 199%b

2.1.2 Sheep anaesthesia and preparation for surgery

Prior to surgery, the sheep were starved overnight on wood chip bedthrigee
access to water. During this fasting peria@ompanion animal was alptaced and
fasted with the sheep that had to undergo surgery the next mormreyénmt distress.
The overnight fasting was to prevent bloating that may osben sheep under
anaesthesia are unable to belch (eructate) noranadlyeleasenethane gas, which is
a by-product of the fermentation of their food.

On the morning of surgery, the sheep was run down the corridor tfoetiee room
where she was OturnedO and restrained. The wool was clippedrfrack, the
jugular ein was cannulated using a 19 Gauge butterfly wipgeflision set (Terumo
Europe NV, Leuven, Belgium) and general anaesthesiandased with thiopental



sodium 20mg/kg intravenously (1V, Thiovet, Novar#)imal Health UK Ltd.,
Hertfordshire, UK). Onceasleep, the ewe was lifted oritee operating table and
intubated supine with a 9.0 mm cuffed endotracheal @Rbeex, UK) using a
laryngoscope (Penlon, UK) to visualize the vocal cordsutAwas inflated on the
endotracheal tube to prevent inhalatidmegurgitateduminal contents and the eweOs
head was lowered to allow drainage of salivammainal fluid. Because access to the
whole abdomen waseeded for procedures, the animals were kept in dorsal
recumbency. Anaesthesias maintained with 298.5% Isoflurane in oxygen
(Isofluranevet, MerialAnimal Health Ltd., Essex, UK) using a Magill circuit
(Medishield ventilatorManley Serovent)The induction and maintenance of general
anaesthesia was performedMy. Michael Boyd, Theatre Manager, Biologlc
Services Unit, RVC Camden.

Once anaesthetized, the wool was clipped from the eweOs abdomeletaildd
ultrasound examination of the uterus and its contents was perfosmega 3.5MHz
probe as before. Fetal measurements were collected, nbipaigtal diameteter,
occipito-snout length, abdominal circumference, fehemgth and umbilical artery
Doppler pulsatility and resistance indicéhe abdominal surfaceasscrubbed with
OHibiscrub® (Chlorhexidine gluconate 4% w/v, Regent Medmathestg UK)
followed by OPovidone® (1% w/w lodine solution, Vetasemtal Care Ltd., York,
UK). The abdomen wasxposed with sterildrapes.

A pulse oximeter (5250 RGM, Ohmeda) placed on the eweOs ear wasmseaitor
oxygen saturation and pulse rate dgrgeneral anaesthesia and thasa was
documented every 15 minutes together with respiration rate, isoflcoacentration
and level of anaesthesia. Matal blood was taken for poperative haematological
and biochemical analysis. Blood was colleated BD Vacutainer tubes (BD
Vacutainer systems, Plymouth, UK) containing 0.108ddium citrate for plasma
(9C, blue topped bottle), silica clot activator polyrgel for serum (yellow top bottle)
and potassium EDTA (K3EDTA) for wholdood (purple top bitle).



2.1.3 Collection of amniotic fluid at necropsy

Some amniotic fluid samples were collected at necropsy using the uninjected sheep of
a colleagueOs PhD project. These amniotic fluid samples were prepared for
xenotransplantation into immunocompromised naic vitro stem cell

characterization. For these sampleshatend of gestation (136 to 144 days) the

sheep underwent terminal general anesth&bi@a.abdomen was cleaned and draped

to maintain sterility and the abdomen was opened via a longitudimsibimcThe

uterine wall was incised to expose the amniotic membrane which was held carefully
with sterile tissue clamps without touching the chorionic vessels. A 1 to 2 cm incision
on the membrane was made and a sterile 50ml syringe was inserted immibigca
cavity to collect all of the amniotic fluid. The collected amniotic fluid was placed on
site at room temperature for further experimelretal biometry and weight were

noted.

2.1.4 Amniocentesis in sheep

For the amniocentesis collection proceduregephgere prepared fatarvation
overnightbefore surgeryGeneral anesthesia was induced with Ketamine (4mg/kg,
Merial, UK) intravenously and after intubation, the ewes were then maintained on
IsofluraneVet 3% (Merial, UK) in oxygen. Fetal measurementseenfirmed by
ultrasound as describ¢David et al., 2003 The abdomen was cleaned and draped
to maintain sterilityThe first proedure, amniocentesis (Figure @ Was performed

in early pregnancy (5761 days of gestation, term145 days) under ultrasound
guidance using a 22 Gauge, 15cm etthameedle (Cook Medical, USA) and i®20

ml of amniotic fluid was withdrawn from each amniotic sac.

The ewe was recovered and two days later fetal wellbeing was confirmed using
ultrasound examination After amniocentesis collection, amniotic fluid mesenchymal
stem cells (AFMSCs) wergelected andultured in adherence in defined conditions
(see later)AFMSCswere transfected with lentivirus GFP (see later) and in a subset

of animals wee reinjected into the peritoneal cavity of the fetal do(sme later)!
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Figure 2.1 Sonogram of ultrasoundguided amniocentesis in sheep

2.1.5 Ultrasoundguided in utero reinjection of transduced amnioliod stem cells

2.1.5.1Sheep amniotic fluid mesenchymal stem cells project
In a subset oAnimals, approximately two weeks later{§3 days of gestation) sheep

were reanaesthetizednd prepareds above foasecond procedure. Transduced
GFP+AFMSCs average BX10 cells in1-2 ml PBS were injected under ultrasound
guidance into the peritoneal cavity of the fetus from which they were derived (Figure
2.2) using a 2@auge 15cm echp disposable needle (Cook Medical, USA). To
ensure correct needle placemeithwm the peritoneal cavity, the needle was inserted
through the anterior abdominal wall of the fetal sheep superior and lateral to the fetal
bladder to avoid the umbilical arteries, and microbubbles were observed moving

within the peritoneal cavity as tivector was instilled.

2.1.5.2%heep amniotic fluid CD34+ cells project
In a second group of animals the 2 procedures (amniocentesis and transplantation)

were schedule only 48 hours aside to evalbhatmatopoietiengraftment. In those
animals, amniocentesidgrét procedure) was performed between 60 and 64 days of
gestatimal age but transplantation foéshly isolated CD34+ amniotic fluid stem cells
(20000) back in to the fetal donor was performed 2 days Fd&al wellbeing was
confirmed after the proceduwnsing ultrasound examination. Animals were recovered

in theatre and extubated before being placed back in their pen.



needle tip

Figure 2.2 Sonogram showed ultrasound guided intraperitoneal injection.

2.1.6 Follow up afer amniocentesis or ultrasound guided reinjection of transduced
amniotic fluid stem cells
Following recovery the ewes were scanned regularly to check for fetal wellbeing and
fetal growth every 20 days for losigrm follow up project by ultrasound examimaiti
Occipital snout length (OSL), biparietal diameter (BPD), Femur length (Rd), a
abdominal circumference (AC) were checked by ultrasound direct measurement.
For analysis of MSC engraftment, animals underwent scheduled necropsy three weeks
afterin utero cell injection. For analysis of HSC engraftment we monitored the ewes
and lambs up to 6 months after delivery. All the delivery data were recorded
immediately including birth weight, initial assessment form, time to standing, girth at
umbilicus, bipariedl diameter, standing height to shoulder (using a ruler), gender,
heart rate, respiratory rate and rectal temperdppendix I). Lambs were fed
naturally with maternal breast milk. All the growth data were also recorded monthly
including weight, shouldeneight, and umbilical girth by ruler. Lamb peripheral
blood was taken from jugular veins using No. 18 needles with 20ml syringe every 2
weeks after birth. The blood samples were collected in EDTA tubes for flow

cytometry analysis.



2.1.7 Postmortem examinan of sheep and lambs

The postmortem examination was performed approximately five taysre the
expected date of delivery (range 3 to 7 days, delivery usually atal45of gestation)
or three weeks after intraperitoneal AFMSC transplaomna89103days of
gestation) The ewe was anaesthetized as before, and fetal measurements
recorded by ultrasound. Maternal blood was sampled for biochemistry and
haematologicahnalysis. Thewe then received an overdose of phenobarbitone
The abdomen waspenel, theuterusexposedand amniotic fluiccollectedinto a
syringeand snap frozerlhe umbilical cord was tied and cut and the fetal sheep was
removed from theiterine cavity. Fetal blood was samplean the umbilical veins
for engraftment analysidioctemistry and haematological analysis. Maternal and
fetal organsvere sampled widely accorgj to a standard procedumggans were
weighed ananeasurement of fetal paratees was undertakg@ippendix 11).
Samples from each tissue were sfragen in liquidnitrogen for futurenucleic
acid/protein extraction. One sample from each tissue was placéisitolagy
cassette and dropped into 4% paraformaldehyde (pH 7.4) oveloeiginé transfer
into 70% ethanol.

For the long term follow up project, in which manance of postnatal engraftment,

the ewe and lamb underwent scheduled necropsy at 3 and 6 months after birth
respectively. Surgical and anesthetic procedures were the same as previously
described, with the same protocol of collecting all organ sampbesh€& lamb

necropsy, general anesthesia was set up for the final procedure of this experiment to
collect bone marrow and all internal organs under sterile conditions. The sternum was
cut using automatic or manual sawsad then bone marrow was collect@ectly by

a surgical spoon.

All the postmortem procedures were followed as written protgdppendix 111) .

The comprehensive postmortem included all the fetal and maternal organ sampling,
and fetabiometry measuremerithere was widespread samplinghdternal and

fetal tissues, that were fixed in 4% paraformaldehyde (pH7.4) ig\e:rand

processed into wax fammunohistochemistry analysis. In parallel, tissues were also

snapfrozen for protein extraction and PCR analy€isrd blood, spleen, liver dn



bone marrow of fetal sheep and maternal peripheral blood, bone marrow were

collectedand placed in PB&r FACS flow cytometry.

2.2 Sheep stem cell culture

2.2.1 Exvivo expansion of sheep amniotic fluid mesenchymal stem cells
Amniotic fluid samples collecteddm fetal sheep were centrifuged (3009g) for 5
minutes. Pellets were resuspengtethe amniotic culture medium (ACM) which
consisted of MEM (63%, Life TechnologyGaithersburg, MD), Chang Medium
(20%, Chang B plus Chang [@yine Scientific, Santa Ana, CAjetal bovine serum
(FBS, 15%, Invitrogen, UK) and streptomycin, penicillin andlutamine (1% each,
Invitrogen, UK). Cellseeding was performed on single 35 mm Falcon petri dishes
(Becton Dickinsonl.os Angeles, Ca) that incubated at 37;C with 95% radr 5%
carbon dioxide. AfteB days, noradherent cells and debris were discharged while
changing new medium and théherent cells were cultured until prenfluence.
Adherent cellsvere detached from the plastic substrate using 0.05% trgipdin
0.02% sodim-EDTA (Life Tech). Cells were passaged into 100mm petri dishes
manufactureand further split one to four once the dish reached 70% confluence.
Cells were counted by using a haemocytometer (Marienfeld, Germanyg betdr
transduction (Figure 2)3The formula used for the doubling time (houra)culation
wasDoubling time= h*log(2)/log(c2/cl)l: initial seeding cell number, c2: cell
number after growth, h: hours of culture.

p100mm
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Figure 2.3 Haemocytomete



2.2.2 Differentiation and characterization of sheep amniotic fluid mesenchymal
stemcells

In order to characterize the isolated and cult&\EMSC, the following surface

markers were used. Mouse asitieep CD31, CD44, CD45 and CD58 antibodies

conjugated wh fluorescein isothiocyanate (FITC) (AbD Serotec, UK) were used for

characterization of the sheep AFMSC! [L&ntibodies were stained with 5)XCbells

in 100 | ice cold PBS. The incubation time was 15 minutes. The stained cells were

analyzed with flow cytmetry.To induce adipogenic differentiation, cells were

seeded at a density of 3,000 cells/cm2 and were cultured in DMEMlimase

medium with 10% FBS, antibiotics (Pen/Strep, Gibco/BRL), and adipogenic

supplements (1 mM dexamethasone, 1 mMdbutyl1-methylxanthine, 10 mg/ml

insulin, 60 mM indomethacin (Sigmadrich, UK). The cells were stained with Oil

red O (SigmaAldrich, UK).

For osteogenic differentiation, cells were seeded at a density of 3,000 cells/cm2 and

were cultured in DMEM lowglucose mdium with 10% FBS (FBS, Gibco/BRL),

Pen/Strep and osteogenic supplements (100 nM dexamethasone, 10 mM

betaglycerophosphate (Sigmddrich, UK), 0.05 mM ascorbic acid-phosphate

(Wako Chemicals, UK). Alkaline phosphatase was used for osteogenic cefigtaini

2.2.3 Isolation and culturingpf sheegCD34+ amniotic fluid cells and adult bone
marrow cells
Fresh sheep amniotic fluid was collected during the first proceatareocentesis
between 60 to 64 days. The primary CD34 monoclonal IgG1 antibody, not available
in the market and just recently described, was kindly provided by a collaborator, Dr
Christopher Porada, Wake Forest Institute of Regenrative Medicine, North Carolina,
USA (Porada et al., 2008aAdult sheep bone marrow cells, used as control, were
collected from the sternum of uninjected adult ewes as previously described at post
mortem examinationfhen the bone marrow was washed by passing through the cell
strainer with PBSEither sheep amniotic fluid cells or bone marrow cells were
prepared as single cell suspension in PBS and counted the cell number before sorting.
The sorting procedure was performed using MACS system (Miltenyi Biotec,
Germany) followed byhe protocol published by the. Briefly, primary CD34 antibody

! ll#



was incubated with sheep amniotic fluid total cells or BM cells for 15 minutes on ice
at 1 in 100 concentration. After washing out the primary antibody, the secondary
antibody Rat antiMouse I@51 MicroBeadscat #136047-101)was incubated with

the previous cell suspension for 15 minutes on ice at the same concentration. Before
starting the sorting, the MS column was rinsed by PBS. The CD34 positive fraction
conjugated with microbeadsanecollected after three times PBS washing out the
negative fraction through MS cell column. The sorted CD34 positive cells were
characterized with the sheep specific surface antibodies including FITC or PE
conjugated CD14, CD31, CD44, CD58, CD34, and CD45 @hfAbD Serotec,

UK). The setting of the flow cytometry to analyses amniotic fluid or bone marrow
CD34 positive cells was the same as the previous secti@h 2.2.

The fresh, defrosted amniotic fluid cells or bone marrow CD34+ cells were collected
and cultwed for 48 hours with viral transduction using the lentivirus. For the fresh
frozen amniotic fluid cells, the cells was pelleted and stored in the liquid nitrogen 3 to
6 month containing 90% FBS and 10% DMSO. These cells were defrosted
immediately after reeirning to room temperature. The cell suspension was centrifuged
1500rpm for 5 minutes, then the supernatant was discarded. The defrosted amniotic
fluid cells were suspended in the cultured medium and for further viral transduction.
The culture medium caained basal IMEM, 10% FBS with StemSpan CC100 with a
combination of cytokines including F& Stem cell factor (SCF), IL3, and IL6

(Stemcell Technologies, UK). 100000 CD34+ cells sorted from fresh or frozen
amniotic fluid, or bone marrow were seededhia 24well low attachment plates with
culturing medium for 48 hours. The incubation condition wg€33ontaining 5%

CO?. The 10ul lentivirus was added while seeding the cells into each welwéR4

plate for transduction (MOI=50). After viral transdioct, the cell suspensiomas

washed and rguspended in PBS for in utero injection or mice injection.



2.3 Mouse experiments

2.3.1 Generation of pregnant mice and surgical procedures

All the mice works were recorded in Chapter 5 and the animal procedures were
caried out either in Imperial College South Kensington Campus or University
College London Institute of Child Health under UK Home Office Project License
number 70/6629\echanisms of mammalian birth defgabs 70/6014(Gene

delivery to small anima)s

Before the mice could be made available for experiment, the indicated colony was
expanded. | set up the breeding cage, which contained one female and one male from
the same genetic background for lelegn breeding. For the breeding cages, it was

not important to know which day the mice were mated and pregnant until the female
animal gave birth. The newborns were kept in the parental cage till 21 days after
delivery. The ear marking for labeling the newborns was performed before moving
them into the new indidual cages. For each background colony | set up some
breeding cages to maintain the different genetic mice for all the experiments.

For mouse experiments it was necessary to know the exact mating day for in utero
injection procedure or amniotic fluid kection. The timing of amniotic fluid

collection and in utero transplantation was between E12 and E14. Therefore | put two
female mice in the male cage that only contain one male and then | checked for a
vaginal plug of female mice on the following momiwhich would indicate that

mating had occurred. If a vaginal plug was found, | separated the female mouse into
another cage and marked this day as EO. If no vaginal plug was found, | put the
female mouse back into the original female cage amdated aga two weeks later.
Pregnant mice were always observed and examined by palpation to confirm the

pregnancy status before the surgery.

For the in utero cell transplantation (using mice or human cdispregnant mouse
on E14 was sedateaitially by vaporised Isoflurané/et 5% in oxygen (VetTech
Solutions Ltd, UK) and maintained by vaporised Is@theVet 3% in oxygen. The
abdominal wall of micevas sterilized by Povidor@dine surgical scrub (Vetasept,
UK). Via longitudinal laparotomy, the abdominavity was exposed and thember



of fetal mice within the bicornuate utes wascounted10 to 20 ul amniotic fluid stem
cells or gendransduced cells in PBSere injected througthe uterus surrounding
with amniotic fluidinto the belly and beneath thedr (intraperitoneal, IPdf each
pupor via yolk sac vessels (intravascular, 1V) via 33 gauge neddémilton UK)
(Figure 2.4)

Figure 2.4 Intraperitoneal injection using Hamilton needle.
(The photowas provided by Dr. Waddington)

After injection of the cellslsofluranewas stopped and transplanted mice were placed
in the heating chamber for 30 minutes till full recovery from the surgery. Every
transplanted mouse was fed with normal food in theviddal cage and regularly
checked up by animal house staff or me. After injection of the cells, the transplanted
mouse were recovered by stopping i$afluranethen placing them in the heating
chamber for 30 minutes till full recovery from the surgemneiy transplanted mouse
was fed with normal food in the individual cage and regularly checked up by animal
house staff or me dalily.



The delivery rate and newborns survival were recorded immediately after birth around
E20 to E21. The newborns would be wed and move to new cages 21 days after
birth. The postmortem procedure and blood or organ sampling of all the mice work

were described in the following sections.

2.3.2 Experimental miceised

In this section, | will list all the experimental mice that | usethe thesis.

betaactin/YFP mice

The originalR26-stopEYFP mutant mice have a loxRnked STOP sequence

followed by the Enhanced Yellow Fluorescent Protein gene (EYFP) inserted into the
Gt(ROSA)26Sor locus. When bred to mice expressing Cre recosebitiee STOP
sequence is deleted and EYFP expression is adxs@mnthe creexpressing tissuexf

the double mutant offsprin@his strain was held in the UCL institute of Child Health
that were purchased from The Jackson Laboratory USA. This mouse veasvaitét
betaactin Crerecombinasatrain in house thatxpresses Cre recombinase in all cells
of the embryo by the blastocyst stage of developreeptoduce the betactin/YFP

mice. | used betactin/YFP mice for most of the amniotic fluid collection

experiments and congenic or allogeneic prenatal transplantation.

MF1 mice

These outbred mice were held in Imperial College London and used as the wild type
control. These albino mice, which were originally developed at Olac prior to 1970,
came from a crogsetween the Laboratp Animal Centre Astrain mice androm

Scientific Products Farm (acquired by Charles River Laboraiddi€s The stock

was rederived by Charles River Laboratories in 2004 and subsequently transferred to
Charles River Laboratories UK April 2005.1 used this colony mainly on the
experiments of prenatal cdlased gene delivery model and tracking the luciferase
activity after transplantation as described in Chapter 5.2.

CD1 mice
This CD mouse is also an outbred colony that | usedhfist of the experiments in
UCL Institute of Child Health. CD1 could be purchased directly from Charles River



UK and set for timamated experiments. This wild type female mouse is easy to get
pregnant and has low surgeslated death rat&he original goup of Swiss mice

that served as progenitors of this stock consisted of two male and seven female albino
mice derived from a neimbred stock in the laboratory of Centre Anticancereux
Romand, Lausanne, Switzerland. These animals were imported into ted Btates

in 1926 United Kingdom in 1959. The strain code is 022 in Charles River

Laboratory, UK.

B6 mice

This is the most common wild type with black skin color colony could be available
either UCL or Imperial College. Unlike CD1 or MF1 mice, B6 mace inbred which

could be applied for the congenic transplantation experiments if the donors/recipients
also have the same genetic background and black color. Bé\aieped in 1921,

from a mating of Miss Abby LathropOs stock that also gave rise tsDa7BR and
C57L. Strains 6 and 10 separated about E3RI’'shipped to Charles River Laboratory
UK in 1974 The strain code is 027.

Th3 thalassemia mice

The thalassemia mice | used in the project were held in Imperial College London,
South Kensington Capus. Dr. Simon Waddington initially managed and set up these
mice for human globin gene therapy experiments and | started to expand this colony
for prenatal cell therapy since early 2009. The colony could also be purchased at
Jackson Laboratory U86.129R-Hbb-b1™""Hbb-b2™"9J (stock number:

002683. Th3 thalassemia mice firstly developed in 1995 by Yang etahozygous

mice dieprenatally omperiratally. Heterozygous mice shaskaracteristis typical of
severe thalassemfanemia)and are fertile(Yang et al., 1996

NOD-SCID gamma mice (NSG)
MutantNOD-SCID gamma (NSGicewere used for transplantation experiments

thatcombine the features of the NGE)iLtJ background, the severe combined
immune deficiency mutation (SC)&nd IL2 receptor gamma chain deficiency. As a
result, theNSG mice lack mature T cells, B cells, or functional NK cells, and are

deficient in cytokine signaling, leading to better efgnent of human hematopoietic



stem cells and peripheralood mononuclear cells than any other published mouse
strain.The youngest age of NSG mice we used was 12 weeks.

2.3.3 Xenotransplantation tadult NOD-SCID gamma micasing sheep cells

The youngest agof NSG mice | used was 12 weeks. All the animal procedure was
licensed by UK Home Office Projecicence number 70/6628efore
xenotransplantation, sublethal dose irradiation (300 Rads for 67 seconds) to the NSG
mice was performed in Institute of Chittealth (ICH) of UCL. 300000 sheep CD34+
fresh or frozen AF cells, or adult BM cells in 0.2ml PBS were injected into the tall
vein of primary or secondary NSG mice 1 hour after irradiation under isolation hood.
The mice were restrained to limit the movemaitnice and to expose the tail. The
injection needle here | used was 1ml insulin syringe with needle. we&Rs of age,

all recipient mice were sedated by vaporised Isofluiéeie5% in oxygen (VetTech
Solutions Ltd, UK) and the blood samples from calrtirculation were collected via
intracardiac puncture by a 22 gauge needle. The mice were sacrificed by manual
dislocation of cervical cord and were dissected through midline incision on chest and
belly. Tissues from liver, heart, striated muscle ontthigng, kidney, spleen, adrenal
gland and gonad were harvested. Femur bones were collected for retrieval of bone

marrow.

2.3.4 Follow up after in utero transplantation and neonatal care

After injection of the cells, the transplanted mouse were recoveredppirsg the
Isofluranethen placing them in the heating chamber for 30 minutes till full recovery
from the surgery. Every transplanted mouse was fed with normal food in the
individual cage and regularly checked up by animal house staff or me daily.

The livebirth rate and newborn survival were recorded immediately after birth around
E20 to E21. Mothers were checked daily and the neonatal mice were counted.
Touching the newborn mice was avoided as far as possible to reduce the risk of
maternal rejection. Theewborns had usually weaned themselves and were moved to

new cages 21 days after birth.



2.3.5 Blood sampling oélive mice

After being sedated by vaporised Isofluraret 5% in oxygen (VetTech Solutions

Ltd, UK), the peripheral blood was samgleom an incisin on the taibf recipient
mouse. The incision was madsinga scalpe(No. 11 blade)and the blood was
squeezed out and collected by pipette into a hepsed microcentrifuge tub@&0

to 100ul of blood)1ml RBC lysis solution (5 PRIME Inc, USA) wadded into each
blood sample and the mixture waspk under room temperature forrbnutes. The

sample was centrifuged under 1500 rpm for 5 minutes then the supernatant was
removed A further Iml RBC lysis solution was added and the same procedures were
repeated till the pellet was clean. The pellet was resuspended in 300fdrRB%

cytometry analysis.

2.3.6 Postmortem examination of mice

At different stagef age, all recipient mice were sedated by vaporised Isofikwahe
5% in oxygen (VetTech Solutisritd, UK) and the blood samples from central
circulation were collected via intracardiac puncture by a 22 gauge needle. The mice
were sacrificed by manual dislocation of cervical cord and were dissected through
midline incision on chest and belly. Tissdiesn liver, heart, striated muscle on thigh,
lung, kidney, spleen, adrenal gland and gonad were harvested. Femur bones were
collected for retrieval of bone marrowll the post mortem procedure was written in
the Appendix IV. The comprehensive postmorténcluded all themice organ

sampling There was widespread samplingmtetissues, that were fixed in 4%
paraformaldehyde (pH7.4) oveght and processed into wax for
immunohistochemistry analysisresh issuesof NSG micefrom liver and splen

were graind by a plunger of thgyringe in a sterile dish, rinsed by PBS then filtered
through a cell stragr of 40pum nylon mesh (BD, UK). Bone marrow of femur bones
werechopped at bilateral ends afiushed out by PBS via 22 gauge needle with
syringe then strained as well. 2ml RBC lysis buffer was added into each sample and
the mixture was kept under room teenature for 10 minutes then centrifuged at 1500
rpm for 5 minutes. Supernatant was removed and tlet pas resuspended in 300pl
PBS 1ml PBS was addeabainto each tube and centrifuged at 1500 rpm for 5
minutes. Supernatant was discarded and thetpedie dispersed in 300l PBS under
4;C for flow cytometry.



2.4 Mouse stem cell culture

2.4.1 Collection of nouseamniotic fluid and isolation of Ckit+/LHAFS cells

All the mice amniotic fluid cells for in utero injection were sorted for Ckit+/Lin
population befre injection Amniotic fluid was collected at E12 to Ebéstational

age of YFPor MF1 mice. Thepregnantdiams were killed by cervical dislocation.
Midline laparotomy was performed to expose the uterus. The two horns of uterus
were dissected out carefulby surgical scissors and rinsed with PBS to remove the
maternal blood. From each gestation sac containing one fetus, the amniotic
membranswerepeeled off to release the amniotic fluid (approximately 20ul) that
was collectedy gravityin a sterie petridish (Figure 2.5 Red blood cell lysis buffer
(2ml) was added to the fluid to lyse erythrocytes.

Figure 2.5 The method of collecting mice amniotic fluid.

Left panel, one horn of the uterus; middle pank forceps lifting up the placenta to expose the sac;
right panel, fetus exposure after peeling off the amniotic membrane

The cells werdirstly negativeselected with mickineage cell depletion kit (13090
858, Miltenyi, UK). After adding BiotirAntibody cocktail and AntBiotin
MicroBeads, the negative fraction of cells was collected. Then thesedlisn were
positively selected with micED117MicroBead (Miltenyi, UK) sorting system to
have positive population following the procedure suggestedeéogninufacture. Fresh
cell fraction was prepared in PBS on ice for prenatal IP injection on the same day.
10000 to 50000 cells were resuspendetidrio20ul PBS to be used for injection of a
single pup.



2.4.2 Culturing and viral transduction of the Ckit+/Li#\FS cells

Following the previous section, the Ckit+/Lisorted mice AFS cells were collected
in PBS first. For most of the experiments, the sorted cells were freshly injected into
the peritoneal cavity of fetal mice immediately without any cultureviar
transduction experiment, lentivirus vector with UEQromoter driving luciferase
(LUC) were used for 24 hours amniotic fluid cells transduction (MOI=50). 50000
sorted and transduced AFS cells i PBBS were prepared and injected
intravenously inteeach MF1 fetal mouse at E14. To preserve the stem cell activity,
cells were cultured vilh StemSpan (StemCell Technologied) culture medium in
24-well ultra-low attachment platevith essential cytokines including IL3, IL6, TPO,
FL, and SCF (all from SteCell Technologies, UK)LQ | vector was added into each

single well of cells. The plate was placed in the incubator for 24 hours.



2.5 Human amniotic fluid collection

2.5.1 Collection of human amniotic fluidy amniocentesis

Human amniotic fluid samples werelleated from the patients having amniocentesis
or amniodrainage in Fetal Medicine Unit of University College London Hospital
(UCLH). All enrolled cases were consented by Shéfen Steven Shaw or Dr. Anna
David. Ethical approval (08/0304). Human amniocsrgavas performed with sterile
condition and under ultrasound guidance. The 22G echotip needle (Cock, USA) was
inserted through maternal abdominal wall into the amniotic cavity. A total of 15 to 20
ml of amniotic fluid was withdrawn using 20ml syringe. Tdadlected amniotic fluid

was placed at room temperature.

Most of the cases were primary cultured or freshly isolated at ICH lab, while some of
the amniotic fluid samples were freshly frozen in the liquid nitrogen with 90% FBS
plus 10% DMSO for further @sSome extra fluid (1 to 5ml) could be obtained at the
same day of the procedure in those cases above 15 weeks of gestation or when

amniodrainage was performed.

The samples (10 to 15ml) were sent to TDL for clinical karyotyping study. If surplus
AF wasavailable (OfreshQ) it was used immediately for research purposes. The
majority of the AF cells were set up in culture and underwent trypsinisation to harvest
the cells for karyotyping by G banding (Oharvested cellsO). A proportion of the fluid
was set upn culture without harvesting for G banding to provide a backup cell source
(Ocultured cellsO). Both types of cells were made available for research use after
clinical care was complete. Therefore, human amniotic fluid cells used into our study

would havebeen handled in three different ways: fresh, cultured and harvested cells.

2.5.2 Collection of human amniotic fluid by amniodrainage

Under the same setting and condition, the pregnant women who had polyhydramnios
due to twinto-twin transfusion syndrome, gesintestinal atresia, dysfunctional
genitourinary system or other congenital abnormalities referred to UCLH Fetal

Medicine Unit would undergo amniodrainage to reduce intrauterine pressure and



prevent preterm labor. Women were consented prior to the precdce
amniodrainage was performed under ultrasound guidance. Local anaesthetic
(lignocaine 1%, 10ml)_was injected into the skin and subcutaneous tissues and an
Echotip needle (Cook UK Ltd, 380Gauge) was inserted into the amniotic sac. The
needle wasannected to a negative pressure vacuum bo#lesgtrong Medical Ltd

UK) (Figure 2.6) by sterile tubing to speed up the collection process. The fluid
collected in the bottles were placed at room temperature and delivered back to ICH

for cell experiments

Figure 2.6 The vacuum bottles for amniodrainage.



2.6 Human stem cell culture

2.6.1 Clinical culture of amniotic fluid cells

Cultured amniotic fluid cells werglsoavailable from the laboratory (TDL, London)
where clinical analysis of the cells was made two to three weeks after amniocentesis.
The TDL laboratory set up two parallel cell cultures from the amniotic fluid. They
harvested one of the cell plai@®0mm Cell Culture Dish, Cat. 353003, BD, UK)
oncecells reached full confluence by trypsinisation then examined the cells for
karyotypingOharvested cells@nother plate was only cultured as a backup by
changing Chang medium every 3 to 4 d@ysiltured cellsOrhese two kinds of cell
culture were set ufpom every patient and after clinical use had been completed, cells
were collected for further cell culture and analysis. All procedures had been approved
by the Joint UCLWCLH Committees of Ethicen Human Research.

Figure 2.7 showed the flowchart oktprocessing the second trimester amniotic fluid
after collecting from the hospital. Extra fresh AF 1 to 5 ml were collected and
selected for Ckit+ population by using MACS colufWormally 15 to 20 ml of
amniotic fluid will be collected during amniocentgesso we took the fluid over 15 ml
that was for karyotypingBoth Ckit+ and Ckicells were seeded in the adherent
plate with conditioning medium. The morphology of Ckit+ cells was smaller with
heart shape compared with sgendhape Ckitcells (Figure2.8). | only used Ckit+

cells for further experiments including doubling time calculation, cell size
measurement, viral transduction, and HSC expansion. The cultured and harvested
cells from TDL 3 weeks later after karyotyping were selected with Ckib@ahyias

well (Figure 62).

For the third trimester amniotic fluid from amniodrainage, | selected and cultured the
Ckit+ cells first as previous method, and then stored the rest of the cells. After 3
months storage in the liquid nitrogen, | defrosted thig+Glells and recovered them

with conditioning medium for study.



1. Fresh Ckit+ cells in adherent

Extra fresh 1~5ml plate, aMEM enriched medium
AF for study
- - 2. Fresh Ckit+ cells in suspension,
- HSC medium
i 15 mi
To TDL for karyotype, 1. Harvested Ckit+ cells in adherent

return harvested cells
and cultured cells
3 weeks later

plate, aMEM enriched medium

2. Cultured Ckit+ cells in adherent
plate, aMEM enriched medium

Figure 2.7 The flowchart of second trimester amniotic fluid collection and culturing.
|
!

Figure 2.8 The morphology of Ckit+ and Ckit- cells cultured in the adherent plates.

After magnetic sorting, both Ckit+ and Ckit- cells were seeded in the adherent plates with
conditioning medium. The morphology of Ckit+ cells is round shape, and smaller isize. The
Ckit - cells look more like fibroblast cells with spindle shape.

The cellcultureswere incubated fob days after the initial set up at TDAfter 5

days the culturduid waschanged with fresh medighenthe mediachangewas

performed twicea week until ready to harvest. Beforesfifluid change the cultures
wereexamined for signs of contamination, e.g. dramatic change of colour from pink /
orange to yellow, cloudiness of medium, visual evidence of fungal growth.

Theamniotic fluidcellswere checkedsing the inverted microscopé&he actively
dividing cellswererounded and look slightly lifted from the bottom of the cultéve.
amount of2.5ml PBSwas added to wash each cultureenPBSwas discardetfom
first culture tube and add 1.0ml warmed trypsinThe first culture tub&vas knocked
against the palm of hand to dislodge cells andgubilne contents into the centrifuge



tubethatlabeled with the corresponding numiadter 25 minutes incubatiokVe then
transferedthe contents of #gnremaining trypsinised culture tubes to their
correspondingentrifuge tubesThe culture tubewas refilledwith 2.5ml post harvest
medium.The fix solution was added the remainder of the tubes in the same order
and at the samepsed that they wereypsinised Then we pin thetubes in benctiop
centrifuge at 1500rpm for 10minutes.

2.6.2 Culture of human amniotic fluid stem cells in adherence
Thecells were centrifuged to obtanelletsthatwere suspended in amniotic culture
medium and 10 | of the suspension was checked by 0.4% trypnan blue exclusion

assay on Neubauer haemocytometer. The cells in the suspension were implanted in
Falcon Integul Petri dishes (Becton Dickinson, USA). The artinioulture medium

is composed of Chang medium B and Chang medium C (Irvine Scientific, USA),
MEM Alpha solution (63%, Life Technology, UK), fetal bovine serum (15%,
Invitrogen, UK), antibiotics (penicillin and streptomycin) anglutamine (1%,

Invitrogen UK). The dishes were incubated in an incubator that was constantly under
37v4C, 95% aand 5% carbon dioxide

Every 3 days nofadherent cells and debris were removed and the remnant medium
was replaced by nemedium Once 60~80% confluence was achietregladherent

cells were detached from the plate by 0.05% trypsin and 0.02% s&IXIrA (Life
Technologies, UK) and were passaged into a bigger dish or dispensed evenly into 2
dishes. When 60~80% confluence was achieved again one of the dishes was used to
get the pellet for CKit sorting. The selected CKit(+) cells ariitG) cells were

seededn new dishes separately. In accordance with the same principles before
selection, all the unsorted;Kit(+) and Ckit(-) dishes were managed and passaged
thereafter.

Because the availability of human AF either from diagnostic amniocentesis or
therapeutic amniodrainage was not predictable, it was challenging to obtain both fresh
human AF and E14 pregnant mice exactly on the same day and freeging

necessary. In thgroup of fresh humaAFS cells, the pelletwere suspended in fetal

bovine serum (15%, Invitrogen, Ykand 10 | of the suspension was checked by



0.4% trypnan blue exclusion assay on Neubauer haemocytometer. The suspension
was transferred toryotubes. Dimethyl sulphoxide (DMSO) (Sigma, UK) was added
and mixed in each cryotube with 1:9 ratio to fetal bevserum in volume. The

cryotubes were stored in a Nalgene Cryo 1v4C freezing container (Thermal Scientific,
USA) and were frozen iBB0;C freezer. Once IUT was ready when the plugged mice
reached E14, the cryotubes were thawed in 37{C water bath andisheerel
resuspended in amniotic culture medium. After centrifuging at 1500rpm for 5

minutes, supernatant was discarded and pellet elketed for CKit sorting.

2.6.3 Culture of human haematopoietic stem cells from amniotic fluid

For culturing the human amrio fluid stem cells under haematopoietic condition, |

tried to culture the cells in suspension (liquid culture) wiBCHonditioning

medium, IMDM with 10% FBS (Invitrogen, UKjontaining all essential cytokines
including 1L3(10ng/ml) IL6 (10ng/ml) TPO(10U/ml),and FL(50ng/ml)(all

cytokine were carriefree androm R&D SystemsJK) in 24-well ultra low

attachment plates (BD, UKjollowing the standard culturing methods for cord blood
CD34+ cellgPiacibello etl., 1997. The cells grew in the liquid suspension and
culturing medium was changed every three days. The cell number was counted every

time when changing the medium.

2.6.4 Humanamniotic fluid cellCD117 sorting

Magneticactivated cell sorting (MACS) (M#nyi Biotec, USA) was conducted
according to the procedures suggested by the manufacturezelTpellet was
resuspended in sorting buffer (0.5% bovine serum albumin and 2mM EDTA in PBS)

from which 10 | was withdrawn to count the live cells in order not to exceed the

maximal capacity of 2 x £dor each magnetisorting column in following steps.

FCR blocking reagent and the antibody (CD117, Microbeads, human) were added to
the suspension and th#re sample was incubated on ice for 15 minutes. After
resuspension, centrifugation and resuspension again, the sample was applied onto a
magnetiesorting columrwithin which the magnetically labelled-Kit(+) cells would

be retained, whereas the unlabel&it(-) cells would pass through the column. For
retrieval of Gkit(+) cells, 1ml sorting buffer was pipetted onto the magrsiiting



column and the &it(+) cells were flushed out with the buffer by firmly applying the
plunger which fitted the columithe sorted Ckit+ cells were culturezkpanded,

frozen down or transplanted into target animals directly.

2.7 Lentivirus vector gene transfer

2.7.1 Lentivirus vector preparation and transduction of sheep amniotic fluid
mesenchymal stem cells

A lentivirus vector ecoding the HI(1 central polypurine tract element, the Spleen

Focus Forming Virus LTR promoter, and the magene eGFP was used (Figure

2.9). VSV-G envelope was used as the envelope on the lentiVieesor stocks were

generated as previously descrilf€adsim et al., 200 Demaison et al., 2002and

were concentrated by ultracentrifugatiord@0000xg for 2 h at 4;C using a

Beckmann ultracentrifuge. The virus particles were resuspended/inax10 and

stored at80;C. The number of infectious particles was estimated by flow cytometry

of 293T cells, 72 h after exposure to serial dilutions of virus stock.

Sheep amniotic fluid mesenchymal st€eils cultured in ACM (1 x 19 and were
seeded into 24vell nontissue culture dishes. After 24 hours they were transduced
with the lentivirus vector at @ultiplicity of infectionof 10 virus particles per cell.
Cells were incubated with the vector for 48 hoat87;C in 95% air and 5% carbon
dioxide. Transduced cells were treated with Trypsin argated into 200mm dishes
for further growth in ACM.

eGFP

5'HIV HIV  Promoter 3'HIV
{WPRE
LTR oPPT SFFV-LTR " " LTRU3

Figure 2.9 The structure of lentivirus vector used for transduction.
LTR, long terminal repeat; SFFV, the spleen focudorming virus; WPRE, Woodchuck post

transcriptional regulatory elements; cPPT, central polypurine tract.
I
I



2.7.2 Viral transduction of sheeamniotic flud andbone marronCD34+ cells

The fresh, defrosted amniotic fluid cells or bone marrow CD34+ cells were collected
and cultured for 48 hours with viral transduction using the same vector. For the fresh
frozen amniotic fluid cells, the cells was pelleted atuted in the liquid nitrogen 3 to

6 month containing 90% FBS and 10% DMSO. These cells were defrosted
immediately after returning to room temperature. The cell suspension was centrifuged
1500rpm for 5 minutes, and the supernatant discarded. The defostestic fluid

cells were suspended in the cultured medium and for further viral transduction.

The culture medium contained basal IMEM, 10% FBS with StemSpan CC100 with a
combination of cytokines including F& Stem cell factor (SCF), IL3, and IL6

(Stamcell Technologies, UK). 100000 CD34+ cells sorted from fresh or frozen
amniotic fluid, or bone marrow were seeded in theval low attachment plates with
culturing medium for 48 hours. The incubation condition wg€33ontaining 5%

CO?. The 10ul lentiirus was added while seeding the cells into each well -of&li

plate for transduction (MOI=50). After viral transduction, the cell suspemssn

washed and rguspended in PBS for in utero injection or mice injection.



2.8 Tissue analysis to assess erfgreent, and stem cell spread

2.8.1 Flowcytometry analysis

Single cell suspensions of fetal spleen, liver and bone marrow were prepared
immediately after animal sacrifice by straining fetal tissue througimd€ell strainer
(Figure 2.10. After rinsing with PBSred-blood cell lysis buffer was added for 5
minutes at 37{C. Mononuclear cells were isolated from umbilical cord and maternal
blood samples by density gradient centrifugation using FRatue solution (Stem

Cell Technology, Canada) (Figure 2)18inglecell suspensions from control
untransfected ewes and their fetuses were used as negative controls. The cells were
acquired by Becton Dickinson FACSCalibur and LSR 1l machines (Becton
Dickinson, San Jos€A, Figure 2.12andanalyzed using FlowJo versiot75L

software (Tree Star). Ten thousand events were collected per sample and the data
were stored as list mode files.

For the GFP detection and engraftment analysis, the method of flowcytometry
analysis and single cell suspension preparation were deganilprevious section.

We detected GFP positive signal by using FITC gating from all the organs of NSG
mice, sheep and lambs. Umjected animals of the same age were used as negative
control for the GFR{ gating. The organs from YFP+ mice were usedoagige

control. To calculate transduction efficiency study, | used the same FITC channel to
gate the GFP positive population. {tfansduced amniotic fluid stem cells from the
wild type animal were used as a negative control, while the amniotic fluidcsism

of YFP transgenic mice were used as a positive control.



Figure 2.10 Cell strainer.
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2.8.2 PCR analysis

DNA was extracted from fetal and maternal tissues using a mini kit (Invitrogen, USA)
and the quality was confirmed usinganodrop machine (NanoDrop Technologies,
USA). Sample DNA (gg) was used for the first PCR reaction (30 cycles of 45
seconds at §&). The initial denaturation condition wasj@for 30 seconds with

Tag DNA polymerase (Invitrogen, UK), and the primer agien was 7gC for 45
secondsThe following primers were used for first round amplification of eGFP
(Forward: 5§ GAACCGCATCGAGCTGAAGGG30; Reverse: 50
TCCAGCAGGACCATGTGATCGG30). A second nested PCR round was performed
(25 cycles of 45 seconds atj&) using the following second round primers:

(Forward: 5d8GCACAAGCTGGAGTACAACT30; Reverse: 50
CCATGTGATCGCGCTTCT30). PCR products were analyzed on 1.2% agarose gel
stained with ethidium bromide. DNA from GFP transduced amniotic fluid cells was
used as a pdas/e control.

As previously described, all ti2NA from the tissues of sheep, lambs or NSG mice
were extracted bysing a mini kit (Invirogen, USA) and the quality wecenfirmed
using a nanodrop machine (NanoDrop Technologies, USA). Sample DigAwés
used for thd®CR reaction (30 cycles of 45 seconds gt®5The initial denaturation
condition was 94C for 20 seconds with Tag DNA polymerase (Invitrogen, UK), and
the primer extension was jR2for 45 secondsThe following primers were used for
theamplification of eGFP (Forward: BGAACCGCATCGAGCTGAAGGG3O0;
Reverse: 50CCAGCAGGACCATGTGATCGE30). BR products were analyzed
on 1.9% agarose gel stained with ethidium bromide. DNA from GH#sthaced

amniotic fluid cells wereised as a positive control

For the xenotransplatatianice project, gublished method was performed for the
PCR of humarn 2 microglobulin(Chou et al., 200§aThe positive control usewas
genomic DNA extracted from human amniotic fluid stem cells and negative control
was genomic DNA extracted from liver of a wild type mouse without IUT. According
to published human DNA sequeng&aissow et al., 1987the forward primer that is
specific for humar 2 microglobulin is 5GTGTCTGGGTTTCATCAATG30 and

the reverse onis 56GGCAGGCATACTCATCTTTTE30. 0.5ul Taq DNA



polymerase (Invitrogen, UK) was added into each sample. Theytlar

(Eppendorf, UK)was set to denature doukdranded DNA at 95;C for 1 minute and
then to run 35 thermal cycles that are composed of 95ij80seconds, 57.1;C for 1
minute and 72;C for 30 seconds. After thermal cycles the samples will experience
70;C for 5 minutes as a final extension then be kept in(€iu et al., 2006a
Electrophoresis of PCR products were performed on 1.5% Agarose gel (Ag&apse 1.
and ethidium bromide 6pl in 0.5% TBE solution 100ml) under the electric current of

140 volts for 30 minutes.

