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Summary

This thesis encompasses a range of experimentgnéelsto characterise and
validate a method of desensitising rodent hostshén neonatal period to human
tissue in order to promote the survival of humarastl grafts in the adult host. The
successful application of this method is importanallow the preclinical testing of
potential human donor cells for therapeutic traasgation, specifically in
neurological disease. Demonstrating safety andtiumality of transplanted human
cells in rodent hosts requires long term assesswiestrviving grafts, for which
current immune suppression methods are insufficidiiese experiments were
therefore designed to determine the optimum paenetf a previously described

method of desensitising rats to human tissue andlidate this method in mice.

In order to determine whether the same type of lmudweor tissue must be used
to inject neonatally as will be used for the latemsplant,Chapter 3 compares
survival of transplants of human neural tissue ihi® striatum of rats desensitised
with a variety of human tissues. It was found tiha not necessary to use human
neural tissue to desensitise hosts to human nearaplants and data is suggestive
of improved survival using liver cells to desersgtias measured by graft survival

and the host immunological response

The aim ofChapter 4 was to investigate whether desensitisation in #wnatal
period is specific to the species of tissue usedyleether a reduction in immune
response to all subsequent transplants has beaneddAnimals were desensitised
and transplanted with tissue of either matchingmismatching combinations of
human and mouse neural cells, including bilaterahdplants using both species.
Although no survival of mouse transplants was foumény condition, all human
transplants were found to survive in hosts desseditwith human tissue and treated
with cyclosporine A (CsA) demonstrating succesdgensitisation to human tissue.
Additionally, half of the human transplants in reosgesensitised with mouse tissue
survived, raising questions about the possibilitg@mmon epitopes on human and

mouse tissue used to desensitise.



Chapter 5 includes a number of experiments designed to daternvhether
mouse hosts could be desensitised neonatally t@huraural tissue. Desensitisation
was not found to be successful, however at led$tofi@ontrol hosts treated with
CsA were also found to reject human transplantse Tihdings in this chapter
suggest differences in the mouse as a host for hweaografts as compared to the
rat. Additionally control animals in these experinteewhich received striatal grafts
of MWGE, showed higher than expected rates of tiejecThereforeChapter 6
reconsiders mouse tissue transplantation prototedting different donor ages and
cell preparations to improve transplant survivabo® survival was found in all
preparations in this experiment, potentially redate one of the modifications to
transplant protocols, and the use of younger dassue was found to produce larger
transplants.

These findings provide further support for the redahdesensitisation method in
rat hosts, and suggest the potential for use of-neamal tissue types for
desensitisation of neonates. The data presentisithesis also has implications for
the mechanisms underlying the success of the methodhe rat. However
interpretation of initial mouse experiments wasficlifit as graft survival was
generally poor and even mouse to mouse transpthdtsiot survive to the level
expected. Thus this highlights the need to reasses®lard immunosuppression
protocols in mice, and determine what differs befvéhe rat and mouse rejection

response to xenografts.
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Chapter 1

Introduction

Cell replacement offers a therapeutic option foe theatment of a number of
diseases of the central nervous system. Succdssafigplants of human primary
foetal tissue in the clinic have been achieved imtihgton’s disease, with current
work aiming to identify and characterise alternatipotential human donor cells for
transplantation to avoid ethical and logistical ugs with the use of this tissue.
Current research in regenerative medicine has effera number of human
progenitor cell types with the potential for usetims area, all of which require
preclinical testing through xenotransplantation amimal models of disease. This
necessitates immunosuppressive treatments to peoswvival of donor cells for
sufficient time to assess safety and efficacyaoisplanted cells. Immunosuppression
strategies available at present do not offer opttmparameters for the adequate
assessment of the function of these human dorisr ttedrefore alternative methods
are essential to progress this field of researche Tork presented in this thesis
includes characterisation and further validationaomethod that has the potential to
promote long term survival of human donor cellsranient disease models, thus
allowing full functional assessment of a transplem& lesion model of Huntington’s
disease. The neonatal desensitisation method dieduss referred to as
“tolerising”, although with no assumptions of indag true immunological

tolerance.
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1.1 Cell transplantation in neurodegenerative disease

The ongoing investigations into neural cell reptaeat therapy provide a
therapeutic strategy for a range of neurologicabuiers for which currently only
limited or symptomatic treatments are availablel ahere there is an unmet clinical
need for alternative effective interventions. Altlgb drug treatments have the
potential to alleviate symptoms, currently avaikapharmacological agents cannot
repair damage sustained to the central nervouseraygCNS). However, cell
transplantation has the potential to replace celét due to the diseasdluch
research into cell replacement therapy has focasezbnditions such as Parkinson’s
disease (PD) and Huntington’s disease (HD), ag#tkology of both comprises a
relatively focused area of primary cell loss thusviding a target cell population to
replace. This section reviews the cell transplamatiterature in both of these
diseases, but with an emphasis on HD, since thk pr@sented in this thesis focuses
on rodent HD lesion models. Although proof-of-pipie has been demonstrated for
the potential efficacy of human (h) primary foe{@®F) tissue transplantation,
alternative tissue sources are required for effedtianslation of this therapy to the

clinic.
1.1.1Parkinson’s disease

PD is a common progressive neurodegenerative ¢onditaffecting
approximately 1% to 2% of the population aged dd@r In Europe alone, recent
estimates place the number at 1.2 million peoplas{@ssonet al. 2011). The
aetiology of PD is unclear although it is consider® be attributable to a
combination of genetic and environmental factonsoWn genetic causes have been
identified in only about 10% cases and mainly inlyeanset PD (Alcalayet al.
2010). Classical clinical features of PD includadykinesia, rigidity and rest tremor
progressing to gait disturbances and postural bigta Other non-motor
impairments frequently develop including depressimd dementia, laryngeal
dysfunction and dysphagia, autonomic and sensa@tyntbances and the condition
eventually progresses to cause significant digghwith markedly impaired quality
of life. The two main neuropathologic findings iDFRare loss of the pigmented

dopaminergic neurons in the substantia nigra pamspacta (SNc) which project to
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the striatum, leading to a reduction in striatgpamine levels (Olanowt al. 1996)

and the presence of Lewy bodies at autopsy.

The loss of dopamine is responsible for most of tharacteristic motor
symptoms observed in PD. Treatment therefore awmnslleviate this dopamine
depletion. Currently the main pharmacological agdnt treatment of PD include
the dopamine precursor levodopa (L-Dopa); usuatlgniaistered in combination
with carbidopa, a peripheral decarboxylase inhib{eDIl), dopamine agonists and
monoamine oxidase-B (MAO-B) inhibitors. L-Dopa estethe remaining
dopaminergic neurons where it is metabolised toadope, replacing the depleted
endogenous neurotransmitter. Dopamine agonistst ekeir anti-parkinsonian
effects by acting directly on dopamine receptord ammicking the endogenous
neurotransmitter. MAO-B inhibitors inhibit the agty of MAO-B oxidases that are
responsible for inactivating dopamine. Symptomatiarmacotherapy is successful
to an extent, usually providing good control of orosigns for a number of years.
However long term treatment, particularly with L4 results in the gradual
increase in dyskinesias amongst other side effautisfluctuating motor responses
with narrowing of the therapeutic window (BrooksOR). Surgical procedures are
reserved for patients with disabling motor symptamsontrolled by medication.
Currently there is no proven neuroprotective oreds® modifying treatment
although a variety of agents are under investigaticluding the MAO-B inhibitors
selegeline and rasagiline, which may possibly mpodhife outcome of PD (Lew
2011), and gene therapy that may aid in the reasboraof the nigrostriatal
dopaminergic network (Couret al.2012).

To determine the suitability of cell replacement i@atment in neurological
disease necessitates the use of animal modelsdar ¢@ demonstrate safety and
efficacy pre-clinically. Neurotoxin lesion modeisnato mimic the degeneration seen
in disease by inducing the loss of a specific ¢a@llpopulation. In animal lesion
models of PD, 6-hyroxydopamine (6-OHDA) is injectmd is selectively taken up
by dopaminergic neurons in the substantia nigrackvsubsequently die. Successful
neural cell transplants of human primary foetadues from the developing ventral
mesencephalon (VM) tissue into 6-OHDA lesioned atsmave been demonstrated,
showing functional integration of grafts (Bjorkluatd Stenevi 1979; Dunnedt al.
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1981) and improvements on behavioural measuregrsbito assess motor deficits
associated with the PD model (Brundth al. 1986; Brundinet al. 1988). Whilst

there are limitations with animal models in that flll spectrum of PD symptoms
and disease progression is not replicated, thesBnls in experimental animals

have led to numerous clinical trials in PD patianggg hPF tissue.

Early open clinical trials in small numbers of eatis have produced a
number of positive results with transplants sudedlgsrestoring dopamine levels in
the striatum leading to functional improvements measures of PD symptoms
(Deferet al. 1996; Lindvall and Bjérklund 2004). Patients ham@wn reductions in
Parkinsonian symptoms without additional L-Dopatneent for a number of years
after transplantation (Dunnedt al.2001; Lindvallet al. 1990). Long term functional
efficacy of grafts in the reduction of motor sympt® has since been demonstrated
up to 16 years post-transplantation (Pic&hial. 1999), although with continuing
decline in non-motor symptoms (Poliis al. 2012). Despite these findings, some
negative outcomes have had a detrimental effecthenfield. Later double-blind
controlled clinical trials (including sham operai®) in larger numbers of PD
patients to evaluate the transplantation of humanapy foetal VM, did not provide
overall evidence of efficacy, and were reportedrésult in the emergence of
dyskinetic side effects persisting after the widwial of L-dopa (Freeeét al. 2001;
Olanowet al. 2003). These data seemed to publicly represerdtivegoutcomes of
hPF transplants in PD, although some improvemeasts woted in patients with less
severe disease (Olanat al.2003) and in younger aged patients (Freedl.2001).
Whilst highlighting detrimental side effects forrtioer investigation, these findings
were subsequently not considered to be represeataitithe field since non-standard
transplant technigues and assessments were used. siudies were also
underpowered, with only short term follow up repdrt Subsequent longer term
follow up of patients from the Freed trial showdaohical improvement and graft
viability sustained for up to 4 years after traasphtion (Maet al. 2010). The
findings and experience from the earlier studiegehl@d to initiation of the EU-
sponsored TRANSEURO project which aims to develofpetter cell therapy
approach for PD patients using PF dopaminergis egltl an initial open trial of hPF
VM transplants in PD patients is now ongoing (Evenal.2012).
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1.1.2Huntington’s Disease

HD is a genetic autosomal dominant neurodegeneratisorder with full
penetrance. It is estimated to affect about 5 tpe@ple per 100,000 in Western
countries, although there is some evidence to sigtiee prevalence may be
significantly greater (Evanst al. 2013; Spinney 2010). Onset of the disorder is
insidious with symptoms usually becoming manifesimidlife although it has been
reported as starting in infancy and as old as @30s. The characteristic clinical
features of HD include chronic motor, cognitive abdhavioural changes that
progress over 15-30 years resulting in profoundldigy (Novak and Tabrizi 2010).
Motor symptoms include chorea, dystonia, bradykmeggidity, postural instability,
dysarthria, dysphagia, abnormal eye movements, aicd myoclonus. Cognitive
symptoms include deterioration of executive functishort term memory problems
and dementia. Psychiatric symptoms associatedhkithnclude a high incidence of
depression as a direct result of the disease (@aelsal. 2005b) with links to
increased suicide risk in patients (Paulséral. 2005a). Patients with HD can also
develop psychosis, obsessive compulsive symptoaxsias and sleep disorders and
personality changes. Most patients survive fordl@a years after onset of HD with
death being wusually from intercurrent illness comiyo pneumonia and

cardiovascular disease (Sgrensen and Fenger 1992).

HD is caused by expansion of a polymorphic CAG utiaotide repeat
encoding of a polyglutamine tract within the Hugtin gene KTT) on
chromosome 4, encoding for the huntingtin protéit) ( resulting in a mutant form
of the protein. The genetic defect responsibleHbrwas mapped to chromosome 4
in 1983 and first identified in a landmark study Hye Huntington’s Disease
Collaborative Research Group 10 years later (HDCES3). The htt protein is
essential for neural development although its fiomcis not fully elucidated (Novak
and Tabrizi 2010). In the normal populatidfil T has between 10-29 repeats (Kumar
et al. 2010). Greater repeat number is considered abmowita HD patients having
between 36-121, and an inverse relationship ekestiween repeat length and age of
onset on a population basis, with higher repeaitteassociated with a younger age
of onset and greater severity (Ferrante 2009; Kuetaal. 2010). The underlying

pathology of the disease is characterised by pssgre neurodegeneration within
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the CNS with prominent cell loss and atrophy in taudate and putamen. In
particular, they-aminobutyric acid (GABA)-ergic medium spiny prdjen neurons
of the striatum are lost, with more involvementloé enkephalin containing medium
spiny neurons (MSNSs) that project to the extertabgs pallidum, than neurons that
contain substance P and project to the internabuglopallidum. Because of
preferential involvement of the indirect pathway lisal ganglia-thalamocortical
circuitry this contributes to the characteristioda observed early in the course of
HD. Other affected areas include the substantieanigprtical layers 3, 5, and 6, the
CA1 region of the hippocampus, the angular gyrusiénparietal lobe, Purkinje cells
of the cerebellum, lateral tuberal nuclei of the ptthalamus, and the
centromedial-parafascicular complex of the thalanfWalker 2007). Another
pathological feature is the presence in the braimtoanuclear inclusions including
amongst other things mutant huntingtin. Whilst iadiy these inclusions were
considered to be toxic, more recently evidence faommal studies suggests that
these inclusions may not be predictors of diseaswity (Walker 2007). The
mechanisms whereby this mutant gene produces aelllysfunction are as yet not
clear. As the mutant HD gene results from an expdndAG repeat leading to a
polyglutamine strand of variable length at the Nri@us it is suggested that this tail

confers a toxic gain of function (Walker 2007).

The disease is devastating to both patients and fdmailies and currently
there is no treatment available for HD that carvené or slow progression of the
disease. Treatments are aimed at management oft@ymmand improvement of
quality of life for patients. This may include pigtherapy to improve gait and
balance, speech and language therapy, and a nwhpkarmacological agents that
include dopamine-depleting agents such as tetrakeea to treat chorea,
anticonvulsants, antipsychotics and antidepresgaengewed in Novak and Tabrizi
(2010) and Novak and Tabrizi (2011)).

Ultimately targeting the pathology/genetics of theease is likely to develop
optimum treatments. Currently, cell replacementrapg presents an alternative
strategy for treatment of HD sufferers, with thegmial to delay disease progression
and alleviate symptoms. Following on from transp#ion of dopaminergic cells in
PD; HD was considered to be the next target farsppiantation in the early 1990s
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(Rosser and Bachoud-Lévi 2012). Delivery of develgstriatal neurons from the
foetal ganglionic eminence (GE) is targeted homictily to the striatum with the
aim of replacing striatal projection neurons andurkeling lost connections.
Transplantation in rats has shown that rat foeti@tal neurons survive and can
integrate and differentiate into functional MSNstlwithe formation of relevant
connections in the host brain (Dunnettal. 2000; Isacsoret al. 1984; Wictorin
1992). Transplantation studies have been carriedimuesion models of HD,
designed to mimic the cell loss seen in patienth thie disease. One such model is
an excitotoxic lesion model whereby quinolinic adi@QA) is injected into the
striatum, targeting the death of MSNs (Bealal. 1986). The injection of QA into
the striatum damages GABA-ergic and substance-Raicomg neurons (typical of
MSNSs), and spares those known to also be spardakeimlinical condition of HD
(Ferrante 2009). This provides a valuable modeh wéevant cell loss in which to
study HD pathogenesis and test potential therapeitategies. Transplantation of
PF striatal tissue into rodents has also been ssfidein the reconstruction of
disrupted circuitry in the QA lesion model, withaffis containing mature striatal
neurons and forming relevant afferent and effex@nections in the host brain
(Nakao and Itakura 2000; Nakaet al. 1999; Wictorin 1992). Additionally,
improvements have been observed in a range of nastdrcognitive behavioural
tasks following PF transplants to the lesioned statatum (Dunnettet al. 2000;
Nakao and Itakura 2000).

A number of genetic models of HD have now been lbgesl; the majority
in mice (Ferrante 2009), with the recent producidra transgenic (Tg) rat model
(von Horstenet al. 2003). Three main types of mouse models have berarated
with varying phenotypes (Ferrante 2009). First;eregpressing exon 1, or 1 and 2
of humanHTT with varying CAG repeat lengths in addition tobatleles of murine
wild type huntingtin Hdh). These include the R6/2 mouse model, the firsiibglel
of HD to be generated (Mangiariet al. 1996). Secondly; knock-in mice with the
insertion of pathogenic CAG repeats into the ex¢gstCAG expansion of murine
Hdh, such as theHdh©*®** (Heng et al. 2007; Lin et al. 2001). Finally mice
expressing the full-length human HD gene, with wragyCAG repeats (Hodgsoet
al. 1999; Hodgsoret al. 1996; Reddyet al. 1998). Although a number of HD mouse

models exist, as yet little successful transplamahas been carried out in these
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hosts. Since mouse models of HD express much lomgerat lengths than those
found in patients, they develop a much more widempmpathology, more similar to
juvenile HD and due to this lack of specific celé$ do not provide ideal models for
transplantation. Some transplant studies have lbaemed out in mouse models;
striatal grafts of wild type mouse tissue transgdnnto the R6/2 mouse model of
HD have been found to survive and produce mardeabvioural improvements 6
weeks after transplantation (Dunnett al. 1998). A more recent study, however,
found that transplantation of immortalised humaimattl stem cells into the same
host yielded very small grafts and no behaviourgirovement (El-Akabawgt al.

2012). This may be due to issues with survival @iogeneic human tissue in the

mouse hosts.

The recent development of rat models of HD; inaigdia Tg model
(TgHD rat - von Horstenet al. (2003)) and bacterial artificial chromosome
(BAC)-HD model (Yu-Taegeket al. 2012) provide perhaps more appealing hosts,
since the majority of transplants and functionapiavements have been developed
in rats. The TgHD rat model carries expansions bf(GAG repeats under the
endogenous rat HD promoter and has been reportedisplaying a phenotype
typical of late onset HD, as compared to the mbjasf mouse models with large
CAG repeats, which show juvenile onset and rapgederation. The rat model is
therefore suggested to be more true to the cligoagentation of HD (von Horsten
et al. 2003). However heterozygous TgHD rats display osiyptle behavioural
deficits, therefore requiring breeding of homozyg@nimals for testing (Brooket
al. 2009). The BAC-HD model contains the full lengthntanHTT gene with 97
CAG repeats, exhibiting a stronger phenotype thanttansgenic, with earlier onset
and faster progression of motor deficits (Yu-Taegerl. 2012). However, these
models are relatively new and much work remains tfogir characterisation.
Therefore lesion models still continue to be usdful transplantation studies,
providing relevant cell loss and identifiable moti&ficits to target replacement and

to assess the safety and function of donor cells.

The successful transplantation of rat PF striatsue in a number of pre-
clinical trials in rat led to further successfuts in non-human primate models (See
Nakao and Itakura (2000) for a review). Foetabsttiallografts in excitotoxic lesion
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models in primates produced comparable data tontodtudies, with survival,
differentiation and integration of grafts leadirgitnprovements on both motor and
cognitive tasks (Kendalkt al. 1998; Palfiet al. 1998). Following these findings a
number of clinical trials were initiated in HD patits, with the transplantation of
hPF tissue. Due to ethical issues surrounding sleeofi double-blind trials and sham
surgery in patients, examined in particular in refee to clinical trials in PD
(Dekkers and Boer 2001; Macklin 1999), clinicahlsi of hPF tissue transplantation
in HD patients have so far all been small, opemllabals with a focus on core
assessment protocols, as emphasised for PD (Bdewamner 2002). Initial safety
studies showed no acceleration of disease progressi serious, irreversible side
effects as a direct result of the transplants, gholittle clinical improvement was
seen in many of the studies (Haustral. 2002; Rosseet al. 2002). The best
functional improvements to date have been repantedFrench cohort 2 years after
transplantation on a range of neuropsychologicadtsteand the UHDRS,
corresponding with magnetic resonance imaging (MRiynal indicative of
surviving transplants, which stabilised for up tgegars in some patients (Bachoud-
Lévi et al.2006; Bachoud-Léwet al.2000; Bachoud-Lewt al.2000).