2.8.3 Western blot analysis

Cell pellets and homogenized tissues were resuspended in 200 uL PBS and 200 pL 2
protein sample buffer (0.5 M TrdCI [pH 6.8], 5% glycerol, 2% sodium dodecyl
sulfate and 100 mM dithiothreitol). Samples were boiled for 5 minutes and
centrifuged at 16,0@0for 15 minutes to remove insoluble material. Samples were
loaded onto a precast 7.5% Ready gel with a 4.5% stackdrgdBibaboratories,
Hercules, CA, USA) and run for 1 hour. After electrophoresis, proteins were
transferred to nitrocellulose membranes in aBax Electroblotter Apparatus.
Membranes were blocked in TBST (TBS, 0.05% Tween 20, Sigma, UK) containing
5% milk for 1 hour at room temperature and then reacted overnight at 4;C with rabbit
ant-GFP (Invitrogen, USA) diluted 1:2000 in TBShiilk. After three washes in

TBST, the membranes were treated with affupityified horseradish peroxidd3e
conjugated goat antabbit IgG (Promega, Madison, WI, USA) diluted 1:4000.
Membranes were washed three times in TBST, and then developed with a 3,3
diaminobenzidinBbased horseradish peroxidase detection kit (Vector Laboratories,
USA). #-actin was used as internal control eTpprotein extracted from GFP

transduced sheep amniotic fluid cells were used as positive control.

2.8.4 Immunofluorescence

Fresh fetabheepissues embedded in OCT, were snap frozen in métltgine and
liquid nitrogen and were cut into 4b um sections usig a cryostat (OTF, Bright,

UK). Blocking solution was prepared with 1% BSA, 0.15% Glycine and 0.1% Triton
in PBS and preserved diCt To coestain hepatocytes expressing GFP, mouse anti
CK18 (Abcam, UK) and rabbit an@FP polyclonal (Invitrogen, USA) priary



antibodies were applied at 1:150 concentration in blocking solution overnidia@.at 4
Goat antirabbit (Alexa Fluor 488, Invitrogen, USA) and goat anbuse (Alexa

Fluor 568) secondary antibodies were incubated for 2 hours at room temperature with
blocking solution at 1:150oncentrationsTo castain myocytes expressing GFP,

rabbit antilaminin (Abcam, UK) and mouse a1@iFP primary antibodes were

applied. Secondary goat angibbit (Alexa Fluor 594) and goat antiouse (Alexa

Fluor 488) antibodiewere used. The conditions for primary and secondary antibody
staining were the same as for hepatocyte analysis. The stained tissues were covered
by VECTASHIELD HardSet Mounting Medium with DAPI for nuclear staining

(Vector Laboratories, USA). The slide®re observed under inverted
immunofluorescence microscopy (Leica, Germany). In order to quantify the number
of AFMSCs engrafted in the fetal liver, we counted GFP and CK18 positive/negative
stained cells in four high power fields per fetal liver. Valuaedn + SD) were

expressed as the percentage of single or double positive stained cells per total nuclei
in each high power field.

For the slides from liveof human AF cell transplanted mjdée primary staining
solution is made of mouse ahtiman mibchondria antibody (Millipore, USA),

rabbit antimouse albumin (AbD serotec) and blocking solui(1:1:100 in volume)
The secondary staining solution (prepared in dark) is composed of geatoarsie

IgG with green fluorescence (Alexa Fluor'488, Invitrexy), goat antrabbit antibody
with red fluorescence (Alexa Fluor 594, Inviigen) and blocking solutiori 100 in
volume).For all other slides rather than liver, the primary staining solution is made of
mouse anthuman mitochondria antibody and blocksgution (1:100 in volume).
The secondary staining solution (prepared in dark) is composed of geatoarsie

IgG (green fluorescence) and btawy solution (1:100 in volumeEach slide was
stained by 200pl primary staining solution at room temperature for 2 hours and
washed by PBS twice. Then each washed slide was stained by 200ul secondary
staining solution in dark for 2 hours and washed by PBS twice.

For nuclear staining,aeh slide was mounted with 3 droplets of diamidino
phenylindole (DAPRVectashield” medium (Vector Laboratories, CA) then covered
by cover slip. An inverted immunofluorescence microscopy (Zeiss AX10) was
applied to observe the stained tissues. Photos gnéelen, red and blue fluorescence



were taken by a digital camera (A650 IS, Cannon). Raw images were collected and
analysed by Photoshop CS2 (Adoba).the antibodies were shown in Table 2.1.

Table 2.1 The antibodies list for immunofluorescence.

Type of staining  Animal Primary Antibody Secondary Antibody
GFP Sheep rabbit antitGFP goat antirabbit
CK18 Sheep mouse antsheep CK18  goat antimouse
Laminin Sheep rabbit antilaminin goat antirabbit

GFP Mouse mouse antiGFP goat antimouse
Human Human mouse anthuman goat antimouse
mitochondria mitochondria

2.8.5 Colony forming unit (CFU) assay

MethoCult” GF H4434 kit and M3434 kit (Stem Cell Technologies) wewsed to
perform CFU assayfor shee@mmniotic fuid or bone marrov€D34+ cells and NSG
micebone marrow cellsCD34 cellswhich were isolated by MACS were addatb
methylcellulose cocktadontaining cytokines and growth factors at a concentration of
1 x 10 cellsper plate. The mixture was vortexand plated into sterile 35mm plates
with the use of a blunt needle and syringiee plates were incubated at 37;C with 5%
CO, in humidified atmospher®r 14 daysAfter 14 days, colonies were scored with
the help of gridded scoringsthesusing an inveed microscopeThe OAtlas of

Human Hematopoietic ColoniesO by C. Eaves and K. Lamalsieised as a guide to
identify and recorcCFU colonies such aolony forming unikgranulocyte,

erythrocyte, monocyte, megakaryocyte (GEEMM), colony forming unik
grarulocyte, monocyte (CRG/M/GM), burstforming unit/CFUerythroid
(BFU/CFU-E).

2.8.6 The analysis of tissues of transplanted animals by confocal microscopy
The tissues from sheep or transplanted lambs or NSG mice were prepared as the
previous section 2.1.9. Tiieer sample slides were &iained with mouse
monoclonal antiGFP antibody (A11120, Invitrogen, UK) and rabbit polyclonal-anti



alpha fetoprotein (AFP) antibodgil{74663 abcam, UK). The concentration of these
two antibodies was 1:100 with buffer solutidie sample slides were incubated for 2
hours at room temperature. The secondary antibodies, Alexa Fluor 488 goat anti
rabbit IgG and Alexa Flour 594 donkey antouse 1gG (A11008 and A21203,
Invitrogen, UK) were used in 1:100 concentration for anothehiwos incubation at
room temperature. The sample slides were observed by using the confocal
microscopy (Leica TCS SP5 Il, Germany), and the images were analyzed with the
software ImageJ (NIH, US). The green positive signal indicated the GFP positive
cells and the red signal indicated the hepatocytes staining with AFP.

2.8.7 Analysis for in vivo and ex vivo luciferase activity

For the experiment of Chapter 5.2, mice AFS cells were transduced with-UCOE
so that the luciferase activity would need to be arely| used in vivo imaging
system (IVIS) to calculate the activity of luciferase after lentivirus transduction.
Intraperitoneal injection dfOul ofluciferin was followed by in vivo bioimaging with
a Xenogen IVIS50 Manufactureicooled chargeoupleddevice camera. Luciferase
expression was quantitated as photon flux from the upper abdomen.

For the ex vivo luciferase experiment, mice blood cells and liver samples were
collected first and prepared for analy€iells were harvested by centrifugation and
washed once with 1 mL of ice cold lysis buffef @BS pH 7.4, 1 mM PMSF) and
then resuspended in 0.3 mL of the same buffer. Typically the concentrations of crude
lysates were between 0.1 and 1.0 mg/mL as determined by the Bradford method
(BioRad UK). Ludferase activities were determinading 5 L of lysate/sample
using the Dual uciferase Assay System (PromeglK) and a TD 20/20 luminometer
(Turner DesignsUK). Theluciferaseactivity ratiowas calculatefor each recoding

signal. All assays were performed in triplicate at least thmess.
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3 Chapter 3: Autologous transplantation of amniotic fluid derived mesenchymal

stem cells into fetal sheep

Introduction

In utero stentell transplantation (IUSCT) aims to treat congenital disorders in the
fetus using cells capable of se#finewal that can enhance or substitute the affected
tissues/organs of the fetuherefore, transplantation of genetically corrected
autologous amniatifluid stem cells into a fetus could represent an alternative

therapeutic strategy for the treatment of severe congenital diseases.

In this chapter, | investigated the feasibility and potentiatéonbininglUSCT and

gene therapy into one therapeuti@segyusingamniotic fluidderivedmesenchymal

stem cells (AFMSCs). With this aim | used the fetal sheep, which has the advantages
of long gestational age, similar fetal size and comparable fetal development and
physiology to human pregnan{avid et al., 2006pand in which there is wide
experience with fetal interventional procedufi@avid et al., 2003&David et al.,

20063. Then | examined wheth&SCs derived fronamniotic fluid collected from

fetal sheep could achieve autologous transplantatiatera The experimental

design is shown below (Figug1)

(1) Ultrasound-guided
amniocentesis (10ml)

=

(5) Ultrasound-guided ﬁ\ :
IP injection of GFP+ }:’ (&%
AFMSCs G

o

=== ===
(4) Expansion of GFP+ AFMSCs (2) Isolation and expansion

of AFMSCs
-
L/ i,

(3) Transduction of AFMSCs with lentivirus-GFP

5

Figure 3.1 Experimental design.

After amniocentesis collection, amniotic fluid mesenchymal stem cells (AFMSCs) were cultured
in adherence in defined conditions. Cells were transfected with lentivisiGFP and reinjected

into the peritoneal cavity of the fetal donor.



3.1 Ultrasound guided amniocentesis can be used to sample amniotic fluid in first
trimester fetal sheepith a low rate of miscarriage

For experiments on autologous AFMSCs, AF was colleesath amniocentesis

under general anaesthesia from time mated pregnant gtraaatic fluid was

successfully sampled in all fetuses attempted (n = 9) at a mean gestational age of

58.3+1.9days¢term = 145 days)The procedure waserformed in aimilarway to

amniocentesis procedures performed in clinfiel medicine ungin hospital.

During amniocentesis atho tip 22 Gauge needle was inserted under ultrasound

guidance and 10 ml of clear amniotic fluid was collected into a sterile tube for further

experiments. All amniocenteses took less than 3 minutes to complete

(154+25secondsA total of 7 sheep were autologous transplanted with amniotic fluid

mesenchymal stem cells prenatalig intraperitoneal (IP) rout&able 3.1 showed

the summary of the egpiments.

One ewe subsequently miscarried twin fetal sheep a few days after the amniocentesis
procedure, but before autologous transplantation could be performed. The procedure
was performed without incident such as haemorrioagdvious traumaPostmorten
examination of this ewe was normal, and the tissues sent for microbiology shmwed n
evidence of infection. All remaining fetuses survived to the scheduled postmortem
examination at the end of the experimgining a misarriage rate of 78% (2 out of 9
procedures) for this small group of experiments

Here,| found first trimester ultrasounguided amniocentesis could be easily
performed in the fetal shee@pth a low miscarriage rate



Table 3.1 Experimental details of IP in utero autologous transplantation of sheep amniotic fluid mesenchymal stem cells
After sampling of amniotic fluid (amniocentesis), cells were cultured and transduceid vitro, before being injected into the peritoneal cavity of the donor fetus
(transplantation). Scheduled post mortem examination was performed at least four weeks later to allow time for cell engraftmieSD: standard deviation; nt: not

tested
Gestational age (days) Time (days)
Number of Injected cell AFMSC transduction
Sheep - - - Cell culture and cells injected volume (ml) efficiency (%)
Amniocentesis Transplantation Post mortem ) Engraftment J y
transduction
1 55 71 89 16 34 1x10 1 nt
2 58 76 99 18 41 1.6 x 16 1 64.2
3 59 77 95 18 36 7x 10 1 53
4 59 77 95 18 36 1.8 x 10 2 38.3
5 57 79 99 22 42 9x 1@ 1.5 06.2
6 61 83 103 22 42 1.5x 10 2 62.3
7 59 72 91 13 32 2x 10 1.5 65.1
Average + SD 58.3+ 1.9 76.4+ 4.1 95.9+ 4.9 18.1+ 3.2 376+41 75x16 1.4+0.4 63.2 +19.1




3.2 AFMSCs can be isolatddom sheep mgnancy

Having collected second trimester shéépsamples| set out to characterize their
cell growth and differentiation in culture.

AFMSCs could be isolated and expanded in vitro from all the 9 sheep (100%). The
initial numbers of viable cells from Il amniotic fluid in all animals were less than
20000 cells, but they were easy to expand in petri dishes without feeder layer and
demonstrated a doubling time rangjiinom 36 to 48 hours (FigureZ3. The cell

number was counted at every pasdagm 9 sleep The doubling time could be
calculated when the cell number doubled. AFMSC growth velocity and differentiation
potential was maintaingdr up to 10 passages (Figur@).

AFMSCs
GFP-AFMSCs

Cell Count X 10°

) 10 11
Day

Figure 3.2 The growth rate of sheep amniotic fluid mesenchymal stem cells.

The growth curve demonstrates that both the doubling time of AFMSCs and GFAFMSCs were
around 36 to 48 hours. (Error bar: standard deviation).

!

3.3 Sheep AFMSCs could be transduced efficiently with lentivirtteve

Gene transfer tAF derivedMSCswas performed in culturesing a SFF\Ventivirus
encoding eGFPThe viral titer wasl x 10° per ml and 1D of virus was used fat x

10’ cells transduction to reach an MOI€LT he cells showed good tolerance without
morphology change after 48 hours incubation. After reaching 70% confluence in 24

well plate, the transduced cells were split into 150mm petri dishes for expansion



Transduction efficiency was assessed 3 days after lentiviral transduction using
cytofluorimetric analysis. As can be seen, efficiency of gene transfer was on average
63.2% (range 8.3 to 96.2%, Figure 3,panel A and B). GFP expression was also
detected when AFMSCs were observed underéscence microscopy (Figure 3.3
panel C). The AFMSCsould be easily transduced widthigh transduction rate. Cell
kinetics of GFP transduced AFMSCs (green line) was similar tenaosdweed

AFMSCs (red line) (Figure 3).

A: Pre-transduction

SSC-A
Count

FSC-A GFP-A
B: Post-transduction

e i e e

5SC-A
Count

FSC-A

Figure 3.3 Transduction efficiency of AFMSCs.

After transduction with lentivirus vector, AFMSCs were analyzed at the cytofluorimeter for GFP
expression to determine the efficiency of gene transfefhe post-transduction cells in the GFP
channelof one examplecan be seen with 62.3% cellexpressing GFP (B), the negative control is
indicated (A). Cells were gated on the basis of the region shown on the forward (F&and side
(SSCA) scatter dot plot (left); the percentage of donor cells calculated by selection of the high
fluorescence ppulation on the cell count versus fluorescence intensity (GFR) histogram (right).
AFMSC were observed in bright field (C, left panel) and under a fluorescent microscope where
the positive GFP expression could be detected within the cytoplasm of each ABMIs (C, right
panel). Scale bars: 20m.



3.4 Sheep AFMSCs and lentivirus GFP transduced AFMSCs can be expanded and
characterised

In order to achieve a sufficient number of cells for transplantation, cells were cultured

for up to 20 passages. The number céatgd cells was correlated with the time

available for their culture from amniocentesis to transplantationc8utuent cells

showed no evidence of spontaneous differentiationteTvas no significant

difference incell size and DNA content from cell cg analysis between prand

posttransduction AFMSCs (Figure 3.AFMSC and GFFAFMSCs samples haal

similar andhigher ratio in GO/G1 phase, with low percentage ph&se and G2/M

phase (Figure 3,panel B).
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Figure 3.4 Cell size and cell cycle of sheep amniotic fluid mesenchymal stem cells.

In panel (A) the cell sizeof AFMSCs and GFRAFMSC is not significantly different. .In Panel (B)
the DNA content of cells cycle by using flow cytometry analysg&hows no significantdifference
between AFMSCs and GFPAFMSCs.



The surface markers of mesenchymal stem cellssaetgp CD44, CD58 and CD166,
were strongly positive in cultured sheep AF cells. The monocyte and lymphocyte
markers, antsheep CD14, CD31 ar€D45 showed negiae in sheep cells. (Figure
3.5). The resultsverethe same in the prer posttransduced AFMSCs.

AFMSCs
2 E :l' g
CD14 CD31 CD45 CD44 CDS8 CD166
GFP-AFMSCs
CD14 CD31 CD45 CD44 CD58 CD166

Figure 3.5 Characterization of sheep amniotic fluid mesenchymal stem cells.

The figures of flow cytometry studies demonstrated the sheep AF cells stained strongly positive
for MSC surface markers CD44, CD58, and CD166 confirming their mesenchymal origin. Anti
sheep CD14, CD31 and CD45 were negative compared to background staining. (Lighagr
negative control; Dark gray, anti-sheep antibodies)

Both of the two groups of cells that could be expanitedtro showed the ability to
differentiate into adipogenic and osteogenic lineages follothiagelevant
differentiation protocols (Figure.@. After adipogenesis differentiationglls
showedoil drop morphology and staining with ai#d-O. After osteogenesis
differentiation, the cellsould be stained with alkaline phosphatase.



A Control Conditions Adipogenic Conditions

GFP-AFMSCs |

Figure 3.6 Differentiation potential of sheepAFMSCs after culture of AF in mesenchymal
conditions.

Adipogenesis differentiation showing lipid drops with positive staining of Oil red O (Panel A and
insert) present in AFMSCs and GFRAFMSCs. Both groups of cells coud undergo osteogenic
differentiation (Panel B), expressng alkaline phosphatase and fornng lamellar-like structures
(insert). AFMSCs and GFRAFMSCs cultured in control conditions did not show adipogenic
(Panel A) and osteogenic differentiation (Panel B)Scale bars: 20 m.

Here,l showed tht sheep AF cells grown in mesenchymal conditttang the
markers and differentiatiocharacteristics d1SCs.



3.5 TransducedAFMSCscould be successfully injected in a sheep prenatal
autologous transplantation model
Transduced cells were injected back into the donor fetus (autologous transplantation)
via intraperitoneal (n = 7) and intramuscular (n = 1) roufd® initial plan was to
compare results from intramuscular with intraperitoneal injection. It was feltihat t
intramuscular route of injection could provide a route that incorporated an element of
cell damage to enhance engraftment, where the intraperitoneal route of injection
would not. Intrahepatic injection was also considered but it had been associatad with
high rate of miscarriage in previous experiments by the research group using injection
of viral vectorgDavid et al., 2003a and this was a concern.

TheAF cells were expanded in ACM culture medidion approximately2 weeks time
aftergene transfer before injection back into the donor f@tns.time points varied
slightly since the surgery needed to be fit into the theatre availability. Tierezt
suspendd in 1 to 2 ml PBS.

Intramuscular delivery was found to be more technically diffiduie procedure of
transplantation the cells took us over 20 minutes to complete. Thecimgedle
entrance into legs of sheep fetus was relative sharp. Not liketthperitoneal

injection, the microbubble could not be seen clearly in the musclatieea
transplantatiomnder ultrasound guided. The volume of cells we injected
intramuscularly was the same agdRte.There was only one case of sheep received
IM transplantation so | did not put the IM data in Table 3.1 to compare the IP group.

The intraperitoneal route why comparison, more straightforward and allowed a
larger volume of cell suspension to be delivered. Because of the difficulties with the
intramuscular route of injection, it was decided that intraperitoneal injection would be
performed for the remaining experimeritdgraperitoneal injection (nA was
successfully performed at all attempts. Compared to the first amniocentesis
procedure, the iection difficulty was related tthe position of the fetus. Since the

best needle approach is via the anterior abdominal wall of the ifethsse fetuses

that were lying anterior side down=4), the uterus wagently manipulated to

improve peritoneal@essand his increased the injection time. Mean injection time
was 320 * 55 seconds.



All animals were checked by ultrasound examination the day after injectibret&

for fetal wellbeingand maternal condition. There was no fetal or maternal mgrtalit
until planned post mortem examinatioraih7 fetal sheepThe survival rate of the

full procedurglamniocentesis and intraperitoneal injection) was thus. 78%
Experimentadetails are listed in TableB.There was no maternal morbidity

including fever abdominal distension, haemorrhage or ruptured amniotic membranes.
There was no evidence of fetal haemorrhage or trauma relative to the injection

procedure and no fetal abnormality detectesthedulegost mortem examination.

In summary, all the fetes could be injected using autolog@FMSCssmoothly

3.6 GFP gene could be detected in sheep fetal organs after IP injection of AFMSCs

In order to detect the GFP gene in the injected fetuses, DNA extraction and PCR were
performedon tissues taken apbstmortemexamination All the fetal and maternal

organs sampleglereminced for extraction of DNANd subjected to two rounds of

PCR GFP DNA was detected in many fetal organs using nested PCR, suggesting
systemic spreadnd survivabf GFP positive cellafter fetal injection (Table 3.2 and
Figure 37). The amniotic membrane and placentomes were most frequently positive
(85.7%), followed by the fetal liver, which was positive in 5 fetuses (71.4%). GFP

DNA was also detected in fetal muscle, umbilical cbesyrt, adrenal gland, gad,

bone marrow and peritoneum.



Table 3.2 PCR analysis of GFP DNA in 7 sheep fetuses.

1 2 3 4 5 6 7 No. of
fetuses with
+ve PCR in

Fetal tissue organ (%)
Liver + - + + + - + 5 (71%)
Muscle (thigh) + - - - + - - 2 (29%)
AM + + + + + + - 6 (86%)
Placentome - + + + + + + 6 (86%)
Umbilical cord + - - + - - - 2 (29%)
Heart + - + - + - - 3 (43%)
Adrenal gland + - - - + + - 3 (43%)
Gonad - - + + - - - 2 (29%)
Bone marrow + - - - - - + 2 (29%)
AF - + + + - - + 4 (57%)
Peritoneum - + - - + - + 3 (43%)
Brain - - - - - - - 0
Spleen - - - - - - - 0
Intestine - - - - - - - 0
Thyroid - - - - - - - 0
Thymus - - - - - - - 0

Lung - - - - - - - 0
Kidney - - - - - - - 0

No. of +ve organs per 7 4 6 6 7 3 5

animal (total = 18) (39%) (22%) (33%) (33%) (39%) (17%) (28%)

AM: amniotic membrane; AF: amniotic fluid

Figure 3.7 PCR gelafter IP injection of GFP transduced AFMSCs in one fetus
1. Heart, 2. Gonad, 3. Spleen, 4. Placentome, 5. Brain, 6. Liver, 7. Thyroid, 8. Negative control
uninjected sheep fetus9. Positive controf transduced sheep AFMSCsLadder: 100bp.

The cell numbeimjected in each animabriedbecause of differences in the time gap
between cell collection and reinjection and differences in cell growth kin@éties

length of cell culturing and final cell number for injection showed moderat

correlation (r=0.59, Figure 8A). There was ngignificant correlation between the
number of injected cells and the presence of GFP positive cells in the different organs
as anpysed by PCR (r0.18, Figure BB). Maternal liver, bone marrow, kidney,

lung, heart and adrenal gland were examined uSifg nested PCR but were

negative, indicating no evidence of maternal engraftment after fetal transplantation.
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Figure 3.8 The correlation between the number of injected cells and presence of GFP positive
cdls in fetal organs, and evidence of maternal spread of GFRFMSCs. There was a moderate
correlation (r=0.59) between the final cell number and days of cell expansion in vitro (Panel A).
The correlation between the number of injected cells and the numbeif detectable GFP positive
organs did not showed significance in PCR (r0.18, Panel B).

In summary, the GFP gene could be detected in many organs of injected faitis

not in maternal organs.

3.7 GFP protein expression is detected in sheep fetal orgiesia utero IP
injection of GFP transduced AFMSCs

GFP gene detected by PCR could only demonstrate the transduced cells in the

recipient but not show any function or protein level expression of those cells. We

performed flow cytomeyr, and western blotig todetect evidence d&FP protein

expression from donor cells.

Cytofluorimetric analysis for GFP expression showed low level engraftment of
transduced AFMSC in fetal bone marrow (0.85+0.1384) laver (1.24+0.08%).

Figure 39 is an example of one of th@imals with positive engraftment in bone
marrow and liver. There were no GFP positive cells in fetal umbilical cord blood and

spleen, or maternal blood and bone marrow.
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Figure 3.9 Flow cytometric analysis for GFP expression in fetal blood, tissues and maternal
samples taken at post mortem examination.

Histograms demonstrate positive GFP detection in the fetal liver (1.22%), and fetal bone marrow
(0.84). Cells from a controlgestational age matchedetal sheepthat was nottransduced were

used as negative control (light gray). Fetal cord blood, fetal spleen, maternal blood and maternal
bone marrow are negative forGFP protein. BM: bone marrow.

GFP protein expression was also assessed by western losénfetal tissues in

which GFP DNA was detected (Table 3.3, FigurE03. There was insufficient

protein available in samples of fetal gonad and peritoneum for western blot analysis.
The most frequent tissues to have positive GFP protein expressiothev@tacenta

(6/7, 86%), the fetal liver and the amniotic meari®s (5/7 fetuses, 71%, Tabl8)3.

Of all tissue samples that were PCR positive for GFP, western blot confirmed GFP
protein in 77.8 % (21/27)

The presence of GFP protein detected 3 weeks iafection of transduced AFMSCs

was strong evidence of cell engraftment in these tissues after transplantation.
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Table 3.3 GFP expression in tissues from 7 fetuses analysed using western blot.

Fetal tissues 1 2 3 4 5 6 7 No.offetuses with detection in organ (%
Liver + -+ o+ o+ - + 5 (71%)

Muscle (thigh) + - - - + - + 3 (43%)

AM + o+ o+ - + + - 5 (71%)

Placentome + + + - + + + 6 (86%)

Umbilical cord + - + o+ - - + 4 (57%)

Heart - - + - + - - 2 (26%)

Adrenal - - - - -+ - 1 (14%)

AM: amniotic membrane

P Liver muscle

placenta kidney

N - W GFP

TSR . & = poactin

Figure 3.10 Western blot for GFP protein after IP injection of GFP transduced AFMSCs into

fetal sheep

P: positive control. IP: Intraperit oenal.

There was no significant correlation between the number of injected cells and the

presence of GFP positive cells in the different organs as anaWss@rn blot (r=

0.4, Figure 3.1

~
I

Nnumber of positive organs in Western blot

100

Cell Count x10°

150

200

Figure 3.11 The correlation between the number of injected cells and presence of GpBsitive

cells in fetal organs.

The correlation between the number of injected cells and the number of detectable GFP positive
organs did not showed significancén Western blot (r=-0.4).
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3.8 Engraftment of GFP cells in the fetal liver and other organs after IP injection of
AFMSCs

To analyse for engraftmenhé fetal and maternal organs were all prepared as fresh

frozen section during pestortem. The sections were stained with tsspecific

antibodies to investigafer engraftment. To confirm the presence of engrafted GFP+

AFMSCs in fetal tissud,used immunofluorescence to analyse selective organs

including fetal liver, skeletal and cardiac muscle and placenta. GFRtaalilbe

easily observed under fluorescence microscopy.

For hepatocyte differentiatiohanalysed expression of GFP, cytokeratin 18 (CK18),
and AFP in the liver of the four fetuses that had GFP positive staining. Two liver
lobes were examined in each fetussome sections, GFP positive cells did oo

stain with CK18 (Figure 3.12anel A to D)In other sectiona few GFP positive

cells were seen estained with CK18 positive cells in both liver lobes, suggestive of
hepabcyte differentiation (Figure 321 panel EG). The percentage @&FPpositive
cells perhigh powered fieldvas2.97+1.15% for GFP+/CK1&ells and 1.08+0.33%
for GFP+/CK18+ cells in the fetal livéFigure 3.12 panel H).

AFMSCs and GFFAFMSCs did not show CK18 expression from our sfwdyile

the noninjected fetal sheep as a positive control showed strong expres€i#iid

in the liver (Figure 3.18). AFP, another liver specific marker, also demonstrated the
presence of GFRFMSCs in the liver after autologis transplantation (Figure

3.13B).
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Figure 3.12 Immunofluorescence for GFP expression and markers of MSC differentiation.

GFP+ AFMSC migration and differentiation was studied using GFP immunofluorescence and
co-staining with tissue markers in fetal organs such as the liver (CK18 A3), and skeletal muscle
and heart (laminin; H-I). In fetal liver, GFP+ cells (green) mainly localized in the stroma (AD)
and did not co-stain with CK18, a marker of hepatocytes stained red. In another séon, however,
a few rare cells cestained for GFP and CK-18 (E, F, G, indicated by the arrow head). Some cells
that only stained for GFP, remained in the stroma (F, indicated by the arrow with tail).
Histogram showed percentages of positive GFP cells Witvithout CK18 staining detected per
high power field in the liver section (H). Error bar: standard deviation.
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A DAPI GFP CK18 Merge

Non-injected
fetal Liver

AFMSCs

GFP-AFMSCs

B DAPI GFP AFP Merge

Injected
fetal Liver

Figure 3.13 Immunofluorescence for CK18 and AFP expression in fetal liver and amniotic fluid
stem cells.

The upper panel shows positive CK18 expression in cells cultured from a control fetal sheep liver
but no expression in amniotic fluid mesenchymal stem cells (AFMSCs) or transduced cells (GFP
AFMSCs) before injection. An uninjected sheep fetusf@omparable gestational age was used as
the control. The lower panel shows cexpression of GFP with expression of Alpha fetoprotein
(AFP) another liver-specific marker in the fetal liver after transplantation of transduced

AFMSCs. Scale bars: 20m.

For muscle differentiation, we analysed the expression of GFPhasdlespecific
laminin. Laminin is a cell membrane marker in musclesfandin thebrain. GFP
positive cells were clearly detectedthe skeletal muscle (Figure 3.14, panel A) and
heart (Fgure 3.14 panel B) of 4 fetuses. No myogenic differentiation could be

observed when muscles werestained with laminin.
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Figure 3.14 Immunofluorescence for GFP expression and markers of muscle differgation.
In sections of fetal skeletal muscle (A) and heart (B), GFP+ cells did not-stain for laminin (red).
Scale bars: 20m.

Abundant GFP positive cells could be detected in placersamelegFigure 3.15
A, B, C).

Figure 3.15Immunofluorescence for GFP expressioim placentomes
The sections showed GFP+ cell#\, B, C). Scale bars: 20m.
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3.9 In utero ofIM injection oftransduced autologousFMSCsis achievable but
results in less system spreadniH® injection

We have done the only one prenatal autologous-mtrscular injection in one pup of

the first twin pregnancy. Ultrasound guided technique was performed as previous

description. The major difference was the etipameedle aiming the thighf the

sheep fetus. The procedure needed skilful operator as it cost longer time (15 minutes)

than IP injection (Figure.36). All the tissues were analyzed as IPe&The PCR

study showed the positive GEmNA could be detected ii@tal muscle, liver,

membrane, aténal gland and gonad (Figuredl 3. The western blot confirmed the

GFP expression ifetal liver, fetal injected muscle and placenta (Figurd 8. The

local injection oftransduced\FMSCs intofetal skeletal muscle showed less

widespread engriahent than systemic intraperitoneal injection, even in the same

conditiors of gestational age of amniocentesis/injection/post mortem, and same

injected cell number/volume.

needle sliding
alongside femur
in muscile

Figure 3.16 Ultrasound guidedintramuscular injection.
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Figure 3.17 PCR gelshowing detection of GFP +ve DNA in fetal tissues aftéM injection of
autologous transduced AFMSCs

L: liver, M: muscle, K: kidney, Ad: adrenal gland, G: gonad, N: negative control (water),P:
positive control (transduced GFP amniotic fluid cells)

Figure 3.18 Western blot showing detection of GFP protein in fetal tissues aftdM injection of
autologous tansduced AFMSCs
M: marker, IM: intramuscular injection.

Discussion

This is the first study to descrilie uteroautologous transplantation and migration of
AFMSCs.|l showed that using this system, it is possible to obtain a widespread
migration of tansduced autologous cells, with evidence of expression of transgenic
protein in major fetal organs, bone marrow and blood. Tissue analysis by PCR,
western blot, immunofluorescence and cytofluorimetric assay revealed that AFMSCs
injected into the peritonéaavity preferentially localized in fetal liver, muscle and
heart. Moreover, a small number of cells expressing transgenic protein in thediver co
stained with markers of hepatocyte differentiation.

Using ultrasoundyuided amniocentesis, a common clinigadcedure with a known

fetal loss rate of approximately 1¢abor et al., 2009 | was abldo isolate AFMSCs

in 100% of the animals. A miscarriage occurred in one ewe carrying twin pregnancies
despite a straightforward ultrasound guided amniocentesis procedure. This compares
favourablyto the higher rates of fetal loss observed in other stwdiese different

sources of autologous MSCs were used for autologous in utero transplantation. In
particular, fetal transplantation of autologous MSC derived from fetal liver in sheep
carried an overall mortality rate of 73&choeberlein et al., 20p4~or IUSCT in

fetal sheep, transuterine ultrasotgulded injection has been shown to achieve a
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higher rate of engraftment when compared to an open delivery procedure at
hysterotomy (70 versus 209#Jagao et al., 20Q9in both cases cells were delivered
intraperitoneally Intraperitoneal injection is a usefudute of delivery for fetal blood
transfusion in clinical practice althoughs less commonly performed than
cordocentesiéTongsong et al., 2001t is usually reserved for fetal blood transfusion
in the late first trimester when injection into the umbilical vein may be technically
challengingln my study, | did not observe any miscarriage related to the
transplantation cedure. The miscarriage rate was similar to that we have previously
reported for both intr@mniotic and intraperitoneal gene transfer to fetal sfieapid

et al, 20033. In comparison, another study of xetnansplantation of human cord
blood and fetal bone marrow MSC into fetal sheep had an overall 37.5% fetal loss
rate(Noia et al., 2008

In my experimental setting, mesenchymal progenitors were derived in 100% of the
animals. In keeping with previous studies in shgeghs eal., 2003, the AFMSCs

were maintained in feedéree cultures, had a doubling time of approximately 36 to

48 hours, and displayed mesenchymal stem cell markers (CD44, CD58, and CD166),
while being negative for macrophages, hematopoietic and endothalieérs (CD14,
CD31, and CD45). When cultured in conditional med{Uisai et al., 2004these

cells could differentiate into adipogenic and osteogenic lineages. The paténtial
differentiation and characterization of all the surface markers did not change even

after viral transduction.

Injected cells appeared to migrate mainly to the liver, heart, adrenal gland and
umbilical cord of the fetus, and to exeabryonic tissuesugh as the amniotic
membranes, placentomes and amniotic fluid. Cells delivered to the peritoneal cavity
are likely to migrate into the blood stream, from where they can travel to the placenta
and membranes via the umbilical vein in the cord. This studypsegormed in

normal fetuses in which there is no engraftment advantage for the injected cells.
Different results may be obtained in animal models of disease where damaged organs
may provide a niche for injected cells to engratft.

The question of whethautologous IUSCT is superior to allogeneic cells is as yet
unresolved. In a previous study in sheep of fetal transplantation of MSC derived from

fetal liver, the level of bone marrow engraftment of autologous MSCs achieved was
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not significantly differentd that observed after allogeneic derived MSCs (0.16% vs
0.56%). However, engraftment in the fetal liver was higher (0.65 versus 0.23%) after
autologous transplantatig®choeberlein et al., 20p4imilarly |1 observed a good
number of injected cells in the fetal liver, confirmed also by the appearance of rare
cells ceexpressing GFP and CK18 or AFP. Further studies need to be conducted to
evaluate the possibility that AFMSCs may engratft in the livers Tauld be

particularly relevant since hepatocyte differentiation may lead to the treatment of
congenital metabolic disordefQuaglia et al., 2008

In summay, this chapter demonstrates widespread and systemic migration after fetal
injection of transduced autologous AFMSCs in the sheep. | successfully cultured
sheep AFMSCs, and achieved a high level of lentivirus vector mediated gene transfer.
Longerterm folow-up studies are needed to investigate whether cell engraftment is
occurring (Chapter 4). My results however demonstrate that this approach may hold
promise for targeted treatment of severe early onset genetic diseases that can be
diagnosed in utero.
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Chapter 4

Sheep CD34+ amniotic fluid cells show the potential of
haematopoiesis in NOD SCID gamma mice and prenatal

autologous transplanted lambs



4  Chapter 4: Sheep CD34+ amniotic fluid cells show the potential of
haematopoiesis in NOD SCID gamma miaed prenatal autologous

transplanted lambs

Introduction

In the previoushapter, | shoedthat MSCsderived from sheepF could be

isolated, cultured, transduced and transplanted backhatsamdetus as a prenatal
autologougyenecell transplan{Shaw et al., 201)aThetransplantedsFP+ cells

could bedetectedn manyfetal organs incluahg liver, muscle, adrenal gland, and
placenta. Ditadi et al demonstdtthe haematopoietic potential of sele &S Csin

vitro andin vivo (Ditadi et al., 200R These Lin{)/Ckit(+) sorted cells derived from
humanor murineAF could show all the haematopoietic colonies in ssatid
culture.Engraftment oimurine and humadonor cells in haematopoietic organs was
demonstratedfterintravascularnjection into irradiated immunocompromised
recombinant activating gene RAG1)/- mice,and furthermorethe engrafted cells
could be found after secondary transplantatiomfirming their haematopoietic

potential

Basal on thisdata, | hypothesised that cells withematopoietic gential could be
demonstrateth sheepAF. At the timeof starting this study, and to datketeis no

sheep specifi€kit antibody availableAt the beginning of my PhRorada CD et al.
developed amovel sheep CD34 antibody that had been tested in sheep bone marrow
and foundo bea truly haematopoietistem cellmarker(Porada et al., 2008bWe
contactedhe authomvho kindly allowed us to teshis antibodyin sheep AF cellsTo
demonstrate their haematopoigimtential, IselectedCD34+ cellsfrom sheep AF

and linjectedtheminto NOD SCID gammgNSG) immunocompromised mite

study their engraftment, and into donor sheep after marking them using a viral vector
for prenatal autologous transplantation. NSGenaceseverely immunocompromised,
featuring absence of mature T or B cells, lack of functional NK cells and deficiency in
cytokinesignalling(Shultz et al., 208). Theengraftment okenogeneic

hematopoietic stem cells and periphdymlod mononuclear cells in the NSG mice is
greater than that in any other mouse st(i&iajeti et al., 2007/Ishikawa et al., 2005

The following chapter describes the results of engraftment analysis to prove the

haematopoietipotentialof the sheep\F CD34+ cells.

! llll#



4.1 CD34+ cells can beisolated from sheep amniotic fluid

For these experiments we used fresh and frekeepAF, collected from time mated
animals in the first trimester at post mortem examinafibie. average gestational age
was62 days (6664 day9 and the maximum pose volume 800 to 700 mAF) was
collected each timé@rigure 4.1, 4.2 and Tableld. The methods for fresh AF

collection, defrosting of the frozen AF, and bone marrow cell collection are described
in Chapter 2. All procedures were carried out carefusing sterile conditions as far

as possible to prevent any infection or contamination.

Five to 8 million cells could be collected franeshunsorted AF or frozen AF (Table
4.1). The AF was frozen down 3 months before this experiment and defrosted for
CD34+ sorting and transplantation. After centrifuging the fluid, the cell pellets were
pooled and cells were then selected with sheep CD34 antibody. The amount of
CD34+ cells could be isolated from each pregnant animal numbered between 200,000
to 500,000. Th proportion of CD34+ cells was 5.05% in fresh and 5.38% in the
frozen AF group respectively. Bone marrow collected from the sternum of the adult
sheep also contained CD34+ cellbe percentage of isolated CD34+ cells from

sheep fresladultbone marrow wa6.48% which is slightly higher than fresh or

frozen AF samples. There was no significant differdreteveerthese three groups
(ANOVA).

Isolation of CD34+ cells from sheep
fresh or frozen amniotic fluid and
adult bone marrow

CD34+ sorting

Figure 4.1 Isolation of CD34+ cells from sheep fresh, frozen ABr adult bone marrow.
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Table 4.1 Characteristics of first trimester sheep AF and adult bone marrow.
CD34+ cells could be isolated from all three sources. AF: amniotic fluid; BM: bone marrowsD:
Standard deviation.

Cell Gestatioal AF CD34+
source Animal age (Day) (ml) Total Cells (n)  cells (n) %
Fresh 1 61 500 7X10° 4X10° 5.7
2 63 300 5X10° 2X10° 4
3 63 350 5X10° 3.5X10 6.3
AL 400 6x10® 25X10 42
Mean 5.05
SD 1.13
Frozen 1 64 500 8x10° 5X10° 6.3
2 64 550 8x10° 4X10° 5
3 60 600 5X10° 3X10° 6
460 700 6x10° 25X100 42
Mean 5.38
SD 0.96
BM 1 9X10° 6X10° 6.7
2 9X10° 5.5X10 6.1
3 8Xx10° 6X10° 7.5
A 8x1e® 45X10¢ 56
Mean 6.48
SD 0.82
8
—_ 7 |
X 6 | T
(2]
g 5 | J
+ 4 Frozen AF
>
8 3 Fresh AF
2
1 =BM
0

Frozen AF Fresh AF BM

Figure 4.2 Proportion of CD34+ cellsisolatedfrom three sheepcell sources
There was no statistial difference in the proportion of CD34+ cells betweerthe three cell sources
by ANOVA. AF: amniotic fluid; BM: bone marrow. Error bar: standard deviation.

In summary, the sheep specific CD34 antibody selected CD34+ cells from fresh and
frozen AF and adult bone marrow. In each case the CD34+ fraction was about 5% of
the total population.
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4.2 Sheep CD34+ AF cells oae cultured under haematopoietic conditions and
transduced withentivirus vector
Having isolated CD34+ cells from sheep AF, | evaluated their transduction efficiency
using lentivirus vectors. Following collection of the positive fraction of sheep CD34
cells from magnetic microbead sorting system, cells were transferred intéowtra
attachment 24vell plates at a seeding density of 200000 cells/ml in all three groups
and grown with conditional medium containing cytokines as described in Chapter 2.
HIV-SFFV vector encoding eGFP was used for transduction (vector do%er;10
MOI=50, 5qQul of vector for 16 cells transduction) as described before (Chapter 3).
Cells were incubated with the lentivirus vector for 24 hours before the transplantation.
The transdction efficiency was tested 72 hours later after incubation by using flow
cytometry. The transduction efficiency ranged between 46.9 and 73.2% and was on
average 56.63% + SD 11.0%=6) as shown below in Figure34.
In summary, | concluded that sheep32B AF cells could be cultured under

haematopoietic condition and efficiently transduced Vettiviral vector.

Sample 1 2 3
1 i ) ‘
f ) }
| A
. N S — L;..'.’}..- IRALTEFS oA, \SEASaE] | R =TT —re e Ty
GFF .
NC
Sample 4 5 6
; I '
| i
" e i = ta
L..»,.»:,.;;.—nrfl.m-r‘*»rm-ﬁ %:.,‘r;:;w-rr-m..ﬁ-w.-uqt-»ﬂ—f—a e reer—rrrren— ey | A Y ——

GFP-A

Figure 4.3 Histograms showingflow cytometry results for GFP+ cells after gene transfeto
CD34+ sheep AF cells using lentivirus vector containing the eGFP geatter 72 hours infection.
The X-axis shovws the GFP channel, while the number on the gate represesithe percentage of
GFP+ positive cells out of total population. ¥axis, cell number count.

I
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4.3 Phenotypic characterization efolated sheep AF CD34+ellswas comparable
to bone marrow CD34+ cells

In order to understand better the hematopoietic potential of the AF CD34+ cells
experiments were designed to compare characteristics of CD34+roall all three
groups (fresh and frozen CD34+ AF and BM).

The fresh or frozen sheep AF CD34+ cells, or sheep adult bone marrow CD34+ cells
were cultured in suspension. All the cells from these three groups were characterized
after 24 hours culturing. 8gle cell suspension was prepared and incubated with
sheep specific antibodies for 15 minutes on ice followed by flow cytometry study.
The CD34+ population of cells were also positive for CD45 (96.5%, 95.1%, and
94.3% in fresh AF, frozen AF, adult BM gra)pbut were negative for MSC markers
including CD44, CD58 (Figure 4.4 and Tabl@} They were also negative for CD14
(monocyte marker) and CD31 (epithelial cell marker). Amniotic fluid or bone

marrow CD34+ cells, which were not incubated with antib&diere used as

negative control.

Table 4.2 Characterisation of sheep CD34+ cells from the first trimester AF and adult bone
marrow.

Samples of sheep fresh AF, frozen AF or adult bone marrow (BM) were testdor surface
markers and the percentage of cells showing marker positive is provide@he data representeds
mean+ standard deviation.

I

CD14 CD31 CD34 CD44 CD45 CD58

Fresh AF 1.2+0.9 0.9+0.4 97.9+1.4 0.7+0.2 96.5+2.7 1.1+0.8

Frozen AF 1.0+0.8 1.6+0.3 96.3+t2.4 0.5+0.4 95.1+3.0 1.3+0.8

Adult BM 1.1+0.8 0.9£1.0 96.2+2.1 1.1+0.7 94.3+2.7 0.6x0.6
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Figure 4.4 Example of a fow cytometry study to characterise sheep CD34+ cells fro fresh AF.
Cells are positive for CD45, but negative for CD14, CD31, CD44, and CD58. The red line
indicates thenegative control(AF or BM CD34+ cells without antibodies incubation)and the
blue line indicatesthe cells tested. In negative resultshe red and bluelines merged together
while they separatedas two peaks in positive results.

In summary, the sheep CD34+ cells from fresh or frozen AF, or adult bone marrow
were positive for haematopoietic stem cell markers (CD45), but negative for a
monocye marker (CD14), an epithelial cell marker (CD31) and MSC markers (CD44
and CD58).

4.4 SheepCD34+ cellsisolated from frozen, or fresh AF, or BM functionally
engraftinto NSG mice

In previous sections, | had showed that the sheep amniotic fluid or borevmarr

CD34+ cells could be isolated, cultured in the hematopoietic condition, and efficiently

transduced with lentivirus. In addition, these CD34+ cells had the same

characterization as hematopoietic stem cells. In the following section, | demonstrate

their xenogeneic transplantation by delivering sheg§34+ cells (three groups) to

immunocompromised NSG mice.

In Figure 45, the experimental design of primary xenogeneic transplantation of sheep

CD34+ cells from three sources (fresh, frozen amniotic fluideaiut bone marrow

cells) into NSG mice is presented.
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1. Frozen AF CD34+ A
% /’_A% 2. Fresh AF CD34+
A% 3. Adult BM CD34+ f

/ Primary transplantation ()

> J
)
1st trimester sheep amniotic Four NSG mice per
fluid equivalent to 14 weeks transplantation group,
human pregnancy 300000 CD34+ cells

injected per mice

Figure 4.5 The experimental design

CD34+ cellswere selectedand transducedfrom three different cell sources, fresh AF, frozen AF
and adult bone marrow (BM). Mice were subjected tosub-lethal irradiation , followed by tail vein
injection of prepared transduced sheep CD34+ cells.

Amniotic fluid was collected at the first trimester of sheep pregnancy that was
equivalent to 14 weeks of human pregnandi/thfe animal experiments were
performed by qualified personal licence holders (Mike Blundell and 1) under existing
project licences. A sulethal dose of irradiation (300 Rads for 67 seconds) was given
to NSG mice (12 weekld, n=14) 1 hour prior transpitation. Sheep CD34+ cells

from three groups were transduced with SFFESFP virus vector for 24 hours before
prepared for injection by suspension in PBS. Transduced 8l (both GFP+ and
GFR cells) in 2001 PBS were injected into each animal via tegin. The procedures
were performed under the laminar flow hood in the SCID animal room at Institute of
Child Health, UCL.

Four out of 6 animals injected with frozen sheep AF CD34+ cells survived until the
end of the study, but two animals (NSG1, and N&&&d within 10 days due to poor
tolerance to irradiation (Table3). Fresh sheep AF CD34+ cells (NS&GIO) or adult
bone marrow CD34+ cells (NSG114) were injected into a further 8 animals, 4 per
group, and had 100% survival. The overall survival 8&3% (12out of 14). In each
group, 3 of the 4 surviving animals were culled at 3 months of age for use in
secondary transplantation. The remaining three animals (one per group) were
sacrificed at 6 months for final analysis.

In summary, | have shown theGFP transduced CD34+ sheep cells from amniotic
fluid or adult bone marrow could engraft into NSG mice after primary transplantion

with a good survival rate.
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Table 4.3 Summary of xenogeneic transplantatio using sheepgCD34+cells into NODSCID
gamma(NSG) mice.
Transduced CD34+ cells from frozen AF (n=6), fresh AF (n=4) or adult bone marrow (BM, n=4)

cell sources were injected. In each group, 3 of the 4 surviving animals were culled at 3 months of
age foruse in secondary transplantation.

Animal ID Injected cells Number Virus Irradiation Remark

NSG1 Frozen AF CD34+ 3X10° SFFV-eGFP 300 Rads Died within 10 days
NSG2 Frozen AF CD34+ 3X10° SFFV-eGFP 300 Rads Died within 10 days
NSG3 Frozen AF CD34+ 3X10° SFFV-eGFP 300 Rads Culled at 3 months
NSG4 Frozen AF CD34+ 3X10° SFFV-eGFP 300 Rads Culled at 3 months
NSG5 Frozen A= CD34+ 3X10° SFFV-eGFP 300 Rads Culled at 3 months
NSG6 Frozen AF CD34+ 3X10° SFFV-eGFP 300 Rads Culled at 6 months
NSG7 Fresh AF CD34+ 3X10°  SFFV-eGFP 300 Rads Culled at 3 months
NSG8 Fresh AF CD34+ 3X10° SFFV-eGFP 300 Rads Culled at 3 months
NSG9 Fresh AF CD34+ 3X10° SFFV-eGFP 300 Rads Culled at 3 months
NSG10 Fresh AF CD34+ 3X10° SFFV-eGFP 300 Rads Culled at 6 months
NSG11 BM CD34+ 3X10°  SFFV-eGFP 300 Rads Culled at 3 months
NSG12 BM CD34+ 3X10° SFFV-eGFP 300 Rads Culled at 3 months
NSG13 BM CD34+ 3X10° SFFV-eGFP 300 Rads Culled at 3 months
NSG14 BM CD34+ 3X10° SFFV-eGFP 300 Rads Culled at 6 months
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4.5 GFP+ cells could be detected theperipheral bloodof transplanted NSG mice
from all three groups

After xenogeneic transplantation, | examined for donor cell engraftment and to detect

GFP+ cell levels in the peripheral blood, and the hematopoietic organs.

Blood samples were takerofm the tail vein of all primary transplanted NSG mice at

1, and 3 months after transplantation. Samples were analysed for the presence of

sheep CD45 antibody using flow cytometry. Blood from yellow fluorescent protein

(YFP) transgenic mice was used agaifive control, while blood from uninjected

wild type CD1 mice was the negative control. 20 td PBesh blood could be

collected from each mouse. Sheparin was added into each microcentrifuge tube

before collecting the blood. The details of the ahipnacedures were described in

Chapter 2. Flow cytometry was performed to analyse the percentage of GFP+ cells in

the peripheral blood.

The three groups of NSG mice which received frozen, fresh AF, or adult bone

marrow cell injections showed GFP+ cellgpripheral blood at 1 month after

transplantation (mean GFP+ cells 3.24%, 3.48%, and 4.9%, respectively) and at 3

months (mean GFP+ cells 3.12%, 3.4%, and 5.26%, respeciiadlle 4.4 and

Figure 46,). The percentage of detectable GFP+ cells in peapbkrod was higher

in NSG mice injected with adult BM CD34+ cells compared to CD34+ cells from AF

sources at 3 monthp<0.05, either BM versus frozen AF or BM versus fresh AF).

There was no statistically significant difference in the percentage of GHiB+ c

detected in the peripheral blood of NSG mice injected with frozen or fresh AF CD34+

cell.

Table 4.4 The percentage of GFP+ cells in the peripheral blood of injected NSG mice from all
three groups at 1 anl 3 months after transplantation.
SD: standard deviation.

GFP+ cells in blood (%) GFP+ cells in blood (%) GFP+ cells in blood (%)
Frozen AF 1 Month 3 Months  Fresh AF 1 Month 3 Months  Adult BM 1 Month 3 Months
NSG3 2.52 3.54 NSG7 3.20 3.65 NSG11 4.30 4.87
NSG4 4.30 3.61 NSG8 3.40 3.23 NSG12 4.50 5.16
NSG5 3.32 2.92 NSG9 4.90 412 NSG13 5.20 5,51
NSG6 2.80 2.40 NSG10 2.40 2.60 NSG14 5.60 5.50
Mean 3.24 3.12 3.48 3.40 4.90 5.26
SD 0.78 0.57 1.04 0.65 0.61 0.31
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Figure 4.6 Analysis of peripheral bood engraftmentof GFP+ CD34+ sheep cells in NSG mice
The panelA showed the initial distribution of total blood cells and the nucleated blood cells were
gated in the red circle. Panel Bshowed an examle flow cytometric graph from the blood of one
NSG mouse injected with fresh AF cells. The green circle in the panel B showed the positive GFP
cells detected in the peripheral blood (3.23%, NSG8).he negative control {VE) was used as the
blood sample fom CD1 wild type mouseThe X-axis showed the GFP channel while the -éxis
presented thePE channel. Inpanel C, the histogramcomparesblood engraftmentafter injection
of sheep CD34+ GFP transduced from three sourc€s=4, each group) at 1 month, and 3 wnths
after injection. There was significantly higher engraftment when the source of cells was adult
sheepbone marrow (black bar) compared with cells sourced from frozen AF (grey bar) ofresh
AF (light grey bar). Error bar: standard deviation; *: p<0.05; AF: amniotic fluid.

In summary, this experiment showed that GFP+ cells could be found in the peripheral
blood of NSG mice after xenogenic transplantation of sheep CD34+ cells at t, and 3
month time points after transplantation. All transplanted anihadsdetectable GFP+
cells (2.4 to 5.6%), bone marrow sourced CD34+ cells resulted in higher levels of
cells in the peripheral blood when compared with AF source8dcells.

4.6 GFP+ cells could be detected using flow cytometriyaematopoietic orgas of

NSG micefrom all three groups 3 months after transplantation
To study engraftment in haematopoietic organs, three animals from each group were
culled at 3 months after transplantation. The organs were widely sampled at post
mortem examination accordingtiee protocol written in the index. Single cell
suspensions from livéact aghe mainhaematopoietic organ fietuses and contribute
the haematopoiesis in neonalavelopment)bone marrow, and spleen were prepared
for flow cytometry.
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4.6.1 GFP+ cells and shep CD34+ cellsare detected irthebone marrowof
transplanted NSG mice from all three groups

For bone marrow cells analysis, two femoral bones were collected from each mouse.

Bone marrow cells were washed out throughm@ell strainer and prepared as

single cell suspension (described in Chapter 2) for flow cytometry analysis.

Antibodies to GFP detection and sheep CD34 were used. The bone marrow cells from

transgenic YFP miceere used athe positive control, and bone marrow cells from

an uninjected wildype mouse was used as negative control.

Figure 47 gives an example of flow cytometry analysis for detection of GFP+ cells in

negative/positive control, and frozen or fresh AFS or BM injected NSG mice. The red

circle indicated the percentage of GFP pasipopulation out of the total bone

marrow cells.

Bone marrow

Negative Positive Frozen AFS Fresh AF!

m
w
@

PE

s
-
-

FITC

Figure 4.7 Example of flow cytometry to analyse engraftment of GFP+ cells in the bone marrow
of injected NSG mice three months after transplantation.

The X-axis for FITC channel presented the GFP cells. The red circle indicated the percentage of
GFP positive population out of the total bone marrow cells. Negative control: uninjected wild
type mice; positive control:GFP transduced bone marrow cells

At 3 months after transplantation, GFP positive and sheep CD34+ cells could be
detected in the bone marrow of all the injected NSG mice from all three groups (n=3
per group). Sheep GFP+ and CD34+ cells were detected in the bone marrow 3
months after injectiowith CD34+ frozen and fresh sheep AF, or adult sheep bone
marrow cells (mean GFP+ cells 12.03%, 14.87%, and 15.87%, respectively; mean
sheep CD34+ cells 2.57%, 3%63.51%, respectively, Table 4.5 and Figui@ 4.
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Table 4.5 The percentage of sheep GFP+ and CD34+ cells in the bone marrow of injected NSG
mice from all three groups (frozen AF, fresh AF or adult BM) at 3 months after transplantation.
SD: standard deviation; AF: amniotic fluid; BM: bone marrow.

Injected
Animal ID cells GFP+ cells in BM (%) Sheep CD34+ cells in BM (%)
NSG3 Frozen AF 11.80 3.12
NSG4 Frozen AF 10.80 3.23
NSG5_ FrozenAF 1850 245
Mean 12.03 2.93
SD 1.22 0.42
NSG7 Fresh AF 12.00 3.68
NSG8 Fresh AF 17.20 3.12
NSG9  FreshA 1540 298
Mean 14.87 3.26
SD 2.64 0.37
NSG11 Adult BM 13.30 3.10
NSG12 Adult BM 18.10 3.56
NSG13  AdultBM 1620 38
Mean 15.87 351
SD 2.42 0.38

The percentage of GFP+ cells in the bone marrow of NSG mice injected with adult
BM CD34+ cellswas higher than NSG mice injected witbZen or fresh AF CD34+
cells(Figure 48). The difference between adult BM and frozen AF group reached the
statistic significance by ANOVA4p<0.05).

20 1 *
18 1
16 4
14 - ' l
12 1
10

GFP+ cells in the bone marrow (%)

O N A~ O @

Frozen AF Fresh AF Adult BM
(n=3, each group)

Figure 4.8 The histogram compares the percentage of GFP+ cells lmone marrow of injected
NSG micefrom three sources(n=3, each group) at 3 months.

There was significantly higher engraftment when the source of cells was adslheepbone
marrow (black bar) compared with cells sourced from frozen AF (grey bar)Error bar: standard
deviation; *: p<0.05.
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In order to understand the distribution and the differentiation of engrafted sheep
CD34+ cells in the mice bone marrow, | sorted the sheep CD34+ cells and stained
with makers of T and B cells for flow cytometgnalysis. Figure 9, | gated the left

red circle to indicate the sheep CD34+/GE€lIs (3.68% in the left panel). Then
specific sheep antibodies including CD2 (T cells) and CD21 (B cells) were incubated
with sored ieep CD34+/GFRcells (Figure 4, right panel). The ratio of T cells to

B cells was approximately 1:3.

T cells B cells

W CD2-PE

Sheep CD34

GFP CD21-FITC

Figure 4.9 The flow cytometry study shows T cell and B cell differentiation of transplanted shee
CD34+ cells in NSG mice.

In the left panel, the left red circle indicates that the sheep CD34+/GFRells in the bone marrow
was approximately 3.68%. These cells were sorted and gated for T cell (sheep CD2) and B cell
(sheep CD21) markers in the right pnel.

In summary, both GFP+ and CD34+ sheep cells could be detected in the bone marrow
of NSG mice from all three groups (frozen AF, fresh AF or adult BM cells
transplantation) at 3 months. The percentage of GFP+ cells in the bone marrow from
the adultBM group was higher than frozen AF group. Both T cells and B cells sheep
specific markers could be found in sorted CD34+ cells that demonstrated the
differentiation of the transplanted CD34+ in the bone marrow of recipients and also

showed the evidence bbne marrow engraftment.
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4.6.2 GFP+ cells could be detected the liver and spleeof transplanted NSG

mice from all three groups
In the previous results, | had showed that GFP+ cells could be detected in the bone
marrow of transplanted animals and further destrated their differentiation into T
and B cells. | then performed the flow cytometry study in other hematopoietic organs
including liver and spleen to detect evidence of GFP+ cells after transplantation of
sheep CD34+ GFP transduced cells. The sindlesaspension of liver and spleen
from the culled animal at 3 months were prepared as described in the methods. YFP
transgenic mice were used as positive control, and not injected wild type mice were
used as negative control.
GFP+ cells were detected imetspleen and liver at 3 month after injectibigure
4.10 and Figure 41). Transplantation of adult BM resulted in a higher engraftment
rate than transplantation with either fresh AF and frozen AF in the spleen (6.7%,
5.8%, and 5.2%), and in the livell5(6%, 14.3%, and 8.5%; Figureld). The frozen
AF cells in the liver showed significant lower engraftment than the other two groups

(p<0.05 byANOVA). There was no statistic significance among three groups in

spleen.
Frozen AF Fresh AF Adult BM
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Figure 4.10 Analysis of the spleen and livethree monthsafter primary injection.
The bar in the histograms showed percentage tfie GFP+ cellsin the spleen or liver presented as
the smaller peak area located in the right.

! "#$



20
18

14
12
10

Frozen AF
I Fresh AF
® Adult BM

GFP+ cells in spleen and liver (%)

o N B O
o

Spleen Liver

Figure 4.11 Summary of haematopoietic organ analysis 3 months afteransplantation of GFP
transduced sheep CD34+ cells

Cell sources werdrozen AF (light grey), fresh AF (dark grey) and adult bone marrow (black).In
the liver, cells from frozen AF also showed significantly lower level of engraftment thanthose
fresh AF and BM groups. Therewasno difference in spleerengraftment. Error bar: standard
deviation, *: p<0.05.

In summary transplanted GFP+ CD34+ frozeesli AF or BM sheep cells could
engraft into all haematopoietic organs of NSG mice, but there was lower level
engraftment in the spleen when compared with the bone marrow or liver. Injected

bone marrow cells had a higher engraftment rate than AF derilled ce

4.7 Bone marrow fronNSG mice transplanted with GFP+ sheep CD34+ cells
formedGFP positive bBmatopoietic colonies
In order to demonstrate that the injected cells are really of hematopoietic origin, |
cultured samples of bone marrow from NSG transpthntiee to look for evidence of
GFP positive colonies. The cells were prepared under hematopoietic conditions and
seeded into sensolid culture medium to form the hematopoietic colonies (described
in Chapter 2). A few green colonies were detected in bareom from all NSG mice
transplanted with frozen, fresh AF, or BM GFP+ CD34+ sheep cells (n=3 per group).

The green hematopoietic colonies in each group could be observed directly under
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fluorescence microscof¥igure 412). The bone marrow from YFP traesgc mice
were used as positive control and uninjected wild type mice were used as negative

control.

Colony-forming assay from transplanted NSG bone marrow

Frozen AF Fresh AF Adult BM Positive Negative

Figure 4.12 Colony-forming assay to detect the presence of GFP+ cells in the bone marrow of
NSG micetransplanted with GFP+ sheep CD34+ cells sourced from frozen or fresh AF, or sheep
adult bone marrow.

Positive green colonies could be detecteBone marrow from an YFP mouse wasisedasa

positive control, while bone marrow from an uninjected wild type mouse wasusedfor a negative
control. Upper panel: phase contrast field; lower panel: greeffluorescencesignal. Bar: 100 m.

The mean percentage of GFP positive colonies in the bone marrow of each group was
6.25%, 11.1%, and 13.8% after transplantatib@FP+ sheep CD34+ cells from

frozen AF, fresh AF, and bone marrow sources respectiValyle 46 andFigure

4.13). Bone marrow cells from three NSG mice per group were counted for green
colonies and each NSG mouse had two plates of colonies checkeskattang.

Therefore, a total 6 plates per group were analysed. The number of positive colonies
was higher in NSG mice transplanted with bone marrow and fresh AF cell sources
than frozen AF cell source, but this difference did not reach statistical sagaé.
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Table 4.6 The GFP+ colonies per high power field in the bone marrow of NSG mice transplanted

with sheep fresh or frozen CD34+ AF or sheep adult bone marrow CD34+ cells.

6 plated per groups were couted for GFP+ hematopoietic colonies. SD: standard deviation.

GFP+ colonies per high power field (%)

Frozen AF Fresh AF Adult BM

plate 1 6.10 15.30 18.90
plate 2 5.70 11.30 17.20
plate 3 0.10 6.30 5.30
plate 4 15.30 13.80 14.90
plate 5 7.40 10.20 9.90
plate 6 2.90 9.40 16.30
Mean 6.25 11.05 13.75
SD 5.15 3.22 5.15
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Figure 4.13 GFP positive colories in the bone marrow of NSG mice 3 months after

transplantation with GFP+ sheep CD34+ cells from tlree different sources.
Cells sourced from adult sheep bone marrow, had glightly higher percentage of GFP positive
colonies than the other two groups, buthis did not reach the statisti@l significance(ANOVA) .

Error bar: standard deviation.
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Thehematopoieticcolonies were further divided into three different types which are
colory forming unitgranulocyte, erythrocyte, monocyte, megakaryo(gteU-
GEMM), colory forming unitgranulocyte monocyte (CFUG/M/GM), burstforming
unit/CFU-erythroid (BFUCFU-E). GFP+ colonies of all three types were seethe
bone marrow of transplanteshimals Figure 414). There was no significant
difference(ANOVA) in the mean level of thiliree different types of colonieslione
marrow analysed after transplantatising GFP+ sheep CD34rozen AF, or fresh
AF or BM cells(Table 4.7, and Figure 14).

Figure 4.14 The morphology of the three different types ofhematopoieticcolonies.
CFU-GEMM: colony forming unit -granulocyte, erythrocyte, monocyte, megakaryocyteCFU-
G/M/GM: colony forming unit -granulocyte; BFU/CFU-E: burst-forming unit/colony forming
unit-erythroid . Bar: 100! m.

Table 4.7 The percentage of the three dierent types of colonies counted in the sersioild culture.
CFU-GEMM: colonies forming unit-granulocyte, erythrocyte, monocyte, megakaryocyteCFU-
G/M/GM: colonies forming unit-granulocyte; BFU/CFU-E: burst-forming unit/colonies forming
unit-erythroid ; AF: amniotic fluid; BM: bone marrow.

Frozen AF (%) Fresh AF (%) BM (%)

BFU/CFU-E 32 33 40
CFU-G/M/GM 46 48 45
CFU-GEMM 22 19 15

In summary, | have shown that bone marrow cells collected from NSG mice
transplanted with GFP+ CD34+ sheep cells froozén and fresh AF, and adult bone
marrow sources, could form all types of haematopoietic colamiggo. Cells

sourced from adult sheep bone marrow haliightly higher percentage of GFP
colonies than the other two groups, this differencealid notreach statistial
significance
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4.8 GFP DNA could be detected BYCRIn the liver, spleen, and adrenal gland of
transplanted NSG mice

To determine the extent of transplanted cell spread, | examined genomic DNA

extracted from organs collected at post mortgamenationof all nine transplanted

NSG mice, for theoresence of GFP DNA. Figurel8.shows examples of PCR gels

from animals transplanted with frozen AF, fresh AF, and bone marrow sources of

GFP+ sheep CD34+ cellBlousespecific betaactin was used fdheinternal control

primer.

GFP

B-actin

Figure 4.15 An example ofa PCR gelfor GFP DNA detection
GFP: 306 base pairsmousebeta-actin: 251 base pairs. Positive controltransduced GFP
amniotic fluid cells. NC: negative control (water).

Table 48 summarises the findings from all animals analysed. GFP DNA was detected
in the liver in 8 out of 9 transplanted NSG mice. There was no signal detectable in
tissue samples from the heart, muscle, lung, kidney and gdiahsplanted NSG

mice. Low levels of GFP DNA were detected in the spleen (5 out of 9 animals, 2 out
of 3 fresh AF and 2 out of 3 bone marrow group), and the adrenal gland (2 out of 9
animals, 1 out of 3 fresh AF and 1 out of 3 bone marrow group).d coa detect

any GFP DNA in another hematopoietic organ (thymus) among all three groups at 3
month after xenogeneic transplantation.
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Table 4.8 PCR detection of GFP DNA in the tissues of NSG mice transplaed with GFP+ sheep

CD34+ cells.

Eight out of 9 animals showed the positive GFP signal in the liver, while 5 out of 9 and@t of 9

were positive in thespleen andadrenal glandrespectively.

Animal CD34+ Cells Liver

Heart

Muscle

Lung

Kidney Spleen Adrenal

Gonad

Thymus

NSG3 Frozen AF
NSG4  Frozen AF
NSG5 Frozen AF
NSG7 Fresh AF
NSG8 Fresh AF
NSG9 Fresh AF
NSG11 BM
NSG12 BM
NSG13 BM

=+

=+

+ + 4+ 4+ + 4+

- + -

- + +

In summary, the results of PCR demonstrated that the transplanted GFP transduced
sheep CD34+ amniotic fluid or bone marrow cells spread to most of haematopoietic
organs, especially the liver of NSG mice.

4.9 Sheep CD34+ AF or BMells transduced with GFP could ketected in tissues
byimmunofluorescence

Previous results demonstrated the GFP+ cells could be found in the liver by flow

cytometry and PCR studies. Here | would perform immunofluorescence tonconfir

the transplanted cells could engraft in the liver and other hematopoietic organs. The

methods of preparing the frozen section of organs were described in Chapter 2. Rabbit

ant-rGFP antibody, goat anathouse alpha fetoprotein (AFP), goat anbuse

albumn, biotin conjugated metallophilic macrophages antibody (MOMA) were used

as primary antibodies for liver, adrenal gland and spleen staining respectively.

In Figure 416, both transplanted AF (upper panel) and bone marrow (lower panel)

CD34+ cells mice shwed the presence of GFP positive cells in the liver sections. The

GFP+ cells in the liver were presenting round or spindle shape in morphology.
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DAPI Merge

GFP

Figure 4.16 Immunofluorescencestudy on the liversectionsof transplanted NSG mice.
In the upper panel,the group transplanted with sheep CD34-amniotic fluid (AF) cellsshowed

detectablepositive GFP cellsin the liver; as well as bone marrow (BM)group in the lower panel.
DAPI was usedfor nucleus staining. Ba: 10! m.

AF -
BM -

The percentage of GFP+ cells in each high power field did not show a significant
difference among all three groups (1.2% to 1.8%), although there was a tendency for a
higher GFP+ve cell number in the BM group, compared to the fresindfrozen

AF groups (Figure 47).
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GFP+ cells/high power field (%)

Frozen AF Fresh AF BM

Figure 4.17 The percentage of GFP+ cells in each high powdield was counted among frozen AF,
fresh AF, and BM cells injected groups.

Counting was performed by three individuak who were blinded to the cell sourcélhere was no
statistically significant difference between thegroups (ANOVA).
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In order to determine if the GFP+ cells detected in the liver were truly differentiated
into hepatocytes from the originally injected sellcastained the slide with AFP. A
few double stained AFP and GFP cells were detected in the liver sections, which
showed evidence of hepatocyte differentia(Bigure 418, left panel). GFP positive
stained cells were also seen in thesadf gland ath spleen (Figure 48, middle and
right panels). For spleen analysis, MOMA was used festaming with GFP.

MOMA is a useful marker for the identification of macrophage subpopulations in
various organs, mostly characterized by a high level ofspecifc esterase
expression. Staining is particularly noteworthy with the metallophilic macrophages
adjacent to the marginal zone of the spléeizigure 419, macrophages in the spleen
showed red signal uptake, while GFP+ cells was natamed with MOMA

suggesting that donor cells were present in the spleen, but they had not differentiated

into macrophages.

Liver Adrenal Spleen

Figure 4.18 Immunofluorescencestudy on the liver, adrenal gland and spleesectionof NSG
mice transplanted with fresh amniotic fluid CD34+/GFP+ cells

In the liver, afew cells cestained with GFP and alphafetoprotein (AFP) were found. In the

adrenal gland and spleen, the green positive cells could be also detedtetithere was no ce
staining. Bar: 10! m.
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DAPI MOMA (Metallophilic Macrophages antibody)

Merge

Figure 4.19 Immunofluorescencestudy in the spleen.

The section showed thenetallophilic macrophages antibody MMOMA) staining the splenocyte in
the sinusoidarea of the spleen, whichpresented as rd. The GFP+ cells were located outside of
this area(merge imagg. Bar: 400 m

To investigate more details of the cell structure from transplanted animals, confocal
microscopy was arranged to study the positive slides fnramuinofluorescence

staining. In kgure 420, GFP was expressed in the entire cytoplasm of the GFP+ cells
in the liver. DAPI staining for the nucleus was pres® as blue dots. In Figure4.,

the spleen section further confirmed the positive GFP signal located in the cytoplasm
of the speen cells Interestingly, some macrophages which were slightly bigger than
other cells in the spleen section showegt@ning with MOMA and GFP suggesting

that these were donor cellsdkre 422).
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Figure 4.20 Confocal microscopy showed the GFP positive cells in the liver.
Green: GFP in the cytoplasm. Blue: DAPI for the nucleus. Bar: 10m.
I

Figure 4.21 Confocal microscopy showed the positive GFEells in the spleen.

MOMA GFP Merge

Figure 4.22 Confocal microscopy showed thé&ransplanted donor cells in the spleen.

The spleen presentednetallophilic macrophages antibody MOMA) and GFP double paitive
cells.
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In summary, flowcytometric analysis, PCR, amimunofluorescenceghowed quite

similar results suggesting engraftment in haematopoietic organs. These primary
transplanted animals demonstrated haematopoietic migration after transplantation of
CD34+ cells (eiter from BM or AF). Some degree of differentiation of the cells to
hepatocytes was also detected, however functional complete differentiation was not
demonstrated and was not the aim of my work, which focused on the haematopoietic

engraftment.

4.10 GFP+ cells ould be detected in the peripheral blood and other hematopoietic
organs 3 months after secondary transplantation into NSG mice
To study the nature of hematopoietic stem cells and hematopoietic function from the
transplanted GFP+/sheep CD34+ cells frompiimary transplanted NSG mice, |
further performed secondary transplantation into NSG mice using the bone marrow
cells from 3 primary recipients of each transplanted NSG group (frozen AF, fresh AF,
and adult BM CD34+ cells) (ure 4.23. Briefly, | sacificed the primary
transplanted animals to collect bone marrow cells from bilateral femoral bones of
each mouse from frozen AF, fresh AF, and adult BM injection groups (n=3, per
group). Bone marrow cells were flushed out of the femoral bones with PB&eAll
bone marrow cells, without sorting from the primary recipients, were prepared for

fresh injection into the secondary recipients (n=8).

) Secondary transplantation , )

= S

Bone marrow from 3 Transplanted into
primary recipients of secondary NSG
each transplanted recipients (n=8)

group

Figure 4.23 Experimental design of secondary NSG transplantation yusing whole bone marrow
cell suspension from primary NSG recipients.
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As for primary transplantation, these mice were treated withetbhl dose of
irradiation then injected with 3x2®one marrow cells from primary NSG
transplanted mice. Eight NSG ceiwere injected via tail vein intravascular injection
(NSG15 to NSG 2ZTable 49).

Table 4.9 Summary of secondary transplantation usingoone marrow cells from primary
transplanted NSG mice.
I

Animal ID  Injected bone marrow celle Number Virus Irradiation Remark

NSG15 2nd transplant from frozen 3X10° - 300 Rads Culled at 3 months
NSG16 2nd transplant from frozen 3X10° - 300 Rads Culled at 3 months
NSG17 2nd transplant from frozen 3X10° - 300 Rads Culled at3 months
NSG18 2nd transplant from fresh  3X10° - 300 Rads Culled at 3 months
NSG19 2nd transplant from fresh  3X10° - 300 Rads Culled at 3 months
NSG20 2nd transplant from fresh  3X10° - 300 Rads Culled at 3 months
NSG21 2nd transplant from BM  3X10° - 300 Rads Culled at 3 months
NSG22 2nd transplant from BM ~ 3X10° - 300 Rads Culled at 3 months

The first three mice received BM cells from frozen AF group (NS8$&17); three
mice received BM cells from the fresh AF group (NSE&IBG20) and two mice
received BM cells from BM group (NSG21, NSG22). | considered only transplanting
GFP+ cells after sorting but was concerned about the number of cells that might be
lost. Therefore | pooled all cells for secondary transplantation with the aim of
demonstrating titesome GFP+ cells would engraft in them demonstrating that these
cells were stem cells. All the secondary transplanted animals were sacrificed at 3
month after transplantation.

Peripheral blood was taken for analysis from secondary transplanted NS&t ihjce

2, and 3 months after injection. Figur23 showed that at 1 month post transplant,
GFP+ cells could be detected in the peripheral blood of two out three animals in
frozen AF group (NSG15 and NSG17, 67%); two out three animals in fresh AF group
(NSG18 and NSG 20, 67%) and all two transplanted from BM group (NSG21 and
NSG 22). The level was higher if the cells were transplanted from bone marrow
CD34+ cells injected animals (black line); compared with frozen AF (grey line) and
fresh AF (black dsh lire) CD34+ cells (Figure 4.24
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NSG21

Figure 4.24 First month blood analysis ofthe secondary transplantedNSG mice.

The histogram showed theesults from six animals transplanted with whole bone marrow

suspensio from NSG primary recipients transplanted with GFP+ sheep CD34+ cells from frozen

and fresh AF and adult bone marrow sources. The small peak next to the main peak in the graph

indicated the GFP+ cells in the peripheral blood of NSG 15, 17, 18, 19, 21, PRe shoulders on

the main peaks were heterogeneous of the cells because some of the samples were not washed

with red blood cell lysis buffer completely.There were no GFP+ cells detected in the blood of two

animals (NSG16 and NSG 20)X-axis: green positve cellsin the FITC channel. Y-axis: cell

counts.
|

Blood was collected at 2 and 3 months after transplantation, the resuhgbfare

shown below (Figure 4.35 Animals that were positive for GFP cells remained

positive, but levels fell slightly ovell in all groups. Levels were higher in the BM

group compared with either AF grougisl, 2, 3 months time poings<0.05,

ANOVA).
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Figure 4.25 The blood analysis of secondariNSG transplantation at 1, 2,and 3 months.

The injected BM cells group (NSG21, NSG22as black ling showed higher level ofGFP+ cells in

the blood than the injected frozen AF (grey lines) and fresh AF (black dash line) grouphlo cells
were detected in the blood of two animals injeed with frozen or fresh AF NSG16 and NSG2)

Control: uninjected animal (grey dash line) BM: bone marrow; AF: amniotic fluid.

At three months after transplantation animals underwent a scheduled post mortem
examination. | analysed hematopoietic orgams @ould find the GFP+ cells in the

liver, spleen, and bone marrow of the secondary transplanted animals that also
showed GFP+ detectable cells in the peripheral blood. In those animals that had blood
that was negative for GFP (NSG16 and NSG20), the b#reatopoietic organs of

these two animals were all negative for GFP. This suggested that blood results might
be an indicator for haematopoietic system engraftment. There were no positive GFP
cells detected in the thymér®m all eight animals (Table X0).
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Table 4.10 The percentage of GFP+ cells in the hematopoietic organs thfe secondary
transplanted mice.

The blood results were obtained at 1, 2, and 3 montl{#1). The other haematopoietic organs
were analysedat 3 months after injection.

I

Blood Blood Blood Liver Spleen BM Thymus
Cells injected Animal M 2M 3M

Frozen AF NSG15 2.27 2.01 2.02 3.15 131 2.34 0.43
Frozen AF NSG16  0.07 0.05 0.09 0.27 0.31 0.41 0.13
Frozen AF NSG17 2.01 2.28 1.75 2.45 2.12 2.54 0.01
Fresh AF NSG18 1.71 1.51 1.58 2.69 112 1.98 0.32

Fresh AF NSG19 3.2 2.84 2.62 4.12 2.74 3.12 0.14
Fresh AF NSG20  0.07 0.09 0.01 0.47 0.21 0.35 0.34
BM NSG21  5.92 4.21 4.32 4.76 2.55 4.12 0.21
BM NSG22 3.21 3.45 3.12 4.49 2.34 3.23 0.18

uninjected  Control  0.03 0.08 0.09 0.16 0.24 0.22 0.45

In summary, whole bone marrow cells from NSG mice that underwent primary
transplantation with GFP+ sheep CD34+ AF or adult bone marrow, could be isolated
and transplanted to secondary NSG mice recipidis GFP+ cells could be found in
the peripheral blood and other hematopoietic organs, that confirmed the evidence of
engraftment from the primary injected GFP+/sheep CD34+ AF or BM cells and
demonstrated their truly hematopoietic potential.

4.11 Prenatalautologous transplamtion usingtransducedgsheep CD34+ AFS cells
Following the results of primary and secondary transplantation using GFP transduced
CD34+ sheep amniotic fluid or bone marrow cells, | conducted a study on prenatal
autologous transplantatian sheep to determine the possibility that this technique
could be applied in clinical practice for the treatment of hematopoietic disorders
prenatally in the future. The basic concept was similar tsithé&eroautologous
transplantation using mesenohgl stem cells derived from sheep amniotic fluid
(Chapter 3). In this section, | instead studied freshly isolated CD34+ sheep amniotic
fluid cells and hypothesized that these CD34+ stem cells could display better
hematopoietic function and engraftment tinaesenchymal stem cells.
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4.11.1 Ultrasoundguided in uterdransplantationwith autologous CD34+ amniotic
fluid stem cells is achievable

Five timemated pregnant Ewes were enrolled in this study. All the animal procedures

were performed in the Roy¥keterinaryCollege, Camden as described in Chapter 3

and method section in ChapteRiefly, ultrasoundguided amniocentesis for

collecting amniotic fluid was performeathder generanaesthesitom 59 to 63 days

(Term = 145 days). 20ml alearfluid waswithdrawn smoothly from eaclgestation

sac | sorted the cells using shegpecificCD34 antibody for positive selection.

The CD34+ AFS cells were cultured in suspension HSC medium with conditioning

cytokine.Thesame SFFMWeGFP wvial vector was used fan vitro transduction

(MOI=50) for 48 hours before transplantation baato theoriginal donor fetus at 61

to 65 dayf gestationOn the day of transplantation cells were washed, counted and

resuspended in 1.5mlI PBShe ewe was anaesthetized as before, theraéd

prepared anétesHy isolated CD34+ AFS celi@X10%in 1.5ml PBS)were injected

into the peritoneal cavity under ultrasouguidance.The experimental design is

demonstrated ifrigure 4.26

Autologous transplantation of fresh transduced
AF into peritoneal cavity in utero

—— ‘ Long term follow

1. Fresh AF CD34+ .
TN '~ up of lambs %ﬁﬁ“
( Q VL*L (&,_1 W . Y

e (¢ e

First trimester sheep, n=5, 20000 CD34+ cells injected (n=5)
20ml amniotic fluid collected

Figure 4.26 Experimental design of prenatal autologous transplantatiorstudy with sheep CD34+
AF cells.

The amniotic fluid stem cells werecollected under ultrasound guidanceCD34+ cells were
isolated, cultured and transduced with lentivirus encoding withreGFP for 2 days Then 20000
CD34+ AF cells were transplanted back into the peritoneal cavity of the same fetus
ultrasound-guided technique. The lambsinderwent a scheduled post mortem examination &
months of agefor long-term follow-up.

I
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They were altwin pregnancies. The firsivo injections, ewe X14 was not successful
with fetal lossin one fetuslO days after injectiarAt post mortem examination
haemorrhag&as noted ironefetus(Table 411). There wasntrauterine fetal death

of both twins from we X15and preterm delivery at day 12daternalendometritis
wasconfirmed byGramnegativebacteria found in the cultugd endometriumBoth
fetuses had a slowing of growth velocity approximately 25 days before death (see
section below) but no cause fdeath was found, and there were no structural fetal

malformations at post mortem examination

Table 4.11 The summary of theprenatal autologoustransplanted sheep.
X16A, X17B, and X18A in bold indicate th@e lambs that survived long term
I

Ewes Lambs Amniocentesis Injection Birth Remark
(Days) (Days) (Days)
X14 X14A 59 61 - No fetal heart beat noted 1
week after injection
_________________ X14B 88 8L
X15A X15A 60 62 126 Two abortus found at Day
126 due to endometrial
infection
X15B
X16 X16A 60 62 145 X16A doing well, X16B died
in utero around 90 days
X16B
X17 X17A 63 65 145 X17A was culled one day
after birth due to dehydratiol
X17B
X18 X18A 63 65 145 X18B was culled one day
after birth due to defdration
X18B

In one further ewe (X16) one fet(16B) was found to have didd uteroat
approximately 90 days of gestatidtive lambs werealivered at terminitial
assessments had been done as soon as the lambs were born at RVC andintiuded
weight, gender, time to standing, girth at umbilicus, biparietal diameter, height to
shoulder, heart rate, respiratory rate, O2 saturation and temperature which were
recorded by the staff in RVC or myself.
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In each of the born twin pairs, one twamnib was rejected by the ewe (X17A and
X18B) and both lambs became dehydrated within 24 hours of birth. One ewe had
obvious mastitis, but the other ewe did not. Despite artificial feeding, the lambsO
condition deteriorated and a scheduled post mortem easioninvas performed two
days after birth on the advice oktheterinary stgeons(Table 411). There was no
evidence of structural abnormality or infection at post mortem examination of these
lambs. The remaining three lamp@&L6A, X17B, and X18A)id wel and survived to

scheduled post mortem examination at 6 months of age.

4.11.2 The growth of the sheep fetuses could be regularly monitored by ultrasound
To understand thim uterowellbeing of the fetal sheep after injection, | scanned the
fetuses by using ehultrasound machine as described in Chapter 3. In addition, the
intrauterine episodes including fetal death or growth restriction or hemorrhage could
be detected easily by ultrasound.

The ultrasound routine scan for the fetal biometry was carriedpmaximately
every20 daysafter transplantation. The data wamsmparedvith the study published

by Barbera A et aBarbera et al., 199%aBasically,occipital snout lengtiOSL),
biparietal diameter (BPDjemur lemgth (FL), and abdominal circumference (AC)
were recorded by using sonographic measurerfietalgrowth wasnormalin all
casesvithout any delay or intrauterine growth retardatxeept X15A and X15B.
These twinshowed slow growth around 100 dagad henwere found to have died

in uteroat 126 days. Uninjected pregnant shegs useds the control (Table 4.12
and Figure 4.2/
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Table 4.12 Summary of the fetal sheep biometry

This included occipital snout length(OSL), biparietal diameter (BPD), Femur length (FL), and abdominal circumference (AC) which were measured at 60, 80, 100,
120, and 140 days. X15A and X15B showed slow growth at 100 dagsd thenended up with abortion at 126 days. *:first measurement around 60 daysefore
amniocentesis

OSsL BPD

(cm) 60 d* 80d 100 d 120 d 140d (cm) 60 days* 80days 100 days 120 days 140 days
X14A 42 X14A 31

X14B 44 X14B 32

X15A 44 62 98 105 X15A 33 44 56 60

X15B 46 64 99 107 X15B 32 43 56 58

X16A 43 65 100 120 132 X16A 31 46 59 65 76
X17A 45 60 95 121 135 X17A 32 45 58 67 76
X17B 45 59 103 119 136 X17B 30 47 54 64 75
X18A 44 58 96 118 130 X18A 30 42 53 68 75
X18B 43 60 96 119 133 X18B 29 44 54 66 73
control 45 61 98 116 132 control 30 44 58 66 74
FL (cm) 60 d* 80 days 100days 120days 140days AC (cm) 60days* 80days 100days 120 days 140 days
X14A 13 X14A 150

X14B 13 X14B 154

X15A 12 22 35 55 X15A 152 200 244 288

X15B 14 21 34 56 X15B 153 198 246 280

X16A 14 22 34 63 81 X16A 155 199 251 299 368
X17A 15 20 31 62 81 X17A 158 205 252 302 367
X17B 13 23 33 66 83 X17B 150 195 241 304 378
X18A 13 19 36 65 80 X18A 149 206 246 298 381
X18B 15 22 37 60 77 X18B 155 199 244 300 369
control 13 21 36 63 80 control 152 201 243 302 378
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Figure 4.27 Fetal sheep growth for all parameters includingoccipital snout length(OSL),
biparietal diameter (BPD), Femur length (FL), and abdominal circumference (AC).

Uninjected animal was for negative control.

4.11.3 Surviving ambs show normal growtlrelocityafter birth up to 6 months old

In order to monitor and understand the growth condition of the surviving lambs, |

measured their weight, shoulder height umbilical girth regalrly. The postnatal

growth curve of the three surviving lambable 4.14 and Figure 4.28owed. All of

them demonstrated a normal growing condition with good feeding. The activities

were normal till the last day of the experiment. | sacrificed these latrmonth

old, 9 months after prenatal autologous sheep CD34+ amniotic fluid stem cells

transplantation.
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Table 4.13 The summary for the postnatal growth of three lambs up to 6 months before past

mortem.
Body weig_]ht, shoulder heig_ght, and umbilical girth were recorded monthly.
X16A At birth 1 month 2 months 3 months 4 months 5 months 6 months
Weight (kg) 4.7 16 26 37 41.5 43 45
Shoulder height (cm’ 36 a7 55 60 63 65 67
Umbilical girth (cm) 38 65 83 98 105 107 112
X17B
Weight (kg) 4.5 11 25 35 42 44 46
Shoulder height (cm’ 36 48.9 51 56 58 59 62
Umbilical girth (cm) 38.2 58 82 97 106 107 111
X18A
Weight (kg) 5.8 16.5 25 26 31 36 40
Shoulder height (cm. 36 49 50 55 58 59 60
Umbilical grth (cm) 44.5 61 79 86 89 99 102
—. 50
(&1}
=40
S 30 )
22 X164
1—'5 10 X178
m X18A
T IFLFFES
. 80
5 60
B 40 “X16A
o
E 20 X178
30 X184
5 S S TEITE
. Ny % R o
120
E 100
£ 80
o 60 X16A
8. 401 ¥ X178
5 20
E 0 X18A
oFFf & & &
S ¥ ‘\\_-.\. - \,_d".'i &

Figure 4.28 Growth curve after birth showing in body weight, shoulder height and umbilical
girth.
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In summarysurvival to birth of lambs that received autologous inpecof

transduced CD34+ AF stem cells was acceptable. The fetal growth could be
monitored by regular ultrasound exam and appeared to be normal in those lambs that
were born alive.Three lambs survived long term to 6 months of age without any

apparent abrrmalities.

4.11.4 GFP+ cells could be detected in the peripheral blood of prenatal autologous
transplanted lambs up to 6 months

To investigate the migration or the engraftment of the GFP+ cells in the

hematopoietic organs of the transplanted lambs, | tooklpenal blood regularly up

to 6 months and other hematopoietic organs including liver, bone marrow, and spleen

at postmortem. The flow cytometry was performed for analysis of all these samples..

GFP+ cells were detected in thiwod from all 5 lambsat tem (1.6% to 4.5%, Table

4.14 and Figure 4.29Blood from uninjected sheep was used as negative control. For

the three longerm lambs, the blood was positive for GFP up taonths of age

(X16A, X17B, and X18A)lthough the Figure 4.29 only showed theaddt 16

weeks The strength of th€ FP+signal was starting to decrease after 4 wedlage

(4 months after injection) but kepteadyaround 2% of GFP+ cells in the blodthe

three ewes (X16, X17 and X18) were negative for GFP signal as well as the

uninjected control.

For other haematopoietic organs, | analysed the samples taken from two lambs

necropsied 48 hours after bidine to neonatal dehydratias described before. In

table 414, the spleen and thymus were negative for GFP+ cells engraftniethin

lambs (X17A, and X18B), but the liver and bone marrow were slightly positive in

flow cytometric study (2.9%, 4.3%, respectively in the liver; and 2.2%, 2.5% in bone

marrow).
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Table 4.14 Summary of theblood engraftment up to 8 weeks ana@nalysis ofhaematopoietic

organs in those animals necropsied at birth.

Uninjected sheep was used as negative control.

IUT: in utero transplantation; BM : bone marrow; w: weeks after birth.

Blood (%) Term analgis (%)
Lambs before IUT  Day 0 1w 2w 4w 8w Liver Spleen BM Thymus
X16A 3.1 3.3 3.4 2.8 2.4
X17A 1.6 2.9 0.1 2.2 0.2
X17B 2.3 2.5 2.3 2.1 2.2
X18A 2.1 2.2 2.1 1.9 1.7
X18B 4.5 4.3 0.2 2.5 0.3
X16 0.3 0.1 0.2 0.3
X17 0.1 0.1 0.4 0.4
X18 0.2 0.3 0.1 0.1 0.2 0.1
Control 0.4 0.2 0.2 0.1 0.3
5
,_.4'5 ~+X16A
< 4 .
o -#-X16B
S 3D
) X17A
o 93
= #=X17B
5% * X18A
% 2
2 15 ‘ : X18B
o , M3
o
0.5 —M4

before Day 0 1wk
IUT

2 wk

4wk 8wk

10wk 12wk 14 wk 16Wk'.'contro|

Time after in utero transplantation

Figure 4.29 The peripheral blood engraftment after prenatal transplantation of autologous sheep
CD34+ amniotic fluid stem cells

All five born lambs showed positive GFP cells the peripheral blood at birth , and all three

survivors revealed persistent levehround 2% of engraftmentin the peripheral blood up to 16
weeks. Uninjected sheep was used as the néga control.
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In summary GFP+ cells could be found in the peripheral blood of prenatal autologous
transplanted lambs using CD34+ amniotic fluid cells up to 6 months of age, and nine
months aftein uterotransplantation. The hematopoietic organs idiclg the liver

and bone marrow were positive for GFP cells in animals analysed ahra it 6

months after birthSheep CD34+ amniotic fluid cells could be isolated freshly and
displayed the hematopoietic potential.