Post-mortem data from patients who died post-tiansation, though not as
a result of the transplant, have shown graft irgegn and presence of relevant
striatal markers within the graft (Capetiahal. 2009; Freemart al. 2000). Over
time the health of grafts has been reported torideate, with minor infiltration of
microglia (Cicchettiet al. 2009). However the analysis of the health of grafre
was carried out through comparisons between grafedid and surrounding host
tissue in transplants which waresitufor a long period of time (10 years) compared
to recently transplanted cells (18 months - Cidthet al. (2009)). Since the
surrounding host tissue in these cases could natobsidered to be comparable,
these findings may not be truly representativehefliealth of the transplants (Rosser
and Bachoud-Lévi 2012). As no serious side effectevidence of acceleration of
the disease itself have been observed in transptadies, ongoing work seeks to
reduce variability in outcome through optimisatioof transplant and
immunosuppression protocols. See Dunnett and R¢28&4) and Wijeyekoon and
Barker (2011) for reviews of clinical studies cadiout to date on hPF striatal

transplantation in HD.
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1.1.3Alternative donor cells for transplantation

Clinical trials have demonstrated that cell rephaeet therapy can be
effective in the treatment of neurodegenerativeate; however the use of hPF cells
as a donor source for transplantation poses nuregmblems. Laws vary in the
collection of tissue from elective termination akgnancy (ToP) due to the ethical
issues surrounding the procedure. The UK requibeal lethical approval for the
collection of such tissue which, in Wales is catrmut through the South Wales
Initiative for Foetal Transplantation (SWIFT) pragime, and this work is licensed
by the human tissue authority (HTA). Additionalljpe decision to donate foetal
material for research is made by the maternal deaparately to that of the decision
for ToP, with separation between medical and rebedé@ams and no option to
donate tissue to a specific recipient (Polkinghat@89). A number of foetal donors
are necessary for each patient; potentially up ito gD, and 8-12 in PD, owing to
the number of cells of a specific striatal or dop@argic phenotype required (Barker
and de Beaufort 2013; Rosser and Dunnett 2007teSmimary tissue cannot be
stored prior to transplantation for more than a imaxn of 8 days in hibernation
medium (Hurelbrink et al. 2000), clinical transplantation would rely on the
availability of sufficient donor tissue within thisme. Due to the nature of the
procedure, in which patients receive unique traarggl from different donor
foetuses, there can be problems in the varialalhiy purity of cells which may affect
the success of transplants (Barker and de BeaQ@8; Bjorklund and Lindvall
2000; Kellyet al. 2011). Therefore as well as refining the trangaléon method,
current research aims to investigate alternativecss for potential transplant donor
cells (Kim and de Vellis 2009).

Proof-of-principle for cell replacement therapies neurodegenerative
diseases including PD and HD has been achieved alitlgrafts of PF tissue.
Alternative donor tissue is required to consisttomparable cell types at relevant
stages of development to achieve replacement dé dest in disease-related
degeneration. Additionally, a large stable popalawf cells is necessary, preferably
not dependent on direct derivation from foetal dspowvhich can be quality
controlled and standardised across transplantsindber of potential cell types exist

including; xenogeneic porcine cells, foetal derivegliral precursor cells (NPCs)
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which may be expanded in culture, embryonic steits ¢€SC) and adult bone
marrow mesenchymal stem cells (MSC), and most thcemluced pluripotent stem
cells (iPSCs) and induced neurons (iN) which maygéeerated from adult somatic
cells such as skin fibroblasts. Each donor cek tigpassociated with various benefits
and pitfalls, and all require extensive pre-clih@ssessment prior to clinical trials of

safety and efficacy in HD patients.

Xenogeneic donor cells

The use of xenogeneic tissue has been proposegdasraial source of cells
for CNS transplantation, in particular porcine selDonor cells derived from porcine
foetal tissues offer the potential for generatibRb striatal tissue of a specific donor
age. This can be produced from inbred breedindgsiader standardised, controlled
conditions and with tissue collection and preparatundertaken to sterile good
manufacturing practice (GMP) standards. Porciruésalso offers comparable size
and developmental time-course to the human bramveder issues with xenograft
rejection must be considered. Humans and otherV@dd primates have natural
antibodies to the-galactosyl ¢-Gal) epitope, which is expressed by many porcine
cell types, including endothelial cells in foetaldeadult brain (Sumitraat al. 1999).
Therefore the transplantation of porcine tissuealtesn binding of these natural host
antibodies to the graft and activation of the campnt system. This causes
hyperacute rejection of solid tissue grafts, arglires that grafts are derived from
dissociated neural tissue containing fewer donatodrelial cells and permitting
avoidance of hyperacute rejection (Brevad al. 2008). However, even this
preparation is not protected from rejection. A nembf methods have been used to
promote survival of porcine transplants in rodemsth including; treatment with the
immunosuppressant CsA (Pakzaban and Isacson 1@94i)}CD4 monoclonal
antibodies (Wooct al. 1996), and masking donor major histocompatibtwynplex
(MHC) by pre-treating porcine donor cells with artibody to MHC-1 (Pakzabast
al. 1995). Although immunological issues can be naedathrough donor cell
preparation and immunosuppression, additional aoscevith the use of porcine
tissues include the potential for transmission @brotic viruses, such as porcine

endogenous retrovirus (PERV).
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Despite these factors a number of preclinical s@idiave been conducted
demonstrating that surviving intra-striatal trarsps of PF porcine VM in rat hosts
can form connections (Isacsehal.1995) and produce functional recovery (Galpern
et al. 1996). An initial clinical trial of unilateral tresplantation of embryonic porcine
VM in PD patients was carried out, with either Gsfinunosuppression or masking
of MHC on donor cells. This study showed no adveszffects or evidence of
transmission of PERV, with no observed differenbesveen immunosuppression
treatments on the clinical outcomes measured agdaith survival assessed through
in vivo imaging. Reported clinical benefit was moderate oyear after
transplantation (Schumachet al. 2000). Post-mortem data have shown evidence of
some graft rejection, even in a CsA treated pat{®aaconet al. 1997). Similar
results have been reported from transplants intiera with HD (Finket al. 2000).
Although a promising source of tissue, issues ct®n have presented problems
with the transplantation of porcine embryonic tessthus more optimum donor cell

types continue to be investigated.

Currently, the cell types providing the most ingtras potential donor cells
suitable for transplantation in HD are stem celis.the broad sense these are
precursor cells which possess the ability for camdus renewal, although this can
vary, and differentiation into many different lirges. Stem cell types currently
under investigation for their potential use in splantation include pluripotent cells
such as ESC, derived from the inner cell mass efollstocyst stage embryo, and
more potency restricted stem cells derived fromeiogources including cord blood

and bone marrow (MSCs).

Pluripotent Stem cells

A number of human ESC lines are available, inclgdimse of a GMP grade
suitable for transplantation in the clinic. Protlscthave been developed for the
successful neural induction of human ESCs, allowspgcification to the desired
neuronal lineage (Chambert al. 2009). Differentiation of ESCs directed to a
dopaminergic phenotype has resulted in cells witimes evidence of function
following transplantation into animal models of eise (Rodriguez-Gomest al.
2007). Protocols have also been developed forrdifteation of ESCs into GABA-
ergic striatal neurons, expressing MSN markersugiolg DARPP-32 (Aubnet al.
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2008; Carriet al. 2013; Maet al. 2012; Parmar and Bjérklund 2012). Following
transplantation into the QA lesioned mouse striafmmmunodeficient mouse
hosts, these cells have shown expression of DARP&A8 substance-P with some
evidence of alleviation of motor deficits (M& al. 2012). An alternative protocol
showed the same appropriate development of oels/oin immunosuppressed rat
hosts following transplantation, however longernterfollow up in immune
compromised rats revealed problems with overgraftiransplanted ESCs (Aubry
et al. 2008). Moderate behavioural improvements have begorted with a different
MSN differentiation protocol, however histologicahalysis at 6 and 9 weeks

post-transplantation was again indicative of goargrowth (Carret al.2013).

This highlights an important issue with the use E®C derived cells in
transplantation, which also applies to the othdlr tgpes discussed in this section.
Prior to transplantation of cells differentiatedrfr a pluripotent cell type, adequate
specification and reduction in pluripotency markerast be confirmed to reduce
risks of tumorigenesisn vivo. These cells must then be adequately tested pre-
clinically with long term assessments post-trangjaigon to determine the risk of
overgrowth. Additionally, although ESCs can offersaurce of cells with the
potential for virtually unlimited proliferation andenetic modification (Steindler
2007), the cells still require derivation from emntmic tissue. This introduces ethical
issues comparable to that of the use of PF doseudi in addition to legislation

regarding the development and maintenance of seédiines from this donor tissue.

More recently, successful reprogramming of adultmatc cells to a
pluripotent state has been achieved using a dectdrs known to have a role in the
maintenance of pluripotency in early embryos an€&3Dct3/4, Sox2 and Klf4, or
increase proliferation in tumour cells; c-Myc (Takahi and Yamanaka 2006). The
resulting pluripotent cells may then be differetgthinto required cell types for
transplantation, as with ESCs. iIPSCs have beenessitdly differentiated into
neurons, and they offer the same advantages as, B8aiding the need for foetal
donors and also providing the additional potental the generation of patient
specific cell lines from adult fibroblasts (Takaheand Yamanaka 2006). This raises
the possibility of delivery of autologous transgkann patients, which may

circumvent the need for immune suppression. Howevelnvestigation into the
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rejection of mouse iIPSC transplants in mouse ha®slenges this suggestion. Zhao
et al sought to investigate the immunogenicity of iPS€sletermine whether such
autologous transplants would be tolerated as asbuf@dleao et al. 2011). The
authors showed that mESC derived from C57BL/6J (B& could efficiently form
teratomas following injection into B6 mouse hostdiereas injections of miPSCs
reprogrammed from B6 mouse embryonic fibroblast&Ef) resulted in rejection
accompanied by T cell infiltration. Following gldbgene analysis from teratomas
formed by both cell types, several genes were tegddo be overexpressed in miPSC
derived teratomas which were shown to contributeheoimmunogenicity of these
cells (Zhaoet al.2011). Subsequent reports have disagreed witle tfredings and
shown no immune responses to miPSC derived skinooe marrow cells in B6
mouse hosts (Arakiet al. 2013). Therefore, whether successful autologous
transplantation without immunosuppression can bkeieaed has not yet been

determined.

Concerns also derive from differences found in gexgression profiles of
IPSC as compared to ESCs (Cleinal. 2009), and iPSC lines have been reported to
develop epigenetic and chromosomal abnormalitieh wontinued expansiom
vitro (Pera 2011). Aside from these abnormalities; thentification that iPSCs
retain some epigenetic memory for the original dacell provides the potential to
favour IPSC differentiation to a specific cell typevhich may be used
advantageously in developing differentiation prolsecfor cells for transplantation
(Bar-Nuret al.2011; Kimet al.2010). Since cells are reprogrammed to a plurigote
state, and subsequently differentiated to the eéesaell type, there are risks of
persistent pluripotency from the reprogramming degtresulting in potential
tumorigenesis following transplantatiom vivo. Much work is required to
characterise the differences between iPSC and EB&thared to PF tissue, and the
various reprogramming methods available before tagybe translated to the clinic,
aside from the standard testing required to dematessafety and function pre-

clinically.

Lineage restricted stem cells

The presence of multipotent cells in the develogiragn gives the potential for

the expansion of these cells in culture, providangotential source of NPCs for
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transplantation. NPCs may be derived from the fo€tdS and cultured with the
addition of growth factors such as epithelial grioviactor (EGF) and fibroblast
growth factor (FGF-2), allowing proliferation of ltewhich are already committed
to a neuronal lineage (Svendssral. 1998), or even a striatal lineage. Although this
presents an attractive donor source for transgiantait has been shown that
following expansion in culture, changes in genereggion occur, and the longer
cells are expanded in culture the less they are t@btifferentiate and survive after
transplantationin vivo (Zietlow et al. 2005; Zietlow et al. 2012). Although
transplanted NPCs have been reported to improwavsiirof endogenous neural
cells through intrinsic neuroprotection propertiea the release of growth factors
and immunomodulatory molecules at the graft sitkugiitno et al. 2009), the
development of the relevant cell typevivois still required for true circuit repair.
Thus the main theoretical benefit of these celiie @bility for expansion in culture to
provide a constant source of cells which are comechito the relevant neuronal

lineage) does not appear to be a reality.

Following successful reprogramming of adult celbls& pluripotent state
requiring subsequent neuronal differentiation; aireonversion of fibroblasts to
neuronal cells has now been achieved (Vierbu@ten. 2010). As these cells do not
require differentiation from the reprogrammed potent state, this avoids the
issues associated with potential tumour formatiorst demonstrated in mouse cells,
three neural-lineage-specific transcription factagkscll, Brn2and Mytll (BAM),
were expressed in mouse postnatal fibroblasts treguh efficient conversion to
functional iNsin vitro (Vierbuchenet al. 2010)) Successful generation of iN from
human fibroblasts with the same factors and thetiadcf another factoriNeuroD1,
was subsequently achieved (Pagtgal. 2011). Additionally, combining the BAM
factors with expression dimxlaand FoxA2 two genes involved in the natural
generation of dopaminergic neurons, has resultedhé& generation ofirectly
induced dopaminergic neurons with potential for mstransplantation in models of

PD or for disease modelling vitro (Pfistereret al.2011).

Another lineage restricted stem cell type, MSCs, loa harvested from adult
or foetal bone marrow, as well as a number of otiesues. These cells are
characterised by plastic adherence, rapid protifaraand multipotency (Dominict
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al. 2006). As these cells can be derived from adufttebmarrow, this could avoid
some of the ethical and practical issues assocwmitd the use of foetal tissue.
Although reportedly only a low percentage of MS@s dlifferentiate into neurons
following transplantation into the QA lesioned séiiatum (Lescaudroat al. 2003),
the cells possess other properties of interest. élons studies have reported the
immunomodulatory capabilities of MSCs, demonstatsuppression of T cell
proliferation (Di Nicolaet al. 2002; Zappiaet al. 2005). On transplantation, MSCs
can provide neurotrophic support and improve salviof co-transplanted adult
neural stem cells (aNSCs) leading to behaviourgiravements in a model of HD
(Dunbar et al. 2006; Rossignokt al. 2014). These findings will be discussed in
further detail in section 1.2.3.

The use of cells for transplantation from all stegll types involves a
number of common issues which must be addressedebgtinslation to the clinic.
First, differentiation into the appropriate neugathenotype must be confirmed,
ensuring no pluripotent cells remain and no aberdiffierentiation has occurred.
Additionally, it must be determined whether prodigciand transplanting a pure
population of cells for transplantation is adequatesurvival of cells and repair in
the host brain. For example, is it sufficient tooguwce a pure population of
dopaminergic neurons to transplant in PD or wipgarting cell types be required?
PF tissue transplants have demonstrated succelstlnpre-clinical and clinical
trials and this donor tissue will contain a hetemogpus population of cells including
astrocytes and interneurons which will not be prese most stem cell derived
neuronal populations. Thus it remains to be deteethivhether “support” cells may
need to be present during differentiation of stalsdnto the appropriate cell type,
or added prior to transplantation to improve sua/and functionality of transplants.
In order to produce cells for clinical transplamat protocols must be refined for
adequate expansion to the number of cells reqdoegatient transplants and all
production will need to be carried out under coiletbGMP approved conditions.

In order to assess the suitability of novel cepey for transplantation in
human patients, donor cells must first be testedxeinotransplantation into animal
models of disease to determine safety and efficaiogt,to optimise cell preparation,
implantation, immunological management and assassmecedures (Steindler
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2007). The evaluation of the suitability of donasstie requires histological
examination of the integration of the cells to deii@e whether relevant connections
have been formed within the host brain. Behavioteating is also necessary to
determine whether surviving cells are functionald anprovement is observed on a
battery of relevant tests of cognitive and motarffgrenance. These measures require
the cells to be fully differentiated in the hostaior Due to differences in
developmental time span between humans and rodentsn tissue will mature and
differentiate more slowlyin vivo (from 15-30 weeks - Brundirt al. (1986)),
therefore any improvements will not be observed! antonger time after grafting.
As xenotransplantation elicits a strong immune oasp from the host, grafts are
rejected fairly quickly in animals in the absendéenamunosuppression. Xenografts
in the rodent brain are usually rejected by aro@eBO days (Barkeet al. 2000;
Masonet al. 1986; Sloaret al. 1991), dependent on the type and location of the
graft. Treatment is therefore required to prevesjeation by the host immune
system. Currently, CsA is the most common methothwhunosuppression used,
however this requires daily injections and cause®r® side effects in the animals
which usually lead to termination of the experimantaround 12-16 weeks post
transplantation; insufficient time for full diffenéiation of transplanted human cells.
This creates a problem for the adequate pre-clidsaessment of potential donor
cell types for neural transplantation in patieras,no current immunosuppression

method permits full safety and functional assessroktine cells.
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1.2 The immunological response to neural xenografts

The immune system in all species serves a commoctifun; to protect the
organism against potential threats, whether thiy tma from pathogens such as
bacteria and viruses, or foreign cells as in theeaaf transplantation. In order to
identify and eliminate potential threats, the imm@ystem must possess the specific
ability to determine ‘self’ antigens from ‘non-sedintigens. This phenomenon forms
the basis of all immune responses; in the ideatifoen of foreign antigens, their
removal, and the development of immunity. Followitngnsplantation, the donor
cells are the source of foreign antigen presentethé immune system. In the
normal, healthy immune system, these are targetedebhost as ‘non-self’ antigens
for elimination. Examples of failures in this ‘selfion-self’ discrimination are
found in autoimmune and immunodeficiency disordéns.autoimmune diseases
such as multiple sclerosis (MS) or diabetes, th#epts’ own antigens are not
recognised as ‘self’ and are therefore targetethby immune system. Conversely
the immune system in immune-deficient individuaés la compromised or absent

ability to stave off infection.

In the case of transplants to the CNS; historiclly was thought to be a site of
some immunological privilege. It is now clear, hawe that the rejection of neural
transplants in immunologically competent hosts dwzsur, albeit to varying extents
dependent on the type of transplant. The immuntesysf the CNS will therefore
be discussed in further detail in this sectionnglwith the mechanisms of rejection
of cells transplanted into the brain. Although tesues of the immune response to
allografts in clinical CNS transplants must be ¢deed and elements of this section
are relevant here, the focus of this discussioonisthe rejection of pre-clinical

transplants in animal models.

1.2.1The immune system in the CNS

The brain has been traditionally considered to he“immmunologically
privileged site” (Barker and Billingham 1978; Medaw1948) due to the increased
survival of cells transplanted to the CNS comparedhe periphery. This was
attributed to a number of properties of the CNSugid to provide relative protection

from the immune system in comparison to other @ssuThe presence of an
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endothelial blood brain barrier (BBB) sealed byntigunctions restricts the diffusion
of larger molecules from the blood into the bramd dherefore prevents infiltration
from circulating immune cells (Goldstein and Bet@83; Mark Richardsoret al.
2005; Zappiaet al. 2005). There is also a lack of professional antigeesenting
cells (APCs) (Laguna Goyat al. 2011) in the healthy CNS. Professional APCs;
including dendritic cells (DCs), B cells and madrages, are required to process and
present antigen to T cells via MHC molecules ineordo initiate an immune
response (Wekerleet al. 1987). The lymphatic drainage from the CNS to the
immune system itself is poor, also preventing thesgntation of foreign antigens in
the periphery (Barker and Widner 2004), although tfas been disputed, suggesting
there is an unconventional form of lymphatic drgmavhich can transport activated
immune cells to the periphery (Hatteret al. 2006). Additionally, neural cells
exhibit very low expression of Class | (Jo0 1993¢Rafle et al. 1987) and no
expression of Class Il MHC antigens (Einstetral. 2007; Goldstein and Betz 1983;
Martino and Pluchino 2006), thus providing sometgeton from recognition by
host T cells (Barker and Billingham 1978). Howevegcently more has been
discovered about the immune surveillance of thenbifehe CNS is now considered
to be a region of ‘relative’ immunological privilegGaleaet al. 2007); although
transplanted cells are provided some protectioe, dlotivation of an immune
response can still initiate graft rejection. Theref without immune suppression,

long term survival of neural transplants is compised.

The mechanisms which offer such immunological pegye to neural cells
transplanted into the brain only apply in the cahtef the normal, healthy CNS.
Since the penetration of the brain and implantatiboells initiates an inflammatory
response and damages the BBB itself, the immunmdbgiurveillance of the CNS
will no longer be restricted and circulating immuerells may be able to enter the
brain (Brundinet al. 1989; Finseret al. 1991). In addition to BBB damage through
surgery; it is now known that under inflammatoryndiions the BBB becomes
permeable to activated lymphocytes, allowing irdiibn of T cells into the brain
(Hickey 2001; Hickeyet al. 1991; Kebiret al. 2007; Laguna Goyat al. 2011,
Schmidt-Kastneet al. 1993).The loss of protection from the BBB is sufficieot t
promote recognition of donor cells by host immuakisg as demonstrated by Pollack

et al, who showed that established grafts implantedhi meonatal period are
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rejected following disruption of the BBB in adultheb as a result of an influx of
immune cells (Pollack and Lund 1990). Transplamtstite brain are therefore
susceptible to rejection without immune suppressamd although there is some
protection offered to the brain in comparison theottissues, this is not absolute
(Gorelik et al.2012).