Discussion

This chapter showeditapabilityof isolation the CD34+ cells from sheep amniotic
fluid, and further from bone marrow as well. There is no Ckit antibody available that
could be used in sheep. Therefore we chose this novel speeificantibody

provided kindly from Dr. Poraato test out the function and cell characterization.

From the positive fraction of CD34 cells, they also presented the positive CD45 cells,
but negativefor CD31, CD14, CD44, CD58. This population of CD34+ cells were
therefore quite different frothe mesenchymal lineagstudiedin Chapter 3. | tested

the haematopoietic potential of these cells by using flow cytometry, PCR, and
immunostaining and proved the engraftment in most of the blood producing organs of
the injected NSG mice.

After primary transplatation, we further performed secondary transplantation using
the whole bone marrow cells collected from the primary injected animals in each
group. Ifound abouhalf level of the engraftment in blood, liver and bone mamwbdw
NSG mice when comparing toiprary transplantatiarbut negative for spleen and
thymus. Due to the low number of animalssed ANOVA todo the statistics on this
experiment. But theendencyof the blood engraftment looked like presenting higher
GFP level in bone marrow group rathleanfrozenor fresh AF injectedjroups

Finally, | performed autolagus prenatairansplantationn fetal sheems described in
Chapter 3, but using sheep CD34+ AF cells. | cultured these cells as haematopoietic
stem cells in suspension then transdubedn overnightvith the same lentivial

vector, whichdroveroughlythe same transducation efficiency about 60%s was

not expected since other studies have shown a lower rate of gene transfer, for example
in human bone marrogerived MSC, embryonic stecell, and HSC of 40%Zhang
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et al., 2004, 1448% (Gharwan et al., 2007), and 5QSutton et al., 1998

respectivelyl followed thebloodengraftmenuntil 6 montrs of age quivalent to9

months aftetransplantation. Haematopoietic organs were also analysed in two lambs
at birth and 3 lambs at 6 months of aflee data showed quite stalhbev level GFP+

cell engraftment in the bloodhe liver and bone marrolut rone in thespleen and

thymus.

| will focus on immunological response or antibodies produced by the mother to
injected cells in the future work. T cells response to GFP would be an important issue
to find out thetruly reaction from the ewes or lambs. Furthermtyeynderstand if

the engrafted cells have the potential of clonal expansion, we will need to investigate
the integrate site of the vector in injected lambs. Finally, | would like to look the large
animal model ohaematologicatlisease in sheep, and to gage could cure or

improve the phenotype of affected foetuses prenafBiigre is a sheep haemophilia
model published by Porada at al. and we were starting to contact this collaborator to
find outandset up the experimefPorada et al., 2019bThe idea would b&king
amniotic fluid as our description and transducing with therapeutic vector containing
FVIII in vitro. Then we couldransplanthese genetimodified amniotic fluid CD34+

stem cells backto the affected donor foetus.

With the above future plans, there will be lots of hard work need to be carried on in
this field. AF derived stem cells are an important source of autologous cells that could
have a prenatal therapeutic value in cell therapy or cell based gene therapy in the

future.
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Chapter 5
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5 Chapter 5: Mouse amniotic fluid stem cells can engraft afterutero

transplantation

Introduction

| previously showed thatansduced AFMSCs and CD34+ amniotic fluid cetisld
engraft afteautologous transplantation fietal sheegheep. However, there are few
single gene disordeessailable in thesheepwhichalso represent a very expensive
animal model in which fine mechanisms and pathways are difficult to elucidate
order to investigte the therapeutic effect of tmniotic fluid stem cellfor prenatal
transplantationl therefore used as animal mode# tinouse.

In humanssuccessful In utero transplantation (IUT) has so far been limited to fetuses
with severe immunologic defects, whéhere is a survival advantage for donor cells
(Shaw et al., 201)bBut the human fetus can mountaloresponse as early as the
second trimester and allogeneic cells injected at thatdirgeaft poorly. The

presence of a functionally developed immune system at such arstageyof
preghancy could be overcome by the use of autologous teitsice, previous

studies had shown that prenatal transplantation was superior when congenic bone
marrow HSC injection were used instead of cells of allogeneic qifgiranteau et

al., 2007. In particular this difference started to be noticéemwmice were one

month old.

Autologous progenitors can be easily derived from amniotic Wikl minimal risk

for both the fetus and the moth&e Coppi et al.20073. Transplantation of
geneticallycorrected autologousr congenicAFSCs into a fetus could be an
alternative therapeutic strategy the treatment of congenital diseaséuman or

mice. In some conditions IUT may be more effectilkan postnataherapy, because
the children are already severely affected at birthpRoentdaced with the difficult
situation of a fetus with a congenital diseaséherapeutic prenatal option would be
of great value. This proposal willvestigate the potentiédr combining in utero stem
cell transplantation and getfeerapy into one therapeutic strategy in a mouse model
of human disease.

In this chapter, | investigated the hematopoietic potential of mouse amniotic fluid
stem cells in prenatal cell therapy efldbased gene therapy. Both congenic and

allogeneic transplantation models were studied and compared using wild type mice.
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Finally, | tested out the therapeutic effect of prenatal amniotic fluid stem cell
transplantation in thth3 mouse model of thalassaia, to determine whether there
might be any therapeutic benefitinfuterotransplantation with AFS cells.

5.1 Cell therapy model: A pilot study of prenatal allogeneic transplantation using
AFS cells of YFP transgenic mice to MF1 mice

To prove the possibil of mice AFS cells could be applied as a cell therapy source in

prenatal transplantatiphfirst aimed to demonstrate transplantation and engraftment

evidence irawild type mousemodel Therefore, | conducted experimeitd examine

isolation anctulture of amniotic fluid cells from pregnant mice, injectthese cells

into the &tal miceandto examine for evidence of engraftment after prenatal

allogeneic transplantation.

5.1.1 Amniotic fluid stem cellsam be freshly isolated from YFP mice and injected
prenatally into wild typeMF1 mice(allogeneic in utero transplantation)
The first step for this preta transplantation experiment svéo set up the timmated
mice. | designed the experimentsi®wn inFigure 5.1. Two YFP and two MF1
female mice were mateon the same dap respective YFP and MF1 males. Thiee
vaginal plugs were checked the following morning to confirm successful mating.
Abdominal palpation at dayl2 was used to confirm pregnancy. On day E14
amniotic fluid was collected frorthetwo pregnantYFP transgenic mice as described
in the methods section.

In utero IP injection

y.< S

/ Si.y Collect AF
€ = forlin/Ckit+ ; PM: 3 weeks
Sy — after injection
YFP mice, E14 WT mice (MF1), E14

Figure 5.1 The experimental design of allogeneic AFS ceah utero transplantation.

YFP transgenic mice were sacrificed for amniotic fluidcollection and stem cell isolation at E14.
These cells were injected on the same day into the peritoneal cavity of fetal MF1 mice at E14.
Postmortem examination was carried out 3 weeks after injection. WT: wild type; PM: post
mortem.
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After fresh colletion of the fluid, AFS cells were firstly isolated with mouse Lineage
depletion kits for negative selection, then with mouse Ckit microbeads for positive
selection. The isolatedkit+Lin- AFS cells were harvested under HSC conditioning
medium and preparddr transplantation straightawalycollected 100000 LiCkit+
freshAFS cells from two YFP transgenic dams wattotal 15 pups (8 for the first

dam and 9 for the second one) at E14. The percentage-6Ekiir cellsin both
animalswas 1.5% of total paed cells (Table 5.1).

Table 5.1 Characterisation of AFS cells isolated from two YFP transgenic mice at E14.
Of the total cells,Lin - cellsrepresented betweer8.3 to 4.2% of the total cells, while only 5%
were Lin -/Ckit+ cells. GA: gestational age

Animal GA Pups  Total cells Lin-cells Lin-/Ckit+ cells
(number/%) (number/%)
YFP1 E14 8 3.0X10 1.0X10 (3.3%) 4.5X10" (1.5%)
YFP2 El4 9 3.6X10 1.5X10 (4.2%) 5.5X10" (1.5%)
Total 17 6.6X10 2.5X10 (3.8% 1.0X10 (1.5%)

Then Lin/Ckit+/YFP+ nmouse AFS cell{10000cellsin 200 PBS were injected
intraperitoneallyinto eachMF1 fetal mouse (n=9) at E1®r Simon Waddington
performed these injections since at the time | was learning the techR@muegou of
thefirst MF1 dam and 5 pups of the second MF1 dareinjected smoothlyDams
delivered pups (n=19) normalit E20. Pup survival after birth was 68 % (13 out of
19 born).All pupswere culled for the analysis 3 weeks after buging thepost
mortem protocol as described in the index.

5.1.2 AFS cells maintained highpurity of Ckit+ population after magnetic sorting
In order to prove the injected amniotic flilstemcells were Ckit, | examinedhe
purity of Ckit+ and Cki populations after magnetsorting using the cellsurplus to
in uteroinjection24 hoursafterin uterotransplantation (90000 cells used for
injection with 10000 cells left).

The cells were cultureidr 24 hours irHSC conditioning medium with all essential
cytokines in the 24 wll flat-bottom ultralow attachment plates as described. Anti
mouse CD117 antibody conjugated with PE was usecklbselectionBoth positive
and negative population of cells were incubated with this antibody following by
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standard protocol describedthre methods section. | performed flow cytometry to
detect the percentage of Ckitnarked cells ithese two groups of cells.

Nearly all (99.9%Xkit- cells were negative for CKRE antibody, which meant the
Ckit- cells after magnetic sorting was trulygagive for Ckit(Figure 5.2). There was
a 97.30 Ckit+ rate in the PE chann@figure 5.2)thusthe cellsl injected were able
to maintain Ckit+ celmarkersafter 24 hours culturing. Furthermore, the magnetic
microbead conjugated CD117 antibanbuld beused forcell isolation.

Ckit- cells

. AR 0
| & iSRS i 0.1%

Ckit+ c;ells

| 97.3%
| it ) I —

|
|
|
{
|
{
|
|
|

Figure 5.2 The purity of the magnetic sorted Ckit+ and Ckit- cells.

Amniotic fluid cells were gatedfirst in the left graph of each cell type, then thdriangle area in
the right graph was gated for PE stained Ckit+ cells. Upper panel (sorted Ckitells) showed
nearly all the cells were negative for Ckit, while lower pank(sorted Ckit+ cells) showed 97.%
were CKkit +.

In summary, magnetic sortigmonstrated thaftar 24 hous of culture, the sorted
mouse AF&ells could maintaim very high Ckit rate similar to findings in sheep
AFS cells after CD34 selection.
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5.1.3 The AFS cells collected from YFP transgenic rdemonstratey FP positive
signal in PCR and flow cytometanalysis

To prove that the amniotic fluid stem calislated from YFP transgenic miogre

truly YFP+ cells, | performed PCi® demonstrate YFP DNA in the celémd

flow cytometryanalysisto confirm these cellexpressed FP signal.

Genomic DNA was extraatiefrom YFP+ AFS cells usingstandard kitFor a

positive control | used DA extracted from the liver of FPtransgenic mouse. DNA

extracted from AFS cells of wild type MF1 mice was used for the negative control

The AFS cells from YFP+ mice showed tlseme sizedbandof 307 base pairas the

positive contro(Figure 5.3)

Figure 5.3 PCR gel to confirm the presence of DNA for the YFP gene in AFS cells from YF
transgenic mice. DNA from YFP AFS cells and from wild typeAFS cells transduced with an
SFFV eGFP lentivirus vector (+ve control) was examined in a PCR reaction for the presence of
YFP DNA. A 307 bp band was demonstrated in both types of cells. DNA fromild type AFS cells
wasusedfor the negative control. Ladder size 100bp.

Furthermore, the flow cytometric study showeadlt95.6% of YFP AFS cells were
positive in the FITGhannefor YFP expression compared to 0.2% dliviype AFS
cels (Figure 5.4)All the cells were naturally isolated and underwent flow cytometry
analysis directly without viraransduction.
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Figure 5.4 Flow cytometry to detect YFP expression.
YFP expression $ seen ir05.6% of AFS cells obtained from YFP mice but in only 0.2% of AFS
cells from wild type mice.

In summary, thésolatedLin-/Ckit+/YFP+amniotic fluidcellspresentedhe strong
YFP signéthat could be detected by PCR and flow cytometry. Indéiistherapy
model withprenatal allogeneic transplantation, amniotic fluid from YFP transgenic
mice could be a good source of donor stem cells.

5.1.4 Prenataltransplantation ofllogeneicYFP+/Ckit+/Lin-AFS cellsby
intraperitoneal injection in wild type ite results in detection of transplanted
cells mainlyin haematopoietic orgaret three weeks after birth

In order to understand the migration and behaviour of transplanted AFS el in

type mouseecipients, Iperformed studies to tra¢® injected YFP+/Lin-/cKit+ AFS

cells 3 weeks after birth by PCR and flow cytometry.

Briefly, pup survivalafter injectionto birth andup to the time of scheduled post

mortem examinatioat 3 weeks of ageas 100%. Nine injected mice from two litters

wereanalysed sing PCR withYFP specific primers and hysing thepositive gated

FITC channel in flow cytometrgnalysis Two dams were sacrificed additionto

determinghe possibility of fetematernal trafficking. Four neimjected agednaiched

mice were used as rative control. All the animals were culled fine
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comprehensive poshortemexamination The organs were also extracted for analysis
of stem cell spreadnd stored for further study.

Two out of 9injected pupshowedevidence of transplanted cells in thleod (22%),
andin 7 pupsthere wasvidence of livespread78%)when analysed usirtpw
cytometry(Figure 5.5 and Table &). In Figure 55, it can be seen that the percentage
of YFP positive cells in the peripheral blood was 3.3+1.1% (n=2, meamdast
deviation), and 2.9£0.8% in the liver (n=7).

Table 5.2 Frequency of detection of YFP+/Lir/cKit+ AFS cells in hematopoietic organs, 3 weeks
after IP injection into wild type mice for allogeneic transphntation.
BM: bone marrow; -ve: negative; Mat.: maternal.

FACS Litter 1 Litter 2 Total -ve control Mat. Sample
(N=4) (N=5) (N=9) (N=4) (N=2)

Blood 1 (25%) 1(20%) 2(22%) O 0

Liver 4 (100%) 3 (60%) 7(78%) O 0

Spleen 1 (25%) 0 1 (11%) 0 0

BM 0 0 0 0 0

Blood 7

Liver -ve control + +

Figure 5.5 Graphs of flow cytometry showYFP+ cells could be detected in the peripheral bloqd
and in the liver.

Uninjected animals were set as the negative control. From the/d example cases, the FITC gated
channel (X axis) demonstrated 4.4 and 2.2% of YFP cells in the blood and 2.3% and 1.3%

YFP+ cells in the liver.Bve: negative.
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Oneof the nine pups ha#l2% YFP cells in the spleen (Figure6.

200
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100 0! 102 10° 1ot 108 10" 02 103 10*
FL1 Log: FITC FL1 Log: FITC

spleen n3.ics spleen 0-4 fcs

Figure 5.6 Flow cytometric analysis of spleen 3 weeks after birth in a pup transplanteid utero
with YFP+/Lin -/Ckit+ AFS cells by intraperitoneal injection.

4.2% YFP+ cells are present in the spleen (Right panel). Left paneiegative control.

I

PCR analysis of the bone marrow showed the presence of YFP+ cells in the blood of
one pup from Litter 1 and one pup from Litter 2, giving a total of 22% positive bone
marrow for the 9 pups. These pups were those that had YFP+ dbksparipheral
blood.YFP DNA could also be detected by PCR in adrenat@jlgonad, and muscle
(Figure 5.7.!

BMI1 BM2

H M Sk L KAUA S G G" A" +

Figure 5.7 PCR gels showing analysis for the presence of YFP+ DNA in the organs of wild type
mice at 3 weeks of age after intraperitoneal injection of YFP+/Lif/Ckit+ AFS cells.

In two pups a YFP+ signal (307 bp) was detected in the bone marrow. There is widespread
migration of the injected AFS cells into the organs of recipients after prenatalllogeneic
transplantation. YFP DNA positive bands could be detected in muscle, adrenal gland, gonad and
spleen. H: heart, M: muscle, Sk: skin, L: liver, K: kidney, AU: lung, A: adrenal gland, S: spleen,
G: gonad, +: positive control, *: repeated sample$?: positive control of GFP, BM: bone marrow.
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In summary, thse datalemonstrate thamjected YFP+/Lir/Ckit+ amniotic fluid
stem cells derived from YFP transgenic mice could be transplamtgdroand are
detected three weeks after both present mamthe rematopoietic organs of wild

type mice after prenatal allogeneic transplantation.

5.1.5 Summary

Allogeneic sourcedmaniotic fluid stem cell§rom YFP+ transgenic micgyhich have

been isolated/sorted with LiCkit+ antibodiescan be transplanted uteroand are
detected in the peripheral blood and other hematologic organs of wild type recipients
3 weeks after birth. The sorted Li@kit+ cells contribute around 1.5% of total

amniotic fluid cells and maintained the Ckit+ purity over 97%. YFP+ injecéds

could be found mainly in the liver (78%) compared to bone marrow (22%), blood
(22%) and spleen (11%) of injected pups. This study confirmed the hematopoietic
potential of the mice amniotic fluid stem cells.
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5.2 Cell based gene therapy model: Praiallogeneic transplantation of the
transduced AFS cells of MF1 mice to MF1 mice
Following fromthe previous section of the results, | hypothesised that mouse
amniotic fluidstemcellscould be transduced with vect@sd hadhe capability of
engraftmenafterin uterotransplantation, and might therefore be usefupfenatal
cell based gene therapy. Once these cells could be gelyatiodified, Iwould then
be able to usthe therapeutic geneansduced\FS cellsto investigate the treatment
in anydisease modealf mice In this section| thereforeinvestigatedn utero

allogeneic transplantation using sorted Amiferasetransduced mice AFS cells

5.2.1 Lin-/Ckit+ amniotic fluid stem cellsanbe freshly isolated from MF1 mice,
transduced with lentiviis anddeliveredby in utero intravascular injection
into MF1 mice

In the previous section, | shadthe total number and the percentage ofAGkRit+

AFS cells from YFP transgenic mig®m aC57BL/6 backgroundn these studies,

aimed to demonstratbeisolationof these cells from amniotic fluid of MF1 wild

type mice. Comparkto B6 background mice, MF1 mice hawe advantage of a

bigger littersizethatcanreach up 18 to 20 pups per pregnant dach an improved

neonatal survival rate

In these egeriments, two groups of MF1 mice were timated, one donor and one

recipient (n=2 each group) (Figure 5.8). In the donor group, after sacrifice at E13,

amniotic fluid was collected from each pup and pooled-/Ciit+ cells were

isolated, cultured in spension with HSConditioning medium anéssential

cytokines in flat bottonultra-low attachmenplatesto try to maintain all cells in

suspension (Figure §5.9rransplantation from MF1 mice to MF1 mice is an
allogeneic graft study due to the MF1 mice auébred.

In total 30 pups from two dams provided the amniotic fluid collected at E13 (Table

5.3). Of the total amniotic fluid cells collected, Liells contributed oaverage

3.3% while the Lin/Ckit+ cells contributeén average 1.6%. In totalX10° cells

were isolated from two dams and used for prenatal allogeneic cell based gene therapy.
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in utero IV injection

Collected AF for Lin-/Ckit+ cells
and UCOE-LUC transduction 5 PUt of 8
—p ~———— injected pups
" ) survived
WT mice (MF1), E13 WT mice (MF1), E14

Figure 5.8 The experimental design oprenatal cell based gene therapy model in MF1 mice.
MF1 mice were timemated and sacrificed at E13 for Lin/Ckit+ cell isolation and transduction
with UCO-E luciferase lentivirus for 24 hours. 50000 transduced cells were transplanted
prenatally into each fetal mouse of MF1 at E14 via intravascular route. Five out 8 injected mice
were survival for long-term follow-up. WT: wild type; UCOE-LUC: UCO -E promoter encoding

luciferase; IV: intravascular injection.

Table 5.3 Amniotic fluid stem cell collection from MF1 mice.
The Lin- cellscontributed 3.2-3.5% of the total cellnumber, and Lin -/Ckit+ cells contributed

1.6% of the total. WT: wild type MF1 mouse.

Animal Date Pups Total cells Lin-cells Lin-/Ckit+ cells
(number/%) (number/%)
WT1  E13 12 1X10’ 3.5X10 (3.5%) 1.5X10 (1.5%)
WT2  E13 18 1.5X10 4.8X10 (3.2%) 2.5X10 (1.25%)
Total 30 2.5X10 8.3X10 (3.3%) 4X10° (1.6%)

Figure 5.9 The MF1 mouseAFS cells were cultured in flat bottom ultralow attachment plates to

keep all the @lls growing in suspension.
These cells wereound shape under HSC specific conditioa Bar: 100pum.
|
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Cells were transduced for 24 hours with lentivirus vector containing the CO
promoter driving the luciferase reporter gene, which was applied tdithdouv
attachment plates (MOI=50). The next day 50000 transduced cells were sorted and
prepared irR0 | PBSandinjected intravenouslyia the yolk sac vesseito MF1

fetal mouseups from two recipient MF1 motheett, E14 by Simon Waddington

(n=8, totd 4X10° cells). Eight fetal injectionsf the AF cells were successfully
delivered via the intravascular route with no complicatidmsr pups per dam)n

order to distinguish unjectedfrom injected animals, the injectdetal mice were
markedby injedion with colloidal carbon (0! I') in the hind limbsafter intravascular
injection of the donor cells.

Out of eight marked and injected pups, five survived to term and delivered alive at
E20 62.5% survival rateb out of §. A further nine umjectedunmarkedpups
delivered fromthetwo damsand were useds negative contrsl

In summary, AFS cellsould bederived from MF1 wild type muse amniotic fluidin
slightly higher cell nmbers than could be obtained wib background’FP+mice.
These data arcomparabléo thefindings fromYFP micedescribed in the previous
sectionand also tgublishediterature(De Coppi et al., 2007®itadi et al., 2009 |

also demonstrated the successful surgical methad tderointravascular injection

of transduced AFSCs with over 60%srvival rate.

5.2.2 Luciferase expression is detected in MF1 mice using an in viygingna
system up to 18 months after receiving in utero intravascular injection -of Lin
/Ckit+amniotic fluid derived stem cells that have been transduced with
lentivirus luciferase vector.

To determine cell engraftment and transgenic protein expressoiierase uptake

was measured in all injectaxice (n=14)using the in vivo imaging syste(VIS), by

collection of ripheral bloodusing then vitro luciferase assay system at 16 weeks
old (n=14) and in the liver of one animal at 4 months of age.

Whole baly bioimaging was performeat 6 weeksfter fetal injection (Figure 5.10

A) andshowed strong luciferagxpressionn thearea of thdiver of all five injected

animals(F1, F2, F5, F6, M1)There were also slightly positive sigeatound the

bone marra of lower extremities of thanimal F5, F6, and M1. The other nine
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uninjected animalsvere used as the negative controls and did not showeiigrase
signaldetected by IVISRepeated IVIS study at 12 weeks after injectiéigure 5.10
B) found thatstrong liver luciferase uptake could still be detected in all iinyected
animals, buthe previous signal in lower extremities frohethree micevas no
longer detectable.le negative control remained the zero uptake of luciferase.
four months of ag, me of the injected mice was arrangedgdartial hepatectomy but
unfortunately the animal died after surgery due to haemorrApget from ths
mouse, the remaining four injected mice surviwedl and showing persistent
luciferase expression in thegion of theiver up to 18 month of age (Figure 5.10)C
The strength of the luciferase sighalddecreased dramatically compared with

previous imagingtudies.
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Whole body bioimaging 6 weeks after fetal intravascular injection of 50,000
MF1 amniocytes transduced with HIV-UCOE-luciferase (Ph774)

o

18 months

C
r‘# 45

Figure 5.10 Measurement of luciferase gpression by in vivo imaging systeml{1S) in MF1 mice
that receivedin utero intravascular injection of Lin-/Ckit+ amniotic fluid derived stem cells
transduced with luciferase vector.

(A) IVIS at 6 weeks of age shows that all fivanjected mice(F1, F2,F5, F6, M1)have strong
luciferase signal in the liver and three also presented luciferase sigrialthe lower limbs (F5, F6,
M1). The othernine uninjected animals were negative foluciferase. (B)Repeated IVISat 12
weeks of agalemonstrated allfive injected micestill having the strong luciferase signal in the
liver, but not in lower extremities. The other 9 uninjected animals remainedegative for
luciferase. (C) At 18 months of agehe positive luciferase signals were still shown in previous
positive animals including F1, F2, F6, and M1.
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In summary, IVIS showegersistent luciferasexpression in the region of the liver of
in uterotransplanted micsuggesting thatansduced mice AFS celtsuld engrafin
the liver as long as 18 monthafier prendal allogeneic transplantation. The fall in
luciferase expression at 18 months could indicate silencing of transduced cell

expression, which isnownto be a problem with lentivirus vectors.

5.2.3 Luciferase expression is detected in the peripheral bloodiagdof MF1
mice after in utero intravascular injection of Ei@kit+ amniotic fluid derived
stem cells transduced with lentivirus luciferase vector.
Thein vivostudy had sggested somevidence of liver engraftmerdnd | therefore
explored this furtheby analysis of thbaematopoietic organs particularthe
peripheral bloodnd liver In vitro luciferase assay was performed to detect the level
of luciferaseexpressionn the peripheral blood and liver. The relative light units
(RLU) were recorded biaminometer. Fourteen mig¢® injected and 9 unjected
were blel via tail vein direct puncture at 16 weetif age and one year d[@able
5.4). Open surgery with liver lobectomyas also preformed in one of the injected
miceat 16 week of age Fresh Wer samples were collected and prepared as single
cell suspensias) then the RLUvasmeasured by luminometer three times. Other parts
of the liver were stored for immunohistochemistry stair@ng results are reportéad
the following section.
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Table 5.4 In vitro luciferase assay in peripheral blood at 16 weeks and one year of age.
The relative light units (RLU) were detectedand measured by luminometer inthe peripheral
blood and liver at 16 weekold. Two out of 5 injected mice were positive for luciferase in the
peripheral blood. All the three liver sectionsfrom injected mouse (F5)showed strong positive
signal compared with the peripheral blood Water was used as the negative control.

I

Test tibe No. Sex Ear  Luminometer Luminometer
mark at 16 weeKRLU) at 1 yeal(RLU)

5 M, injected 1 264 275

10 F, injected 1 244 214

11 F, injected 2 78 50

13 F, injected 6 50 55

14 (lobectomy F,injected 5 73

1 M 5 61 59

2 M 4 33 56

3 M 6 25 39

4 M 3 65 53

6 M 7 a7 36

7 M 8 29 51

8 M 2 38 48

9 F 8 41 34

12 F 4 60 64

Liver section 1 1210

Liver section 2 1178

Liver section 3 1305

Blank (Water) 60 58

Luciferase assay reagent was made by adding buffer to the lyophilized luciferase
assay subsite. The amount of104 reagent was added to each well for reaction and
further measuremen®f the five injected mice, only two (M1 and Aigdpositive
luciferaseexpression detected the peripheral blood at 16 wee&f age (Figure

5.11). In the remaining three injectedceni luciferase expression was similar to
negative control. All uninjected mice had levels of luciferase expression comparable
to water sample (negative contralhe findings remained the same at oraryof age
(Table 54 and Figure 5.11). In the livearmples, there was a strong positive signal
from all threesections of liver lobef mouse F§1178 1210 and.305 RLU)that

were analysedyhich was far higher than results from peripheral blood P64
RLU).
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Figure 5.11 The results of in vitro luciferase assay at 16 weeks after transplantation.

This histogram showed thdevel of luciferase signaht 16 weekold. In those animals that tested
positive in the blood, therelative light units (RLU) deteded by luminometer was on average 250
in the peripheral blood. The RLU detected by luminometer of liver sections fsm one animals

was on average 1231The luciferase level of the umjected animals was as low as negative control
(water).

In summaryMF1 mice that receiveth uteroinjection of Lin/Ckit+ amniotic fluid
derived stem cells transduced with lentivirus luciferase vector showed evidence of
transgenic luciferase expression in the peripheral blood up to one year after birth.
Most importantly theliver of one of the transplanted animals showed a strongly
positive sgnal of luciferase expression at four months after birth, comparable to the

results achieved fromm vivo bioimaging study described in the previous section.

5.2.4 Immunohistochemistrstainng confirmed theengraftmenof luciferase
transduced AFS cells in the liver after in utero allogeneic transplantation
In order to understantie results prgenting strong liver signals detected by both VIS
and in vitro luciferase assalyanalysed theer of one transplanted animal using
immunohistochemistry. @& of the injected mice (F®as selected fgpartial
hepatectomyt 16 weks of age in order to determine if this would increase
expression of luciferase. Unfortunately the animal was found ateaday after
surgery due to massive blood loss dutimgoperationLiver samplesvere collected
for in vitro luciferase assay and for immunohistochemistry staining.
Immunohistochemistry usirantiluciferase antibodyFigure 5.12howed brown
colouredcells positive for luciferase uptake located mainly indtea where
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hepatocyteare locate@ndin thestromalarea The percentage of the positive cells
per high power field was recordéom 5 different sections and counted by a blinded
research ctéague. Tie average positive rate was 38+%%afortunately we missed

the negative control image hefédhe background sign#thatcould limit the

conclusions madeannotbe ruled out.

Figure 5.12 Immunohistochemtal staining for anti-luciferase of the liver from an MF1 mouse
that received anin utero intravascular injection of Lin -/Ckit+ amniotic fluid derived stem cells
transduced with lentivirus luciferase vector.

The liver was collected & weels after birth. The brown round shape cells are the hepatocytes
staining positively with luciferase. There were alssomesmall positive cells in the stromd area.
Left panel: 10X; right panel: 40X.

5.2.5 Summary

In this sectionl demonstrated that MF1 mouse Hidkit+ amniotic fluid stencells
could beselected antrangluced with viral vectors encodimgarker genesas a model
of cellbased gene therapy uteroallogeneic transplantation withese cellshowed
engraftment intheliver and peripheradblood. Lucifease was a good markiggnefor
amniotic fluid stem cellallowing them to be tracegltherin vivoor in vitro studies
short and long term up to one year after birth, but did not lend itself to detailed
analysis by FACS of peripheral blood or organ susioss.
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5.3 A comparisorstudy of engraftment after in utero transplantation of congenic or
allogeneicsourced Lir/Ckit+ AFS cells in the mouse

In thetwo previous sections,showedthatmouseLin-/Ckit+ amniotic fluidstem

cells could be selectexhdtransduced witHentivirus vectorsThe sortedillogeneic

mouseAFS cells could be transplantaduteroachieving engraftment long terimto

haematopoietic organs

Previous work byPeranteau et ategardingn uterotransplantation with bone

marrowderivedHSCsin mice demonstrated higher levels of and more long term

engraftment after transplantation wibngenicsourced cells when compared with

allogeneicsourcegPeranteau et al., 2007Morerecent tudies hae found that that

the motheccanproduce antibdies and T cells to allogeneic sourced ada8Cs after

in uterotransplantation in the mouse, which can either cross the placenta, or are

detected in the breast milklerianos et al., 20Q%eng et al., 20QNijagal et al.,

2011h. These immune responses limit the engraftment of transplanted cells.

In this section, Investigated whether theveas adifference betweem utero

transplantation witltongenioor allogeneicsourced mousamniotic fluid stem cells.

In the literatures, most of the researchers were using bone marrow cells as the source

of HSCs. This would be the first study investiggtamniotic fluid stem cells fon

uterotransplantation.

5.3.1 Congenic or allogeneic in utero transplantation afraotic fluid stem cells
freshlyisolated from YFP transgeninice has a good survival rate
My previous workshowedhat Lin-/Ckit+ AFS cellsderivedfrom YFP transgenic
mice ould engrafin the haematopoietic organs of wild type mice aftartero
allogeneic transplantation (Semn 5.1).In these experiments, | compared
engraftment aftein uteroallogeneic and congenic transplantation igeni
The experimental desiga shownin Figure 5.13. Three groups of mice were time
mated at the same time, YFP transgenic mice on a C57BI6 background, normal
C57BL/6 background mice, and CD1 background mice. Forua&erocongenic or
allogeneic trangantation, hree YFPtransgenianice were sacrificed for amniotic
fluid collectionat E13.5, and the fluid was pooled from all pups in the three litters
(Table 55). The Lin/Ckit+/YFP+ AFS cells were isolated as previgusescrbed

! "#$



1.0% to 1.5% of LinCkit+ cells out of total amniotic fluid cells were collected from
YFP mice which was comparable to the results of my previous two sections (Table
5.5). All the AFS cells were freshly isolated without further culturimggpared in

PBS (20000 cellspndinjectedin uterointo the peritoneal cavity of each recipient
fetal mouse the sae day as isolation (Figure 5)1#performed all procedures and
injections. No viral vector was uséal transduction as the natural colour of yellow
fluorescence proteioould be detectedfter prenatal transplantation as reported in the
previous section. For congenic transplantation;/Okit+ AFS cells from YFP
transgerct micewere transplantenh uteroat E13.5 into the samebkground
(C57BL/6) mice. For allogeneic traplantation, LiIF/Ckit+ AFS cells from YFP
transgert micewere transplantenh uteroat E13.5 intaCD1 mice (different

background). All fetal nee in each litter were injected.

in utero Congenic Transplantation |

/ A  Lin-/Ckit+AFS cells
4 IP injection on E13.5

YFP(+)/C57BL/6 C57BL/6

in utero Allogeneic Transplantation ‘

/ \/ Lin-/Ckit+AFS cells / .\
: N ' " IPinjectiononE13.5 - g L N
YFP(+)/C57BL/6 cD1

Figure 5.13 Experimental designto comparein utero allogeneic andcongenic transplantationof
amniotic fluid derived stem cells

YFP transgenic mice have the same background &ack mice (C57BL/6) but different
background from the white mice (CD1).The Lin-/Ckit+ amniotic fluid stem cells were collected
and isolated freshly for the same day injection at E13.5. IP: intraperitoneal.
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Table 5.5 Results of YFPLin-/Ckit+ AFS cellscollected from YFP transgenic miceafter
magnetic soring.

Amniotic fluid from all pups from three YFP transgenic micewascollected at E13.5 angooled
for isolation. The amniotic fluid stem cells werethen injected into indicated congenic C1-C3) or
Meneic A1-A3) transplantation at E13.5.

Animal  GA  Pups Total AF Lin- cells Lin-/Ckit+ cells Inje_cted
cells (number/%) (number/%) animal

YFP1 E135 8

YFP2 E135 9 2X10" 6.5X10 (3.3%) 2.6X10 (1.3%) Al

YFP3 E135 7

YFP4 E135 8

YFP5 E135 6 2.5X10 8X10° (3.2%) 3X10° (1.2%) A2

YFP6 E135 6

YFP7 E135 5

YFP8 E135 8 2X10°  9X10’ (4.5%) 3X10 (1.5%) A3

YFP9 E135 9

YFP10 E135 5

YFP11 E135 6 1.5X10  6X10° (4%) 1.6X10 (1.0%) C1l

YFP12 E135 5

YFP13 E135 7

YFP14 E135 4 1.5X10  6X10° (4%) 2X10° (1.3%) C2

YFP15 E135 8

YFP16 E135 4

YFP17 E135 8 2X10°  7X10°(3.5%)  2.5X10 (1.2%) C3

YFP18 EI135 8

Ckit(+)/Lin(-)VYFP (+)
20000 AFScells perpup

Figure 5.14The scheme of the prenatal amniotic fluid stem cells transplantation.

The graphwas showing amniotic fluid stem(AFS) cells were collected for in utero
transplantation into the peritoneal cavity.20000 Lin-/Ckit+/YFP+ amniotic fluid stem cells were
transplanted intraperitoneally per pup. IP: intraperitoneal.

! "#$



Six litters of micg(three congenic and another three for allogeneic transplantation)
were delivered at E20 to E2Rup survival rate wad2.5% (10 pups survedout of
16 injections) in congenic transplantation and 65.5% (21 pups sdivix of 32

injectiors) in allogeneic grqu(Table 56).

Table 5.6 The survival rates of congenic and allogeneic prenatal transplantation.

Three dams of each study arm were injected with amniotic fluid stem cell$here was no statistic
differencein the survival rate between these two groupsAl to A3: allogeneic transplantation;
Clto C2: congenic transplantation.

Animal ID Pups injectec Pups born alive Survival rate

to birth
Al 10 6
A2 12
A3 10 8
Total 32 21 65.50%
C1
C2 6 4
C3 4
Total 16 10 62.50%

In summary, Lir/Ckit+ AFS cells could b&eshlyisolated from YFP transgenic
mice and injected into the peritoneal cavity of fetal CD1 mice (allogeneic
transplantation), an@57/BL6 mice (congenic transplantationjth a suwvival rate of
62 to 65% The percentage of sorted EiGkit+ AFS cells was 1.0 to 1.5% of total
AF cells similar toprevious results.

5.3.2 Mice injected in utero with YFP LifCkit+AFS cells had a higher level of
YFP positive cells in theeripheral blood &er congenic transplantation than
after allogeneic transplantation

Following successfuh uterocongenic and allogeneic transplantation, tiz# the

micepupsat 1, 3, and 6 monghafter birthto measure the level fFP+ AFS cells in

theperipheral bbod. All the blood samples were prepared as previously described
using RBClysis buffer. The positive YFP signal was detected by ftgtemetry in

FITC channelBlood samples from transgenic YFP mice were used as positive

control; agemated blood pelletkom wild type uninjected mice were used as
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negative controlThe mean of YFP+ cells detected in negative control was less than
1.0%; and over 95% in the positive confféigure 5.15). Figure 5.15 showas

example oflow cytometry study in the peripherallood aftercongenic

transplantation andlageneic transplantationyith posiive and negative control.

Only a level of higher thah% YFP cellscounted as positive signal in the peripheral

blood ofanimals.

1 month 3 month 6 month Control
o | o i
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Figure 5.15 Example of flow cytometric analysisfor peripheral blood samples at 1, 3, and 6
months after transplantation.

The gating areademonstrated the percentage of positive YFP cells in negative control, positive
control, allogeneic or congeit transplantation. Positive control: peripheral blood of YFP
transgenic mice. Negative control: peripheral blood of uninjected animals.

Table 57 shows the flow cytometry analysis of peripheral blood of congenic or
allogeneic transplanted animals aBland 6 months after injectioAfter congenic
transplantation allO injected animals showeasitive YFP signals the peripheral
blood at 1 and 3 mongtof age (Figure 5.16). At 6 months after birth, all but one
animal had YFP positive signal in thergpheral blood90%, 9 out 10 mice)n the
allogeneic transplanted animahere was a steep fall in the number of animals having
YFP signal in their peripheral blodtbm 86% (18 out of 21) at 1 mongid to 29%

(6 positive out of 21) at 6 morglof ageg(p<0.05, ANOVA).

The mean level of YFP positive cells in the peripheral blood was significantly higher
after congenic compared to allogeneic transplanta8@9(4.42, 4.03% at 1, 3, and 6
months ofage compared with.51, 1.54, 1.20%espectivelyp<0.05, ANOVA).
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Table 5.7 The percentage of positive YFP cells in the peripheral blood @f utero congenic or
allogeneic transplanted mice at 1, 3, and 6 months after birth.

Congenic transplantationgavesignificantly higher levels of YFP positive cellshan allogeneic
transplantation and more animals remained with a positive signalSD: standard deviation;
*: p<0.05)

Congenic transplantation (%) Allogeneic transplantation (%)
Animal 1 Month 3 Month 6 Month | Animal 1 Month 3 Month 6 Month
ID ID
Cl1 2.9 3.3 3.5 Al-1 1.1 1.1 0.4
Ci1-2 3.8 5 4.9 Al-2 2.1 2.4 2.9
C1-3 4.1 6.6 5.7 Al1-3 2.3 2.8 2.9
C2-1 3 2.1 0.8 Al-4 1.1 0.6 0.4
C2-2 4.3 4.5 4.6 Al-5 2 2.3 0.9
C2-3 3.7 4.5 4.2 Al-6 2 1.5 0.6
C24 5.2 4.9 4.3 A2-1 1.6 14 0.5
C31 2.1 3.8 3.9 A2-2 2.6 1.5 0.7
C32 3.3 4.2 3.8 A2-3 0.7 0.4 0.6
C33 3.5 5.3 4.6 A2-4 1.1 0.8 0.4
A2-5 1.5 0.5 0.8
A2-6 2.1 2.2 2.5
A2-7 1.5 2.3 2.8
A3-1 0.2 0.2 0.6
A3-2 1 0.5 0.6
A3-3 1.3 1.8 0.4
A3-4 14 1.5 0.3
A3-5 0.3 0.2 0.6
A3-6 1.6 1.8 0.7
A3-7 2.2 3.2 3
A3-8 2 3.3 2.7

Mean 3.59 4.42 4.03 Mean 1.51* 1.54* 1.20*

(n=10) (n=21)

SD 0.85 1.21 1.29 SD 0.65 0.96 1.05

il i A Al N )

positive positive

YFP signal YFP signal

(number) (number)
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Positive YFP cells in blood (%)

1 month 3 months 6 months

Figure 5.16 Flow cytometric study for positive YFP signal inthe peripheral blood engraftment
after allogeneic or congenic prenatal transplantatiorat 1, 3, and 6 monthsfter birth .
Congenic transplantation (black bar)resulted in a significantly higher % of positive YFP cellsin
peripheral blood than allogeneictransplantation (gray bar) at all three time points <0.05).

In summary, Lir/Ckit+ amniotic fluid stem cellderivedfrom transgenic YFP mice

were detectable in thgeripheral blood detected by flow cytometry analgsisr both
congenicandallogeneidn uterotransplantation up to 6 enths after birth However,
congenic transplantation showed significantly higbeels of YFP positive cells

the blood than allogeneic transplantation at all three time points (1, 3, and 6 months
after birth. In addition, theaumber of animals showirgpme YFP positive signal was
higher after congenic transplantation (100% at 1 and 3 months and falling to 90% at 6
months after birth) compared to allogeneic transplantation wiheéeereased
dramaticallyfrom 86%at 1 monttto 29%arfter 6 months of age.
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5.3.3 Levels of YFP positive cells in the hematopoietic organs of injected animals is
also higher after congenic transplantation than after allogeneic
transplantation at 6 months old

To study the haematopoietic organs of transplanted animals, | sacrikcazhgienic

and six allogeneitransplantedaniceat 6 months after birth, all of which were

showing positiver FP bloodsignal. The allogeneic mice analysed wefle2A A1-3,

A2-6, A2-7, A3-7, A3-8, whichshowed persistent positive YFP sigdatectablen

the peripheral blood at 1, 3, and 6 morghstnatal time pointsAnothersix congenic

transplanted mice were selected r@amdly from three dams C1, C2 an@ 2 mice
from each dam). These 6 congenic mice were all presenting podiiblood
signal.

A comprehensive post mortem examination with widespread tissue sampling was
performed according to thaeskcribed in théppendix Single cell suspesions of the
liver, BM and spleen wengrepared for flow cytometry analysis as previous
described.

In Table5.8and Figure 5.1,/flow cytometry analysis showed the differémtels of
YFP+ cells in thdiver, bone marrow, or spleen of thix animals of each study arm
at six months after birtirhe levet of YFP+ celsin the liver and spleen were
significantly higher in congenicompared with allogenetcanspanted mice(7.16%
vs 3.5% in liver and 7.65% vs 3.08 in spleen, lpsth.05).In the bone marrow,
although levels of YFP+ cells were higher in congenic compared with allogeneic
transplanted animals althglu the difference was not significgdt89% vs 3.27%).
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Table 5.8 The percentage of positive YFP cells in the hematopoietic organsinfutero congenic or
allogeneic transplanted mice.

The levek of YFP+ cell in the liver and spleen weresignificantly higher after congeniccompared
with allogeneic transplantation. There was no significantlydifference in the bone marrow.SD:
standard deviation; *: p<0.05.

Congenic Transplantation Allogeneic transplantaon

(%) (%)
ID Liver BM Spleen ID Liver BM Spleen
Cl2 9.07 5.01 10.30 Al-2 465 268 4.27
C1-3 8.57 6.11 6.43 Al-3 4.12 457 212
C2-2 6.32 4.23 8.76 A2-6 243 212 232
C23 6.54 561 6.43 A2-7 543 3.27 4.67
C31 721 323 5.32 A3-7 222 210 3.89
C3-2 523 5.12 865 A3-8 212 489 1.23
Mean (n=6) 7.16 4.89 7.65 Mean (n=6 3.50* 3.27 3.08*
SD 1.45 1.03 1.88 SD 1.42 1.21 1.38

10 ” * -
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Figure 5.17 Flow cytometric study showing the level of YFP +ve cells ithe hematopoietic organs
of allogeneic or @ngenicin utero transplanted animals at 6 monthsafter birth (n=6, each arm).
Congenic transplantation (black bar)resulted in significantly higher levels of YFP+ cellsn liver
and spleen than allogeneic modébray bar) (*: p<0.05).

I

I

in summary, ot only the peripheral blood, but also trentatopoietic organ@iver,
bone marrow and spleghad evidence of YFP+ cells detectablelbyw cytometry,

with higher levels seen after congenic compared alldgeneidransplantation.
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5.3.4 MouseLin-Ckit+/YFP+ amniotic flud stem cells engratft ithe liverafter in

utero transplantation
To determine whether the injected cells truly engrafted in the liveriafteero
transplantation, performedimmunofluorescetnhistoctemistry for YFP and albumin,
a marker of hepatocytes in sections of liver taken from congenic and allogeneic
transplantednice (n=2, each arm). Two example liver sections examined with
immunofluorescent microscopy are shown in Figure 5.18. The green isidicates
cells positive for YFP antibody, and the blue signal indicates the cell nuclei (DAPI
staining). On gross observation, more green cells were present after congenic
compared with allogeneic transplantation. The number of YFP positive cells per hig
power field was derived. | assigned two colleagues to count the positive green cells in
high power fields from the liver sections, who were blind to the source of the stem
cells (congenic of allogeneicfhe number of positive cells was then compared
stdistically, and levels were significantly higher after congenic versus allogeneic
transplantation (35.1 vs 1848<0.05, Figire 5.19.