Local trauma to the grafted area also promotesdlease of pro-inflammatory
cytokines increasing the permeability of the BBRI gmoviding another mechanism
for the ingress of immune cells into the brain.dsts have shown variability in the
length of time for recovery of the BBB followingatisplants (Sanbergt al. 1988;
Wakai et al. 1986). This may be due to variations in the inftaabory conditions
around the graft; although the initial damage te BBB from surgery has been
repaired, increased permeability may continue. Destrating this, transplants have
been shown to increase permeability of the BBBafdonger period of time than a
lesion or vehicle injection (Sanbergt al. 1988). In the development of an
inflammatory response; cytokines including tumouecnosis factor (TNF),
interleukin-1 (IL-1) and interleukin-6 (IL-6) are rg@luced by macrophages,
microglial cells, astrocytes and cortical epithietiells (CECs) in the CNS (de Vries
et al. 1997). The release of such cytokines is thougimdrease the permeability of
the BBB and this effect has been demonstratedtro, with the administration of
TNF-a, IL-1 and IL-6 to endothelial cell models of thdB increasing transport
across the barrier (de Vriet al. 1996; Deliet al. 1995). This finding has been
confirmed in vivo a number of times; see de Vries al. (1997) for a review.
Additional cytokines including IL-17 and IL-22 hawtso been shown to affect the
permeability of the BBB through disruption of tightnctions bothin vitro and
in vivo following their release by T helper (TH)17 lympltes, a subset of TH cells
(Kebir et al. 2007). An opposing effect has been found for fiansing growth
factorf (TGF{), which is present in cerebrospinal fluid (CSFHaso inhibits
MHC-II expression on APCs (See Fabry et al 19953FPB has been shown to
reduce leukocyte migration across CNS endotheb#s in vitro and through the
BBB in vivo (Fabryet al. 1995) and its presence is known to suppress gratibn

of T cells which may have passed through into tiagnb
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1.2.2Neural transplant rejection

The immune response to neural grafts involves aiitiwvith both afferent and
efferent arms. The afferent arm of the immune respancludes the recognition of
antigens via antigen presentation, causing actimaif lymphocytes and the
generation of effector cells. Foreign antigenic enat is presented to T cells by
APCs (Sloaret al.1991). In the resting state no professional AP@geesent in the
brain, however during inflammation resident micragire capable of maturing into
macrophages and dendritic cells (DCs); professigfCs which express MHC
antigens and accumulate within the brain parench{@amtambrogicet al. 2001).
Although donor cells both from the developing brand host cells in the adult brain
show low or no expression of MHC Class | or I, egulation of both can occur
following exposure to inflammatory signals in respe to transplantation (Litchfield
et al. 1997; Pakzaban and Isacson 1994). The up-regulafi€lass | and 1| MHC
molecules in neural tissue is induced by pro-inflzatory cytokines such as
interferony (IFN-y) and tumour necrosis factar{TNF-a). Class Il expression
allows this afferent arm of the immune responseke place through recognition by
CD4" TH cells (Pakzaban and Isacson 1994). The presmmtand processing of
antigens requires the formation of MHC/antigen pkptomplexes bound to the T
cell receptor (TCR), known as signal 1 (sBmure 1.1 for a diagrammatic

representation of this complex).

Additionally, the formation of complexes by costiletory molecules on APCs
and their receptors on the surface of T cells BGCTLA4 and CD40-CD40L) is
required for activation of the T cell (Barker anddner 2004). These complexes are
also shown irFigure 1.1 This is known as signal 2, with activation ofreadj1 alone
insufficient to trigger a clonal expansion, surViaad differentiation of activated T
cells (Lafferty and Cunningham 1975). The activatod T cells by TCR stimulation
in the absence of this second signal can resulanergy or apoptosis of the
responding T cell (Junet al. 1990; Schwartz 1990). A number of costimulatory
molecules exist which may support or inhibit T cattivation.Table 1.1is not an
exhaustive list, but includes well characterisedticoulatory pairs implicated in
transplant rejection (Kinneaet al. 2013). Four distinct groups of costimulatory

families can be classified based on their stru¢tigyesuperfamily members such as
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CD28; TNFR family members such as CD40; cell adiresnolecules or integrins;
and T cell Ig domain and mucin domain (TIM molesu(&innearet al. 2013). The
best characterised are the Ig and TNFR familiesiesof which are represented in

Table 1.1and are discussed here.

The first costimulatory pathway to be defined, &mel most well characterised,

SR —
Figure 1.1 Key ligand pairs and sigrielg molecules involve
in T-cell recognition. Peptid8#HC molecule = rel
Activating/costimulatory molecules = blue. Inhibitc

molecules = yellow. Reproduced from Huppa and DEG$3)

is the B7/CD28/CTLA-4 pathway. CD28 is constitutivexpressed on around 80%
of human naive T cells (around 50% of CD#hd all CD4), and almost 100% of
murine T cells. Its expression is also increasédiang T cell activation (Junet al.
1990; Lenschovet al. 1996). The ligands for CD28; the B7 molecules CIUBD-1)
and CD86 (B7-2) are expressed on APCs. CD80 express induced following
activation on APCs and activated T cells, wherddmagh CD86 is constitutively
expressed by APCs, its expression is rapidly upa¢ed following activation
(Greenwaldet al.2005). In the presence of TCR stimulation (sidakostimulation
via CD28 and the B7 ligands lowers the threshotdlfaell activation and increases

the expression of IL-2; which in turn promotes gtlownd proliferation of T cells to
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become effector T cells (Lenschowt al. 1996; Wood and Goto 2012).
Costimulation via CD28 also leads to the up-regomatof CTLA-4, and other
costimulatory molecules including CD154 (CD40L) (Woand Goto 2012). The

function of these molecules is discussed below.

An additional receptor for the B7 molecules, CTLAigtupregulated on T cells
following activation and has a higher binding aitfirfor CD80/CD86, up to 10 to 20
times greater than CD28 with a preference for C{@Mod and Goto 2012).
CTLA-4 is also constitutively expressed by FoxP@utatory T cells (Tregs), with a
role in Treg cell mediated suppression demonstrayef@ilure to activate Tregs and
a lack of this suppression when CTLA-4 is block&dkaguchi 2004). Following
upregulation on activated T cells, CTLA-4 competgthh CD28 for ligation with the
B7 molecules, which limits CD28/B7 interactions uktisg in decreased IL-2
secretion and attenuation of the T cell responsalfaset al. 1994). Loss of
CTLA-4 has therefore been shown to be lethal inemi@sulting from massive
proliferation of lymphocytes (Tivoét al. 1995). The balance between costimulation
from CD28 and CTLA-4 is therefore required for Tl @etivation and prevention of
the continuation of this response (Alegre and Na@aR006). This interaction has
provided a method attempting to induce tolerancetrémsplants, via blocking
costimulatory molecules and disrupting these paglswahich is discussed further in
section 1.3.2.
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Costimulatory molecule  Receptor expression Ligand igaihd expression Function
CD28 Naive T cells B7-1 (CD80), APC (induced upon activation) Stimulatory
B7-2 (CD86) APC (constitutively)
CTLA-4 (CD152) Naive T cells, Tregs B7-1 (CD80)/B{CD86) Inhibitory
ICOS (CD278) Activated T cells ICOSL B cells, mogtas Stimulatory
PD-1 (CD279) Activated T cells, B cells an@D-L1 Resting T cells, B cells, DC,Inhibitory
myeloid cells macrophage, endothelial cells
DC macrophages PD-L2
0OX40 (CD134) Activated T cells OX40L B cells, maghages, DC, vascularStimulatory

endothelial cells, mast cells,
activated NK cells

41BB (CD137) CDZ4 and CD8 NK cells 41BBL Mature DC, activated B cells an8timulatory
macrophages
CD40 B cells, DC, macrophages CD40L (CD154) T cdliscells, activated plateletsStimulatory
DC, esosinophils
CD27 Activated T and B cells, NKCD70 Activated T and B cells, NK cellsStimulatory
cells DC

Table 1.1 Costimulatory pairs involved in the immune respoms transplants. Adapted from (Kinneair al. 2013; Li et al. 2009). Well
characterised costimulatory molecules are listetth wieir ligands and the cells on which each apgessed, showing whether costimulation
results in inhibition or stimulation of an immuresponse.
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CD40 and its ligand CD154 (CD40L) belong to the TRFsuperfamily and
their interaction results in activation of an immeuresponse via activation of DCs
(Yang and Wilson 1996). Although expressed cortstigly at low levels on APCs,
CD40 is significantly upregulated following cellulaactivation, including
upregulation by CD28 expression on T cells, andigend CD154 (CD40L) is only
expressed on activated immune cells (listedlable 1.1). The subsequent activation
of DCs results in further upregulation of costintatg molecules and production of
inflammatory cytokines promoting antigen presentato T cells (Yang and Wilson
1996). CD40 is also an important costimulatory roole for B cells, inducing the

proliferation and production of antibodies (Alegmed Najafian 2006).

The immunological synapse formed through the bigdsh TCRs and MHC
peptides on surfaces of APCs, and the ligationostimulatory molecules lead to a
third signal which produces a number of intracelluprocesses. These result in
altered gene expression leading to upregulatiolh-@ and promotion of cell cycle
progression and clonal expansion and differentiatibactivated T cells (Wood and
Goto 2012). Within this process, TCR-MHC-peptidegagement leads to
recruitment and phosphorylation of several signglimolecules which ultimately
leads to upregulation of IL-2. This generation afge amounts of IL-2 acts in an
autocrine and paracrine way to create “signal 3dnmwting cell cycle progression
and initiating clonal expansion and differentiatiohactivated T cells (Wood and
Goto 2012).Figure 1.2 shows the pathways involved in signal 3, leading tcell
activation and expansion. This pathway will be vald to the mechanism of action

of immunosuppressant drugs discussed in sectioh.1.3
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MHC-peptide
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Figure 1.2 Diagrammatic representation showing a simplif@dline of signalling molecul
involved in “signal 3", adapted from Wood and G¢a&912) Phosphorylation events resuli
activation of protein kinase pathways and the gaimr of secondary messengers HMC
diaglycerol (DAG). Generation of DAG activates tin@nscription factor nuclear factor kapp
(NF«B) (A). IP; leads to the release of stored calcium and aabwatif calcineurin whicl
dephosphorylates the transcription factor nucleatolr of activated T cells (NFAT), allowi
translocation to the nucleus (B). Mitogentivated protein (MAP) kinase cascades genera&
third transcription factor; AP-1 (C). Activatiaf these transcription factors leads to upreguh
of IL-2 which acts in an auto- and paracrine wapttovide signal 3.
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Following transplantation, antigen presentation roagur through a direct or
indirect pathway. Direct recognition requires hostells to identify MHC molecules
expressed on donor cells, whereas indirect redognibccurs following the
breakdown and presentation of donor peptides by Mtdlzcules on the host's own
APCs (Gould and Auchincloss 1999). Both direct andirect presentation of
antigens may have a role in xenograft rejectionkfBban and Isacson 1994).
However it has been suggested that the indire¢twagt is more important, since
species differences between antigens of donorroagd the T cell receptors of the
host may prevent recognition of directly preserdedor MHC peptide complexes
(Gill and Wolf 1995). Indeed, the relative contiiom of indirect recognition is
known to increase with greater species disparityc(closs and Sachs 1998; Gill
and Wolf 1995). Additionally, over time the numhsrdonor cells within the graft
with the ability to present antigen diminishes, ueidg the role of the direct
recognition pathway. However as long as the gmafiresent, the indirect pathway
may present antigen and is therefore the dominaitmway in the long term (Wood
and Goto 2012).