Congenic Allogeneic

Figure 5.18 Immunofluorescence microscopy showed the YFP+ cells (greealls) in the liver of
congeric and allogeneic transplanted animals

In the left four images, the upper panel presented the green cells observed in the dark
background; the lower panel showed the merged images with DAPMagnification bar = 50um.
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Figure 5.19 Histogram showing the number of YFP+ cells per high power field.
In general, congenic transplantation mice had higher positive cell number counted per high
power field than allogeneic transplantation(histogram). *:p<0.05.

In orderto understand if th¥ FP positivecells in the liver were trulghowing
hepatocyte differentiation, | estained the liver sectignwvith YFP antibody and
mouse albumimntibody (Figure 5.20). Albumiis a specificmarker ¢ hepatocytes.
Confocal microscopyvas performedo determinehe liver structurafter incubation
with these two antibodies. After either allogeneic or congearcsplantation, YFP+
cells could be detected and-stined with albumin. In the memenages, some
transplanted YFP+ AFS cells showed the double staining.
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DAPI Albumin Merge
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Figure 5.20 Confocal microscopy showed the YFP+ (gregreells in the liver ofallogeneicor

congenictransplantation mice costaining with albumin (red).
After t he merging of images, thelouble staining of thehepatocytes of transplanted micecould be

observed. Bar: 10um.

Allogeneic

Congenic

In conclusion, | observed thaticeinjectedin uterowith YFP+/Lin-/Ckit+ AFS cells
showed evidence of cedhgraftnentin the liverafter allogeneic or congenic
transplantationfFurthermore, the frequency of positiyestainedengrafedcells in the
liver appeared to bleigheraftercongeniccompared to libgeneictransplantation
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5.3.5 YFP DNA could be detectéy sesitive PCRdetectionin the liver, spleen,
and adrenal gland at 6 mordlafter in uteracongenic or allogeneic
transplantation
To detect spread of the injected YFP+AEKIit+ cells,| performed PCR analysis to
detect the YFP DNA on a wide range of tissaellected at post mortem examination
at 6 months of ag&enomic DNA was extracted from each organtfi@PCR study.
Six mice from eaclgroup (same animals as previous sectwene takerfor this
analysisThe liver oftransgenic YFP ime was used agositive control. The liver of
uninjected wild type mice was used as negative control.
All congenic transplanted animals had YFP DNA detected in the liver (100%, 6/6,
Table 59) compared t®7% (4 out of 6pfterallogeneic transplantatiohe alrenal
glandwaspositive for YFP DNA from three out of six animals (50&kercongenic
but only oneout of 6(17%, 1/6)afterallogeneic transplantation. There were desa
with positive YFP DNA in the spleen afteongenic model, but 2 casafter
allogeneic tansplantation. YFP DNA could not be detedatethe kidney, lung, heart,
muscle, and gonad of transplanted mice in either group. Generally, the freqiienc
YFP positiveorgang(liver, adrenal and splegwas highein congenic mice
compared to allogenennice. Figure 21 demonstratean example o PCR gel from
an animal that underwenbngenic transplantation showing positive YFP sandhe

organs.

AU

068 (1)*+!

Figure 5.21 An example ofa PCR gel detecting YFP DM in systemic organs of congenic
transplanted mice.

The single band (30Bp) represerted the PCR product of YFP gene, whicltould be found in the
liver, spleen, adrenal gland and positive control. H: heart; AU: lung; K: kidney; L: liver; M:
muscle; X: spleen; A: adrenal gland; G: gonad; +: positive contro] DNA from YFP transgenic
mouse liver. Ladder: 100bp
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Table 5.9 PCR analysis for YFP DNAdetected in the systemic organs of congeni€{-C3) or
allogeneic transplanted (A1-A3) mice.

Genomic DNAwasextracted from six animals perstudy group; apositive signalwas only seernn
the liver, adrenal gland, and spleerf transplanted animals YFP DNA was more commonly
detected in tissues fronctongeniccompared with allogeneic transplanted mice.

I

Liver Kidney Lung Heart Adrenal Spleen Muscle Gonad

Cl2 + - - - + + - -
C1-3 + - - - + + - -
C2-2 + - - - - + - -
C2-3 + - - - + + - -
C31 + - - - - - - -
C32 + - - - - - - -
Frequency 100% 0% 0% 0% 50% 67% 0% 0%
of YFP+

DNA

Al-2 - - - - - - - -
Al-3 + - - - - - - -
A2-6 + - - - + + - -
A2-7 + - - - - + - -
A3-7 - - - - - - - -
A3-8 + - - - - - - -
Frequency  67% 0% 0% 0% 17%%  33% 0% 0%
onNYAFP+

In summarytheliver appears to be theain agantargetng afterin utero
intraperitoneal transplantatiai YFP+/Lin-/Ckit+ amniotic fluid stem cellswvhich
couldbe detected by YFP PCR. Thdrenal gland and spleen shempositive YFP
signal in anima from both groupsCongenic transpfdation always showeligher
frequencyof YFP DNAin organs than allaneic transplantation according to the
PCR results
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5.3.6 Bone marrow cells of congeriitit not allogeneitransplanted miceanform
YFP+ haematopoietic colonies
To further prove the amniotic fluid stem cdilgving and maintaining the
hematopoietic potential in the mieéerin uterocongenic or allogeneic
transplantation, | performed colpforming assgsin semisolid methylcellulose
cultureon bone marrow cells collected from the YFP+ AFS cells injecteda&rat 6
months of age
Bone marrow cells were harvested as preodsscrbedin single cells suspension
and conditioning medium specific foa¢matopoietic stem cells. Six mice per group
from Table 5.8vere sacrificed for bone marrow collectjail were positive for YFP
cells in the bone marrow, liver and bloddhe different types of colony were recorded
and followed the recommended guideliBene marrow fromransgenic YFP mice
wereused as positive control and frominjected wild type mice as gative control.
As shown in Figure 5.22he bone marrow cells from YFP+ mice (first row) could
form all three kinds of #&matopoietic green colonies, while the bone marrow cells
from wild typedid not formany YFP positivecolories (2" row). After congeric
transplantationafew green YFRpositivecells (approximatellfo out of tota) could
beobserved in every kind of colony formeatluding CFUE, CFUGEMM, and
CFU-G/M/GM (3" row). Similar to negative contrahere were norgen colony

forming cellsfrom the bone marrow celigterallogeneic transplantatiq@d™ row).
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Figure 5.22 Methylcellulose colony forming assayn bone marrow cells from YFP transgenic
mice, wild type,or mice transplanted usingcongenic or allogeneisourced YFP+/Lin-/Ckit+
AFSCs.

YFP+ colonies could be observed under fluorescence microscopy in YFP transgenic mice
(positive control) anda few colonies in congenic transplard bone marrow.There were no YFP
colonies (green cellsin negative control or allogeneic transplanta¢d bone marrow Bar: 100 pm.

The numbegrnd typeof YFP positive colonie§Figure 5.23) were recorded in six
animals from each group by two other colleagues blindly. All these experiments were
duplicated (twlates for each BM sample). Congenic colonies were classified as
CFU-E, CFUGEMM, andCFU-G/M/GM with the percentage of total colonies 1.6%,
0.6%, and 0.4%, respectiveBone marrow cells from allogeneic transplanted mice
(gray barhoweverhad farfewer YFP cellsof CFU-E type (0.4%) compared to
congenic transplantatiop<0.05), ancho colonies of typ€FU-GEMM or CFU-

G/M/GM were formed.
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Figure 5.23 The percentage of positive YFPaematopoietic olonies found in semisolid culture
from the bone marrow cells ofcongenic or allogeneic transplantad animals

All three YFP+ colony types were seen in congenic transplanted bone marroWhere were no
YFP positive colonies of CFU-GEMM and CFU-G/M/GM in allogeneic transplanted animals.
The percentage of YFP+ hematopoietic CFUE colonieswas higher aftercongenic
transplantation compared with allogeneictransplantation (1.6% vs 0.4%, p<0.05).

In summary, | hae shown tlatdonorbone marrow cellsollected s& months after
intraperitonealn uterotransplardtion inmice @nform haematopoieticstem cell
colonies After congenic transplantation, YFP+ cells from the bone marrow of
injected mice could be found as green colonies in all three types of diffémentia
with the percentage of YFP+ colonies about 1d&i%otal coloniesAfter allogeneic
transplantation, only one YFP positive colony could be found in the ERit not
in CFU-GEMM or CFU-G/M/GM. The percentage of YFP+ colonies in seawlid

culturingwas higheftercongenic transplantation than allogeneic transplantation.
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5.3.7 Summary

In this section, tomparedn uterotransplantation ofongenic versus allogeneic
sourced.in-/Ckit+/YFP+ amniotic fluid stem celis the mouse The survival rate
after in uterocongenic or allogeneic transplantation \gasd 62%) with no
differenceobserved between the two stem cell sourBgsusing flow cytometry,
PCR anl immunofluorescence studieshowed thathe transplantedFS cells
mainly engrafted in theaematopoietic organs of recipient mice including liver,
spleen, bone marrow and peripheral blood. In generataihgenic sourcenhjected
cellsshowed aigherand more sustainezhgraftmentvhen compared tallogeneic
sourced cellsFurthermore, thesgonor cells could differentiate into hepatocytes in
the recipient liver showing the double staining of albumin and YHP. positive
bone marrow cells obtained from the recipient mice demonstratied the
haematopoietic potentiddy forming all threecolones types (congenic sourced cells)

in methylcellulose culture.
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5.4 In uterocongenic transplantation of transduced AFS cella mouse model of
disease: the thehalas@emiamouse
In the pevious three sectionshowed thatamniotic fluid stem cells coulde freshly
obtained from pregnant mice with around 1.5% ofAGkit+ population of total cells
after sorting. These cells could be transduced aligmtivirus vectorencoding
luciferase for cell marking. All theesults fronmice (Lin/Ckit+ AFS cells this
chapte)y andsheep(CD34+ AFS cellschapter frevealed the dematopoietic
potential of amniotic fluid stem cells with engraftment in the peripheral blood, liver,
spleen and bone marraafterin uterotransplantationThe transduced AFS:tis
could na only engrafin the bone marroybut,in the colonyforming assay; also
differentiate into altypesof haematopoietic coloniegfter both congenic and
allogeneian uterotransplantationAFS cellshadshownthe abilityto engraftf with an
advantage fomore frequent and a higher level of engraftment seen in cells from
congenic sources compared to allogeneic sources.
Using this information | hypothesized that amniotic fluid derived haematopoietic stem
cells from autologous sources could be used forgte¢étherapy of haematological
disease.Thalassemidor examples avery common autosomal recessive disedse
the haematological systerss described irthe introduction (Chapter 1), thalasmia
are particularly associated with people of Mediterrargagin, Arabs, and Asians
(Ortuno et al., 19901 am interested in thdisease alsbecause thalassemia is the
secondnostcommoninheiited disease in Taiwa(Chern and Chen, 200Ko et al.,
1993 Lin et al., 1991 A commonly usedhalassaenia mouse modetheth3 mouse
on a BL6 backgrounfiVadolas et al., 20Q%vas available dmperial College London
in collaboration with Dr Simon Waddingtom.therefore conducted some pilot
experiments exploring an AFS célhsedprenatalgene therapgpproach using
congenic transplantation in thalassiia mice.
Generallyhomozygough3 micedie in uterolate in gestation orra too sick to
survive after birtha situation similar to human alpha thalassemetekbzygoush3
mice haveavery severe phenotype ofaamia similar to human beta thalassiia
major. My hypothesis wa$atin uterotransplantation of congenic derived Lin
/Ckit+ amniotic fluid stencells could treathalassemia prenatally.
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In this section, present some pil@xperimentsn which | usecamniotic fluid stem
cells derived from wild type YFP transgenic miceroto corect the phenotype of
heterozygous me&or rescue the homozygous animaigarallel some other
experiments performed in this mouse model by Dr Citra Mattar, a visiting PhD
student from National University of Singapore, explore phenotypic correctionrafter
uterotransplantation with human fetal liver derived HSCs.

5.4.1 Experiments in thenB thalasaemiamousemodelare limited by the low
conception rate in this mouse model
Early in my PhD | set uphenotypingheth3 mouse colonyy direct blood smear
staning and genotyping by PCR follang the protocol in the literatur@/adolas et
al., 2009. Initially there wereb cages of thalassaemia mice includlizgfemae and 8
malethat had not beegenotyd After confirmation of genotype, 10 femalad6
male heterozygous thala@esnia mice were matketo expand the colony. Immediately
after birth pups were geneotyped and wild type, unaffected mice were culled.r Furthe
colony expansion was performezimake sure thre were sufficienheterozygous
mice for prenatal transplantation.
Eightbreeding pairef thalassemia heterozygous female crosded with
heterozygous male (het x hetgre set up. Table B0 shows the monthly results of
mating From December 2009 to October 2010, the breeding eagresmatedwice
or three times per monthA few pairs were set up for tirreating with YFP mice on
the same dafor congenic transplantatiomhe conceptiorratefor th3 hetx hetwas
7.11%which is low in comparison with other mouse models | was using at the time
(over 40% for CD1 mice mating ratelpuring this period, performed four congenic
in uteroAFSCinjections (Table 3.0).
Due to the pooconceptiorrate, | decidedo mate thalassemia heterozygous male
back crossdwith a CCR2wild type female From November 2010 to April 2011, the
averageconceptiorrate was stillow (7.77% Table 510). Two injections were
performed here in Decemb2010 and February 2011 (Tal®d1, injection group 4
and 5. Thee were als@inworm and museparvovirus infectios in the animal
house at the time which meant théitthe mice had to be transferred into a new
environmenwithin individually ventilated cages (IVC). Finalltheth3 thalassemia
colony was moveftom Imperial Collegeo UCL after April 2012when Dr Simon
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Waddington moved offices, and no further experiments could be performed due to

setting up of the colony.

Table 5.10 Mating history and conceptionrate of th3 thalassemia mice.

th3: thalassemia mice; CCR2: wild type mice. Theonceptionrate of th3Xth3 was 7.11%, which
was similar to th3XCCR2 conception rate 7.77%. Some of the pregnant dams were selected for
in utero transplantation (see comment)No.: number.

Month-  Mating No. No. of No.of  Conception Comment
Year (Male X Pairs mating pregnancy rate

female)
Dec09 th3 X th3 8 18 1 5.56%
Janl0  th3 X th3 8 24 1 4.17%
Feb10 th3 X th3 9 18 1 5.56%
Mar-10 th3 X th3 9 18 0 0.00%
Apr-10  th3 X th3 9 18 2 11.11% for 2 prenatainjections
May-10 th3 X th3 9 18 3 16.67% for 2 prenatainjections
Junl0  th3 X th3 9 27 2 7.41% for 1 prenatainjection
Juk10 th3 X th3 9 18 2 11.11%
Aug-10 th3 X th3 8 8 0 0.00%
Seg-10 th3 X th3 8 16 0 0.00%
Oct10 th3 Xth3 7 14 2 14.29% for 2 prenatainjections
Total 93 197 14 7.11%
Nov-10 th3X CCR2 7 21 3 14.29% for 3 prenatainjections
Dec1l0 th3XCCR2 7 21 1 4.76%
Janll th3XCCR2 7 21 2 9.52% for 2 prenatainjections
Febll th3XCCR2 7 14 0 0.00%
Mar-11 th3XCCR2 6 12 1 8.33%
Apr-11 th3XCCR2 7 14 1 7.14% Moved the colony to UCL
Total 41 103 8 1.77%
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5.4.2 Genotype and phenotypandifferentiate the unaffected mice from
heterozygous mice

In order to makelistinguish betweehomozygous, heterozygous or unaffected

animals, | established a PCR genotyping method and a quick bloodraetéad

The thalassaemia th3 thalassemia mice is a very severe form @eamathat

mimics human alpha major thalassenliaheterozygous animglone of the mouse

I -globinis replaced by one HPRT gene as described in the introduction. In

homozygous anims| both two internal -globin genesrereplaced by two HPRT

genesso that these animals canpobduce the normal red blood cells and maintain

haematopoietic funabn.

For blood smeargloodwas collectedrom thetail vein of miceand one small drop

was placed with a drop deparin (5ul) immediatelgnto a slide and the blood drop

was smeared along the slide to spreadlithe blood smears were checked by

mys<elf and Dr. Anna Davidin Figure 5.24an example of blood smaaafter Giemsa

May-GrYnwald stainings shown from deterozygoush3 mouse (Figure 5.24A) and

a homozygous normal mouse (Figure 5.24B). The abnormal fragmented and

misshapen red blood cellgght grey with round shap&gn be clearly seen in the

heterozygous blood smear, whereas all red blood cells from the homozygous wild

type smear are of consistent size and shHpis.method took only one hour to have

the initial results; thereforeuse this techniquas the first step for identificatiosf

mouse phenotype.

Figure 5.24An example of Giemsa MayGrYnwald staining in the peripheral blood ofth3
thalassemia mice.

(A) the blood film of heterozygousth3 thalassemia mice sbwsuneven shape, color, and size of
red blood cells. The small fragments of cdlindicated the cell rupture. (B) A normal blood smear
with red blood cellsthat look uniform without rupture. The purple stained cells were whle blood
cells, which could ke found in both images. 400X
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For multiplex PCR gel, collected the ear of mice after labelling them usingar
marking system. A small piece around 2 to 3 mm of ear was prepared for DNA
extraction as described in the maaeend methods. All the PCR and primer

conditions followedh protocol(Vadolas et al., 2003or quick genotypingWild type
th3mice had only one thick band mousebetaglobin, at 249 base pairs.

Heterozygous mice had 2 bands seen. The mousgloéia band (249 bp) was

lighter in intensity irheterozygous animals #sy haveonly one copy of this gene.
These mice also hadlPRT gendrand at 315 base psirHomozygough3 mice had

only one band of the HPRT gene (315bp) and no mouseayludten gene (249bp).
Results from the multiplex PCR are shown in figure 5.25. The results were the same

as those found by blood smears.

HPRT 315bp
C— — - -— - m b-globin 249 bp

16-116-2 16-3 -ve 17-1 17-2

Figure 5.25 An example of PCR genotyping gel of thalassemia3 mice.

16-1, 162, and1#1 had only one band of mouse betglobin (249 base pairs) that indicated these
animals were unaffected, wild type mice. 18 and 172 had 2 bands, ondeta-globin band and an
additional band for the HPRT gene (315 base pairs) indicating that these were heterozygous
thalassemia mice. No homozygouh3 thalassaemia mice were detectetladder: 100bp

Gross examination dh3thalassemia pupshowed het&zygous pups tmok very
pale eithelasfetuses or after birth (Figure 5.268h3mice had the same genetic
background as B6 wild type; therefore it &me difficult to tell the colar difference
after the growth of the black hair. Not only the white stotour was different, but
alsothe body size and body weight were also smaller in thalas$et@eozygous

pups thann wild type newbors.
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Figure 5.26 Phenotype of the thalassemia mice.

(A) pups from th3Xth3 matings show two different types of newborns. One of them presented
the red color of skinthat are homozygous wild typgarrow), but the others are very pale with
white skin, which are the heterozygous pupgB) Normal pups of CD1 mouse showed unifon
and pink color of the skin.

In summary, | demonstratédatthe genotype ith3thalassaemia mice can be
determined using blood film amdultiplex PCR. Alsat was possible tdistinguish
eitherthe diseas miceor normal mice by gross observatiother in fetal stage or

early postnatal period.

5.4.3 In utero injections of stem cells in th3 mice give a very low pup survival rate
Because of the low conception rate it was not possilde frenatal transplantation
experimentgvery month as some of theegnant dams were for colony maintenance
and expansion, or don¥FP transgenienice were not pregnant for amnofluid
collection. In Table 8.1, 1 list all the prenatal injectiongerformed in thehalassemia
colonies.Some experiments were performesing human fetal liver derived HSCs
(hfIHSCs) and were part of a collaboration with Dr Citra Mattar, National University
of Singapore. Fivgroups ofinjections were performed during this time period,
performed byDr SimonWaddington who is experiencedtime techniqueand most

of them showed a high mortality after birth due to spontaneous miscarriage or because
of cannibalization by dams. In each case injection was via the intraperitoneal or
intravascular route. The first two injections in two animaldune 2010 used
transduced GFP AFS cells derived from MF1 mice but gave no pup survival. The

second group of injections was usiihg amniotic fluid stem cells from YFP

| S



transgenic mice, which had been transduced with HOOEGFP at E4. This is the

only experiment where there was long term postnatal survival (three pups) after

prenatalmniotic fluid stem cell transplantation in this thalassemia colony.

Table 5.11 Summary of in utero stem cell transplantationin th3 thalassemia mice.
hfIHSC: human fetal liver haematopoietic stem cellsPN: postnatal; GA: gestational age at

injection.
|

Injection Date Recipient Virus Cell no. No. PupsOutcome
group GA
1 June 2010 MF1 AFS th3 x th3 UCOEGFP 20000 7,E1l Miscarriage
1 June 2010 MF1 AFS th3 x th3 UCOEGFP 20000 8,E13 1 alive, but died day 1PN
2 July 2010 YFP AFS th3 x th3 UCOELUC 10000 10, E14 3 survived (1 WT, 2 Het)
2 July 2010 YFP AFS th3 x th3 UCOELUC 10000 6,E14 Miscarriage
3 ggfgmber th3 x th3 - 200000 6, E15 3 alive but died day 1PN
3 November th3xthd - 200000 5,E12 Miscarriage
2010
4 December th3 X CCR2 - 200000 12, E15 8 alive
2010
4 December th3 X CCR2 - 200000 10, E15 7 alive
2010
4 December th3 X CCR2 - 200000 9, E15 8 alive
2010
5 ggﬂ“afy YFP AFS th3 X CCR2 - 50000 10, E15 Miscarriage

In summaryth3thalassemia heterozygous mice could be-ina¢ed but with a very
low conceptiorrate either irth3hetXth3hetor th3hetXCCR2 After five groups of

prenatal injections, the overall mortality was too high to complete the experimental

number required due to miscarriagesannibalizatiorof the pups.
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5.4.4 In uterocongenic transplantation using luciferasansduced LifICkit+ AFS
cells derived from YFP transgenic man be achieved in th3 thalassaemic
mice

Most of the experiments for the thalassemia mice prenatal injection were not

successful due to higktal mortality rate. Here | present the examplénaditero

congenic transplantation by transéd amniotic fluid stem cells (Tablel2).1 chose
to use AFSCs collected from YFP transgenic mice, and to transduce them with
lentivirus vectors to enable us to use FACS analysis for YFP level and IVIS for

luciferase expression in the same animal.

Theth3female mice were timenated withth3 male one day after YFP femaless
YFP male mating (Figure 5.27The YFP female mice were sacrificed at Ed4
amniotic fluid collection and cell sorting. Around 1.5%Y8¥P+/Lin-/Ckit+ fresh
AFS cells were isolated for fetal injectiof total of 100000 YFP+/LiF/Ckit+ AFS
cells were obtained for injectianto ten pupsThese cells were cultured in HSC
conditioning medium with cytokinesvernight HIV lentivirusvectorcontaining the
UCO-E promotedriving theluciferasetransgenevas usedo infect the cellsor 24
hoursat anMOI=50. This was the same viral vector as used for experiments
described irChapter 5.2The next day prepared 10000 cells in RDPBS per pugor

fetal intraperitoneal injection at E14 carried out by Dr. Simon Waddington.

in utero IP injection
/ .. % Collect YFP+/Lin-/Ckit+ AFS cells
o A=577 with 24 hours HIV-UCOE-LUC

v

-

YFP mice, E14 Th3XTh3, E14

Figure 5.27 Experimental design of thecongenicin utero transplantation with mice AFS cells.

Lin -/Ckit+ amniotic fluid stem cells were collected and isolated from YFP transgenic mice. These
cells were then transduced for 24 hours with HIVUCOE luciferase vector. These transduced

cells were injected intraperitoneally intoth3 thalassemia fetal mice (th3Xth3).
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Three pups werdeliveredalive (30% survival rate3 out of 10 pups). Two were
presentingananeemic white appearance over the whole body and skin. The other one
looked normal and larger Bize with pink skin (Figure 5.28AIVIS scanning for the
luciferase activity s performed at Day 1 after delivery, which showed strong

luciferase signal uptakereong all three mice (Figure 5.29.B

Figure 5.28 Three pupswere born after in utero congenic transplantation with luciferase
transduced YFP+/Lin-/Ckit+ amniotic fluid stem cells.

Those cells werdrom a th3 thalassemiaheterozygous mother and father matingA) Of the three
pups born, two appeared to beanaemic and were smaller mice compared to the pink and larger
pup. Genayping confirmed the smaller ones wereheterozygousth3 and the larger one was wild
type unaffected mouse(B) IVIS image showing thatall three injected pups had a positive
luciferase signal in the body one day aftebirth .

Unfortunately, one of the p@heterozygousnicediedspontaneously two days after

birth. Thegrowth velocityof theremainingtwo mice was ver different from Day1

(Figure 5.29).

Due to poor nutrition and food intake of the pale mouse, this mouse became very sick
and stopped growg and after two weeks of age it was decided to cull the Blgnd

and organs were taken for further engraftment analysis.
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Figure 5.29 The growth curve of the thalassemia heterozygous mouse compared hwtild type
animal.

The red line presented the wild type while the blue line indicated the heterozygous thalassemia
mouse.

5.4.5 TransplantedAFScells showed low level &fFP+ cells in theblood of
heterozygous mouse but without correction of the phenotype
In order to understand and confirm the genotype of the delivered mice as described in
theprevious section, blood smear and P&@Ran ear clip markingere performed.
Further peripheral blood was collected for whole blood analysis and couentith@o
detemine thecell engraftment level in the peripheral blood by using flow cytometry.
The heterogeneous red blood cell morphology in the stained bloodssfrigare
5.30A and B)indicated thgpalersmaller animals were heterozygah8thalassemia
mice. Onthe other hand, thelood film from the pinker larger animshowed the
homogeneous and uniform red blood cells indigghomozygouswild type (Figure
5.30).
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Figure 5.30 The blood smear of the three injeted mice delivered by thalassemia dam.

(A) and (B) blood films showa heterogeneous morphology of red blood cells with lots of
fragments that indicate the peripheral blood of heterozygous animalgC) The appearance of red
blood cells was uniform and homgeneous showing the normal result of wild type mousd0X

The multiplex PCR gdlFigure 5.31) showed the genotyping of the two thatessia
mouse pups that survived up to two weeks of age.wild type mouse had only one
thick band of mousé-globin, bu theheterozygous animal had two bands including
one thinner mousk-globin band an@dnHPRT band. The results were also

compatible with blood smear study.

Pink pale WT het H20

Figure 5.31 The PCR genotyping of the AFS celltransplanted mice after delivery.

There was only one band of mousk-globin in injected wild type mouse(pink). In injected
heterozygous thalassemia mouggpale),the PCR product had two bands (mousé -globin and
HPRT). WT: wild type control; het: heterozygous control. Ladder: 100bp

Peripheral blood was taken on Day 14 when | sacrificed the animals for
haematological study. All the parameters including hematocrit (Hct), red blood cells
(RBC), mean corpuscular volume (MCV), red cell distribution width\(RPand
hemoglobin (Hb) wereompared with those from similar aged known heterozygous
and wild type animalsTable 5.12and Figure 382). The blood count in the injected
thalassemia heterozygous mouse looked very similar compared with heterozygous
uninjeced control as published in the literat@¥adolas et al., 2005The

transplanted wild type micaso had showed the compatibEematologic data to the
uninjected wild type mice
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Table 5.12 Haematologic values of injected wild type and heterozygous thalassemia mice
alongside with uninjected control mice at the same age.

Het: heterozygous; WT: wild type; Hct: hematocrit; RBC: red blood cells count; MCV: mean
corpuscular volume; RDW: red cell distribution width; Hb: hemoglobin. Uninjected-WT: data
from uninjected colony; Uninjected-Het: from (Vadolas et al., 200b

In utero injected UninjectedHet In utero injected Uninjected

Heterozygous Wild Type WT
RBC (16/mnv) 5.4 6.6 7.29 9.5
Hb (g/dl) 9.8 10.9 15.2 16.5
Hct (%) 27.3 30.5 43.2 45.7
MCV (fl) 44.9 43 56.2 51.1
RDW 48.2 46.1 19.3 17.4

60

Heterozygous

B Control-Het

e

#Wild Type
% Control-WT

The unit of vale referred to
each parameter

Figure 5.32 The histogram of all the parameters in transplanted animal either unaffected or
heterozygous mouse compared with the uninjected control value.

Het: heterozygous; WT:wild type; Hct: hematocrit; RBC: red blood cells count; MCV: mean
corpuscular volume; RDW: red cell distribution width; Hb: hemoglobin.

| performed the flow cytometry to analyze the blood engraftment status of these two
animals on Day l1after birth Thecells | injected were luciferase transduced
YFP+/Lin-/Ckit+ amniotic fluid stem cells, so | chose the FITC/GFP channel to
detectthe YFP+ cells after gating the blood ceB$ood from winjected wild type
animals were used as negative cordirad fromtransgenic YFP+ mice were setthe
positive control. The areas of P1, P2, and Q4 indicated the positive YFP celldcounte
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by flow cytometry (Figure 5.331In positive control, 99% of the cells were inside
the positive gate; but only 0.2% in negative conffhein uterotransplanted wild
type animahadonly around 0.3% positive cells. Theuteroinjected heterozygous
th3 thalassemianouse hadlightly more YFP positive cells.2% tharunaffected

mouse

Negative control Positive control injected WT injected het

I hpe non-ijected LER ! f fo Y FP mjgctedt pink a |0 teu pal

PE

FITC

Figure 5-33. Flow cytometry studies of the traplantedanimals versus control
animals. The gate Q4 indicated the percentage of positive cells in each animal
Negative control: uninjected wild type (WT), positive control: uninjected YFP mouse

Interestingly, both congenic transplantation animals sboxeey low level of YFP+

cells in tre peripheral blood compared to results in congenic and allogeneic
transplanted BI6 and CD1 mouse experiments. The saméers of Lir/Ckit+ YFP

cells weranjectedin uteroin each case. We hypothesized that heteraryin3

mice might have a larger niche available for engraftment of normal cells since they
were anaemic. Because of the small number of pups surviving and examined it is not
possible to determine whether there is a genuine difference in engraftment between
the two experiments, or whether this occurred by chance dlbeg@oor clinical
appearance ancgdmatologic data of thie uteroinjectedth3 heterozygous mouse
suggested that the level of cell engraftment was insufficiecdrrect the phenotype

or to improve the severity of thalassemia

In summary, th@henotype and genotypetodnsplanted heterozygous and wild type
mice could be determined using blood smear and multiplex HGR clinical

progress and data this one pupmlid notsuggest anpenefiton thalassemia severity
after prenatal congenic trgsantation in this single experimefthelow level of
transplanted cells in the peripheral blood of bothteroinjectedanimalsmay be
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responsible for the lack of a clear clinical effect, but furthgreriments are needed to

investigate.

5.4.5 Summary and future plans

| had shown the first model of prenatal congenic transplantation by using transduced
amniotic fluid stem cells in thalassemia mice. The aim of this project was trying to
treat or curghe affected foetuses, or improve the phenotype of heterozygous mice.
However, due to low pregnant rate and high mortality of in utero injection in this
model, | can only show ordam withsuccessful transplantatidimat had been
transplantedvith luciferase transduced YFPAFS cells. The initial irvivo luciferase
imaging system detected the luciferase signal in the liver area among all three injected
pups. Then the flow cytometry presented that the engraftment of peripheral blood
looked very low in hetemygous mouse, but did not show any evidence of

engraftment in unaffected mouse. Digithe 2010 to 2011, the thalassaa colony

in Imperial College had experienced pinworm and parvovirus infection, all the
animals were transferred back to University Ggdlé ondon in summer time of 2011.
Currently the entire colony was moved to UCL with 5 breeding pairs and some
individuals. Considering the severity of this disease model, we started to look another
thalassemia model that demonstrated a humanizedhHatasemia model published

by US grougHuo et al., 2009b The future collaboration with the new mouse would

be very important to complete this project.

In previous sctions and chapters, | had shown the potential of the amniotic fluid stem
cells that could be used in the prenatal transplantation with good level of engraftment,
especially for congenic (mice) or autologous (sheep and human) transplantation.
Although thethalassemia model | tested in the final section was not working well, this
concept using AFS cells for prenatal transplantation could be still applied in another

animal model of thalassemia or other diseases in mice.
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6 Chapter 6: Human amniotic fluid stem cells can be transduced and

xenotransplanted in utero in mice

Introduction

Human amniotic fluid and the cells within the fluid has been tmeprenatal
diagnosis such as fetal karyotyping or DNA analysis for decathesnainaim of
amniocentesig fetal medicinas to diagnose chromosomal abnormalities or genetic
defects prenatally and the reasons why couples decide to undergo thissinvasiv
procedure include elevated risk for DownOs syndrome after screening tests, certain
markers or structural fetal abnormalities noted on ultrasound which make
chromosomal aneuploidyr genetic diseasgispicious, and previous history of an
affected childMujezinovic and Alfirevic, 200Y. Due tothewidespreadhvailability

of prenatal screening and diagrysamniocentesis is performed routinglyclinic

and the amniotic fluid dained not only facilitates cytogett and molecular
diagnosis but also provides a promising source of MSCs or other pluripotent stem
cells(Delo et al., 200pwithout the ethical controversy of ESG&usa and
Hengstschlager, 2002

It was confirmed in 2003 that MSCs exist in human(iFt Anker et al., 20083

MSCs can be retrieved from human sectmdester AF withgoodefficiency

(around 0.91.5%) (Roubelakis et al., 2007) that is superior to human bone marrow
and cord bloodSeveral pluripotent markers (G4t NANOG and SSEA}) are

always positive on human AF MSQRoubelakis et al., 200.7Distinguishing them
from other amnibc fluid cell typesis simple because they adhere to plates during
cultivation. These MSCs are pluripotent in differentiation. For example, they may
differentiateex vivointo cardiomyocytdike cells and engraft in rat heart with
cardiomyocytdike characteristic§Zhao et al., 2005 Although the majority of stem
cells from AF are more phenotypically similar to MSCs than to HROsbelakis et
al., 2007, currently cells with haematopoietic potential have beenifd=hin a
subpopulationl(in-/Ckit+ stem cells) of human and murine AF stem o@igadi et

al., 2009. In DitadiOs resesr, both human and muritén-/Ckit+ AF stem cells

were capable of differentiating into erythroid, myeloid and lymphoid cells in vitro.
Preclinical experiments om uterotransplantation (IUTdf human HSCs o

animals has been ongoing for decades, in rodents by Pallavicini MG in 1992
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(Pallavicini et al., 199 in sheep by Zanjani ED in 199Zanjani et al., 1992 In
PallaviciniOs research the transplanted human HSCs engrafted successfully and
haematopoietic chimerisin rodents was demonstrated. In ZanjaniOs study the
transplanted human HSCs engrafted in 13 out of 33 recipients and all 13 sheep were
positive on bone marrow. Some engraftmeasgven confirmed to persist tin2

years after delivery.

Before consideringUT of AFS cells in humans it is important to observe transplanted
human AFS cells in experimental animals by xenogenic IUT. Currently there are no
studies using xenogenic IUT of stem cells from human AF, but there are several
published studies of xenogerlJT using human MSCs from other origins. IUT of
human fetal blood MSCs in mice with osteogenesis imperfecta typadll
demonstratech 2008(Guillot et al., 208) and these MSCs were sourced from

women undergoing surgical termination of pregnancy in the first trimester. In addition
to the engraftment confirmed in recipient mice, this IUT achieved the therapeutic
effect where there was a twbirds reluction n long bone fractures.

Chou proved that the MSCs from human bone marrow engrafted successfully in wild
type fetal mice after IUTChou et al., 2006b At one monthafter delivery, the

frequency of detection by PCR was 56% and the engrafiwenseein all 18

examined organs/tissues that originated fthenthreeembryonic layers. The
engraftment in bloobecame undetectabde 3 months after delivery atg 5 monhs

all evidence oengraftmentad disappeared.

Several IUTs of human stem cells (for example, HSCs and MSCs from fetal blood,
MSCs from bone marrow) in mice have been publishedsaodessful engftment

has been confirmed. In this chapter, | aimed toaestrate that human amniotic fluid
stem cells could be isolated, cultured under MSC or HSC condition, transduced with
lentivirus, expanded, and transplanted into fetal mice. The amniotic fluid was
collected from second trimester amniocentesis or thimester amniodrainage and a
comparison between second or third trimester amniotic fluid sources was made..
Once the IUT of human AFS cells in mice is successful and human AFS cells are
proved to be pluripotemn vivo, this experimental model may serveagslatform

wherdoy the prerequisite for fetal therapies by autologous human AFS cells may

move on.
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6.1 Human amniotic fluid can be collectéat research purposesomwomen
undergoingsecond trimester amniocentesis or third trimester amniodrainage
At the sart of this project | successfully applied for ethical approval from the Joint
UCLH/UCL Committee on the Ethics of Human Research to collect human amniotic
fluid for research purposes, from women undergoing amniocentesis or amniodrainage
for clinical purpses (REC Ref 08/H0714/87). All the samples were collected in the
Fetal Medicine Unit at the EGA and Obstetric Wing, UCLH once women had given
signed informed consent. Trained physicians carefully consulted pregnant women
individually while they were waitig for their FMU appointment by providing them
with a patient information leaflet. Before performing the procedure (amniocentesis or
amniodrainage) women were asked whether they would agree to use the sample for
research purposes after clinical work hadrbeompleted or on any surplus fluid to
clinical use.
From February 2009 to April 2011 (Table 6.1), | collected 47 cases of human
amniotic fluid including 33 cases of second trimester amniocentesis (15 to 27 weeks
of gestation), 11 cases of third trimesaenniodrainage (28 to 3¥eeks of gestation),
and three cases of term pregnancy (37 to 39 weeks of gestation) amniotic fluid which
were collected during Caesarean section and cultured by another research group. All
fluid samples were sent to The Doctdr&isoratory (TDL, Whitfield Street, London)
for prenatal genetic diagnosis and traditional chromosome study. Once a fetal
karyotype or genetic diagnosis had been issued by the lab, TDL edonsso that |
could collect the harvested or cultured amnifiticd cells prepared in their
laboratory. The methodology of culturing these two kinds of cells was described in
the chapter 2. Fresh amniotic fluid was only available if the amniocentesis was
performed after 16 weeks of gestation when surpigsililcouldbe collected over

and above the usual collection of 15ml for genetic testing.
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Table 6.1 Summary of the cases of human amniotic fluid collection.
DownOs risk: increased risk from screening test; maternal geest: mother requested
amniocentesis in the absence of an increased risk for DownOs syndrome from screening tests;

ultrasound finding: abnormal findings on ultrasound increased the risk of DownOs syndrome or a

genetic disease; polyhydramnios: amniodrainag performed to reduce amniotic fluid volume.

ID Gestational age (week Maternal age (years Reason Procedure date
H001 17 37 DownOs risk 05/02/2009
H002 17 37 DownOs risk 20/02/2009
HO03 18 38 DownOs risk 20/02/2009
HO004 17 39 DownOs risk 11/03/2009
HO05 18 18 DownOs risk 11/03/2009
H006 17 34 DownOs risk 25/03/2009
H007 15 34 DownOs risk 02/04/2009
HO008 15 23 DownOs risk 30/04/2009
HO009 15 45 maternal request 30/04/2009
HO10 23 38 maternal request 06/05/2009
HO11 16 40 maternal request 06/052009
HO12 16 39 maternal request 11/06/2009
HO013 15 35 DownOs risk 12/06/2009
HO14 18 32 DownOs risk 12/06/2009
HO015 19 26 DownOs risk 25/06/2009
HO16 24 32 polyhydramnios 22/07/2009
HO17 24 32 polyhydramnios 29/07/2009
HO18 20 26 ultrasound finding 02/09/2009
HO19 28 37 polyhydramnios 08/09/2009
H020 29 37 polyhydramnios 15/09/2009
HO021 20 33 ultrasound finding 07/10/2009
H022 23 33 ultrasound finding 07/10/2009
HO023 15 43 Maternal request 04/11/2009
H024 15 36 DownOs risk 04/11/2009
H025 28 38 polyhydramnios 06/11/2009
HO026 16 38 ultrasound finding 20/01/2010
H027 18 31 DownOs risk 10/02/2010
HO028 28 25 polyhydramnios 10/02/2010
HO029 15 37 maternal request 07/04/2010
HO30 15 23 DownOs risk 28/04/2010
HO31 22 21 ultrasound finding 28/042010
H032 16 40 DownOs risk 05/05/2010
HO33 16 37 DownOs risk 12/05/2010
HO034 17 26 DownOs risk 12/05/2010
HO35 30 33 polyhydramnios 26/05/2010
HO036 23 26 ultrasound finding 09/06/2010
HO37 19 40 polyhydramnios 16/06/2010
HO38 39 36 term 01/06/2010
HO39 37 32 term 01/06/2010
HO040 38 28 term 01/06/2010
HO041 19 32 ultrasound finding 13/08/2010
H042 34 44 polyhydramnios 22/09/2010
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HO043 15 26 DownOs risk 02/11/2010

HO044 18 37 DownOs risk 10/11/2010
HO50 31 33 polyhydramnios 07/03/2011
HO51 34 36 polyhydramnios 29/03/2011
HO052 20 19 ultrasound finding 06/04/2011

The main reason for amniocentesis or amniodrainage was high risk screening results
(19 out of total 47 cases, 40.43%, Table 6.2) which included either first trimester
combined test orexond trimester Down syndrome screening tests such as the
guadruple or Integrated tests. Usually women having the combined screening test
opted to have a chorionic villus sampling test but occasionally they decided to wait
until 15 weeks for an amniocests. There were 8 cases (17.02%) of amniocentesis
performed because of an ultrasound finding including congenital heart disease, cleft
lip/palate and limb abnormalities. Two women chose to have amniocentesis electively
because of a previous DownOs syndrointie. There were another 4 pregnant women
(8.51%) with low risk for DownOs syndrome on screening who requested invasive
procedure electively (Table 6.2, and Figure 6.1). For the third trimester pregnancy, 11
cases (23.4%) were collected due to polyhydiasbecause of fetal anomaly or twin

to twin transfusion syndrome.

Table 6.2 Summary of the reasons for invasive amniocentesis and amniodrainage.
I

Reason for the procedure Number %
Increased_rlsk of Dows@yndrome 19 404
on screening test

Abnormal fetal ultrasound finding 8 17.0
Previous DownQOs, maternal reques 2 4.3
Maternal request 4 8.51
Polyhydramnios (3nd trimester) 11 23.4
Term (3rd trimester) 3 6.4
Total a7 100.0
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Figure 6.1 The distribution of the different reasons for either amniocentesis or amniodrainage.
(%)

There was no statistically significant difference in maternal age between women
having second or third trimester amniocentesisladrainage (Table 8). Second
trimester samplewere all sampled within 15 to 2veeks, compared with third
trimester (28 to 34 weekdjigure 6.2 showed the distributionamniotic fluidcase
numbers in different gestational weekbe mean gestationafje of amniocentesis
was (L7.55% 2.53, which was significantly earlier than the mean gestational age of
amniodrainage28.09+ 4.46) (Table 6.3)

Case numbers (n)
(%Y
o

O = N W & U O N o W

"NNNI ) T T

15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39
Gestational age (weeks)

Figure 6.2 The distribution of amniotic fluid case numbes in different gestational weeks.
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Table 6.3 Comparison of the maternal age and gestational age between second and third
trimester invasive procedures.
I

Second trimester Third trimeser
amniocentesis (N=33) amniodrainage (N=11)
Mean maternal age 5, 67, 7 13 35.18 + 5.00
(year)
Mean gestational age 1755 + 2 53 3109 + 4.46
(week) e T

In summary, human amniotic fluid could be collected in the hospital from women
undergoing amniocentesis or amniodraindde main reason for amniocentesis was

an increased risk of DownOs syndrome on screening, followed by abnormal ultrasound
finding and maternal request. There was no difference in the maternal age of women

undergoing amniocentesis and amniodrainage.

6.2 Humanamniotic fluid Ckit+ cells from second or third trimesggstationsan

be isolated and cultured in adherent pkate
The standard methods of isolation and culturing human Ckit+ AF cells have been
publishedDe Coppi et al., 200Faln the beginning of this project, | isolated the
Ckit+ cells from freshly collected amniotic fluid or from cultured unselected cells.
Then | seeded the cells in adherent plates witbemehymal stem cell conditioning
medium to show that | could grow and maintain the human amniotic fluid cells in
culture.
The percentage of Ckit+ cells was studied in cases of amniocentesis from second or
third trimester of pregnancy (n=6 per grotqmak12) using flow cytometry.The six
cases from second trimesteere all collected freshly and with harvested, cultured
cells provided from TDL (all three types of cells: fresh, cultured, or harvested as
mentioned in Chapter 2). The average gestationavagehese 6 secondmester
amniotic fluid samples were 18.1 weeks. Another 6 samples were collected from third
trimester amniodrainage had either fresh or fresh frozesh(fcells were frozen down
immediately after collection and thaw again few morditer) cell types. The average
gestational age was 31.4 weeks.
Figure 6.3and Table 6.4how that, in samples the same woman, the percentage of
Ckit+ cells was higher in fresh amniotic flu@.2%) before any culturing than in
harvested (1.2%) or cultudt€1.6%) Ckit+ cellp<0.05).There was also a higher
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Ckit+ percentage in second trimester AF when compared to third trimester AF,
whether fresh (1.5%) or fresh frozen (all cells from amniotic fluid samples without
selection) (1.2%) AF cells cultured &mlherent plate€0.05, ANOVA test).
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Figure 6.3 The percentage of Ckit+ cells in AF samples from second or third trimester amniotic
fluid handled in different ways.