Activation of T cells through antigen presentatammd co-stimulatory molecule
interaction results in proliferation of T cells s for these antigens, and the
generation of effector-cell populations which migréo the graft site and cause graft
rejection (Sloaret al. 1991). Sed-igure 1.1for a diagrammatic representation of the
T cell synapse and interaction with APCs (Huppa &avis 2003). Lymphatic
drainage from the brain through the movement of GHBws the delivery of
antigenic material to the peripheral lymphoid ogarhere immune competent cells
can initiate an immune response (Csaral. 1992). Resulting responses from pro-
inflammatory cytokines such as interleukin-1 (ILak)d IFNy promote proliferation
of T lymphocytes (Hickey 2001). The release of TdNBtso allows an increase in
the permeability of the BBB, allowing activated €lls to traverse into the brain
(Barker and Widner 2004). This encompasses theaegffearm of the immune
response, induced by expression of MHC-I allowiagyéting by CD-8 effector T
cells (Pakzaban and Isacson 1994). This requires ghssage of activated

lymphocytes into the brain due to the increasedmpability of the BBB by
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proinflammatory cytokines and specifically vasculeell adhesion molecule-1
(VCAM-1) (Merrill and Murphy 1997).

In the case of neural xenografts, infiltration adsh immune cells has been
shown to primarily consist of macrophages and Tscelith only a low number of B
cells (Finseret al. 1991; Pederseet al. 1997). During rejection, host DCs infiltrate
the transplant along with these immune cells (Laeet al. 1990). The presence of
CD4" T cells is required for the rejection of xenogsafis shown by the use of CD4
monoclonal antibodies for long term prevention efiral xenograft rejection (Wood
et al. 1996). In addition to the cellular, T cell medataspects of neural xenograft
rejection; it is possible that the humoral armled tmmune system is also activated
during the host response. If pre-existing antibedtedonor tissue are present within
the host; a rejection response can follow trangptaon immediately, known as
hyperacute rejection. This has been discussedciioeel.1.3 in the use of porcine
tissue for transplantation, to which humans pospesfermed antibodies which react
to a-Gal. The development of antibodies specific toaddHC antigens has been
observed in some animals following the striataing@antation of mouse VM
(Brundin et al. 1989), however the disparity between these spersesow.
Confirmation of the involvement of a humoral resp®rin more distant species has
been shown in the delay in rejection of porcineraktissue transplanted into
immunoglobulin knockout (IgKO) mice as comparedwidd type controls. The
authors concluded that Ig have a role in the imdaof xenograft rejection. Grafts in
IgKO mice were found to survive up to 4 weeks, &ich stage infiltration of both
CD4" and CD8 T cells resulted in graft rejection (Larsseh al. 1999). The
interaction between the humoral and cellular immuesgponses in xenografts has
been examined by Barker et al (Bark¢ral. 2000), who found that the inhibition of
complement also reduces the cellular responseinModvement of complement and
humoral responses provides an explanation for tlemnsistent prevention of
xenograft rejection with CsA treatment daily (Pdbaa and Isacson 1994), however

the relationship between these humoral and cellelgyonses remains unclear.

1.2.3The effect of donor cell type and transplant lomati

Correlations have been demonstrated between tleé d@WHC expression and

graft rejection, with high levels of MHC-I expressi relating to rejection of
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transplants, and low levels relating to transplantvival (Masonet al. 1986).
However the level of MHC expression on donor tissueot the only factor relating
to transplant rejection. Additionally, the lack MHC expression on allogeneic
NPCs has been shown to activate murine naturakrki(NK) cells, which
subsequently target transplanted cells for rejactihillips et al. 2013). NPCs from
foetal brain have been reported to survive follapransplantation to non-immune-
privileged sites (under the kidney capsule) forta28 days post-transplantation, as
compared to transplants of mature neurons whicle wegpidly rejected (Horet al.
2003). It has therefore been assumed that someaathéstics of these cells protect
them from recognition by the host immune systenofahg transplantation. It was
shown that hosts were not tolerant to these transql since they could be rejected
with sensitisation to donor tissue pre- or postd@antation, therefore NPCs were

presumed to survive due to a lack of sensitisatatonor tissue (Hort al.2003).

Human foetal neural tissues have been shown toesgplow or no MHC,
however following time in culture both MHC classahd Il are up-regulated on
NPCs (Odebergt al. 2005). Despite this, NPCs were not reported tggar an
immune response when investigateditro by lymphocyte proliferation co-cultures.
This is thought to be due to the fact that, althoMHC expression was increased in
NPCs after long-term expansionvitro, expression of co-stimulatory molecules was
not present (Odebewg al. 2005). Transplantation studies have also sugg@®HReis
to be less immunogenic than primary tissue in perdo rat xenografts, although
these findings require assessment at further tionetp post-transplantation
(Armstronget al.2002). Up-regulation of MHC expression followingeé in culture
has also been shown in rat NPCs (McLaetral. 2001). A subsequent study has
shown that although neural tissue from human foetaiex and VM showed low
MHC class | expression, following proliferation culture the expression increased
rapidly. However further investigation showed thias increased expression was
possibly related to a change in cell type withiae tulture towards a glial phenotype,
and that MHC class | was only found to be expressedNPCs, glial progenitors,
mature astrocytes and oligodendrocytes, but noheurons (Laguna Goyat al.
2011). This study, however, showed proliferativeell responses in co-cultures with
NPCs after a delay and attributed this delay to ¢betradictory findings with

29



Chapter 1 Introduction

previous studies, suggesting that this is why NE&s still elicit rejectionn vivo
(Laguna Goyaet al.2011; McLareret al.2001; Odebergt al.2005).

As with NPCs, an investigation into the immunogéwgiof ESCs reported low
levels of MHC Class | and Il in undifferentiatedllse(Drukker et al. 2002).
Subsequent differentiation of ESCs elevated exmessf MHC-1 but not I,
however the addition of IFN-was shown to upregulate both. Therefore, it is
assumed that this upregulation of MHC would be ibbssin vivo following
transplantation (Drukkeet al. 2002). Following this study, analysis of the mouse
immune response to human ESC kidney capsule taamspivas characterised to
determine the effect these findings had vivo, with transplants into
immunodeficient hosts as a control (Druklegral. 2006). A number of different
mouse strains were transplanted, with completetieje of hESC transplants after 1
month observed in immunocompetent mice. Transplantsouse hosts which were
deficient of T cells were not rejected, whereasdifterence was found in mice
deficient of B or NK cells as compared to immunogpetent hosts; indicating a role
for T cells in xeno- rejection of hESCs. Transpdamto humanised mice were not
rejected, demonstrating allograft survival of ES&€ikeed transplants (Drukkeat al.
2006).

As discussed in section 1.1.3; iPSCs have beentsgbto show differences in
gene expression as compared to ESCs (@hial. 2009). Initially, iPSCs were
thought to provide an optimum solution to the néednew donor cell types, in
particular because cell lines could be developgutdoide autologous transplants, or
at least with banks of appropriate human leukoeyiggen (HLA)-typed cell lines.
However more recent findings have shown unexpeeteidble immunogenicity in
cell lines. Zhao et al found that autologous iP&mgplants were not tolerated in
mouse hosts as predicted, and were infiltrated Wittells and rejected (Zhaat al.
2011). These findings have subsequently been didpgut Araki et al, who found no
rejection of their autologous iIPSC derived transtddArakiet al.2013), however it
is clear that there are genetic and chromosomadratalities in iPSC lines which
must be considered when developing these cell€SB transplantation. It has been
proposed that differences between reprogramminghadst determine this
immunogenicity, with iPSCs generated using virattees proposed to be more
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vulnerable to rejection than those derived via @pisl approaches (Boydt al.
2012).

Some differences in immunological responses folhgmransplantation of
stem cells may be used advantageously for celacephent therapies. In particular;
as described in section 1.1.3, MSCs have been showpossess a number of
immunomodulatory functions, as well as the otherefiés to the graft environment
following transplantation. Suppression of T celblgeration by MSCs has been
demonstratedh vitro and shown to be dependent on both cell to cellambrand the
release of soluble factors (Di Nicoéd al. 2002; Zappiaet al. 2005). As the release
of an array of cytokines and trophic factors hasnbdound from MSCs
(Haynesworthet al. 1996), these cells have been hypothesised to thavability to
suppress inflammatory responses following trangptaon. Following injection,
they have been reported to block the inflammataory @ cell response, preventing
maturation of monocytes into DCs and preventinggant presentation to T cells
(Chiesaet al.2011; Pluchino and Cossetti 2013). Although nateissarily providing
an optimum cell source for neuronal differentiatioo-transplantation of MSCs with
neural cell types such as adult neural stem calisshown protection by MSCs can
promote survival of transplanted neural cells iratamodel of HD (Rossignadt al.
2014)

Aside from the immunogenicity of donor cells, theemt of the immune
response may vary dependent on a number of factochjding the disparity
between donor and host, the preparation and dglfedonor cells, and the location
of the graft (Barker and Widner 2004; Wood and G2042). The transplantation of
solid tissue grafts generates a more severe and rapponse due to the intact
vessels within the tissue demanding the formatibrcamnections with the host
vasculature and the activation of complement-mediahyperacute rejection
(Auchincloss and Sachs 1998; Broadwadllal. 1992). Additionally the method of
delivery may have a variable effect on the inflartonaresponse due to damage to
the BBB (Brandiset al. 1997). The phylogenetic distance between donor harsd
also dictates the contribution of humoral and daillhost immune responses to
xenografts; this may be due to the degree of diffee between donor and host MHC
(Masonet al. 1986; Pakzaban and Isacson 1994). As mentionedopsty there
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may be some innate antibodies which can inducectieje of xenogeneic donor
tissue following transplantation, as in the cas@afiine to human xenotransplants

discussed in section 1.1.3.

Reports have also suggested that younger donaretisas an improved
chance of survival (Brevigt al. 2008), due to a lower population of microglial
precursor cells which may express MHC and act aSsAf®almauet al. 1997). The
location of delivery of transplants can have areafon the immune response, for
example those transplants delivered closer to ¢éinéricles are reported to be more at
risk to rejection due to drainage of the subaraihspace to cervical lymph nodes
(Kida et al. 1993), the lack of BBB and the presence of MHC+iacrophages in
the choroid plexus and the subarachnoid space (&adgd.assmann 1990). In this
context it is also relevant to consider the statlisthe host brain prior to
transplantation, for example following previous da® to the system such as a
lesion, or as a result of disease processes. Rieviodings have suggested that
transplants delivered just a few days after a Q#ole have improved survival as
compared to those delivered after a week or mare td the microglial environment
in the graft site (Joharet al.2007).
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1.3Immune suppression

A number of methods may be used to evade the husiune response to neural
xenografts, including treatment of the host withiglr or antibodies, transplantation
into neonates or immune compromised hosts. Additipnmodifications to the
donor cells themselves have attempted to mask thmmthe host immune system,
and attempts have been made to induce tolerardentar tissue. However as yet no
method has been successfully optimised which alléwlisfunctional testing of
potential human donor cells for a range of disea$bis is a problem not only for
cell transplantation strategies in neurodegeneratiseases, but also for a number of
others including amyotrophic lateral sclerosis (ALStroke, MS and spinal cord
injury. The following discussion is not exhaustibeit covers a range of commonly

used methods to promote the survival of xenograftedent hosts.

1.3.1Immunosuppressant drugs

Currently, the most commonly used immunosuppressegime for the
xenotransplantation of human cells into rodent nwdés the use of
immunosuppressant drugs. A number of drugs ardadlaiwhich are used clinically
for preventing rejection of organ transplants. Semeunosuppressant drugs which
are used in pre-clinical transplant experimen@nimal models of disease for testing
transplants of xenogeneic donor tissue are listedable 1.2 including their
mechanism of action. Treatment with one or a coatibn of these drugs can
promote survival of cells transplanted to the CldBhough much variability has
been reported as to the success of these treatimediferent hosts and with the
transplantation of different cell types. One of thest regularly used drugs currently
is CsA, an immunophilin ligand which binds cycldfihi blocking the phosphatase
activity of calcineurin which is essential in T Icaktivation, thus preventing the
initiation of an immune response (ko al. 1996). The mechanism of action of CsA,
and other drugs discussed here are showkignre 1.3 in the context of the
immunological synapse. CsA and other immunosupprésidrugs are administered
individually, or often in combination therapies &tempt to improve transplant

survival (Seveet al.2013).
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Immunosuppressive drug

Mechanism of immunosuppresge action

Cell target (molecule)

Azathioprine

Dampens proliferation of rapidly diwid cells

Many purine synthesis pathways (competitive

inhibitor)

Mycophenolate mofetil

Dampens proliferation of dipidividing cells

Guanosine base synthesis (inosine monophosj
dehydrogenase)

bhate

Corticosteroids
(e.g. prednisone)

Suppresses costimulatory signals (IL-1 and IL-6tgha
activating factor, prostaglandins, leukotrienes ardF),
oxygen burst and chemotactic and cytotoxic acésiti

APCs (kB kinase)

Cyclosporine (CsA),
tacrolimus (FK506 — TAC)

Blocks promoters of gene transcription, such as NFA

Lymphoid cells (calcineurin)

Sirolimus (rapamycin)

Prevents dissociation ofkB and cytokine-driven G
accumulation

Costimulatory pathway for the production
cytokines and signal transduction after cytok
signalling (mammalian target of rapamyc

of
ine
n,

MTOR)

Table 1.2Commonly used immunosuppressant drugs for prevg@ngjection of neural transplants including thegamanism of action and cell
targets. Adapted from (Kahan 2003)
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Figure 1.3 Mechanism of action of common immunosuppressanggjrindicated in re
Cyclosporine (CsA) blocks phosphatase activity atioeurin via binding to cyclophilli
Tacrolimus (TAC) binds FK binding protein 12 (FKBR), also blocking phosphati
activity of calcineurin. These both disrupt tramsition of NFxB to the nucleus ra
subsequent transcription of R,- thus blocking the initiation of T cell prolifaran.
Sirolimus binds FKBPL2, but this complex binds mammalian target of naygan (MTOR)
inhibiting response to IL-2 and preventing cell leyprogression. Diagram aded fron
(Wood and Goto 2012)

Although frequently used for immunosuppression ah hosts, a number of
studies have reported variability in graft survivalhosts treated daily with CsA
(Jablonskeet al.2013; Larssort al.2001b). In our hands, CsA provides survival of
human neural xenografts up to 75-80% in rat hasedly et al. 2009b) up to an
absolute maximum of 20 weeks after transplantadios to toxic side effects of the
drug. Although effective, this method requiredyaijections of the drug which can
be stressful to both the animal and the experineatel the treatment is associated
with severe adverse side effects with long term instuding renal toxicity (Al
Nimer et al. 2004; Bertanet al. 1987). Survival can be potentially assessed W®to
weeks, however, beyond 16 weeks the health of tivmads starts to deteriorate,

meaning functional testing is not possible.
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An alternative immunophilin ligand which also inhg the phosphatase
activity of calcineurin is tacrolimus (FK506, TAChacrolimus binds to FK-binding
protein, specifically FKBP-12. The formation of gshcomplex, like CsA, inhibits
calcineurin (Snydeet al. 1998), however TAC has been reported to be 10thQ€s
more potent in its inhibition of calcineurin (Kinet al. 1987). Finally, sirolimus
(rapamycin) also binds to FKBP-12, but does ndiléak the activity of calcineurin,
this complex inhibits MTOR by direct binding of mRQ, inhibiting translation and
response to IL-2, and preventing T cells from pesging from G1 to S phase of the
cell cycle (Alemdaret al. 2007). Both of these drugs have been reportecate h
neuroprotective side effects, making them promisingeatments for
immunosuppression in CNS transplants (Alemetaal. 2007). Treatments with both
TAC and CsA have been reported to increase thavsliof dopaminergic celln
vitro, and following transplantatian vivo (Castilhoet al.2000). Increases in neurite
length and branching have also been observed foifpwireatment with
immunophilin ligands; with those that inhibit thBgsphatase activity of calcineurin
(CsA, FK506), inducing elongation of dopaminergeurites, and those which did
not (sirolimus) increasing branching (Costantind dsacson 2000). However, as
with CsA, these drugs can also induce severe $idet® making their effective use
in pre-clinical transplant studies a challenge.t&ysc administration of TAC for 14
days in mice to prevent the rejection of xenogemaicVM transplants resulted in
good survival of transplants at 14 days post trlaméation, and in surviving hosts at
28 days post-transplantation, however death of hosé was reported in a large
amount of host animals following withdrawal of imnasuppression due to severe
toxic effects (Sakaet al. 1991).

Side effects of these drugs include nephrotoxiaiyg hepatotoxicity (Finn
1999; Sevcet al. 2013), and due to the short drug half-life at teasce daily
administration is necessary. Alternative preparatiof drugs have been investigated
to try and alleviate some of the side effects withaffecting graft survival, and to
improve the administration regimen of the drug.mdiaret al tested the efficacy of
liposomal preparations of TAC and sirolimus indivadly and combined, when
transplanted directly with xenogeneic tissue (Alamet al. 2007). Rat hosts with
6-OHDA lesions were transplanted with mouse VM al@n combined with one of

the liposomal immunosuppressive preparations. Gaggival of transplants was
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found in immunosuppressed groups 6 weeks aftesgtantation, in particular in
those receiving liposomal TAC with transplantedscab side effects were reported.
This preparation of TAC was designed to reduce @dveffects of the drug; since
the liposomes are taken up mainly by the reticudo#imelial system, TAC does not
distribute well to the CNS and kidney thereforeugdg neuro- and nephrotoxicity
(Alemdar et al. 2007). A more recent study has demonstrated salraf’ human
xenografts in rat hosts immunosuppressed with dabeously implanted slow
release TAC pellets, showing a reduction in immunfitration and survival up to 3
months post-transplantation (Sesftcal. 2013). These are promising methods which
require further validation and assessment pridmilementation in transplantation

studies.

1.3.2Costimulatory pathway blocking

As previously described in section 1.2.2, two sigraae required to initiate
an immune response to transplants. First the foomatf an MHC-TCR complex,
and second the interaction of costimulatory moleswlith their ligands. A body of
research aims to determine whether manipulation tluf interaction via
costimulatory molecule blocking can produce tolemto transplants. As discussed,
ligation of costimulatory pairs can lead to a stiaory or inhibitory response,
therefore this must be considered when blockingi@mple the CD28/B7 pathway,
since interfering with CTLA-4/B7 interactions camterfere with tolerance
mechanisms (Liet al. 2009). However a number of experiments have regdort
successful tolerance to transplants following biegkof costimulatory molecules.
Injection of allogeneic donor splenocytes into mobhests with treatment with an
antibody to CD40L was shown to promote survival &rleast 100 days without
further immunosuppression, even thougtvitro allo-responsiveness to donor cells
was demonstrated. The authors suggested a st&plivftolerance” in mouse hosts
(Markeeset al. 1997). Additional studies have shown successéuigplant tolerance
following administration of a fusion protein comntaig the extracellular domain of
CTLA-4 and the Fc portion of IgG; CTLA-4-1g, desmph to block CD28/B7
interactions by binding B7 molecules. This takesamtiage of the fact that B7
molecules preferentially bind with CTLA-4. Studieave shown blocking of T cell

proliferation in response to alloantigen stimulatio vitro, as well as the induction
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of T cell anergy in response to treatment with C¥4Ag (Li et al. 2009).
Administrationin vivo has been shown to induce donor-specific transjdetance
to cardiac allografts, which could survive for aast 100 days after transplantation
(Pearsonet al. 1994). Optimal results have been reported whegkbig both of

these costimulatory pathways simultaneously (Laetex. 1996)

A recent study aimed to use these methods withipde ticostimulatory
blocking therapy to induce tolerance to ESC andCifi8rived transplants (Peaatl
al. 2011). Treatment comprised administration of thomestimulatory receptor
blocking antibodies (CTLA4-1lg, Anti-LFA-1 and an@ib40L) at 0, 2, 4 and 6 days
post-transplantation. The method was shown to ssbady prevent rejection of
xenogeneic human ESCs and iPSCs in adult murines lasscompared with those
which were untreated or treated with tacrolimus amdlimus (a rapamycin
inhibitor). Mouse hosts were shown to be tolerantdonor cells, exhibiting T cell
anergy and no detrimental effects on the hosts’ umig to other cell types were
observed (Peadt al.2011). This could offer a potential method of aweg immune
rejection; however survival so far has only beemalestrated up to 8 weeks post

transplantation.