The percentage of Ckit+ cells in frekly isolated second trimester AF was highest when compared
to other handling methods or third trimester sourced AF. (<0.05, error bar: standard

deviation)

Table 6.4 Characteristics of human amniotic fluid gem cells derived from second or third
trimester amniotic fluid samples.
|

2nd trimester 3rd trimester
(n=6, 1619weeks) (n=6, 2834 weeks)
Fresh Cultured Harvest Fresh Fresh frozen
Cell size (um) 12.1+3.4 15.842.6 15.2+4.1 15.6%£2.9 16.1+3.8
Cell density (cellml) 68000 - - 24000 -
Doubling time (hours) 30%4.9 36+4.6 37+4.7 35+2.7 38+5.3
Ckit+ population (%) 5.2+0.9 1.2+0.4 1.6x0.4 1.5+0.6 1.2+0.4

The cell size was measured as described in the methods section. | found freshly
isolated seconditnester Ckit+ cells had the smallest diameter, compared to other

type of cells isolated from second or third trineesiF (Table 6.4, and Figure 6.4

p<0.05, ANOVA). The doubling time of cell growth in adherent plates was calculated
for all Ckit+ cells tyges and results indicated that freshly isolated Ckit+ cells from
second trimester AF had the shortest doubling time, suggesting that these cells had the
greater stem cell patéal. (Table 6.4 and Figure 6<0.05, ANOVA)
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Figure 6.4 The cell sizeof Ckit+cells collectedfrom second or third trimester amniotic fluid
handled in different ways.

The cell size in freshly isolated second trimester sampled AF is smaller than other samples.
(*p<0.05, error bar: standard deviation)
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Figure 6.5 The Ckit+ cell doubling time of the different culturing samples from second or third
trimester amniotic fluid.
The doubling time in fresh sample of 2 trimester is fasterthan other samples. (p<0.05, error
bar: standard deviation)

The amount of fresh amniotic fluid available from second trimester samples was very
little ranging from 1 to 5 ml, because of the need to make most of the sample
available for clinical analysisurposes. Third trimester amniodrainage samples had
volumes ranging from 500ml to 2400ml. The second trimester amniotic fluid was
clear and yellow coloured. Some cases of amniodrainage were eithetihtypedior
contained a lot of debris and dead cellsaltulated the cell density (N=6, each

group) between second and third trimester amniotic fluid. The cell density in third
trimester amniotic fluid from polyhydramios pregnancies was more dilute (24000
cells/ml) than second trimester amniocentesis (68@06/ml), but perhaps not as
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much as expected since the volume of amniodrainage was nearly 100 times that of the
volume of amniocentesis.

In summary, | showed that the character of Ckit+ AF cells cultured in adherent plates
depended on the trimester olusce and their handling after isolation. The percentage

of Ckit+ out of total cells was approximately 5% in fresh second trimester AF,
compared to approximately 1.5% of Ckit+ cells in other cell types including second
trimester cultured or harvested ARIsand third trimester fresh or fresh frozen AF

cells. After Ckit sorting, the second trimester fresh Ckit+ AF cells had the smallest

cell size, shortest doubling time, and higher cell density than all other Ckit+ cell

sources.

6.3 Human amniotic fluid Ckit cells express markers @luripotent stem cells

In order to understand whether the Ckit+ cells derived from second and third trimester
human amniotic fluid have stem cell pluripotency, | performeeFTR analysis for

the expression of common pluripotetém cells markers including G4t Sox3, Kif-

4, cmyc, and NANOG! -actinwas used as internal control.

Three cases of each Ckit+ cell type were selected from the above experiments (second
and third trimester fresh, harvested, cultured or fresh froRMA was extracted

from the cell pellets and reverse transcribed to cDNA before PCR was performed for
pluripotent gene expression. Tabl& 6hows that pluripotent markers NANOG and

Oct-4 were expressed in nearly all Ckit+ cell types. Only in one sampldtared

second trimester cells was expression of©abt detected. Themyc positive

expression rate in second trimester was 100% compared with 66.7% (two out of
three) third trimester AF samples. Kifexpression was most common in second
trimesterfresh AF samples (2 out of 3). There was only one sample of ffiésh 2
trimester Ckit+ AF cells that showed S&positive, while all other samples were

negative.
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Table 6.5 The summary of PCR results in diferent types of amniotic fluid (AF) Ckit+ cells (N=3,
each arm).

The number indicated the positive samples out of 3.

!

(Number of
positive 2nd trimester Ckit+ AF cells 3rd trimester Ckit+ AF cells
samples) (n=3) (n=3)
Fresh Cultured Harvest Fresh Freshfrozen
NANOG 3 3 3 3 3
Oct-4 3 2 3 3 3
c-myc 3 3 3 2 2
Sox2 1 0 0 0 0
KlIf-4 2 1 1 1 0
I -actin 3 3 3 3 3

In summary, the freshly isolated second trimester human amniotic fluid Ckit+ cells

were most likely to express pluripotent stem cell markers.

6.4 Human amniotic fluid Ckit+ cells from the second or third trimester cultured in
plates could be efficiently transduced with lentivirus encoding eGFP
In previous sections, | have shown that human amniotic fluid Ckit+ cells could be
isolated using magnetsorting and cultured under conditioning medium in adherent
plates. Also, these cells expressed pluripotent stem cells markers. In general, the fresh
amniotic fluid cells from second trimester showed more evidence of pluripotency
compared to other kindg @kit+ cells. In this section, | used lentivirus SFEGFP
vector to test the viral transduction efficiency. This virus vector was the same one |
used in Chapter 3 and 4.
The samples were taken from the same sources as the previous section that
investgated for cell size and doubling time (n=6, each arm). Essentially, 100000 cells
per 24 well norculture dish were seeded with vector (MOI=50) for 48 hours
transduction. Flow cytometry was performed to measure the percentage of GFP+ cells
and the resultsra shown in Table 6.6. The mean transduction efficiency varied in
second trimester cells from 58% in those that were freshly sourced to 56.5% in
harvested cells, and 54.5% in cultured cells, but this difference was not significant.
Transduction efficiencyas lower in third trimester cells (45.5% and 44.5% in fresh
and fresh frozenthat were significantly different to the transduction efficiency of

freshand fresh frozen second trimester sourced cells (ANOVA[@€6t05).
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Table 6.6 Viral vector transduction efficiency for human amniotic fluid stem cells from second
and third trimester.
I

GFP+ 2nd trimester Ckit+ AF cells GFP+ 3rd trimester Ckit+ AF cells
(% of total) (% of total)

Sample No.  Fresh  Culturad Harvest Sample No. Fresh Fresh frozen
1 63.0 60.0 58.0 1 43.0 47.0
2 54.0 49.0 44.0 2 46.0 51.0
3 55.0 61.0 63.0 3 55.0 47.0
4 68.0 66.0 59.0 4 36.0 39.0
5 42.0 46.0 49.0 5 51.0 44.0
6 66.0 57.0 54.0 6 42.0 39.0
Mean 58.0 56.5 54.5 Mean 45.5 44.5
SD 9.7 7.6 7.0 SD 6.8 4.8

In summary, human amniotic fluid Ckit+ cells either from second or third trimester
could be transduced efficiently with lentivirus. In fresh cells, the transduction
efficiency was higher in second trimester thanctiirmester.

6.5 Human amniotic fluid Ckit+ cells could be cultured, expanded and maintain
thear purity in suspension and fornadématopoietic colonies

In this section | aimed to demonstrate the hematopoietic potential of human amniotic

fluid Ckit+ cells. Diadi et al. had previously shown that fresh uncultured human and

mice AF Ckit+ cells could display haematopoietic stem cell functions eitheéro or

in vitro (Ditadi et al., 200R However, they could not show the ability to expand these

cellsex vivoand maintain their haematopoietic stem cell function. | therefore

investigated culture and expansion of these cells in different ways to see if

haematopoietic gential could be demonstrated.

Results from the previous section suggested that the highest Ckit+ cells percentage

(around 5%) was found in fresh human amniotic fluid stem cells from second

trimester collection. | hypothesized that adherent culturinghtgqales would reduce

the proportion of Ckit+ cells and could affect their ability to maintain haematopoietic

stem cell characteristics after culture. Therefore | studied the percentage of Ckit+ cells

before and after adherent culturing of cells taken fioensame amniotic fluid sample

in 4 cases from the second trimester of pregnancy. The Ckit+ percentage of fresh AF
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cells was tested using flowcytometry immediately after collecting the fluid samples.
Then | seeded the cells into petri dish for 2 weeks thsicells reached 70%
confluence in 150mm culture plate. The percentage of Ckit+ cell after culturing was
tested again. The Ckit+ population was significantly higher before culturing than afte
(5.5 % versus 1.5%, Figure 6(<0.05) showing that culturgnin adherent conditions
reduced the Ckit+ population.

Negative control 1in 100 (PE- Ckit antibody)

10.00

FITC

8.00
6.00

Ckit+ (%)

4.00

I\ LA ! 2.00 L

0.00

before culture after culture

PE

Figure 6.6 The effect of culturing in adherent plates on the percentage of Ckit+ cells in second
trimester amniotic fluid samples (n  4).

The flow cytometry images from one case show the negative control in the left panel, and fresh
human amniotic fluid cells conjugated with CD117 antibody in the middle panel. Gate R3
indicates the Ckit+ population (PE positive), and Gate R2 indicated the most of ddecells In the
histogram of right panel, the percentage Ckit+ cells decreased from a mean of 5.5% down to
1.5% after culturing the cells in adherent plates [§<0.05, ANOVA test). Error bar: standard
deviation.

As an alternative to adherent plates | inigeged culturing in suspension with HSC
conditioning medium containing all essential cytokines including IL3, IL6, TPO, SCF
and FL in 24well ultra low attachment platewhich is the standard culturing

methods for cord blood CD34+ cellsstudied freshl isolated Ckit+ cells from

second and third trimester amniotic fluid, and harvested / cultured AF Ckit+ cells that
had been selected after clinical diagnostic testing was complete. All the concentration
of cytokine and culturing condition were describedhe Chapter 2. All the second
trimester harvested or cultured cells (n=6 cases) ceased growth within Fluengs

was no evidence of cell expansion after 5 days under the liquid culture in low
attachment plates when | studied second trimester hanastettured cells. These

cells had been cultured in MSC conditions in the clinical diagnostic laboratory (TDL)

before sending back to our stem cell lab. | also cultured fresh amniotic fluid stem cells
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collected at third trimester (n=3 cases) in ultra &t@chment plates but again there
did not appear to be any growth after 7 days.

Unlike harvested or cultured AFS cell, second trimester fresh AFS cells could be
cultured in liquidsuspension as HSC condition. | tested 10 cases, and demonstrated
vitro expansion in four of these cases. | was able to demonstrate the cells growing in
suspension until at least 42 days when | terminated the experiment to analyse the
cells. The characteristics of the cases in which | successfully expanded cells are
shown in Tade 6.7.Cell expansion did not appear to be relatednmiotic fluid
volume,maternal age or gestational age. Contamination appéaithth 5 days of
culturing)to be a problem in those cases that failed to expdrakhed the cells as

soon as contamation noted.

Fresh amniotic fluid contains many dead epithelial cells that could not be removed
completely in the low attachment platesaddition, | did not use antibiotics for these
haematopoietic conditioning culture for human amniotic fluid stefs.cEhese could

be the reasons why the liquid culturing got high percentage of contamination.

Table 6.7 The summary of the second trimester fresh amniotic fluid cells culturing in the HSC
suspension conditio.

Amniotic Volume Gestational Maternal Culturing Outcome
Cells fluid (ml) age (year) age (year) days

HO05 Clear 2 18 18 42 Expansion
HO006 Clear 3 17 34 3 Contamination
HOO07 Clear 3 15 34 5 Contamination
HO008 Clear 2 15 23 4 Contamination
HO09 Clear 4 15 45 42 Expansion
HO11 Clear 3 16 40 42 Expansion
HO012 Clear 3 16 39 5 Contamination
HO013 Clear 4 15 35 5 Contamination
HO14  Clear 5 18 32 42 Expansion
HO15 Clear 5 19 26 14 Not expansion

Cell growth and density increasedeotime from 14 dys (Figure 6.} The alive cell
number was too few to be counted before 14 days as most of the cells in the culture
were dead cells. All four cases had a similar growthectnam day 14 to 42 (Figure

6.7).
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Human AFS ckit(+) cells grow in suspension
D14 D21
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Figure 6.7 The in vitro expansion in liquid suspension conditions of human amniotic fluid Ckit+
cells from freshly collected second trimester amniotic fluid.

The upper panel shows the gross morphology and cell growth over time in one well of a 24Iwel
low-attachment plate. In the lower panel, the growth curves of the four different samples are
shown as different coloured lines. The growth curves followed a similar pattern.

To test for purity | performed experiments on all four samples that haccbiered

in the suspension for 42 days. The fresh amniotic fluid sample contained about 5% of
Ckit+ cells initially and after MACS sorting, | seeded only Ckit+ cells in the
suspension condition. Even after 42 days culturing in suspension, sample®uthe |
attachment plates could maintain to 95% Ckit+ cells (Figure 6).8
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Figure 6.8 Flow cytometry analysis of Ckit+ cells after 42 days of culture in suspension in one
case of second trimester amniotic flid.

In the upper panel, cultured Ckit- cells(staining with PE) were used as negative control. The gate
in the right upper corner (P3)indicated the Ckit+ percentage. In the lower panel, over 95% cells
could be detected in the Ckit+ gate (pink circle).
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To detect haematopoietic colonies the pure Ckit+ cells selected using FACS after
culturing in suspension were seeded in sgofid conditions. The colorforming

unit assay (StemCellechnologiesUK) was performed after 15 days culture and
demonstrate@ll three lineagekinds of haematopoietic coloni@sigure 6.9.

Semisolid colony forming assay
D6 D9 D12 D15

Figure 6.9 Formation of haematopoietic colonies was studied in Ckit+ cells cultured in
suspension for 42 days from second trimester fresimniotic fluid samples.
Haematopoietic colonies could be observed from day 9 up to day 15.

In summary, | have demonstrated that tbenan amniotic fluid Ckit+ cellfom fresh
second trimester amniotic fluid samptesild be cultured, expanded and ntain the
purity in suspension and fornagmatopoietic colonies he percentage of Ckit+ cells
was reduced after culture for 2 weeks in adherent plates. In only 40% of second
trimester amniotic fluid samples was it possible to expand Ckit+ cells in sumpens
Characteristics of successfully expanded samples could maintain the Ckit+ purity up
to 42 days.

6.6 Second trimester fresh human amniotic fluid Ckit+ stem cafi$arm the

embryoid body
In order to study the pluripotent characteristics of human ararfiieid Ckit+ cells, |
performed another experiment to detect the embryoid body (EB) formation, following
the EB formation protocol as described in the literafuiadli et al., 2009. The sorted
Ckit+ cells(10,000 to 20,000 cells) from freshly collected secomdesiter amniotic
fluid (n=2) were culturedn 96-well low-attachment plates to form embryoid bodies.
The gross appearance of the EB from two different amniotic fluid sarft0€s and
HOQ9)after 7 days culturings shown in Figure 6.10n the left panelthe EB was
floating in the liquid suspension. In the right panel, the EB was picked up from the
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liquid suspension after 48 hours culturing and plated onto the getattmg plate for

preparation for the immunstaining.

Figure 6.10 The grossly appearance of the embryoid body (EB) from two different samples.
The human amniotic fluid Ckit+ cells were seeded using hanging drop or in the 98ell plate to
generate the EB. In the left panel, one of the EBag floating on the liquid suspension. In the
right panel, the EB was seeded onto the gelaticoated plated for further immune-staining.

The EB was then stained using three gertinager antibodies (Figure 6.)And
shown to be positive for alpha fetopein (endoderm), alpha actinin (mesoderm), and

betatubulin (ectoderm).

DAP| + a-actinin

endoderm (AFP),
mesoderm(alpha-actinin)
ectoderm(beta-tubulin)

Figure 6.11 Immune-staining of an EB formed from Ckit+ cells isolated from freshly collected
second trimester amniotic fluid.

All the three germ layer makers including alphafetaprotein (AFP), alpha-actinin and beta-
tubulin were positive for EB staining. Bar: 100 um.

In summary, | have shown that fresh human second trimester amniotic fluid Ckit+
cells have similar pluripotential ctecteristics as embryonic stem cells. The EB could
be formed easily following a standard protocol and positively stained with all three

germ cell layer markers.
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6.7 Prenatalxendransplantationn a mouse cell therapy model by using human
cultured or freshrbzen amniotic fluid stem cells

| conducted an experiment to demonstrate the possibility of using human AFS cells in

prenatal cell therapy application by examining transplantation of human amniotic

fluid stem cells into fetal mice. This is the first intrgation to inject human AFS

cells into fetal mice using intraperitoneal injection. Because of the difficulty

coordinating collection of fresh second trimester amniotic fluid with pregnant mice at

the appropriate gestation and additionally having a seffity large number of cells,

| examined engraftment after uterotransplantation of cultured and fresh frozen

AFS cells derived from third trimester pregnancies where a large volume of amniotic

fluid had been collected froamniodrainage

6.7.1 Animal procedre and experimental design

Two related experiments were performed using either cultured or fresh frozen human
amniotic fluid Ckit+ cells. Cultured third trimester AF cells were available from a

case ofamniodrainagete84 weeks of geation (Table 6.8 anBigure 6.12. Fresh

frozen third trimester AF cells were available from a casewfiodrainagat 35

weeks of gestation. After primary culturing or defrosting of the frozen cells, Ckit+

amniotic fluid cells were selected using Ckit microbead beforetiaojec

In utero IP iniection

- P ol U
L Collect human nf:f’ff\x\;

.. AF Ckit+ cells ""| b2 PM: 6 weeks

after injection

>

Figure 6.12 The experimental design of the prenatal xenotransplantation using third trimester
human amniotic fluid stem cells.

The cultured AF cells were collected then seeded immediatelyCieselection of
fresh amniotic fluidAll the operation procedures were performed as previously
describedAfter laparotomy 12 fetuses were identified in the finstther(HM1), 12
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fetuses in the second mother (HM2) and 15 fetuses in the third moth&).(Hhé
total 60,000 cultured human AFS cells (in 20ul PBS) wejected irio the peritoneal
cavity ofeach puat E14

Table 6.8 Summary of experiments: amniotic fluid samples andntrauterine transplantation
(1IUT).

Cultured human AFS cells Fresh frozen human AFS cel

Gestational age 34 weeks 35 weeks

Date of IUT 2/6/2011 7/7/2011

Gestational age of fetal mice El4 E14

Injected AFS cell number 60,000 cells irk0ul PBS 10,000 cells in 20 PBS
Number of pregnanhice 3 (HM1, HM2, HM3) 3 (HM4, HM5, HM®6)
Numbers of recipient fetuses 39 45

Quantity of live progeny 21 19

Delivery rate in 2 arms 54 % (21/39) 42 % (19/45)

In the fresh frozen groyphe AFS cellsvere frozer8 months before usendthen

they wee thawed for it sorting before IUT. Following the Kit sorting, thecell
suspension washecked for its concentration (approximately 500 cellsAfer
laparotomy 13 fetuses were identified in the first mother mouse (HM4), 17 in the
second mother (HM5) and 15 in the third mother (HNB&cause of the lower cell
concentration, onlyt0,000 fesh frozen human AFS cells (in PBS 20ul) were injected
into the peritoneal cavity of each pup.

Two animals from each group (HM1 and HM4) suffered complete miscarriages. The
overalldelivery rateof live pups was 54% (21/3%able 6.9 after injection of

cultured cells and 42% (19/4é&fter injection of fresh frozen cellsh& average

delivery rate blive pups in the two groups was 48% (40/84).

In summary, the third trimester human amniotic fluid stem cells could be cultured or

frozen, sorted with Ckit ahthen injectedn uterowith reasonable survival at birth.



6.7.2 Characterisation of stem cells from human amniotic fluids

To understand and confirm that the third trimester amniotic fluid cells had stem cell
characteristics and pluripotency, we analysed #gression of the stem cell

markers before and after Ckit sorting usingRCR.

Except CKit cells, the unsorted and CKitells in both groupécultured or fresh

frozen cellskexpressed Oet (Figure 6.13. The CKit+cells in both groups were
positivefor C-Myc and NANOG expression, but were negative for KIf4 expression.
For the expression of Se& allthreecell types (Ckit, Ckit+, and unsortedh the
cultured group were positiybut allthe cellsin the fresh frozen growpere negative.

No expres®n of KIf4 was seen in cells from any group.

1 23 45 6N

Oct4

Sox?2

Klf4

C-Myc

NANOG

GAPDH

Figure 6.13RT-PCR of RNA extracted from third trimester fresh frozen and cultured human
amniotic fluid stem cells.

N: negative control (water). 1, 2, and 3vere from cultured amniotic fluid stem cells group; while
4,5, and 6 were from fresh frozen amniotic fluid stem cells. 1 and 4 were unsorted cells, 2 and 5
were Ckit+. 3 and 6 were Ckit cells.

In summary, the Ckit+ cells in third trimester fresh frope cultured AF expressed
stem cell markers including Qdf C-Myc and NANOG,; cultured cells alsxgressed
Sox2.
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6.7.3 Human cells could be detected in ttematopoietic organsf injected mice

at 4 and 6 weeks after birth by flow cytometnalysis
To investigate the engraftment status after xenotransplantation prenatally, | analysed
for human cells in the peripheral blood, spleen, liver and bone marrow by using flow
cytometry. The rate of positive cells was also compared between cultured or fresh
frozen amniotic fluid stem celldn order to observe the engraftment in recipient mice
before schedulegostmortem at 6 weeks of agperipheral blood fon the tail was
obtainedat 4 weeks after birtand flowcytometryanalysis was performed@he blood
sampls were prepared with RBC lysis buffer as previously described.
Of the 21 recipient mice born froatter injection ofcultured human AFS cells, 4
were weakly positive for humdr2 microglobulin on peripheral bloagiving a
posiive rate of 19% (4/21) (Table 6ad Figure 6.14 Of the 19 recipient mice born
after injection offresh frozen human AFS cells, 8 were positiweperipheral blood
giving apositive rateof 42% (8/19).The blood from uninjected mice were used as
negative control.
At 6 weeksold, all the transplanted animals were culled for final analysis, the
haematopoietic organs were collected and preparadiaglle cell suspension for
flow cytometry analysis to detelstman! 2 microglobulin Other organs were
dissected for DNA extraction and lotgrm storageAmong the 21 recipient ice
born in the group using culted human AFS cell4,7 were sacrificed when aged 6
weeks. Of these sacrificed, 3 (17%) were weakly p@stiv blood and 4 (23%)axe
positive on liver (Table 6.9 and Figure 6)1# all 17 mice there was no detectable

human! 2 microglobulin positive cells in the spleen and bone marrow.

Table 6.9 Positive rate(human ! 2 microglobulin) of each organs of flow cytometryanalysis in
both injection groups.

(Positive animal number /total animal number)

I

Transplanted cell type4 weekblood 6 weekblood Liver Spleen Bone marrow
Cultured AFS cells  19% (4/21) 17% (3/T7) 23% (4/17) 0(0/17) 0(0/17)

Fresh frozen AFS cell42% (8/19) 42% (6/14) 35% (5/14) 14% (2/14) 35% (5/14)
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Figure 6.14 The histogram showed the positive rate of detectable GFP cells in the organs of
transplanted mice with cultured AFS cells (blue) or fresh frozen AFS cells (red).
!

In mice receiving injection of fresh frozen AFS cells, 14 out chrdiénals were

sacrificed at 6 weeks of age. Of these 14 mice, 6 (42%) had positive blood, 5 (35%)
had paitive liver, 2 (14%) had positive spleen and 5 (35%) had peditme marrow
samples (Table 6)9In both groups, with the exception of two mice (HS&land

HM3-11), if the recipient mouse tested positivedagraftment in the liver, spleen or
bone marrw, it tested positive in blood either 4 weeks weeks after birth (Table
6.10)

In summary, positive human cells could be detected in the peripheral blood and liver
afterin uterotransplantation of cultured or fresh frozen AFS cell. Positive cellisicou
only be found in the spleen or bone marrow of animals transplanted with fresh frozen
AFS cells, despite the lower number of cells injected.
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Table 6.10 The recipients mice detected positive for humah2 microglobulin by flow cytometry
analysis.

The data indicated thepercentage of FITC signal in positive channel, FITC labelled on anti
human ! 2 microglobulin. Written in red plus cross meant the positive results. *: Kept alive for
future studies.NC: negative control.

I

Cultured AFS cells transplantation Fresh frozen AFS cells transplantation

Mice ID 4 week 6 week Liver Spleen BM [|Mice ID 4 week 6 weekLiver Spleen BM
blood blood blood blood

HM2-3 +233 +243 1.01 048 0.15 | HM5-1 +345 +4.14 +453 054 +221

HM2-4 +196 +2.12 +451 0.93 0.08 |HM5-4 +422 +482 +421 058 +256

HM2-8 +1.72 * * * * HM5-5 +654 +6.34 0.67 0.13 +2.22
HM3-4 +2.16 +2.45 +3.98 0.35 0.45 [HM5-11 +453 * * * *
HM3-5 1.01 132 +483 0.87 0.34 |HM5-12 +4.35 * * * *

HM3-11 122 163 +263 0.03 0.07 | HM6-3 +398 +458 +564 0.63 0.98

HM6-5 +8.12 +9.7 +4.87 +2.32 +2.98

HM6-6 +556 +6.34 +6.01 +3.01 +3.04

NC 067 094 0.76 0.12 0.44 NC 059 049 081 069 054

Mean 1.73 199 339 053 022 Mean 509 599 432 120 233

SD 053 050 157 037 0.17 SD 156 204 191 117 0.75

6.7.4 Engraftmentate of fresh frozen AFS cells is higher than cultured cells after in
utero transplantation

In order to compare the engraftment status of these two injection groups, we analysed

the flow cytometry data from all of the haematopoietic organs of the transplanted

mice. | hypothesized that the cells that had been cultured would start to lose their

haematopoietic stem cell potential before transplantation.

Positive cells were seen in theesh and bone marrow on flow cytometry only in

mice transplanted with freghozen human AFS cells (Table 6Bable 6.1). There

were two mice in this groufHM6-5 and HM66) in which all samples analysed
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(peripherablood at 4or 6 weeksliver, spleen att BM) were positiveThis is despite

the far lower number of cells injected when compared with injection of cultured cells.
Although the number of recipient mice in either group is few, it was clear that the
positive rate of each item of FACS analysisha group using fresh frozen human

AFS cells is greater than its counterpart in the group usiltgred human AFS cells
(Table 6.9.

6.7.5 The level of engraftment after in utero transplantation of third trimester
human amniotic fluid stem cells is higher whiee AF is fresh frozen when
compared to cultured AF

In the blood of recipient mice at 6 weeks after birth, we compared theylometry
databetween 2 groups using Flowdersion 5.7.1 softwaré he range of positive
channel was gated according to negacontrol and positive control. Of the positive
recipient mice, the percentage of cells présgrITC signal (labelled on adAtiuman

I' 2 microglobulin) in positive channel in the group using fresh frozen human AFS
cells was obviously greater than the counterpart in the group eiginged human

AFS cells (Figure 6.1&nd Table 6.10 The raw datand indicated mict were
showed in the Table 6.10

Fromthe liver at 6 weeks of agpostmortem)of the positive recipient mice, the
percentage of cells presenting FITC signal (labelled orhamtian! 2 microglobulin)

in positive channel in the grouging fresh frozen human AFS cells was also greater
than the counterpart in the group usaudfured human AFS$ells (Figure 6.16 and
Table 6.10.

In the spleen and bone marrow at 6 weeks of age, all the recipient mice in the group
using cultured human AFR&lls were Bgative by flow cytometry analysis (Figure
6.17and Figire 6.18.
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Figure 6.15 FACS analysis in the blood of recipient mice at 6 weeks after birth.

NC: negative control is the blood of a uninjected mouse. PC: positive control is human blood. +:
positive for human! 2 microglobulin by analysis. In comparison with the 2nd group, of the
positive recipient mice, the percentage of cells in positive channel is obviously less in the 1st
group. The positive cells were gated in the right hand sideX-axis: FITC, Y-axis: SSC.

PC FAVIZ3 FHAV33 FHAMIS

Cultured AFS

=

(1st group) | |55
NC +Hms-1 +HMS-4 HMS5-5

Freshfrozen AFS |

=

| | |
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Figure 6.16 Flow cytometry analysis in the liver of recipient mice at 6 weeks after birth.

PC: positive control. NC: negative ontrol. +: positive for human! 2 microglobulin by analysis.
The positive cells were in the right lower quarterin comparison with the 1st group, of the
positive recipient mice, the percentage of cells in positive channel is greater in the 2nd groXp.
axis: FITC, Y -axis: PE.
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Figure 6.17 Flow cytometry analysis in the spleen of recipient mice at 6 weeks after birth.

NC: negative control. +: positive for human! 2 microglobulin by analysis. All the recipient mice
in the 1stgroup were negative The positive cells were gated in the eclipse ared-axis: FITC, Y-
axis: PE.

Cultured AFS (]_st group)
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r—— 1 ‘ = = 1
1 ) \ )
L 1 n
Freshfrozen AFS (204 group)
i s THms-5 THme-5
. E
. ] !

Figure 6.18 Flow cytometry analysis in the bone marrow of recipient mice at 6 weeks after birth.
NC: negaive control. +: positive for human! 2 microglobulin by analysis. All the recipient mice
in the 1st group were negativeThe positive cells were gated in the eclipse ared-axis: FITC, Y-
axis: PE.
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In order to compare between the 2 groups, we studie@tifgent mice of which at
least onatem of flow cytometryanalysis was positive and analysed the data of each
item in both groups (Tabk.9). The mearevel of positive signal by flow cytometry
analyss in the second group is hightéan its counterpamh the first group, for
example, the mean (percentage of FITC signal in positive channel) of the blood at 6
weeks in the second group is 5.99 thdtigherthan 1.99 (its countegptin the first
group) (Table 6.10

ANOVA testwas used to calculatehetrer there was any statistically significant
difference in the flow cytometrgnalysis between groups of micansplanted with
culture or fresh frozen human AFS celatistically significant differencep!(0.05)
werenoted on the blood at 4 weekke bbod at 6 weekand the bone marrovi &
weeks three of them showgak0.05) (Figure 6.19

T

.

: |

£

= |
.E' L r 1§
s

- 10 T

< ' L |

4 |

g T

g 1 \ i

Figure 6.19 A comparison of the level of engraftment in the blood, liver, spleen and bone marrow
after in utero transplantation of human third trimester fresh frozen or cultured cells in mice.
BM: bone marrow. *: p<0.05.

In summary, there was a higher level of engraftment efteteroinjection of fresh
frozen when compared to cultured cells. This was despitaticté lower cell number
injected (10,000 compared to 60,000).

! "#$



6.7.6 Positive human specific DNA could be detected in the liver of both injection
groups by PCR

In the previous section, | showed that injected fresh or fresh frozen human cells could

be detectedi prenatally transplanted animals by flow cytometry, especially in the

haematopoietic organs. | now investigated whether human DNA from injected

human cells migrating to the somatic organs after transplantation could be detected

using PCR.

| selected althe recipient mice of which at ldasne item of flow cytometrgnalysis
was positive and detected tiiequency of positive human ceits8 organs/tissues by
PCR The primer | used was a#fftuman! 2 microglobulin(sequence details showed
in the materal and methods)Among the 5 recipient mice in the group using cultured
human AFS cellsjuman DNA could be detected in four animals (H¥2HM3-4,
HM3-5, and HM311). Threerecipient micevere positiven liver alane, the other one
(HM2-4) was positiveri liver andalso weakly positivenithe kidney (Figure 6.20,
Table 6.1). DNA extracted from human blood was used as positive control.

L H M Au K XA NP
HI\IZn

1
L

HN2-

HM3-

HM3-§

HM3-1

isize of the PCR product: 200 bp)

Figure 6.20 PCR results forhuman! 2 microglobulin in the transplanted group using cultured
human amniotic fluid cells.

One mouse was negative for all the organs. Liver was positive in four animals, and the kidney
was positive in one animal. L: liver; H: heart; M: muscle; Au: lung; K: kidney; X: spleen; A:
adrenal gland; N: negative control (water) P: positive control (human blood). Ladder: 100bp.
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Among thesix recipient mice in the group using fresh frozen human AFS foells
prenatal transplantatipthepositive human cells we detected from five (HMA,
HM5-4, HM6-3, HM6-5, and HM66). Two recipient mice were positive in thner
alone, the other two were positiveloth liver and sgen, another one was positive
in the liver and weakly positive in tlaglrenal glandTable6.11, and Figure 6.21

L HMAuK X ANP

HM6-3

HMG6-5

HMG6-6

(size of PCR product: 200 bp)

Figure 6.21 PCR results forhuman! 2 microglobulin in the transplanted group using fresh
frozen human amniotic fluid cells.

HM5-5 was negative for all the organs. Liver was positévin five animals, spleen was positive in
two animals, L: liver; H: heart; M: muscle; Au: lung; K: kidney; X: spleen; A: adrenal gland; N:
negative control (water) P: positive control.

A summary of the ults is shown below (Table 6)11

Table 6.11 Frequency ofpositive human DNA detectedn the organs of mice injectedin utero,
using_; PCRto human! 2 microglobulin.

Injected cell types Liver Heart Muscle Lung Kidney Spleen Adrenal Gonad

(positive / total mice)
Cultured AFS cells 4/5 0/5 0/5 0/5 1/5 0/5 0/5 0/5
Fresh frozen AFS cells 5/6 0/6 0/6 0/6 0/6 2/6 1/6 0/6

In summary, human DNA ctdibe detected in both groups of prenatally transplanted
animals by PCR, mainly in the liver. There did not appear to be any particular pattern
but this could be due to the limited number of animals studied.
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6.7.7 Bone marrow from transplanted mice can forneimatopoietic colonies in a
human cell ColoryForming Unit (CFU Assay
In order tofurtherexplore the haematopoietic potential of fresh frozen human AFS
cells, we collected the bone marrowsof mice in thegroup injected with fresh
frozen AFS cells, albf which had positive flow cytometignalysisin the bloodat six
weeks of age. We randomly assigtieceeof thesix to be cultured in mettcellulose
medium for human CFEnd the othethreewere cultured in the megtcellulose
medium for mouse CFUAfter cultivation forseven to 14 daygolonies wer@resent
in all of the mouse CFldssaysut there was only one human CBkkay in wtgh

coonies were present (Figure 6)22

Figure 6.22 Bone marrow from the transplanted mice of the group using fresh frozen human

AFS cells in CFU assay.

Panel A, B, and C: Human CFU assay with conditioning human media. Panel D, E, and F:
Examples of mice CFU assay with mouse conditioning media. All of the mouse conditioni@&U
assays showed the presence of haematopoietic colonies in mouse bone marrow cells. There was
only one haematopoietic colony that could be found in the human conditioning media (Panel A).

Cells within the colonies in the melbellulose medium for hunmaCFU (HM6-3)
andfor moug CFC (HM55) were also collected am@NA was extractedPCRwas
performed to detect the amplified human DNA sequence (huighamcroglobulin).
The electrophoresis of PCR produst®wed gositivesignal n the extracted DNA

! HH



from the colmies in the medium for human CHiut negativein the extracted DNA
from the colmies in the medium for mouse CKBigure 6.23.

{size of PCR product: 200 bp)

A B PC NC

Figure 6.23 The PCR gel for human! 2 microglobulin of bone marrow cédls from the
transplanted mouse. The DNA was extracted from the colonies growing in the sesalid culture
of CFU. A: the colony in the human condition media, HM&3. B: the colony in the mice condition
media of CFU, HM5-5. PC: positive control (human DNA atracted from blood), NC: negative
control by using DNA of uninjected mouse. Ladder: DObp

The findingsuggestedhat the transplanted fresh frozen human AFS cells not only
engrafted in the bone marrow of this recipient mouse (+¥3\but also differentied

into haematopoietic progeny that were compatible with the methylcellulose medium
in human CFUassayOnly one hematopoietic colony could be observedguie
6.22(Panel A), the remaining bone marrow cells did not show any colonies in the
human condibning medium of CFU. Thus further studies with more animals will be
needed to confirm this finding.

6.7.8 Immunofluorescence staimy shows the presence of transplanted human cells
in the liver that cestain with antibodies to mouse albumin

The results in prgous sections of PCR and flow cytometry and from other sheep and

mouse experiments in this thesis show that the liver is an important site of

engraftment aftein uterotransplantation. In this section, | used immunofluorescence

for antibodies tdhuman miochondriato detect engraftment of transplanted human

cells into the liver and other organs of prenatally injected (nie8, each arm)

A few GFP positively stained cellgere icentified in mouse liver (Figure 6.24anel

A). | also performed immunofluescence for albumin and could identify some

positively stained cells (redubrescent positive, Figure 6.2Ranel B). When images

A and B were merged to detect human mitochondria and albunstaicong(Figure

6.24 Panel D and RheseGFP+signals wee foundamong red fluorescent signals

showing the presence of albumin in these engrafted humanTdeddinding
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provides the evidence that the transplanted human AFS cells engraivedthe

hepatocytes of mouse liver.
A B *
D E F

Figure 6.24 Immunofluorescence staining of the liver from a mouse (HM3) injected at E14 with
fresh frozen AF cells.

(A) GFP+ cells stain positive for antihuman mitochondria showing these cells are of human
origin; (B) Red fluorescentprotein expressing cells stain positive for antmice albumin; (C) Blue
stained cells are positive for DAPI. (D) A merged with B: some cells are-stained with green

and red fluorescent protein. (E) B merged with C. (F) All three colours images merged (B,and
C): A few cells costained positive for antthuman mitochondria and albumin.

In summary, the liver section from fresh frozen AFS cells transplanted mice showed
double staining with anthuman mitochondrial antibody and antice albumin. This
finding suggested that the human cells we injected into the peritoneal cavity of the

fetal mice had differentiated into liver cells.

Discussion

In this chapter, | carefully studied the characteristics of human amniotic fluid stem
cells and their engraftmeinito fetal mice. Firstly, human amniotic fluid could be
collected either from amniocentesis or amniodrainage at different gestational ages and
human amniotic fluid stem cells could be isolated via standard MACS isolation into
Ckit+ or Ckit cells. The culring method could be split into two distinct populations

of cells, mesenchymal stem cells that grew on the adherent plates with conditioning

medium, and haematopoietic stem cells growing in theadterent plate with HSC
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medium. Amniotic fluid stem cedlhave been detected in both second and third
trimester amniotic fluid samples, but until now there has been no study on
amniodrainage samples until now. My results reveal for the first time using amniotic
fluid stem cells from second or third trimestemraodrainage cases. Furthermore |
showed that amniotic fluid stem cells could be used in the prenatal
xenotransplantation into fetal mice.

Amniotic fluid stem cells could be cultured from second trimester AF or third
trimester amniodrainage AF and Ckiells could be isolated from all types of

amniotic fluid samples including fresh, cultured or harvested cells. However, the
percentage of Ckit+ cells was highest in the fresh samples derived Tttim2ster
compared to others. In addition, second triilmegesh amniotic fluid Ckit+ cells had

the smallest cells size, shortest doubling time, and most pluripotent stem cell markers
by PCR.

Transduction efficiency with lentivirus vectors was higher among all second trimester
samples when compared with thirdnester amniodrainage samples (55% versus
45%).1 used the same virus to transduce the sheep AFMSCs and CD34+ cells with
very similar transduction efficiency (around-60%) in Chapter 3, and Chapter 4.
Second trimester freshly isolated Ckit+ cellslddae cultured in suspension under

HSC like condition. | also demonstrated theirvitro expansion for up to 42 days

from 4 out of 10 cases. Furthermore, these cells could maintain the Ckit+ purity above
95% after liquid culturing, and displayed all typghaematopoietic colonies when
seeded onto the serwolid CFU assay after 15 days culturing.

Finally, these Ckit+ AFS cells could form embryoid bodies that stained positive for

all three germ layer markers. | concluded that culturing the Ckit+ cell iHfsiC

condition could maintain their haematopoietic potential.

In the last part of this chapter | demonstrated succassiiiéroxenotransplantation

using human AFS cells injected into fetal mice. The survival rate of both groups,
using cultured or &sh frozen cells was 2@ This acceptablsurvivalrate could be
attributed to the immune tolerance to the transplanted human AFS cells by fetal mice
(Nijagal etal., 2011h. First timel demonstrated that IUT in mice was a feasible

model to evaluate the vivo characteristics of human AFS aneithengraftment.n

the group using cultured human AFS cells, the DNA sequence specific for h@man
microglobulin was detected in liver (endoderiidiney (mesodermgndadrenal
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gland (mesoderm and ectoderm) of the recipient mice by PRERquantity of AFS

cells being ansplanted to each fetal mouse in the second group using fresh frozen
human AFS cells (10,000 cells per pup) is far less than the previously published IUT
of human bone marrow MSCs (50,000 cells per §Gppu et al., 2006bin this

study, the transplanted human AFS cells did engraft and persist in various mouse
organs until 6 weeks after delivery at least.

It is of interest thathough the quantity of the cellsplanted to each fetal mouse in
thefresh frozen transplantegoup (10,000 cells per pup) is far less than that in the
cultured transplantegroup (60,000 cells per pup), the fresh frozen human AFS cells
engrafted in 5 out of the 6 recipient mice andritisted in more organs than cultured
human AFS cellby PCR analysisThis finding reminded us that the key factor
determining engraftment might be hability to engraft but not the quantity of the
tranglanted stem cells. In most of the researchesiofam AFS, their differentiating
potentials were mainly studied by ex vivo experiments on cultured human AFS cells
rather than &sh AFS cellsAlthough cultured human AFS cells were proved to be
pluripotent ex vivo, the fresh human AFS cells might possess more potent
capability than cultured ones so that they could engraft more frequently and more
broadly in the recipients. On the other hand, the potentials of human AFS cells might
deteriorate during cultivation in spite of numerical expansion.

In addtion to flow cytometry analysis, the findings from the C&&say also
suggestedhe existence of haematopoietic progeny ftoensplantedresh frozen

human AFS cells in mouse bone marrow. Cgltmrmation was noted in the
methylcellulose medium for huma@FU assay where only human haematopoietic
lineage cells may prolifate and form coloniesnd these colonies originatedm

the bone marrow of a recipient mouwster in utero transplantation fsesh human

AFS. PCR confirmed that human cellsigted n the coloniesind human CFC assay
demonstratether haematopoietic differentiatioPrevious work on human AF

(Ditadi et al., 2009) demonstrated #revivohaematopoietic potential of-Kit+Lin -

stem cell{1X1C° cells per animalfrom human AF by theidifferentiation into
erythroid,myeloid and lymphoid cell$zurther work in that study demonstrated that

in vivo,transplanted mouse AFSKIit+Lin - cells were able to engraft in a SCID
mouse model and resulted in restoration of the haematopoietic syis&Domice.
Here | furtherdemonstratethein vivohaematopoietipotential of fresh frozen
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human AFS &Kit+Lin - cells by confirming their engraftment and differentiation in
thebone marrowof recipient miceafterin uterotransplantation

In conclusionhuman amniotic fluid stem cells sorted with Ckit+ from second
trimester had the greatest stem cell potential compared to cells sourced from third
trimester amniodrainageBoth fresh frozen and cultured human AFS cells were
proved to engraft in micafterin uterotransplantationhut fresh frozen human AFS
cellswere more pluripotent than cultured human AFS cells after transplantation.
Certain physiological potential like haematopoiesis may decline or even vanish while
culturing thehuman AFS cells ex vivso that the cultured human AFS cells express
only the characteristics of MSCs but not HSCs. Further studiag larger numbers

of injected cells and in more animalse required to confirm these initial findings.
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Chapter 7

General discussion

%



7 Chapter 7: General Discussion

7.1 Autologous in utero transplantation is feasiblesheep

The main finding in my first part of thesis is that prenatal autologous stem cell
transplantation is feasible in sheep fetuses, either using amniotic fluid mesenchymal
stem cells, or amniotic fluid CD34+ stem cells. The experiments, which were used for
both short term (3 weeks) and long term (6 months) observatiess;ibe for the

first timethein uteroautologous transplantation and engraftment of amniotic fluid
derived cells. We showed that using this system, it is possible to obtain a widespread
engraftment of transduced autologous cells, with evidence of expression of transgenic
protein in major fetal organs, bone marrow and blood. Tissue analysis by PCR,
westermblot, immunofluorescence and cytofluorimetric assay revealed that AFMSCs
injected into the peritoneal cavity preferentially localized in fetal liver, muscle and
heart. Moreover, a small number of cells expressing transgenic protein in thediver co
stainedwith markers of hepatocyte differentiatiadhen GFP+ CD34+ cells were
injected, the transduced cells could be found mainly in the haematopoietic organs
including peripheral blood, liver, bone marrow and spleen by using flow cytometry,
PCR, colony formin@ssay and immunofluorescence. The transgenic protein could be
detected in longerm lambs followed for up to 6 months of age.

A previous study using sheep fetal lnarived MSC for prenatal IP transplantation
showed widespreduout low level engraftmerdf cells inspleen(1.1%) liver (0.75%),

bone marrow0.2%) blood(0.1%) and thymug0.5%)by flow cytometry and four
female recipients showing the mapecific SRY gene detected by PCR

(Schoeberlein et al., 2004)ur results showed that alsbeep AMSCshad alow

level, multiorgan engraftment at 2 weeks time post injectddmen AF derived

CD34+ cells were transplanted, about 2% of GFP positive cells in the peripheral
blood of autologous transplanted lambs were found for up to 6 months after mjectio
CFU assay further confirmed the haematopoietic potential of the injected cells: GFP+
haematopoietic colonies could be seen when bone marrow cells of transplanted NSG
mice and lambs were seeded for culture. Moreover, liver engraftment was
demonstrated bynmunofluorescence in liver section of both lambs (CD34+ cells)

and sheep fetuses (AFMSC) showed thsteaning of GFP and CK18 or liver

specific AFP.
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7.2 Themiscarriagerateis lowusing ultrasound guided technigues in utero

stem cell transplantatioim sheep
Using ultrasoundyuided amniocentesis, a common clinical procedure with a known
fetal loss rate of approximately 1¢abor et al., 2009 we were able to isolate
AFMSCsand CD34+ celln 100% of the animalsampled A miscarriage occurred
in one ewe carrying twin pregnancies despite a straightforward ultrasound guided
amniocentesis predure(AFMSC), and in two ewes, that were part of the series of
AF derived CD34+ experiments, giving a miscarriage rag2¥d for this specific
procedure.This compares favourably to the higher rate of fetal (63%) observed
in one othestudy where M5Cs weralerived from the fetal liver and theised forin
uterotransplantation (Schoeberlein et al., 2004 reason of the relative lower
miscarriage rate in our study could be the amniocentesis is less traumatic compared to
theautologousdiver cellsretrieval
Forin utero stem cell transplantatioftJSCT) in fetal sheep, transuterine ultrasound
guided injection has been shown to achieve a higher rate of engraftment when
compared to an open delivery procedure at hysterotomy (70 versugi88ap et
al., 2009. In bothcases cells were delivat intraperitoneallyaroute of delivery for
fetal blood transfusion in clinical practiéer early gestationalthoughit is less
commonly performed than cordocentgdisngsong et al., 2001
In ourstudy, we onlyobserve two miscarriage related to the transplantation
procedure. Our miscarriage rate was similar to that we have previously reported for
both intraamniotic and intraperitoneal gene transfefetal sheep (David et al.,
2003a). In comparison, another study of xétramsplantation of human cord blood
and fetal bone marrow MSC into fetal sheep had an overall 37.5% fetal loss rate
(Noia et al., 2008

7.3 Mesenchymal stem cettan bederived from sheep amniotic fluid

In our experimental setting, mesenchymal progenitors were derived in 100% of the
animals. In keeping with previous studies in sheep, (Fuchs 2084) and other
speciegDe Coppi et al., 2007b), tiReMSCs were maintained in feedieee

cultures, had a doubling time of approximately 36 to 48 hours, and displayed
mesenchymal stem cell markers (CD44 and CD58), while being negative for
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hematopoiet and endothelial markers (CD45 and CD31). When cultured in
conditional medium (Tsai et al., 2004) these cells could differentiate into adipogenic
and osteogenic lineages.

7.4 CD34+ cellscan bederived from sheep amniotic fluid and are similar to those
derived from sheep bone marrow
The experimental results in Chapter 4 showed that CD34+ cells could be isolated
from sheep amniotic fluid as early as 60 days of gestation. Demonstration of sheep
AF CD34+ cells haematopoietic potential was based on theiryaioilform all
lineages of haematopoietic colonies. Furthermore there was evidence of engraftment
afterin uteroautologous transplantation and postnatal xenotransplantation in mice
when compared with sheep bone marrow CD34+ cells. The amniotic fluidcelts
be freshly isolated or freshly frozen for storage and future use. | used a novel sheep
specific CD34 antibody provided by Dr Porada, a collaborator on this work, who had
previously demonstrated that this antibody selected for sheep bone marrow bells
selected CD34+ cells (positive for CD45, and negative for CD44, CD58) were
different from previously selected sheep AFMSCs (positive for CD44, CD58 and
negative for CD34, CD45), and could be transduced efficiently using the lentivirus
encoding GFPThe overall percentage of CD34+ cells in the amniotic fluid or bone
marrow were similar (around 5%dfporada et al., 2008arhe GFP transduced sheep
CD34+ AF orBM cells could be detected in the peripheral blood, liver, bone marrow,
and spleen of the transplanted animals. Experimental results further showed the sheep
AF CD34+ cells displaying the same haematopoietic potential as the bone marrow
CD34+ cells.

7.5 Lentivirus vectors providea@pd viral transduction efficiendp sheepAF
derivedMSCs or CD34+ cells

The overall result of the experiments described in this thesis sholenhairus

vectors are able to efficiently transduce sheepl@&fivedMSCsand CD34+cells

The efficiency of gene transferas similar in both groups (63% an®®n average

respectively) and compares favourably with ottedl types such as human BM

(40%) (Papanikolaou et al., 20)1.2
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After being transduced, expanded undifferentiated cells wereramsplanted

without sorting for two reasons. Firstlgbout 60% of gene transfer wahieved in
bothAFMSCsand CD34+ AF or BM cells=romthe literature, the viral transduction

rate in human bone marreserived MSC, embryonic stem cell, and HSC were 40%
(Zhang et al., 2004), 148% (Gharwan et al., 2007), and 50% (Sutton et al., 1998),
respectivelyThus we were concerned that if only sortieshsduced cells were

injected, this would result in a low number of engrafted c8ksondlywe wished to

avoid clonal selection of the cells and to observe what could happen with minimal
manipulation.

Whilst it has beepreviously shown that AFS celtan be efficiently transduced

using adenoviral vectof&risafi et al., 2008 lentivirus vectors have the advantage of
allowing sustained transgemroteinexpression(Philippe et al., 2006 This is

particularly relevant when considering that various progenitors could be isolated from
the amniotic fluid, an@dandifferentiate into myocardium, lung epithelial cell, smooth
muscle, and neuron cells (De Coppi et al., 2007a, In 't Anker et al., 2003, Bossolasco
et al., 2006). More recently another group have reported that ckit(+)jLd8lécted

mouse and humahF cells have hematopoietic potential in vitro anduse AF cells

are hematopoietim vivo (Ditadi et al., 2009). As a consequence, autologous AF cells
could be engineered and used to engraft a fetus affected by congenital disorder

order to provide for expssion of the damaged/defective gene.

7.6 Engraftmenis observedfter in utero transplantationf AF derived cellsn
fetal sheep
Engraftment of injected AF derived cells was seen &itaterotransplantationThe
level of tissue engraftmehbbserved \as admittedly lown both AFMSC and
CD34+ cell experiment$lowever, | only injected 300000 to few millions of
transduced cells prenatally at gestational age arow¥d @ldys and ultimatelyor
some congenital diseases, such as severe haemophiliarigslexanly 1% levels of
protein expression are required to ameliorate the severe phenotype (Waddington et al.,
2004).The level of GFP positive cells in the peripheral blood of CD34+ cells
transplanted lambs was up to 2%, even after 6 months ctéomgfollow up.
Furthermore, the GFP+ cells could also be found in the haematopoietic organs
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including liver and bone marrowhus for many congenital diseases this may be
sufficient to improve the phenotype or even effect a cure.

In order to increase the engraent rate, liver or organ damaigean option, since this
could further create a stem cell niche and improve the homing effect for repairing the
damageOne group concludeddhtheintrahepatic route of prenatal human MSC
injection into fetal sheepould lead to anore efficient generation of hepatocyées
compared to the intraperitonealuite(Chamberlain et al., 20071t is possible

therefore that inthepatic injection might have improved the engraftment Taie.
survival rate after intrahepatic and intraperitoneal injeatioviral vectorswere 81%

and 77%respectivelyDavid et al., 2003a)lhis compares to the overall survival rate
of sheep expeaments here using intraperitoneal injection which was 75%. Ultrasound
guided injection into the peritoneal cavity was easier than performing local injection
into the muscle. Intrahepatic injection is feasible, but rarely used in clinical practice
except forliver sampling in the case of congenital liver disorders, most of which are
diagnosed by DNA analysis of the amniotic fluid collected by amniocentesis.

7.7 Limitations of sheep study

Performing experiments using sheep as the animal species has sometimitati

There were onlafew antisheep antibodies availabidich could be used in our

study. As far a$ know, selection with Ckit+ cells would give the maximal potential

and ability to differentiate and engrafte standard MSC surface mark€&D73,

CD90, CD105 were not available in sheep amtinot cross over with human

antibodies eitheTherefore CD44 and CD58 were used as alternative surface markers
of MSC. For the HSC markers, the standard sheep CD45 antibody was available for
experiments. A novel B34+ antibody was also available and gave good results.

Disease models are also lacking in large animals such as the sheep when compared
with other species such as the mouse. A sheep model of haemophilia is being set up
in United States by our collabator who provided the shespecific CD34 antibody
(Porada et al., 2010Rorada et al., 20)1With my work | have shown that in

principle both sheep AFMSC and CD34+ cells can engraft after autologoteso
transplantation
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The strengths of sheep studies wes we demonstrated the first large animal model

of prenatal autologous amniotic fluid stem ¢edhsplantation similar to the human

setting, also with high survival and successful rate, and engraftment in the liver or
haematopoietic systems. The weakness was the relative small number of experimental
animals. However, the cost of large animals ghhespecially their long term follow

up and all the surgery costing including anesthesia and recovery. The grants covered
the research was not enough at the time to maintain the initial short term AFMSC
transplanted sheep so | sacrificed the transplaredals after three weeks.

All the setting of ultrasound guided technique injection into sheep fetuses was just the
same as human ones. The fetal loss rate was 25% (4 out of 16), which is higher than
the fetal loss rate after amniocentesis or intrapezébfetal blood transfusion

separately, but is likely to represent the cumulative fetal loss rate after two procedures.
While comparing to the other studies using sheep fetuses, our results showed even
better survival and fewdetal loss rate than otheasd it is likely that with refinement,

the overall fetal loss rate would be lower when applied in clinical practice.

7.8 Further research questions sheep model

The question of whether autologous IUSCT is superior to allogeneic cells is as yet
unresolved ad further research needs to be done ussat small andarge animals

to compare the two techniques. In a previous study in sfetaptransplantation of

MSC derived from fetal liver, the level of engraftmanthe bone marrowvas not
significantly diferent to that observed after allogeneic derived MSCs (0.16% vs
0.56%). However, engraftment in the fetal liver was higher (0.65 versus 0.23%) after
autologous transplantation (Schoeberlein et al., 2004). Similarly we observed a good
level of engraftmenin the fetal liver, which was confirmed by the appearance of rare
cells ceexpressing GFP and CK18. This finding could be particularly relevant for
future studies since hepatocyte differentiation may lead to the treatment of congenital
metabolic disorder@Muraca et al., 20Q7 Our results coulgerhapse improved by
preconditioning the cells in hepatocyte differentiation média and Gupta, 2009

and by injetion into the umbilical vein(Soriano etl., 1993. The latter in particular
might preferentially target the liver when compared with the widespread tissue
engraftment observed after peritoneal injection in this study.
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7.9 The amniotic fluid stem cells could be isolated from pregnant mice

Differently from the sheep study, our main finding in the mice projects was that
Ckit+/Lin- cells could be isolated from pregnant dams from E12 to E14 and injected
in utero maintain their haematopoietic potential. The avgrageentagef

Ckit+/Lin- cells was hout 1 to 2% among total cells, which was comparable to
previous study (Ditadi et al., 2009nd also could be transplanted into the fetal mice
via intraperitoneal or intravascular rosité he freshly isolated mice amniotic fluid
stem cells could be usad prenatal cell therapy or cdiased gene therapy as mice to
mice transplantation models. The purity of mice AFS cells could maintain the purity
and Ckit+ potential when growing in the suspension. These cells could also form all
linages of haematopoietcolonies in CFU assay in vitro. Compared to mice bone
marrow stem cells, the amniotic fluid stem cells was easily to obtained and collected
after peeling off the amniotic membrane of each mouse fetus. Therefore, the cells
collected from amniotic fluid add be a good stem cell source for regenerative

medicine.

7.10 Congenic in utero transplantation of amniotic fluid stem cells shows higher
engraftment than allogeneic in utero transplantation
Themain findings in Chapter &mparedn uterocongenic and allgeneic
transplantation of mouse amniotic fluid stem cells into embryonic mice. | found that
congenic transplantation lead to an overall higher engraftment rate than allogeneic
transplantation, in peripheral blood, liver, spleen and bone marrow of inpeutedls.
This finding was very similar to a previous study using the same comparison groups
where the authors injected mouse bone marrow stem cells. Initially there were no
differences in engraftment in the peripheral blood in either group. However by 6
months after birth, engraftment in the allogeneic group had fallen to 19% compared to
engraftment after congenic transplantation that remained at (P&%nteau et al.,
2007).
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7.11 Attempts to treat a mouse model of thalassaemia using in utero transplantation
of AFS cells are unsuccessful
In Chapter 5.41 attempted to use prenatal cell therapy with wild type amniotic fluid
stem cells to treat thalassaemia fetal mice at E14. Due to the high moat@idl
fetal mice after transplantation and the very poor conception rate imtransgenic
mouse modl, | only had two short term thalassaemia survivors from these
experiments. These showed low level YFP signals in the peripheral blood and
positive luciferase signal in the liver suggesting some engraftmentirattiro
transplantation. However, thedold counof the transplanted animals did not show
correction of anemia status of heterozygmmisethat meant the very low level of
positive YFP cells in the peripheral blodul not reach the therapeutic threshold for

engraftment.

7.12 Future work in mousmodels of disease

Future work will need to focus on prenatal transplantation of AFS cells into mouse
disease models to treat or correct the disease phenotype. For thalassaemia. alternative
less severely affected models suchheshumanized thalassaemiause mode{Huo

et al., 20098 may bea better alternative because of less severity of phenotype
prenatally or postnatally. | am also planning to collaborate with a colleague from
National Taiwan Universityvho holds the coldes of spinaimuscular atrophy (SMA)
model of micgTsai, 2012Tsai et al., 2009Tsai et al., 2008d sai et al., 2008bT sai

et al., 2007Tsai et al.2006g. Tsai et al. has developed the therapeutic method to
treat adult SMA mice. As this disease model could occur and progress prenatally, we
all agreed to start work in the fetal mice with transplantation of bone marrow MSC
and amniotic fluid stem dsl

7.13 Characterisation of stem cells from human amniotic fluid

In most research on characterisation of human AFS cells, FACS analysis revealed
many positive surface markers that include HABC, CD29, CD44, CD73, CD90

and CD105 (De Coppi et al., 20§ 7There has been littidiscussion about the genes
or transcription factors that maintain the capability of-seiewal and differentiation

in human AFS celld. performed RTPCR to confirm transcription of the genes that
are closely relateth stem cell patnciesand induction of these genes in somatic cells
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may even achieve iP&lls(Takahashi and Yamanaka, 200&ccording tomy
results Oct4 waexpressedn unsorted cells and-Kit (+) cells in both groups. Oct4
plays a role in maintaining the undifferentiated status of stem(bédistemurro et
al., 2008 and because previousork revealed that Oct4 is trandoeidinto mRNA to
maintain pluripotency of a certain portion of stem cells from(Rfisa et al., 2003
we may conclude that through Oct4 transcripttbe human AFS cells (it
positive cells from human AF) are capabfalifferentiating into multilineages.

In addition to Oct4, the it(+) cells in both groups positively expressedgc and
NANOG, so these findings also explain how human AFS cells maintain their
proliferating and differentiating potentials. A recenidst revealed that NANOG may
express when Klf4 is knocked down in ESCs and the expressed NARYENts

ESCs from differentiating and maintains their ability of proliferafidang et al.,

2010. The author also described Kdfas an upstream regulator of NANOG and this
inference may explain why ki expression wasegative in all the stem cells from
human AF in our experiment. The characterisation in this reisel®monstrated that
C-Kit sorting is a practical method to isolate the primitive and potent stem cells from
human AF.

7.14 lIsolationof AFS from human amniotic fluid

It is quite challenging to get fresh human AFS cells of the similar quantity as cultured
human AFS cells for IUT. The literature revedhat there are at least 10,000
amniocytes in 1ml human AF in the second trimester (Prusa and HengstschiSger,
2002) and about 80% of them are viable (Delo et al., 2006). After freezing and
thawing gproximately75% of cells remain alive and about 1% of the alive cells are
C-kit(+) cells (Delo et al., 2006).

The volume of human AF increaseidly inthe 2nd trimester and reaches
approximately 500ml at 20 weeks of gestation, 700 ml in early 3rd trimester and
1,00ml in mid-3rd trimester, then it declines to 800~900 ml antéGramellini et

al., 2004. Thereforet is not feasible tagyet 1,000 ml AF from a normaregnancy

unless froma patient with polyhydramnios by amniodrainage. Inttlie previously
publishedstudies olUT of humanstem cells ito mice, Chou transplanted 50,000
human bone marrow MSCs to each pup (Chou et al., 2006) and Guillot transplanted 1
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x 10° human fetal blood MSCs to each pup (Guillot et al., 2008). It is reasonable to
get a higher engraftment rate by transptanmore stem cells to each fetal mause
This would beachievable by ex vivo expandid cultured cellsbut not for fresh

frozen human AFS cells.

After amniodrainage, there is frequently at |€3500ml donated human Aftving at
most 2,500 x 10,000@.8 x 0.75 x 0.01=150,000 AFS cells after freezing, thawing
and Ckit selection Usually a pregnant mouse conceives about 15 fetuses and it is
reasonable to perform IUT in all the sibling fetuses and detect engraftment after
delivery, thus 1UTusing only10,000 fresh frozen human AFS cells in each fetal
mouse wasgeasible.

After amniodrainage &5 weekof gestatiorthe amniotic fluid cellsvere observed

on Neubauer haemocytometer by 0.4% aryplue exclusion assayhere the
percentage of viable cellsas far less than expect One study on human AF in the
literature suggested that26 samplesf betweerl4 and15 weeks of gestation
(Wahlstrom, 197} the concentration of amniocytes ranged from 600 to 15,300 per
ml and the percentage ofible cells ranged from 4 to 47%. fiour sampleof
betweer0 to 21 weeks of gestation, the concentration of amniocytes ranged from
2,900 to 32,600 per ml and the percentage of viable cells ranged from 5 to 36%. In a
further studythe percentage of vibcells in human Akvasaround 18% between 15
and 20 weeks of gestational giyéeise et al., 1984 The data about the percentage of
viable amniocytes in the 2nd trimester is far less than what we knew (80%) before.

Amniodrainage is mainly performed to prevent preterm labour in polyhydramnios and
to improve survival rate in twio-twin transfusion syndrom@ubinont et al., 2000

There is lss concern about aneuploidy in TTTS because the etiology of TTTS is the
vascular anastomosis within the sharing placenta. In contrast, aneuploidy should be
considered in the fetus with polyhydramnios because polyhydramnios could be
attributed to certain ecmenital anomalies (for example, tracheoesophageal fistula and
esophageal atresia) and malfunctions (for example, swallowing disorder) that are
combined with aneuploidiggiarman, 2008 It is critical to perform karyotyping

before transplantation if the sample came from amniodrainage of polyhydramnios and
freezing is necssary until the report is available if implantation of fresh stem cells
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from AF is planned. There is less worry about implanting the stem cells with
chromosomal abnormality from amniocentesis because most amniocentesis are
performed for the purpose of katyping and most often the results are released

during cultivation of stem cells before implantation.

7.15 Possible deterioration in haematopoietic potential of human AFS cells during
expansion

| observed thagven though the quantity of tifresh frozercellstranglanted to fetal

mice (10,000 cells per pupyas far less thathe quantity of cultured cel{$0,000

cells per pup), the fresh frozen human AFS cells engrafted in 5 out of the 6 recipient

mice and distributed in more organs than cultured human Ay PCR analysis

This findingsupports a kefactor determining engraftmerthatis the quality of the

cells and nother quantity Most researcbn human AF&ells has studietheir

differentiating potentiaby ex vivo experiments on cultured hunfsRS cells rather

than flesh AFS cellsAlthough cultured human AFS cells were proved to be

pluripotentex vivq fresh human AFS cells might possess even more potent capability

than cultured ones so that they could engraft more frequently and more binctely

recipients. On the other hand, the potential of human AFS cells might deteriorate

during cultivation in spite of numerical expansion.

7.16 In utero transplantatiorf human AFS cells in mice

In this research | demonstratitht IUT of human AFS cellgh mice was a feasible
model to evaluate the vivo characteristics of human AFS and the physiological
sequelae after implantatioAfter IUT, the delivery ratavas77% in the group using
cultured human AFS cells and 59% for the group using fresh frozearhARS cells

with anaverage delivery rate of both grougd$7%. This acceptable delivery rate

could be attributed to the immune tolerance to the transplanted human AFS cells by
fetal mice(Nijagal et al., 2012a

In this study the flow cytometry by FACS analysis was performed on liver and th
otherthreeorgans inthe haematopoietisystem (blood, spleen and bone marrew)
thatthe haematopoietic potential in ttveo groupscould be comparedviost of the

recipient mice were either negative on all items or positive on more than one item.
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Thefinding accords with the haematological and haematopoietic roles shared by liver,
blood, spleen and bone marroihetransplanted human AFS cells may dwell in
more than one organ tife haematopoietigsystem once they engraft successfully with

tolerance fom their host.

It is of notethat inmice transplanted witlresh frozen human AFS celtk4% of the
recipient mice were positive for humag microglobulin in spleen by FACS analysis
at 6 weeks after birth and 35% were positive in bone marrow. In coritréisemice
transplanted witltultured human AFS cells all the recipient mice were negative in
spleen and bone marrow by FACS analysis at 6 weeks after birth

In addition to FACS analysis, the finding from CFC assay also proved the existence
of haematopietic progeny from fresh frozen human AFS cells in mouse bone
marrow. Coloy formation was noted in the methylcellulose medium for human CFC
assay where only human haematopoietic lineage cells may patgifend form

colonies. Theseolonies originateddrm the bone marrow of a recipient mouse in
which the fresh human AFS was transplanted via IUT (FB1@?CR confirmed that
human cells @sted in the colonies

Theex vivohaematopoietic potential of-Kit+Lin - stem cells from human ARas

been demonstratiby theirex vivodifferentiation into erythoid, myeloid and

lymphoid cells(Ditadi et al., 2009)Here | have furtheproved than vivo
haematopoietic potential of fresh frozen human AFS cells by confirming their
engraftment and differentiation in tB& of recipient mice.

In mice transplanted witbultured human AFS cells, the DNA sequence specific for
human! 2 microglobulin was detected in liver (endoderm) and kidney (mesoderm) of
the recipient mice by PCRfter transplantation diresh frozen hunmaAFS cellsthe
human DNA sequence was still detected in liver (endoderm), spleen (mesoderm) and
adrenal gland (mesoderm and ectoderm) of the recipient mice bylRCétnparison,
thequantity offresh frozemAFS cells being transplanted to each fetal reqd$€,000

cells per pup) is far less thamapreviously publishegtudy onlUT of human bone
marrow MSCs (50,000 cells per pup) (Chou et al., 2086)e,engraftmentvas
confirmed by PCR of 16 analysedyans thaoriginated from the thredifferent
emlryonic layersAlthough Ionly dissecte@ightorgans from the recipient mice and
engraftment wsonly identified infour organs (liver, spleen, kidney and adrenal
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gland) mutilineage differentiation from human AFS cellasstill demonstrated
because liveis from endoderm, spleen and kidreegfrom mesoderm, and adrenal

gland is from mesoderm and ectoderm.

The frequency of detection of donor cells (MSCs from human BNHarstudy by

Chou et a[Chou et al., 2006) was 56% at 1 month after birth, 442%abnths, 19%

at 3 months, 13% at 4 months and 0% at 5 months by PCR of hi@man
microglobulin.In my study recipient micevere sacrificed onlat 6 weeks after birth
because of the limited number of animdlse frequency of detection of donor cells

in mice transplanted witbultured human AFS cells was 4/5 by PCR of hutian
microglobulin andn mice transplanted witfiesh frozen human AFS cells was 5/6 by
PCR However theexaminedmice hadbeen selected by FACS analysis and the data
does notepresenthe whole sacrificed recipient mice at 6 weeks after birth. Whus
data is not comparable to ChouOs studlyfurther work with higher numbers of

injected animals is needed to enable comparison.

7.17 Future workon engraftment of human AFS cells in mice

Although engraftment was confirmed in recipient fetal mice at 6 weekdatfternt

is unclear how well the implanted AFS cells engrafted before 6 weeks of age and how
long engraftment persedlafter 6 weeks of ag&uture experiments will need to
sacrifice recipient mice at intervabf 4 weekfrom 1 month old micéo get the
comparable data.

The final objective othisresearch is to apply AFS cells in fetal therapies, so more
understanding of thein vivo potential in differentiation is definitely nessary.
Although multilineagesngraftment wademonstrated in this study, only 8 organs
were evaluatedVore organs willheed tdbe collected and examined in future
experiments, especially the organs in which congenital diseases are involved. For
example, galuate the bone for congenital skeletal diseidigeliver for congenital

liver diseasand evaluate brain or spinal cord for congenital CNS disease. It is
imperative to dissect all the organs of therapeutic interests during postmortem at
different ages fothe recipient mice in the following studies.
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Although this IUT model has been proved to be feasible and the transplanted human
AFS cells were confirmed to engraft in fetal mice, it is not clear whetgmafted

cells have differentiated into the sanmehge as the organ where they engraft, for
example, have they beme hepatocytes in mouse livBecause the aim of stem cell
therapy is to repair the damaged organs or to replace impaired function, there is no
point to perform IUT of human AFS cells figy just dwell there but not exert the
proper function specific for the organ in which they engtafill be important to

extract RNA from recipient e after IUT for RFPCR to detect the expression of
organassociated genes specific for human, fomgxa, human FP gene and human
albumin gene for liver. In immunofluorescence stain, besides the antibody to prove
the existence of the transplanted human cells, the antibody specific to the function of
respective lineage is required, for example,-aathan albumin antibody to prove the
function of human hepatocytes.

7.18 Translation into clinical practice

The final aim of my research is to apply the human amniotic fluid stem cells into the
human fetus for clinical gain. There are a number of steps that widxed to

achieve this goal.

Firstly it will be important to demonstrate that this type of prenatal therapy results in a
therapeutic effect.

Secondly it will be necessary to demonstrate whether autologous cells are needed or
whether allogeneic cell souscbave the same therapeutic effect. This could be
achieved using a mouse model of disease, and further in a sheep model of disease.
Thirdly the number and types of cells needed for transplantation will need to be
decided, and also whether the cells caeXygnded prior to transplantation.

Fourthly safety and toxicology evaluation will be required. Ensuring that the
collection and storage of amniotic fluid stem cells meets GMP standards is a priority.
The candidate diseases in clinical practice will nedoktselected, for instance SCID,
osteogenesis imperfecta, thalassaemia or metabolic liver disease are all those that
cause irreversible damages in fetal stages.

! "#$



7.19 Conclusion
Amniotic fluid derived stem cellsolated from sheep, mice or humane an
important source of autologous cells that could have a prenatal therapeutic value in

cell therapy or cell based gene therapy in the future.

! "#$



References

1976. Midtrimester amniocentesis for prenatal diagnosis. Safety and acddtiizy,
236, 14716.

Aiuti A, Cattaneo F, Galimberti S, Benninghoff U, Cassani B, Callegaro L,
Scaramuzza S, Andolfi G, Mirolo M, Brigida I, Tabucchi A, Carlucci F, Eibl
M, Aker M, Slavin S, AIMousa H, Al Ghonaium A, Ferster A, Duppenthaler
A, Notarangelo L, Wintegerst U, Buckley RH, Bregni M, Marktel S,

Valsecchi MG, Rossi P, Ciceri F, Miniero R, Bordignon C & Roncarolo MG
2009. Gene therapy for immunodeficiency due to adenosine deaminase
deficiency.N Engl J Med360, 447-58.

AlmeidaPorada G, Flake AW, Glimp H& Zanjani ED 1999. Cotransplantation of
stroma results in enhancement of engraftment and early expression of donor
hematopoietic stem cells in uteExperimental hematolog2,7, 1569-75.

Antsaklis A, Daskalakis G, Papantoniou N & Michalas S 1998. Faiatltdampling
-indicationrelated lossef2renat Diagn,18, 934-40.

Archer DR, Turner CW, Yeager AM & Fleming WH 1997. Sustained multilineage
engraftment of allogeneic hematopoietic stem cells in NOD/SCID mice after
in utero transplantatiomlood, 90, 32229.

Ashman LK 1999. The biology of stem cell factor and its receptkit. 0 he
international journal of biochemistry & cell biolog8]1, 1037%51.

Balsam LB, Wagers AJ, Christensen JL, Kofidis T, Weissman IL & Robbins RC
2004. Haematopoietic stem cells ptimature haematopoietic fates in
ischaemic myocardiunNature,428, 668-73.

Barbera A, Jones OW, 3rd, Zerbe GO, Hobbins JC, Battaglia FC & Meschia G 1995a.
Ultrasonographic assessment of fetal growth: comparison between human and
ovine fetusAm J ObsteGynecol 173 17659.

Barbera A, Jones OW, 3rd, Zerbe GO, Hobbins JC, Battaglia FC & Meschia G 1995b.
Ultrasonographic assessment of fetal growth: comparison between human and
ovine fetusAmerican journal of obstetrics and gynecology3 17659.

BarkerJE, Schuldt AJ, Lessard MD, Jude CD, Vogler CA & Soper BW 2003. Donor
cell replacement in mice transplanted in utero is limited by immune
independent mechanisn&lood cells, molecules & diseas&4, 291-7.

Beltrami AP, Barlucchi L, Torella D, Baker M, iniana F, Chimenti S, Kasahara H,
Rota M, Musso E, Urbanek K, Leri A, Kajstura J, Na@ahard B & Anversa
P 2003. Adult cardiac stem cells are multipotent and support myocardial
regenerationCell, 114, 763-76.

Berg JS & Goodell MA 2007. An argument agaiasble for Oct4 in somatic stem
cells.Cell Stem Cell1, 359-60.

Bestor TH 2000. Gene silencing as a threat to the success of gene thbeapy.
Journal of clinical investigation1 05 409-11.

Bianchi DW & Fisk NM 2007. Fetomaternal cell trafficking ahe stem cell debate:
gender matterslAMA : the journal of the American Medical Associati®@y,
148991.

Billingham RE, Brent L & Medawar PB 1953. Actively acquired tolerance of foreign
cells.Nature, 172 603-6.

Billings PR 1999. In utero gene theraplye case againdtlature medicine5, 255-6.

! ll##



Blazar BR, Taylor PA & Vallera DA 1995. Adult bone marroerived pluripotent
hematopoietic stem cells are engraftable when transferred in utero into
moderately anemic fetal recipienBiood, 85, 833-41.

Bordignon C, Notarangelo LD, Nobili N, Ferrari G, Casorati G, Panina P, Mazzolari
E, Maggioni D, Rossi C, Servida P, Ugazio AG & Mavilio F 1995. Gene
therapy in peripheral blood lymphocytes and bone marrow for- ADA
immunodeficient patient$Science270, 470-5.

Bossolasco P, Montemurro T, Cova L, Zangrossi S, Calzarossa C, Buiatiotis S, Soligo
D, Bosari S, Silani V, Deliliers GL, Rebulla P & Lazzari L 2006. Molecular
and phenotypic characterization of human amniotic fluid cells and their
differentiation potentialCell research16, 329-36.

Brooke G, Rossetti T, Pelekanos R, llic N, Murray P, Hancock S, Antonenas V,
Huang G, Gottlieb D, Bradstock K & Atkinson K 2009. Manufacturing of
human placentderived mesenchymal stem cells for clinical tri&isJ
Haematol 144, 571-9.

Burt RK 1999. Clinical utility in maximizing CD34+ cell count in stem cell grafts.
Stem Cells17, 373-6.

Campos SK & Barry MA 2007. Current advances and future challenges in Adenoviral
vector biology and targetin@urrent gene therapy,, 189-204.

Cananzi M, Atala A & De Coppi P 2009. Stem cells derived from amniotic fluid: new
potentials in regenerative medicifigeprod Biomed Onlind,8 Suppl 117-

27.

Carraro G, Perin L, Sedrakyan S, Giuliani S, Tiozzo C, Lee J, Turcatel G, De Langhe
SP, Discoll B, Bellusci S, Minoo P, Atala A, De Filippo RE & Warburton D
2008. Human amniotic fluid stem cells can integrate and differentiate into
epithelial lung lineagesstem Cells26, 290211.

Castrechini NM, Murthi P, Gude NM, Erwich JJ, Gronthos Sna#mo A,

Brennecke SP & Kalionis B 2010. Mesenchymal stem cells in human
placental chorionic villi reside in a vascular NicRéacenta,31, 203-12.

Chamberlain J, Yamagami T, Colletti E, Theise ND, Desai J, Frias A, Pixley J,
Zanjani ED, Porada CD & AleidaPorada G 2007. Efficient generation of
human hepatocytes by the intrahepatic delivery of clonal human mesenchymal
stem cells in fetal sheeplepatology46, 193545.

Cheng FC, Tai MH, Sheu ML, Chen CJ, Yang DY, Su HL, Ho SP, Lai SZ & Pan HC
2010. Enhacement of regeneration with glia cell liderived neurotrophic
factortransduced human amniotic fluid mesenchymal stem cells after sciatic
nerve crush injuryd Neurosurg112 868-79.

Chern SR & Chen CP 2000. Molecular prenatal diagnosis of thalassenaavan.
International journal of gynaecology and obstetrics: the official organ of the
International Federation of Gynaecology and Obstetrs&,103-6.

Chou SH, Kuo TK, Liu M & Lee OK 2006a. In utero transplantation of human bone
marrowderived multiptent mesenchymal stem cells in migdeurnal of
orthopaedic research : official publication of the Orthopaedic Research
Society 24, 301-12.

Chou SH, Kuo TK, Liu M & Lee OK 2006b. In utero transplantation of human bone
marrowderived multipotent mesenchwinstem cells in micel Orthop Res,

24, 301-12.

Coutelle C, Waddington SN & Themis M 2012. Monitoring for potential adverse

effects of prenatal gene therapy: mouse models for developmental aberrations

! "#$



and inadvertent germ line transmissibtethods in macular biology891,
32940.

David A, Cook T, Waddington S, Peebles D, Nivsarkar M, Knapton H, Miah M,
Dahse T, Noakes D, Schneider H, Rodeck C, Coutelle C & Themis M 2003a.
Ultrasoundguided percutaneous delivery of adenoviral vectors encoding the
betagdactosidase and human factor IX genes to early gestation fetal sheep in
utero.Hum Gene Then 4, 353-64.

David AL, Abi-Nader KN, Weisz B, Shaw SW, Themis M, Cook T, Coutelle C,
Rodeck CH & Peebles DM 2010. Ultrasonographic development of the fetal
sheep ®mach and evaluation of early gestation ultraseguided in utero
intragastric injectionTaiwan J Obstet Gynecal9, 23-9.

David AL & Peebles D 2008. Gene therapy for the fetus: is there a fuBest Pract
Res Clin Obstet Gynaec@?, 203-18.

David AL, Peebles DM, Gregory L, Themis M, Cook T, Coutelle C & Rodeck CH
2003b. Percutaneous ultrasotguaded injection of the trachea in fetal sheep:

a novel technique to target the fetal airwdyetal Diagn Ther,18, 385-90.

David AL, Peebles DM, Gregory M/addington SN, Themis M, Weisz B, Ruthe A,
Lawrence L, Cook T, Rodeck CH & Coutelle C 2006a. Clinically applicable
procedure for gene delivery to fetal gut by ultraseguoitled gastric injection:
toward prenatal prevention of eadyset intestinal diseas.Hum Gene Ther,

17, 767-79.

David AL, Weisz B, Gregory L, Themis M, Cook T, Roubliova X, Deprest J, Coutelle
C, Rodeck CH & Peebles DM 2006b. Ultrasotguided injection and
occlusion of the trachea in fetal shelfirasound Obstet Gynecd8, 82-8.

De Coppi P, Bartsch G, Jr., Siddiqui MM, Xu T, Santos CC, Perin L, Mostoslavsky
G, Serre AC, Snyder EY, Yoo JJ, Furth ME, Soker S & Atala A 2007a.
Isolation of amniotic stem cell lines with potential for therdgat Biotechnol,

25, 100-6.

De Coppi P, Callgari A, Chiavegato A, Gasparotto L, Piccoli M, Taiani J, Pozzobon
M, Boldrin L, Okabe M, Cozzi E, Atala A, Gamba P & Sartore S 2007b.
Amniotic fluid and bone marrow derived mesenchymal stem cells can be
converted to smooth muscle cells in the eyjaredrat bladder and prevent
compensatory hypertrophy of surviving smooth muscle cklliol, 177,

369-76.

Dejneka NS, Surace EM, Aleman TS, Cideciyan AV, Lyubarsky A, Savchenko A,
Redmond TM, Tang W, Wei Z, Rex TS, Glover E, Maguire AM, Pugh EN,
Jr., Jacobso SG & Bennett J 2004. In utero gene therapy rescues vision in a
murine model of congenital blindne$dol Ther,9, 182-8.

Delo DM, De Coppi P, Bartsch G, Jr. & Atala A 2006. Amniotic fluid and placental
stem cellsMethods Enzymo#19, 426-38.

Demaison CParsley K, Brouns G, Scherr M, Battmer K, Kinnon C, Grez M &
Thrasher AJ 2002. Higlevel transduction and gene expression in
hematopoietic repopulating cells using a human immunodeficiency [correction
of imunodeficiency] virus type-based lentiviral vetor containing an internal
spleen focus forming virus promotétum Gene The3, 803-13.

Ditadi A, De Coppi P, Picone O, Gautreau L, Smati R, Six E, Bonhomme D, Ezine S,
Frydman R, Cavazzar@alvo M & Andre Schmutz |1 2009. Human and
murine amniotic fluil ¢Kit+Lin - cells display hematopoietic activitiglood,

113 395360.

! "#$



Donahue RE, Kuramoto K & Dunbar CE 2005. Large animal models for stem and
progenitor cell analysi€urrent protocols in immunology / edited by John E.
Coligan ... [et al.],Chapter 22Unit 22A 1.

Donovan PJ 2001. High Oane fuel powers the stem célature genetic29, 246
1.

Fauza D 2004. Amniotic fluid and placental stem c8ést Pract Res Clin Obstet
Gynaecol 18, 877-91.

Flake AW, Harrison MR, Adzick NS & Zanjani ED 198@&afsplantation of fetal
hematopoietic stem cells in utero: the creation of hematopoietic chimeras.
Science?233 7768.

Flake AW & Zanjani ED 1999. In utero hematopoietic stem cell transplantation:
ontogenic opportunities and biologic barriédtood,94, 217991.

Fleischman R 1993. From white spots to stem cells: the role of the Kit receptor in
mammalian developmentrends in Genetic$, 285-290.

Fleischman RA & Mintz B 1979. Prevention of genetic anemias in mice by
microinjection of normal hematopoiestem cells into the fetal placenta.
Proceedings of the National Academy of Sciences of the United States of
America,76, 573640.

Fuchs JR, Kaviani A, Oh JT, Lavan D, Udagawa T, Jennings RW, Wilson JM &
Fauza DO 2004. Diaphragmatic reconstruction witlolagbus tendon
engineered from mesenchymal amniocydeBediatr Surg39, 834-838.

Fukumitsu K, Ishii T, Yasuchika K, Amagai Y, KawamtBaito M, Kawamoto T,
Kawase E, Suemori H, Nakatsuji N, lkai | & Uemoto S 2009. Establishment
of a cell line derived t'm a mouse fetal liver that has the characteristic to
promote the hepatic maturation of mouse embryonic stem cells by a coculture
method.Tissue Eng Part Al5, 384756.

Gaunt G & Ramin K 2001. Immunological tolerance of the human fAtas]
Perinatol,18, 299-312.

Ghionzoli M, Cananzi M, Zani A, Rossi CA, Leon FF, Pierro A, Eaton S & De Coppi
P 2010. Amniotic fluid stem cell migration after intraperitoneal injection in
pup rats: implication for therapfediatr Surg Int26, 79-84.

Gidekel S, Pizov G, Bgman Y & Pikarsky E 2003. O&/4 is a dos@lependent
oncogenic fate determinai@ancer cell4, 361-70.

Gosden CM 1983. Amniotic fluid cell types and cultiBe Med Bull,39, 34854.

Gramellini D, Fieni S, Verrotti C, Piantelli G, Cavallotti D & Vadd&004.
Ultrasound evaluation of amniotic fluid volume: methods and clinical
accuracyActa biomedica : Atenei Parmensig5 Suppl 140-4.

Grisafi D, Piccoli M, Pozzobon M, Ditadi A, Zaramella P, Chiandetti L, Zanon GF,
Atala A, Zacchello F, Scarpa M, [@oppi P & Tomanin R 2008. High
transduction efficiency of human amniotic fluid stem cells mediated by
adenovirus vector§Stem Cells Dei,7, 953-62.

Guillot PV, Abass O, Bassett JH, Shefelbine SJ,-Bbarios G, Chan J, Kurata H,
Williams GR, Polak J & Bk NM 2008. Intrauterine transplantation of human
fetal mesenchymal stem cells from fitetnester blood repairs bone and
reduces fractures in osteogenesis imperfecta mloed,111, 171725.

Gussow D, Rein R, Ginjaar |, Hochstenbach F, Seemann Gné&ot# & Ploegh HL
1987. The human betaricroglobulin gene. Primary structure and definition
of the transcriptional unilournal of immunologyl39 31328.

HaceinrBey-Abina S, Le Deist F, Carlier F, Bouneaud C, Hue C, De Villartay JP,
Thrasher AJ, Wulflaat N, Sorensen R, Dupt@rod S, Fischer A, Davies

! "#$



EG, Kuis W, Leiva L & Cavazzarn@alvo M 2002. Sustained correction of X
linked severe combined immunodeficiency by ex vivo gene therapngl J
Med, 346, 118593.

HaceinBey-Abina S, Von Kalle C, Schiut M, Mccormack MP, Wulffraat N,
Leboulch P, Lim A, Osborne CS, Pawliuk R, Morillon E, Sorensen R, Forster
A, Fraser P, Cohen JI, De Saint Basile G, Alexander |, Wintergerst U,
Frebourg T, Aurias A, Stopgayonnet D, Romana S, RadfeMleiss I, Gross
F, Vdensi F, Delabesse E, Macintyre E, Sigaux F, Soulier J, Leiva LE,
Wissler M, Prinz C, Rabbitts TH, Le Deist F, Fischer A & CavazZaaiao
M 2003. LMO2associated clonal T cell proliferation in two patients after
gene therapy for SCHX1. Science302 4159.

Harman CR 2008. Amniotic fluid abnormaliti€eminars in perinatolog2, 288
94.

Harrison DE, Zhong RK, Jordan CT, Lemischka IR & Astle CM 1997. Relative to
adult marrow, fetal liver repopulates nearly five times more effectively long
term than sharterm.Experimental hematologg5b, 293-7.

Harrison MR, Slotnick RN, Crombleholme TM, Golbus MS, Tarantal AF & Zanjani
ED 1989. Inutero transplantation of fetal liver haemopoietic stem cells in
monkeysLancet,2, 14257.

Hashimoto F, Sugiura K, Inoue &lkehara S 1997. Major histocompatibility
complex restriction between hematopoietic stem cells and stromal cells in
vivo. Blood, 89, 49-54.

Hayflick L & Moorhead PS 1961. The serial cultivation of human diploid cell strains.
Experimental cell researc2b, 585-621.

Howe S & Thrasher AJ 2003. Gene therapy for inherited immunodeficiencies.
Current hematology reportg, 328-34.

Howe SJ & Chandrashekran A 2012. Vector systems for prenatal gene therapy:
principles of retrovirus vector design and productethods in molecular
biology, 891, 85-107.

Howe SJ, Mansour MR, Schwarzwaelder K, Bartholomae C, Hubank M, Kempski H,
Brugman MH, PikeOverzet K, Chatters SJ, De Ridder D, Gilmour KC,
Adams S, Thornhill SI, Parsley KL, Staal FJ, Gale RE, Linch DC, Bayford J,
Brown L, Quaye M, Kinnon C, Ancliff P, Webb DK, Schmidt M, Von Kalle
C, Gaspar HB & Thrasher AJ 2008. Insertional mutagenesis combined with
acquired somatic mutations causes leukemogenesis following gene therapy of
SCID-X1 patientsThe Journal of cliniceinvestigation,118 314350.

Hubinont C, Bernard P, Pirot N, Biard J & Donnez J 2000. Ttevitwin transfusion
syndrome: treatment by amniodrainage and septostéurgpean journal of
obstetrics, gynecology, and reproductive biold@;,141-4.

Huo Y, Mcaconnell SC, Liu SR, Yang R, Zhang TT, Sun CW, Wu LC & Ryan TM
2009a. Humanized Mouse Model of Cooley's Aneffifee Journal of
biological chemistry284, 488996.

Huo Y, Mcconnell SC & Ryan TM 2009b. Preclinical transfusi@pendent
humanized mouse moddi leeta thalassemia majdslood,113 4763 70.

Hussain MA & Theise ND 2004. Stecell therapy for diabetes mellitusancet,364,
2035.

In 'T Anker PS, Scherjon SA, Kleijburgan Der Keur C, Noort WA, Claas FH,
Willemze R, Fibbe WE & Kanhai HH 2003. Amtio fluid as a novel source
of mesenchymal stem cells for therapeutic transplantdiond, 102 15489.

! "#$



lop L, Chiavegato A, Callegari A, Bollini S, Piccoli M, Pozzobon M, Rossi CA,
Calamelli S, Chiavegato D, Gerosa G, De Coppi P & Sartore S 2008&:ebiffe
cardiovascular potential of adu#ind fetaltype mesenchymal stem cells in a
rat model of heart cryoinjuryCell Transplant]17, 679-94.

Ishikawa F, Yasukawa M, Lyons B, Yoshida S, Miyamoto T, Yoshimoto G,
Watanabe T, Akashi K, Shultz LD & Harada M@5. Development of
functional human blood and immune systems in NOD/SCID/IL2 receptor
{gamma} chain(null) miceBlood,106, 156573.

Johnson KL, Samura O, Nelson JL, Mcdonnell MDWM & Bianchi DW 2002.
Significant fetal cell microchimerism in a nontransfliseoman with hepatitis
C: Evidence of longerm survival and expansioHepatology 36, 12957.

Karlmark KR, Freilinger A, Marton E, Rosner M, Lubec G & Hengstschlager M
2005. Activation of ectopic Ogt and Rexl promoters in human amniotic
fluid cells.International journal of molecular medicing&g, 987-92.

Karolewski BA & Wolfe JH 2006. Genetic correction of the fetal brain increases the
lifespan of mice with the severe multisystemic disease mucopolysaccharidosis
type VII. Mol Ther,14, 14-24.

Khosrotemani K, Johnson KL, Guegan S, Stroh H & Bianchi DW 2005. Natural
history of fetal cell microchimerism during and following murine pregnancy.
Journal of reproductive immunolog§6, 1-12.

Khosrotehrani K, Johnson KL, Lau J, Dupuy A, Cha DH & Bianchi DW 200&
influence of fetal loss on the presence of fetal cell microchimerism: a
systematic reviewArthritis and rheumatismg8, 323741.

Kim J, Lee Y, Kim H, Hwang KJ, Kwon HC, Kim SK, Cho DJ, Kang SG & You J
2007. Human amniotic fluiderived stem cells lva characteristics of
multipotent stem cellCell proliferation,40, 75-90.

King D, Shakespeare T, Nicholson R, Clarke A & Mclean S 1999. Risks inherent in
fetal gene therapyature,397, 383.

Kleijer WJ 2001 1nborn errors of metabolismLondon, Churchi Livingstone.

Klein JD, Turner CG, Ahmed A, Steigman SA, Zurakowski D & Fauza DO 2010.
Chest wall repair with engineered fetal bone grafts: an efficacy analysis in an
autologous leporine model.Pediatr Surg45, 135460.

Ko TM, Chen TA, Hsieh MI, TsenLH, Hsieh FJ, Chuang SM & Lee TY 1993.
Alpha-thalassemia in the four major aboriginal groups in Taiwlman
genetics92, 79-80.

Koestenbauer S, Zisch A, Dohr G & Zech NH 2009. Protocols for hematopoietic stem
cell expansion from umbilical cord bloo@ell Transplant]18, 1059 68.

Kohn DB, Hershfield MS, Carbonaro D, Shigeoka A, Brooks J, Smogorzewska EM,
Barsky LW, Chan R, Burotto F, Annett G, Nolta JA, Crooks G, Kapoor N,
Elder M, Wara D, Bowen T, Madsen E, Snyder FF, Bastian J, Muul L, Blaese
RM, Weinberg K & Parkman R 1998. T lymphocytes with a normal ADA
gene accumulate after transplantation of transduced autologous umbilical cord
blood CD34+ cells in ADAdeficient SCID neonateBlature medicine4,

775-80.

Kohn DB, Weinberg KlI, Nolta JA, Heiss LMgnarsky C, Crooks GM, Hanley ME,
Annett G, Brooks JS, E{houreiy A & Et Al. 1995. Engraftment of gene
modified umbilical cord blood cells in neonates with adenosine deaminase
deficiency.Nature medicinel, 101723.

Kolambkar Y, Peister A, Soker S, Atada& Guldberg R 2007. Chondrogenic
differentiation of amniotic fluiederived stem cellsl Mol Histol,38, 405413.

! "#$



Koso H, Satoh S & Watanabe S 200kitcmarks late retinal progenitor cells and
regulates their differentiation in developing mouse refdevelopmental
biology, 301, 141-54.

Kunisaki SM, Freedman DA & Fauza DO 2006. Fetal tracheal reconstruction with
cartilaginous grafts engineered from mesenchymal amniocyRediatr
Surg,41, 675682.

Lambert N & Nelson JL 2003. Microchimerism in autamme disease: more
guestions than answerd@toimmunity reviews, 133-9.

Le Blanc K, Gotherstrom C, Ringden O, Hassan M, Mcmahon R, Horwitz E, Anneren
G, Axelsson O, Nunn J, Ewald U, Nordeimdeberg S, Jansson M, Dalton A,
Astrom E & Westgren M 2005. & mesenchymal stegell engraftment in
bone after in utero transplantation in a patient with severe osteogenesis
imperfectaTransplantation/9, 160714.

Lee LK, Ueno M, Van Handel B & Mikkola HK 2010. Placenta as a newly identified
source of hematopdie stem cellsCurr Opin Hematol17, 313-8.

Lengner CJ, Camargo FD, Hochedlinger K, Welstead GG, Zaidi S, Gokhale S,
Scholer HR, Tomilin A & Jaenisch R 2007. Oct4 expression is not required
for mouse somatic stem cell seéinewal Cell Stem Celll, 403-15.

Liedtke S, Enczmann J, Waclawczyk S, Wernet P & Kogler G 2007. Oct4 and its
pseudogenes confuse stem cell rese&eh.Stem Celll, 364-6.

Liegeois A, Gaillard MC, Ouvre E & Lewin D 1981. Microchimerism in pregnant
mice. Transplantation proceeding$3, 12502.

Lin LI, Lin KS, Lin KH & Chang HC 1991. The spectrum of béf@lassemia
mutations in Taiwan: identification of a novel frameshift mutatiamerican
journal of human geneticd8, 809-12.

Ljungman P, Urbandspizua A, Cavazzar@alvo M, Demier T, Dini G, Einsele H,
Gratwohl A, Madrigal A, Niederwieser D & Passweg J 2006. Allogeneic and
autologous transplantation for haematological diseases, solid tumours and
immune disorders: definitions and current practice in Eui®pee marrow
transplanation, 37, 439-450.

Looijenga LH, Stoop H, De Leeuw HP, De Gouveia Brazao CA, Gillis AJ, Van
Roozendaal KE, Van Zoelen EJ, Weber RF, Wolffenbuttel KP, Van Dekken
H, Honecker F, Bokemeyer C, Perlman EJ, Schneider DT, Kononen J, Sauter
G & Oosterhuis JW 2003 OU5F1 (OCT3/4) identifies cells with pluripotent
potential in human germ cell tumofSancer researchg3, 224450.

Majeti R, Park CY & Weissman IL 2007. Identification of a hierarchy of multipotent
hematopoietic progenitors in human cord bld@dll Sem Cell,1, 63545.
Mccandless SE 2004. A primer on expanded newborn screening by tandem mass

spectrometryPrim Care,31, 583-604, ixX.

Merianos DJ, Tiblad E, Santore MT, Todorow CA, Laje P, Endo M, Zoltick PW &
Flake AW 2009. Maternal alloantibodies uwt a postnatal immune response
that limits engraftment following in utero hematopoietic cell transplantation in
mice.J Clin Invest,119 2590-600.

Meuli M, Meuli-Simmen C, Yingling CD, Hutchins GM, Timmel GB, Harrison MR
& Adzick NS 1996. In utero repaaf experimental myelomeningocele saves
neurological function at birtll Pediatr Surg31, 397-402.

Miyasaka M & Morris B 1988. The ontogeny of the lymphoid system and immune
responsiveness in sheépyogress in veterinary microbiology and
immunology4, 21-55.

! "#$



Modlich U, Navarro S, Zychlinski D, Maetzig T, Knoess S, Brugman MH,
Schambach A, Charrier S, Galy A, Thrasher AJ, Bueren J & Baum C 2009.
Insertional transformation of hematopoietic cells by-selttivating lentiviral
and gammaretroviral vectorglolecular therapy : the journal of the American
Society of Gene Theraply7, 191928.

Montemurro T, Bossolasco P, Cova L, Zangrossi S, Calzarossa C, Buiatiotis S, Soligo
D, Silani V, Lambertenghi Deliliers G, Rebulla P & Lazzari L 2008.
Molecular and phastypical characterization of human amniotic fluid cells and
their differentiation potentiaBio-medical materials and engineerintf, 183
5.

Mujezinovic F & Alfirevic Z 2007. Procedureelated complications of amniocentesis
and chorionic villous samplin@g systematic revievDbstetrics and
gynecology110 687-94.

Muraca M, Ferraresso C, Vilei MT, Granato A, Quarta M, Cozzi E, Rugge M,
Pauwelyn KA, Caruso M, Avital I, Inderbitzin D, Demetriou AA, Forbes SJ &
Realdi G 2007. Liver repopulation with bonemeav derived cells improves
the metabolic disorder in the Gunn 1@ut, 56, 172535.

Nadri S & Soleimani M 2007. Comparative analysis of mesenchymal stromal cells
from murine bone marrow and amniotic flu@ytotherapy9, 729-37.

Nagao Y, Abe T, Hasegaw# Tanaka Y, Sasaki K, Kitano Y, Hayashi S &
Hanazono Y 2009. Improved efficacy and safety of in utero cell
transplantation in sheep using an ultrasegadied methodCloning Stem
Cells,11, 281-5.

Nelson JL 2002. Pregnancy and microchimerism in autoinenalisease: protector or
insurgentArthritis and rheumatism6, 291-7.

Nichols J, Zevnik B, Anastassiadis K, Niwa H, KleNebenius D, Chambers I,
Scholer H & Smith A 1998. Formation of pluripotent stem cells in the
mammalian embryo depends on the PCldngcription factor Oct4Cell, 95,
37991.

Nijagal A, Le T, Wegorzewska M & Mackenzie TC 2011a. A mouse model of in
utero transplantatiodournal of visualized experiments : JaVE

Nijagal A, Wegorzewska M, Jarvis E, Le T, Tang Q & Mackenzie TC 2011b.
Maternal T cells limit engraftment after in utero hematopoietic cell
transplantation in mic& he Journal of clinical investigatiod21, 582-92.

Niwa H, Miyazaki J & Smith AG 2000. Quantitative expression of8dtdefines
differentiation, dedifferentiatioor seltrenewal of ES cells\Nature genetics,

24, 372-6.

Noia G, Ligato MS, Cesari E, Visconti D, Fortunato G, Tintoni M, Mappa I, Greco C,
Caristo ME, Bonanno G, Corallo M, Minafra L, Perillo A, Terzano M, Rutella
S, Leone G, Scambia G, Michejda M & MasouS 2008. Source of cell
injected is a critical factors for short and long engraftment in-xeno
transplantationCell Prolif, 41 Suppl 141-50.

O'donoghue K, Chan J, De La Fuente J, Kennea N, Sandison A, Anderson JR,
Roberts IA & Fisk NM 2004. Microchime&m in female bone marrow and
bone decades after fetal mesenchymal stelirtrafficking in pregnancy.
Lancet,364, 179-82.

O'donoghue K & Fisk NM 2004. Fetal stem celBest Pract Res Clin Obstet
Gynaecol 18, 853-75.

! ll#ll



Odibo AO, Gray DL, Dicke JM, StamdiDM, Macones GA & Crane JP 2008.
Reuvisiting the fetal loss rate after secdrithester genetic amniocentesis: a
single center's Xgear experiencébstet Gynecoll11, 589-95.

Orlandi F, Damiani G, Jakil C, Lauricella S, Bertolino O & Maggio A 1990. ridies
of early cordocentesis (121 weeks): analysis of 500 proceduresenat
Diagn, 10, 4258.

Ortuno F, Remacha A, Martin S, Soler J & Gimferrer E 1990. Prevalence of folate
deficiency in beta and deltzeta heterozygous thalassentiaematologica,

75, 585.

Pallavicini MG, Flake AW, Madden D, Bethel C, Duncan B, Gonzalgo ML, Haendel
S, Montoya T & Roberts L 1992. Hemopoietic chimerism in rodents
transplanted in utero with fetal human hemopoietic cétisnsplantation
proceedings24, 542-3.

Pan HC, Yan®Y, Ho SP, Sheu ML, Chen CJ, Hwang SM, Chang MH & Cheng FC
2009. Escalated regeneration in sciatic nerve crush injury by the combined
therapy of human amniotic fluid mesenchymal stem cells and fermented
soybean extracts, Nattd Biomed Scil6, 75.

Papaikolaou E, Georgomanoli M, Stamateris E, Panetsos F, Karagiorga M,
Tsaftaridis P, Graphakos S & Anagnou NP 2012. The newrssdfivating
lentiviral vector for thalassemia gene therapy combining two HPFH activating
elements corrects human thalassemic hepwaetic stem celldsduman gene
therapy,23, 15-31.

Peng CT, Chang JS, Wang LY, Chiou SS, Hsiao CC, Wang SC, Hung GY & Wu KH
2009. Update on thalassemia treatment in Taiwan, including bone marrow
transplantation, chelation therapy, and cardiomyopathyntesd effects.
Hemoglobin33, 304-11.

Peranteau WH, Endo M, Adibe OO & Flake AW 2007. Evidence for an immune
barrier after in utero hematopoietell transplantatiorBlood, 109, 1331-3.

Perillo A, Corallo M, Minafra L, Bonanno G, Visconti D, Ligato MSrtunato G,
Scambia G, Mancuso S & Noia G 2008. The number, subset and source of
cells injected remain critical factors affecting engraftment afteiteno stem
cell transplantation via the intracelomic rougeiropean journal of obstetrics,
gynecologyand reproductive biologyi,38 248-9.

Perin L, Sedrakyan S, Da Sacco S & De Filippo R 2008. Characterization of human
amniotic fluid stem cells and their pluripotential capabilethods in cell
biology, 86, 85-99.

Perin L, Sedrakyan S, Giuliani S, DacBa S, Carraro G, Shiri L, Lemley KV, Rosol
M, Wu S, Atala A, Warburton D & De Filippo RE 2010. Protective effect of
human amniotic fluid stem cells in an immunodeficient mouse model of acute
tubular necrosiPL0oS Oneb, e9357.

Perry T, Kaushal S, Suthend F, Guleserian K, Bischoff J & Sacks M 2003. Bone
marrow as a cell source for tissue engineering heart valwasThorac Surg,

75, 761-767.

Pesce M & Scholer HR 2001. G4t gatekeeper in the beginnings of mammalian
developmentStem Cells]9, 271-8.

Philippe S, Sarkis C, Barkats M, Mammeri H, Ladroue C, Petit C, Mallet J &
Serguera C 2006. Lentiviral vectors with a defective integrase allow efficient
and sustained transgene expression in vitro and in Rio Natl Acad Sci U
S A103 176849.

! "#$



Philpott NJ & Thrasher AJ 2007. Use of nonintegrating lentiviral vectors for gene
therapy.Human gene therap{s, 483-9.

Piacibello W, Sanavio F, Garetto L, Severino A, Bergandi D, Ferrario J, Fagioli F,
Berger M & Aglietta M 1997. Extensive amplification aself-renewal of
human primitive hematopoietic stem cells from cord bl&idod, 89, 2644
53.

Porada CD, HarriseRkindik DD, Sanada C, Valiente V, Thain D, Simmons PJ,
AlmeidaPorada G & Zanjani ED 2008a. Development and characterization of
a novel CD34 rmanoclonal antibody that identifies sheep hematopoietic
stem/progenitor cellExperimental hematolog@g, 173949.

Porada CD, HarriseRkindik DD, Sanada C, Valiente V, Thain D, Simmons PJ,
AlmeidaPorada G & Zanjani ED 2008b. Development and characterizet
a novel CD34 monoclonal antibody that identifies sheep hematopoietic
stem/progenitor cellE£xp Hematol36, 173949.

Porada CD, Sanada C, Kuo CJ, Colletti E, Mandeville W, Hasenau J, Zanjani ED,
Moot R, Doering C, Spencer HT & Almeidorada G 2011Phenotypic
correction of hemophilia A in sheep by postnatal intraperitoneal
transplantation of FVIHexpressing MSCExperimental hematolog®9,
11241135 e4.

Porada CD, Sanada C, Long CR, Wood JA, Desai J, Frederick N, Millsap L, Bormann
C, Menges SLHanna C, Floresoxworth G, Shin T, Westhusin ME, Liu W,
Glimp H, Zanjani ED, Lozier JN, Pliska V, Stranzinger G, Joerg H, Kraemer
DC & AlmeidaPorada G 2010a. Clinical and molecular characterization of a
re-established line of sheep exhibiting hemopMialournal of thrombosis
and haemostasis : JTI8, 276-85.

Porada CD, Sanada C, Long CR, Wood JA, Desai J, Frederick N, Millsap L, Bormann
C, Menges SL, Hanna C, FlorEsxworth G, Shin T, Westhusin ME, Liu W,
Glimp H, Zanjani ED, Lozier JN, Pliska V, Stianger G, Joerg H, Kraemer
DC & AlmeidaPorada G 2010b. Clinical and molecular characterization of a
re-established line of sheep exhibiting hemophilia Ahromb Haemoss§,
276-85.

PortmannrLanz CB, Schoeberlein A, Huber A, Sager R, Malek A, HolzgWw\&

Surbek DV 2006. Placental mesenchymal stem cells as potential autologous
graft for pre and perinatal neuroregeneratiédyim J Obstet Gynecdl94, 664
73.

Pozzobon M, Ghionzoli M & De Coppi P 2009. ES, iPS, MSC, and AFS cells. Stem
cells exploitation ér Pediatric Surgery: current research and perspective.
Pediatr Surg Int

Prusa A & Hengstschlager M 2002. Amniotic fluid cells and human stem cell
researcBa new connectiorbignature 8, 253-257.

Prusa AR, Marton E, Rosner M, Bernaschek G & HengstsahM@)03. Oct4-
expressing cells in human amniotic fluid: a new source for stem cell research?
Human reproductionl8, 148993.

Qasim W, Mackey T, Sinclair J, Chatziandreou I, Kinnon C, Thrasher AJ & Gaspar
HB 2007. Lentiviral vectors for-Tell suicide gae therapy: preservation of T
cell effector function after cytokinmediated transductioMol Ther,15, 355
60.

Quaglia A, Lehec SC, Hughes RD, Mitry RR, Knisely AS, Devereaux S, Richards J,
Rela M, Heaton ND, Portmann BC & Dhawan A 2008. Liver after toeyte

! "#$



transplantation for livebased metabolic disorders in childré&ell
Transplant, 17, 1403 14.

Ray P, Krishnamoorthy N & Ray A 2008. Emerging functions-kit @nd its ligand
stem cell factor in dendritic cells: regulators of T cell differentiatiosil
Cycle,7, 282632,

Rehni AK, Singh N, Jaggi AS & Singh M 2007. Amniotic fluid derived stem cells
ameliorate focal cerebral ischaernggerfusion injury induced behavioural
deficits in miceBehav Brain Reg,83 95-100.

Reya T, Morrison SJ, Clarke & Weissman IL 2001. Stem cells, cancer, and
cancer stem cell®Nature, 414, 105-11.

Rhoads GG, Jackson LG, Schlesselman SE, De La Cruz FF, Desnick RJ, Golbus MS,
Ledbetter DH, Lubs HA, Mahoney MJ, Pergament E & Et Al. 1989. The
safety and efficacy of chimnic villus sampling for early prenatal diagnosis of
cytogenetic abnormalitiedl Engl J Med320, 609-17.

Roubelakis MG, Pappa KI, Bitsika V, Zagoura D, Vlahou A, Papadaki HA, Antsaklis
A & Anagnou NP 2007. Molecular and proteomic characterization iofaimu
mesenchymal stem cells derived from amniotic fluid: comparison to bone
marrow mesenchymal stem cel&em Cells Dei,6, 931-52.

Rucker M, Fraites TJ, Jr., Porvasnik SL, Lewis MA, Zolotukhin I, Cloutier DA &
Byrne BJ 2004. Rescue of enzyme deficiemcgmbryonic diaphragm in a
mouse model of metabolic myopathy: Pompe disdaseelopment] 3],
300719.

Rutledge EA & Russell DW 1997. Adefassociated virus vector integration
junctions.Journal of virology,71, 8429 36.

Schambach A, Galla M, Maetzig Ipew R & Baum C 2007. Improving
transcriptional termination of selfactivating gammaetroviral and lentiviral
vectors.Molecular therapy : the journal of the American Society of Gene
Therapy,15, 116773.

Schmidt D, Achermann J, Odermatt B, Genoni Mpnd& & Hoerstrup SP 2008.
Cryopreserved amniotic fluiderived cells: a lifelong autologous fetal stem
cell source for heart valve tissue engineeringeart Valve Dis17, 446-55.

Schmitz N & Barrett J 2002. Optimizing engraftmesdurce and dose of stecells.
Seminars in hematolog$9, 3-14.

Schoeberlein A, Holzgreve W, Dudler L, Hahn S & Surbek DV 2004. In utero
transplantation of autologous and allogeneic fetal liver stem cells in ovine
fetusesAm J Obstet Gynecd 91, 10306.

Scholer HR, BallingR, Hatzopoulos AK, Suzuki N & Gruss P 1989. Octamer binding
proteins confer transcriptional activity in early mouse embryogerigsss.
EMBO journal,8, 25527.

Seppen J, Van Der Rijt R, Looije N, Van Til NP, Lamers WH & Oude Elferink RP
2003. Longterm corection of bilirubin UDPglucuronyltransferase deficiency
in rats by in utero lentiviral gene transfifol Ther,8, 593-9.

Serafini M & Verfaillie CM 2006. Pluripotency in adult stem cells: state of the art.
Seminars in reproductive mediciri&, 379-88.

Shaaban AF, Kim HB, Milner R & Flake AW 1999. A kinetic model for the homing
and migration of prenatally transplanted marr8od,94, 32517.

Shaw SW, Bollini S, Nader KA, Gastadello A, Mehta V, Filppi E, Cananzi M, Gaspar
HB, Qasim W, De Coppi P & DavidL 2011a. Autologous transplantation of
amniotic fluidderived mesenchymal stem cells into sheep fetasds.
transplantation20, 101531.

! "#$



Shaw SW, David AL & De Coppi P 2011b. Clinical applications of prenatal and
postnatal therapy using stem cellgimted from amniotic fluidCurr Opin
Obstet GynecoR3, 109-16.

Shultz LD, Lyons BL, Burzenski LM, Gott B, Chen X, Chaleff S, Kotb M, Gillies
SD, King M, Mangada J, Greiner DL & Handgretinger R 2005. Human
lymphoid and myeloid cell development in NOD/ktScid IL2R gamma null
mice engrafted with mobilized human hemopoietic stem ckllmmunol,

174, 647789.

Sinn PL, Sauter SL & Mccray PB, Jr. 2005. Gene therapy progress and prospects:
development of improved lentiviral and retroviral vectatssign, bosafety,
and productionGene therapyl2, 108998.

Soriano HE, Gest AL, Bair DK, Vander Straten M, Lewis DE, Darlington GJ,
Finegold MJ & Ledley FD 1993. Feasibility of hepatocellular transplantation
via the umbilical vein in prenatal and perinatal lantetal Diagn Therg,
293-304.

Srivatsa B, Srivatsa S, Johnson KL, Samura O, Lee SL & Bianchi DW 2001.
Microchimerism of presumed fetal origin in thyroid specimens from women: a
casecontrol studylLancet,358 20348.

Stamm C, Westphal B, Kleine HD, PathaVl, Kittner C, Klinge H, Schumichen C,
Nienaber CA, Freund M & Steinhoff G 2003. Autologous borarow stem
cell transplantation for myocardial regeneratioancet,361, 45-6.

Stefanidis K, Loutradis D, Koumbi L, Anastasiadou V, Dinopoulou V, Kiapékou
Lavdas AA, Mesogitis S & Antsaklis A 2008. Deleted in Azoospetlnika
(DAZL) geneexpressing cells in human amniotic fluid: a new source for germ
cells researchPertility and sterility,90, 798-804.

Sugiura K, Yasumizu R, Iwai H, Inaba MM, Toki J, @gw, Hara |, Good RA &
Ikehara S 1991. Lonterm immunologic tolerance induction in chimeric mice
after bone marrow transplantation across major histocompatibility barriers:
persistent or redeveloping immunologic responsiveness after prolonged
survival. Thymus,18, 137-53.

Surbek DV, Tercanli S & Holzgreve W 2000. Transabdominal first trimester
embryofetoscopy as a potential approach to early in utero stem cell
transplantation and gene therapjtrasound in obstetrics & gynecology : the
official journal o the International Society of Ultrasound in Obstetrics and
Gynecologyl5, 302-7.

Surbek DV, Young A, Danzer E, Schoeberlein A, Dudler L & Holzgreve W 2002.
Ultrasoundguided stem cell sampling from the early ovine fetus for prenatal
ex vivo gene therapyAmerican journal of obstetrics and gynecolo§§7,

960-3.

Sutton RE, Wu HT, Rigg R, Bohnlein E & Brown PO 1998. Human
immunodeficiency virus type 1 vectors efficiently transduce human
hematopoietic stem cell3ournal of virology,72, 57818.

Tabor A & Alfirevic Z 2010. Update on procedurelated risks for prenatal diagnosis
techniquesketal Diagn Ther27, 1-7.

Tabor A, Vestergaard CH & Lidegaard O 2009. Fetal loss rate after chorionic villus
sampling and amniocentesis: aryiar national registry stiy. Ultrasound
Obstet GynecoB4, 19-24.

Takahashi K & Yamanaka S 2006. Induction of pluripotent stem cells from mouse
embryonic and adult fibroblast cultures by defined factoetl, 126 663-76.

! e



Tan XW, Liao H, Sun L, Okabe M, Xiao ZC & Dawe GS 200&taF
microchimerism in the maternal mouse brain: a novel population of fetal
progenitor or stem cells able to cross the biboaln barrierStem Cells23,
144352,

Themis M, Waddington SN, Schmidt M, Von Kalle C, Wang Y-AMaf F, Gregory
LG, NivsarkarM, Holder MV, Buckley SM, Dighe N, Ruthe AT, Mistry A,
Bigger B, Rahim A, Nguyen TH, Trono D, Thrasher AJ & Coutelle C 2005.
Oncogenesis following delivery of a nonprimate lentiviral gene therapy vector
to fetal and neonatal micklolecular therapy : thgournal of the American
Society of Gene Therap2, 763-71.

Tiblad E & Westgren M 2008. Fetal stegall transplantatiorBest Pract Res Clin
Obstet Gynaecok?2, 189-201.

Tongsong T, Wanapirak C, Kunavikatikul C, Sirirchotiyakul S, Piyamongkol W &
Chanpraaph P 2001. Fetal loss rate associated with cordocentesis at
midgestationAm J Obstet Gynecdl84, 719-23.

Troeger C, Surbek D, Schoberlein A, Schatt S, Dudler L, Hahn S & Holzgreve W
2007. In utero haematopoietic stem cell transplantation. Experigncese,
sheep and humanSwiss medical weekl$37 Suppl 15514S19S.

Tsai LK 2012. Therapy development for spinal muscular atrophy in SMN
independent targetbleural plasticity 2012 456478.

Tsai LK, Tsai MS, Lin TB, Hwu WL & Li H 2006a. Establishilagstandardized
therapeutic testing protocol for spinal muscular atroplgurobiology of
disease?4, 286-95.

Tsai LK, Tsai MS, Ting CH & Li H 2008a. Multiple therapeutic effects of valproic
acid in spinal muscular atrophy model mideurnal of moleculamedicine,

86, 124354.

Tsai LK, Tsai MS, Ting CH, Wang SH & Li H 2008b. Restoring-B(l) levels
benefits a mouse model of spinal muscular atropleyirobiology of disease,
31, 361-7.

Tsai LK, Yang CC, Hwu WL & Li H 2007. Valproic acid treatment in sixigrats
with spinal muscular atrophfuropean journal of neurology : the official
journal of the European Federation of Neurological Societidse8-9.

Tsai LK, Yang CC, Ting CH, Su YN, Hwu WL & Li H 2009. Correlation of survival
motor neuron expression leukocytes and spinal cord in spinal muscular
atrophy.The Journal of pediatricd,54, 303-5.

Tsai MS, Hwang SM, Tsai YL, Cheng FC, Lee JL & Chang YJ 2006b. Clonal
amniotic fluidderived stem cells express characteristics of both mesenchymal
and neurastem cellsBiol Reprod,74, 545-51.

Tsai MS, Lee JL, Chang YJ & Hwang SM 2004. Isolation of human multipotent
mesenchymal stem cells from secdrithester amniotic fluid using a novel
two-stage culture protocaHum Reprodl9, 14506.

Vadolas J, Wardan HBosmans M, Zaibak F, Jamsai D, Voullaire L, Williamson R &
loannou PA 2005. Transgene copy numiiependent rescue of murine beta
globin knockout mice carrying a 183 kb human bgtbin BAC genomic
fragment.Biochim Biophys Actdl, 728 150-62.

Valli A, Rosner M, Fuchs C, Siegel N, Bishop CE, Dolznig H, Madel U, Feichtinger
W, Atala A & Hengstschlager M 2009. Embryoid body formation of human
amniotic fluid stem cells depends on mTdcogene

Verma IM & Somia N 1997. Gene therapypromises, problems drprospects.
Nature,389, 239-42.

! "#$



Waddington SN, Buckley SM, David AL, Peebles DM, Rodeck CH & Coutelle C
2007. Fetal gene transf&@urr Opin Mol Ther)9, 432-8.

Waddington SN, Nivsarkar MS, Mistry AR, Buckley SM, Kembatok G, Mosley
KL, Mitrophanous K Radcliffe P, Holder MV, Brittan M, Georgiadis A, Al
Allaf F, Bigger BW, Gregory LG, Cook HT, Ali RR, Thrasher A, Tuddenham
EG, Themis M & Coutelle C 2004. Permanent phenotypic correction of
hemophilia B in immunocompetent mice by prenatal gene theBipgd,

104, 271421.

Wagers AJ & Weissman IL 2004. Plasticity of adult stem c€ldl, 116 639-48.

Wabhistrom J 1974. The quantity of viable cells at various stages of gestation.
Humangenetik?22, 33542.

Walther G, Gekas J & Bertrand OF 2009. Amniotenstcells for cellular
cardiomyoplasty: promises and premigeatheterization and cardiovascular
interventions : official journal of the Society for Cardiac Angiography &
Interventions/3, 917-24.

Weise W, Gabriel D & Tanner B 1984. [Growth behavior oham cell cultures].
Zentralblatt fur allgemeine Pathologie und pathologische Anatal2i@,499
505.

Weiss ML & Troyer DL 2006. Stem cells in the umbilical cdstem Cell Re\2,
155162.

Weisz B, David AL, Gregory LG, Perocheau D, Ruthe A, WaddingtonT®&mis
M, Cook T, Coutelle C, Rodeck CH & Peebles DM 2005. Targeting the
respiratory muscles of fetal sheep for prenatal gene therapy for Duchenne
muscular dystrophyAmerican journal of obstetrics and gynecolo§)93
11059.

Westgren M, EK S, Bui T, dason B, Kjaeldgaard A, Markling L, Nennesmo |, Seiger
A, Sarby B, Thornstrom S & Ringden O 1997. Tissue distribution of
transplanted fetal liver cells in the human fetal recipi&nterican journal of
obstetrics and gynecolog¥76, 49-53.

Westgren M, Rigden O, EikNes S, Ek S, Anvret M, Brubakk AM, Bui TH,
Giambona A, Kiserud T, Kjaeldgaard A, Maggio A, Markling L, Seiger A &
Orlandi F 1996. Lack of evidence of permanent engraftment after in utero fetal
stem cell transplantation in congenital hemoglopathies.Transplantation,

61, 11769.

Wu YM & Gupta S 2009. Hepatic preconditioning for transplanted cell engraftment
and proliferationMethods Mol Biol481, 107-16.

Yang B, Kirby S, Lewis J, Detloff PJ, Maeda N & Smithies O 1995. A mouse model
for betaO-thalassemiaProceedings of the National Academy of Sciences of
the United States of America2, 1160812.

Yang X, Song L, Wu N, Liu Z, Xue S & Hui G 2010. An experimental study on
intracerebroventricular transplantation of human amniotic epithelialioeh
rat model of Parkinson's diseabkeurol Res32, 10549.

Yeh YC, Lee WY, Yu CL, Hwang SM, Chung MF, Hsu LW, Chang Y, Lin WW,
Tsai MS, Wei HJ & Sung HW 2010. Cardiac repair with injectable cell sheet
fragments of human amniotic fluid stem cell@mimmunesuppressed rat
model.Biomaterials,31, 644453.

Zani A, Cananzi M, Eaton S, Pierro A & De Coppi P 2009. Stem cells as a potential
treatment of necrotizing enterocolitisPediatr Surg44, 659-60.

Zanjani ED, Pallavicini MG, Ascensao JL, Flak@/, Langlois RG, Reitsma M,
Mackintosh FR, Stutes D, Harrison MR & Tavassoli M 1992. Engraftment

! "#$



and longterm expression of human fetal hemopoietic stem cells in sheep
following transplantation in uterd.Clin Invest89, 117888.

Zhang P, Andrianakos Riang Y, Liu C & Lu W 2010. Kruppelike factor 4 (Klf4)
prevents embryonic stem (ES) cell differentiation by regulating Nanog gene
expressionThe Journal of biological chemistrg85, 91809.

Zhang XY, La Russa VF & Reiser J 2004. Transduction of {moareow-derived
mesenchymal stem cells by using lentivirus vectors pseudotyped with
modified RD114 envelope glycoproteidaurnal of virology,78, 121929.

Zhao P, Ise H, Hongo M, Ota M, Konishi | & Nikaido T 2005. Human amniotic
mesenchymal cells have soktearacteristics of cardiomyocytes.
Transplantation/9, 528-35.

Zsebo KM, Williams DA, Geissler EN, Broudy VC, Martin FH, Atkins HL, Hsu RY,
Birkett NC, Okino KH, Murdock DC & Et Al. 1990. Stem cell factor is
encoded at the Sl locus of the mouse and ifidhad for the ekit tyrosine
kinase receptoCell, 63, 213-24.

! "#$



Appendixl: Standard of operation for perinatal care of stem cell lambs

Data Collection

¥
¥
¥

¥

24-hour cover for lambing to be covered by MB, SS, and AD.

The aim of this SOP is to outlineetldata collection

The baseline data record [BDR] sheet serves as a simple tool to collect the
minimum data set expected from all deliveries (maternal, neonatal and placental)
Dit is deliberately set out in a circling of options / tickbox format to ma&asy
to complete Oon shiftO

The lamb review record [LRR] sheet by contrast is designed to
contemporaneously record more detailed, individual information about each
lambOs neonatal course

As a minimum this will be 72h of routine checks, weights + feeds for
uncomplicated neonates-furly for first 24 hours then-Bourly for a further 48
hours)

MB to be aware so can easily intervene if any issues arise

Management of Delivery

¥

w

K K K K K

¥

If spontaneous delivery witnessed then document the time of birimo(#4

clock) and indicate Opresent at birthO on BDR sheet

If not present at delivery then time of birth to be estimated as closely as possible
(24-hour clock)

Once lamb delivered then dry and stimulate

Immediately carry out initial assessment of neonatal condit®ddtailed below)
Once happy with lambOs wellbeing

Measure total colostrum yield and record volume on BDR sheet

Weigh placenta and snap freeze sample (eg one cotyledon 3x 3cm) and put similar
sized sample into 4% paraformaldehyde. Sample will neediti@@0%

ethanol 24 hours later.

Record total placental and membrane weights and any abnormalities

Initial Assessment of Lamb

¥

¥

This should take place immediately if present at delivery (around 1 minute of life)
or at first encounter with the lamb if albsat time of birth

Documentation to follow principle of OABCO (airway, breathing, circulation) as
per human neonatal resuscitation and to partially replicate OAPGARO score of
neonatal condition at birth

Assess breathing and document whether appears nor@iahormally fast, slow

or absent

Assess heart rate and document if sounds / feels normal, slow (e.g. less than 100
bpm) or absent

Assess tone and document if normal, decreased (floppy) or increased (stiff neck,
head back etc.)

%



Early Neonatal Care / Dah Collection

¥ Once happy with lambOs wellbeing, weigh and record birth weight and sex on
BDR sheet

Measure and record biparietal head diameter using callipers

Measure and record abdominal girth at level of umbilicus using tape measure
Take 5ml blood sampland put into purple tube and yellow tube and then into
fridge.

lodine navel

Allocate lamb number and record on BDR and LRR sheets

At around 1 hour of age measure baseline vital digng/gen saturation using
pulse oximeter, heart rate (manually or ustegthoscopend respiratory rate
(count over 15 sec and multiply byB¥)o further measurements to be taken
unless clinically indicated

¥ Add the time of next check to the running day sheet

¥ Record height to shoulder at 24 hours of age using ruler.

K K K

K K K

Ongoing Neonatal Care / Documentation

¥ Review 4hourly, or more frequently if concerns (if so, document indication on
LRR sheet)
¥ Measure lamb weight twice a day for the first week and record on LRR sheet
¥ Document all complications or interventions required (a@hg) on LRR sheet,
for example:
0 Hypothermia (v. unlikely)
o0 Hypoglycaemia (v. unlikely)
o Abnormal behaviour e.g. lack of stretching response when Ogot upO from
sleeping
Failure to gain weight as expected between initial checks
Use of ambient oxygen
Use of heting lamp (prophylactic or in response to hypothermia)
Supplementary feeding (colostrum, artificial milk) or fluids (e.g. IV/IP
dextrose)
o Use of any additional antibiotics

o o0o0oo

Blood Samples

¥ 5ml only to be taken at birth for:
o Engraftment analysis, in purplebes for FACS analysis on the same day.
o Serum to be centrifuged at 3,000rpm and supernatant stored frozen.
¥ Further blood to be taken at 1, 2, 4, 8, and 12 week of age
o Putinto purple bottle and it will need FACS analysis on the same day.
o Serum to be cerifuged at 3,000rpm and supernatant stored frozen.
¥ Further blood sampling to be carried out at regular intervals, plasma and serum to
be stored and available for any future analysis
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Neonatal Growth
¥ Measure weight, abdominal girth and shoulder heighirtit and 1, 2, 4, 8 and 12

weeks of age.
¥ Record on neonatal growth record [NGR] sheet
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Baseline Data Record Sheet

,,,,,

Ewe No .EEE....E Pen No EEE.EE Lamb No
EEEEE

Date of birth ............ EEE Time of birth ... EEE. ......
Present? Y/N

Mode of delivery (please circle) Spontaneous vaginal / Assisted vaginal /

Caesarean

If not spontaneous rate difficulty of delivery:

Details

Easy / Average / Hard

EEEEEEE g

Membrane weight

Initial Asssessment of Lamfat delivery or at first encounteb)please circle one

option per row

AIRWAY Patent (no action)] Routire suction needed Extensive suction neede
BREATHING Normal Fast | Slow Absent
HEART RATE Normal Slow (e.g. less than 100 bpm) Absent
MUSCLE TONE Normal Floppy | Stiff (neck back etc.) Absent
Birthweight EEEEE.....g Sex

EEEEEEEbpm

Girth at umbilicus .EEEE.EEE...cm

EEEEEE... /min

Biparietal diameter E.EE.EEE....mm

EEEEEEE....%

Height to shoulder (at 24h) EEEE....cm

EEEEEEE....Y.C

Heart Rate (at 1h)

Resp. Rate (at 1h)

02 Sats (at 1h)

Temperature (at 1h)
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Lamb Review Record Sheet

Lamb No .EEE.E

Pen No EE..E....

Date of Birth EE.EEE.

Sheet No EE

Date / Time Date / Time
Date / Time Date / Time
Date /Time Date / Time
Date / Time Date / Time
Date / Time Date / Time

%




Neonatal Growth Record Sheet

Lamb No .EEE.E Pen No EE..E. Date of Birth EE.EEE.
Date | Postnatal | Weight Shoulder Umbilical
Age height girth
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Appendix Il: Sheep AFMSC projed®M form

Date:

Animal No:

Fetal measurements:

Right fetus  IM injected X3

Fetal Weight:
Crown Rump Length: Femur Length:
Biparietal Diameter: Abdominal Circumference:

Occipito-snout Length:

Left fetus IP injected X4

Fetal Weight:

Crown RumplLength: Femur Length:

Biparietal Diameter: Abdominal Circumference:

Occipito-snout Length:

Post mortem findings:

Photographs taken

1. 5.
2. 6.

3. 7.
4 8.

Ampniotic fluid taken

I R. fetus AF (culture characteristics) 40mls ! L. fetus AF (culture characteristics)
40ml|

I R. fetus AF (culture for GFP) 20mls I L. fetus AF (culture for GFP) 20mls

Bloods taken:

For analysi€frozen
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I Maternd plasma I R. Fetal plasma I L. Fetal plasma
I Maternal serum I R. Fetal serum I L. Fetal serum
For FACS
I Maternal blood I R. Fetal blood I L. Fetal blood
I R. Fetal spleen ! L. Fetal spleen
I R. Fetal liver I L. Fetal liver
I R. Fetal BM I L. Fetal BM
MATERNAL sampling
For PCR -2 samples for each tissue
code N1 N2
Heart E-H
Lung E-AU
Ovary E-G
Liver E-L
Adrenal E-D
Kidney E-K
Spleen E-X
For GFP detection-1 sample for each tissue
code
Heart E-H
Lung E-AU
Ovary E-G
Liver E-L
Adrenal E-D
Kidney E-K
Spleen E-X
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RIGHT FETUS (X3) Sampling

For PCR

2 samples for each tissue
3 sample for the injected muscle (two edges and the middle part)
3 samples for the liver in three differentsites

For GFP

1 sample for each tissue

For Buffer proteins
Samples from muscle and liver

number

organ

Code

PCR

GFP

Uterus

Placenta

Umbilical cord

Amniotic membrane

=

Bone Marrow

E'I'IC i)

Airways and Neighbouring Organs

Thyroid

Thymus

Lung WT:

Heart
WT:

Gastro Intestinal System and
Neighbouring Organs

Small bowel

Rectum

Spleen

Liver
WT:

Buffer
protein

1 right

2 left

3 central

Gonads
WT

Urinary Tract & Neighbouring
Organs

Adrenal gland
WT:

Kidney
WT:

%




%

Number |Organ Code |PCR GFP
1 1
Non injected muscle Buffer
8 As control protein
Upper extremity I-U-C
Lower extremity I-L-C
Middle part I-M-C
9 Injected muscle Buffer
protein
Upper extremity I-U
Lower extremity I-L
Middle part -M
10 Skin S
11 Brain & Neighbouring Organs
Neurocortex N-C
Cerebellum N-B
Spinal cord N-S
Eye N-E




LEFT FETUS X4 Sampling IP injected

For PCR

2 samples for each tissue

3 samples for the liver in three different sites

For GFP
1 sample for each tissue

For Buffer proteins
Samples from muscle and liver

number |organ Code |PCR GFP

0 Uterus uT

Placenta

Umbilical cord
Amniotic membrane

=
ETIC )

Bone Marrow

2 Airways and Neighbouring Organs

Thyroid
Thymus
Lung WT:

T>[H|<

3 Heart
WT:

4 Gastro Intestinal System and
Neighbouring Organs

Small bowel C-S
Rectum C-R
Spleen X

5 Liver Buffer protein
WT:

left lobe LL

right lobe LR

central lobe LC

6 Gonads G
WT

7 Urinary Tract & Neighbouring
Organs

Adrenal gland A
WT:
Kidney K
WT:
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Number |Organ Code |P GFP
1 1

8 Muscle in general M Buffer protein
9 Skin S
10 Brain & Neighbouring Organs

Neurocortex N-C

Cerebellum N-B

Spinal cord N-S

Eye N-E

%




4% PFA for immuno/histology cassettes

Cassettes Tissues

1 Maternal ovary, liver, spleen

2 Maternal kidney, adrenal, hedrng

3 Right fetus amniotic membranes, placenta, umbilical cord, uterus
4 Right fetus gonad, central liver, heart, injected muscle (middle part)
5 Right fetus spleen, adrenal, kidney, non injected muscle(proximal part
6 Right fetus thyroid, lung, dial injected muscle, thymus

7 Right fetus liver left lobe, small bowel

8 Right fetus liver right lobe, proximal injected muscle, rectum, skin
9 Right fetus bone marrow, bone

10 Right fetus neurocortex, cerebellum, spinal cord, eye

11 Left fetus amniat membranes, placenta, umbilical cord, uterus

12 Left fetus gonad, central liver, heart

13 Left fetus spleen, adrenal, kidney

14 Left fetus thyroid, lung, thymus

15 Left fetus muscle, left lobe of liver, small bowel

16 Left fetus liver right lobe,ectum, skin

17 Left fetus bone marrow, bone

18 Left fetus neurocortex, cerebellum, spinal cord, eye

19 Right fetus non injected muscle (middle part)

20 Right fetus non injected muscle (distal part)
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Appendix Ill: sheep CD34 autologous projeletM form

Date:

Animal No:

Bloods taken:
For analysi€frozen

Maternal serum X4

For FACS

Maternal blood
Maternal BM
Maternal Liver
Maternal Spleen
Maternal BM

MATERNAL sampling

1: PCR, 2: frozen section

' Whole blood X2

code 1 2
Heart E-H
Lung E-AU
Ovary E-G
Liver E-L
Adrenal E-D
Kidney E-K
Splea E-X
BM E-B
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PM Protocol: sheep CD34 autologous projeglamb PM at 6 month-old
Date:

Animal No:

Sex of lamb:

Lamb measurements:

Weight:

Girth (measure with string at level of the umbilicus):

Standing height (measure shoulder height while lamb is standing up)
Bloods taken:

For analysi€frozen
I Lamb serum (5 red tubes)

For hematological and biochemical studies
I Lamb blood (purple and red tubes)

For FACS (Falcon 50ml tubes + PBS for collection)

I Lamb blood(5 purple tubes with EDTA)

I lambSpleen(3 samples each)

I lamb liver(cental lobe, right lobe, left lobe, 3 samples each)
I lamb BM (Sternum, Humerus, Femurs, 3 samples each)

I' lamb thymus

For Semisolid culture
I lamb BM

For 2" transplantation to NSG mice, 3 micedr each lamb
I lamb BM

Things to be prepared:
Labelling

Cryotubes

Falcon tubes
Eppendorf

FACS tubes

4% PFA

liquid nitrogen

24 well plates
autoclave instruments
sterile solution, PBS
ice box
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LAMB Sampling

For PCR

2 samples for each tissue

For IHC

1 sample for each tissue

number |organ Code |PCR IHC
1 3
1 Bone Marrow (Sternum, Humerus, BS
Femurs) BH
BF
2 Airways / chestOrgans
Thyroid Y
Thymus T
Lung AU
Heart H
3 Gastro Intestinal System I
4 Spleen X
5 Liver (central, right, left lobe) LC
LR
LL
6 Gonads G
7 Adrenal gland A
8 Kidney K
9 muscle M
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Appendix IV: In utero stem cell injection into mice PM form

Date:

Animal No:

For FACS

I Maternal blood

I Maternal BM ! Fetal blood
! Fetal spleen
I Fetal liver
I Fetal BM

MATERNAL sampling

For PCR+ frozen sampling-2 sanples for each tissue

code N1 N2

Heart E-H

Lung E-AU

Ovary E-G

Liver E-L

Adrenal E-D

Kidney E-K

Spleen E-X

BM E-B

%



FETUS Sampling
For PCR and frozen section
2 samples for each tissue

number |organ Code |PCR
1
0 Placenta P
1 Bone Marrow BM
2 Lung AU
3 Heart H
4 Spleen X
5 Liver L
6 Gonads G
7 Adrenal gland A
8 Kidney K
muscle M
9
10 Skin S
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PM Protocol: NSG mice

Date:
Animal No:

For 2" transplantation
I BM + RBC lysis buffer

For FACS

I peripherablood
I BM

I Spleen

I Liver

I thymus

TissueSampling
For PCR and IHC
3 samples for each tissué€l: DNA, 2: RNA, 3: IHC, frozen section)

number |organ |Code
1 2 |3

1 Bone Marrow BM

2 Lung AU

3 Heart H

4 Spleen X

5 Liver L

6 Gonads G

7 Adrenal gland A

8 Kidney K
muscle M

9

10 thymus T
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