1.3.3Transplantation into neonatal hosts

In rodents, the early neonatal period is a timanohaturity in the immune
system, when few or no mature T cells are ciraugp{Kingsleyet al.2007). During
this time it is known that neural transplants itsyancluding xenotransplants of
mouse or human tissue, can survive long term im#ganatal brain (Englunet al.
2002; Lundet al. 1987). Lundet al (1987) found that both mouse and rat retina
transplanted into the neonatal rat brain survivpdaia year after transplantation.
However transplants in hosts over 8 days of ages wejected (Luncet al. 1987),
demonstrating that the survival of neonatal traars{gl is restricted to the early
neonatal period. Additionally the survival of thegeafts has been shown to be
unstable, without the induction of tolerance, sipegipheral challenges including
skin grafts and damage to the BBB result in repecof the established xenograft
(Pollack and Lund 1990). Despite this, it still piaes a useful model with which to
test donor cells, since long term survival allowssessment of the safety and

differentiation of human donor celis vivo (Kallur et al. 2006; Kalluret al. 2011;
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Zietlow et al. 2012). Interestingly, it has been recently showat tthis privilege
afforded to xenografts delivered to the neonataimanune system is not replicated
in mice (Mattiset al. 2014). The authors found that transplants of hunf8C
derived NPCs and human foetal NPCs transplantednebnatal mice were rapidly
rejected, as compared to those transplanted irdoatal non-obese diabetic/severe
combined immunodeficient (NOD/SCID) mice (Matéisal.2014). It was also noted
that the only successful mouse neonatal xenotrantgpto have been reported were
carried out in an inbred shiverer model (Windren©20Q but that all follow up
studies were subsequently carried out in shiveliee mrossed withlag2 knockout
(KO) mice (Wanget al.2013a).

Although this method can be used with some sucoesthe safety and
integration testing of human donor cells, thera isnit to how well the function can
be tested. For example, if transplants are caoigdheonatally, it does not allow the
investigation of the improvement of function follmg a lesion. Additionally the
implantation of cells into the neonatal brain canoe considered to be comparable
to that of the adult brain, since the neonatal rogaiovides a more permissive
environment with the presence of more developmesigalals. Thus it is not a good
test of transplantation into the adult brain whishithe usual therapeutic situation.
Therefore, although providing some benefits, thenagal transplant model is not
feasible for the purpose of full pre-clinical asseasnt of human donor cells.

1.3.4Immune compromised hosts

As mentioned previously immune compromised ratmme may also be used
as transplant hosts, preventing an immune reatdicenografts. Numerous models
exist in each species for assessment of the diffi@teon and integration of donor
cells in the adult host brain. A number of groupsé used athymic nude rats to
investigate the phenotype of hPF and hESC deriedld ia vivo (Hurelbrink et al.
2002; Hurelbrink and Barker 2005; Nasonkihal. 2009). The ability to assess the
development of grafted cells long teimvivo is important to characterise changes
which may not be detected with only short term Baalv as provided by
iImmunosuppressant drug treatments. For examptaracterising the development
in vivo of transplanted human ESC (hESC) derived striatajgnitors differentiated
according to their protocol for directing ESCs tdVi &N phenotype, Aubry and
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colleagues transplanted into immunocompetent htststudy short term graft
survival, and nude rats for long term. Although #stert term survival provided
some positive results regarding their protocohdmants into the nude rats showed
overgrowth by around 2 months post-transplantaffarbry et al. 2008). A number
of models exist in mice, including SCID micRagl or Rag2 KO mice; with no
mature B and T lymphocytes (Mombaeetsal. 1992; Shinkaiet al. 1992). These
rodents have been used for testing transplant&8tChderived striatal neurons (Ma
et al. 2012), human glial restricted precursor cells @hski et al.2012), and human
IPSC derived oligodendrocyte progenitor cells (Wahgl.2013a)

However, to assess the functionality of grafts St necessary to perform
behavioural tests on the animals to determine vemetmprovements may be
observed. As immune compromised hosts are so dildeepo infection, the
opportunity to test them behaviourally is unfortigha limited, thus restricting
findings from these studies to the developmentiatefjration of grafts without the

ability to correlate these findings with a functbmead-out.

Other treatments, including the potential use ofmawntonal antibodies to
block T cell responses (anti-CD4/CD8), and blockwofgcostimulatory pathways
offer the potential to induce tolerance to transigaRobertsoret al. 2007). The
induction of tolerance by taking advantage of medras discussed in section 1.4 is
an additional method for promoting survival of sptants, for example through the
induction of Treg differentiation, or the manipudet of DCs to induce tolerance
(reviewed in Boyd and Fairchild (2010)). These off®tential methods to avoid
rejection of donor cells both in pre-clinical oingtal transplant contexts, however
they require further optimisation prior to successpplication. Although the
methods discussed here provide a range of diffenemiunosuppression approaches
to promote survival of human xenografts in roderddeis of disease, none can
provide an effective long term solution with whihtest the full functional efficacy
of donor cells. Either the host environment is pr@priate, or the model not robust
enough for behavioural assessment. Drug treatmesist in severe side effects, not
allowing sufficient time for functional analysisné transplant survival can be
variable. Thus an alternative model is requiredadequate testing of human donor
cells for transplantation.
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1.4 Immune tolerance

One approach, shown previously to successfullynpte survival of skin
allografts without immune suppression in adult rddeis the induction of neonatal
tolerance to allogeneic tissue after birth, whesithmune system is still immature
(Billingham and Brent 1956; Billingharat al. 1953). It is thought to be based on
similar mechanisms to those governing self-tolegancthe normal immune system.
This is achieved through self-antigen recognition © cells, dependent on the
development of immature thymocytes and their TCR&in turn will be governed
by the selection of self-antigens present duringetigment of the thymus (Kyewski
and Derbinski 2004). Self-tolerance is mediatedtwg coordinated mechanisms;
‘central tolerance’ in the thymus, and ‘periphetalerance’ to allow removal of
those cells in the periphery which may have escaedection in the thymus. This
section discusses the mechanisms of natural “saétance, and how this relates to

the induction of neonatal tolerance to allografts.

1.4.1Central tolerance

Hematopoietic stem cells (HSCs) in the bone maraw differentiate into red
blood cells, platelets and cells of the innate addptive immune system, including
T cells. Once immature T cells have developed fld8Cs they migrate to the
thymus to undergo maturation where they are sudgjietct the selection which allows
the immune system to recognise and remember patkoge well as to remain
tolerant to “self” antigens, preventing autoimmyniOn arrival at the thymus
through the corticomedullary junction, T cells aleuble negative’ (DN) lacking
expression of both CD4 and CD8 (Staet al. 2003). In the thymic cortex
thymocytes become committed to eitherofinor yé lineage dependent on levels of
Notch activity (Washburret al. 1997). Those which becomg3 T cells must
undergo successful rearrangement of TEERhain, thena chain followed by the
upregulation of both CD4 and CD8, moving them ®dlouble positive (DP) stage.

As the development of T lymphocytes is dependent random gene
rearrangement of T cell receptor loci this ensueewgnition of a diverse range of
antigens which may be encountered, however it ralsans that some cells will bear
self-reactive TCR specificities. In order to avaigtoimmunity a selection process is
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required to remove auto-reactive cells prior to uretion and migration to the
periphery. Cells are first subjected to positiveeston dependent on the binding of
their TCRs to MHC class | and Il complexes presgme cortical thymic epithelial
cells (cTECs) (von Boehmer 1994). DP T cells arsitpeely selected if their TCRs
interact with self MHC molecules on cortical eplthkcells. They are programmed
for apoptosis unless signalling is received via TiRJing to self MHC, therefore
those which show no self-recognition undergo déstmeglect (Staret al. 2003).
ap T cells respond to antigens via peptide bindingMdC class | or Il molecules
expressed on the cells surface. MHC class | madscudetect and present
endogenous peptides, whereas MHC Class Il molet¢alget exogenous peptides
(Germain 2002). Antigen recognition b T cells is therefore dependent on surface
expression of CD4 or CD8. This surface phenotypgetermined by the interaction
between the cells TCR and the MHC complex; CD4 essing T cells bind MHC
class Il and become helper or regulatory T celld @D8 cytotoxic T cells bind
MHC class | (Palmer 2003; Swain 1983).

After positive selection and commitment to eithe€CB4™ or CD§ single
positive (SP) lineage, thymocytes migrate to thgmie medulla for negative
selection where those cells whose TCRs show higditgwbinding with self MHC
class | or Il complexes undergo apoptosis (Metzgied Anderson 2011). This
reduces the number of self-reactive T cells whieln enature and move to the
periphery and therefore the potential for an aubeime response to be initiated.
APCs are required for negative selection, thereitasesuggested to take place in the
medulla due to its large population of APCs; meatyllthymic epithelial cells
(mTECs) and DCS, (Sprent 1995; Webb and Sprent)1%§ure 1.4 shows a
simplified diagram of T-cell development in the itys (Germain 2002).

The deletion of thymocytes which react to self geris, requires the
representation of self antigens within the thym8sspedraet al. 1998). Mature
MTECs express CD80 and MHC-II, a subset of whichress the transcription
factor autoimmune regulator (Aire) for approximgtehe week prior to apoptosis
(Gray et al. 2007). Aire deficiency results in autoimmune dikos (Capalbet al.
2012), as found in Aire-deficient mice, which depllymphocyte infiltration of
multiple organs due to severe autoimmunity (Andersioal. 2002). The expression
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of Aire promotes the ectopic expression of tissesricted self-antigens (TRA) to
developing T cells in the thymus, establishing @niT cell tolerance. These
antigens are usually exclusively expressed in ogpatific cell types, therefore this
is referred to as promiscuous gene expression §hiaddr and Peterson 2009); with a
single mTEC capable of representing TRAs from a lmemof different peripheral
tissues (Derbinsket al. 2001). Promiscuous gene expression of TRA on mTECs
and cross presentation of these antigens by DCshwdapture and present TRA
secreted by mTECs inform negative selection of lsaghich are TRA-reactive
(Gallegos and Bevan 2006). Although promoting tkigression of peripheral TRAs
in the thymus, mTECs are unlikely to express dll astigens present within the
body sufficient for deletion of all self-reactivecélls. It has additionally been shown
that populations of DCs can migrate to the thyntas)sporting peripheral antigens

for promoting central tolerance (Bonagibal.2006).

.'/,‘ i T
l O \ O
Inadequate
TCH/co- receptur Comcal
sugnalhng O\ epinelial
‘ /] J cell

Outer cortex

MHC class MHC class Il
recognllann‘/ recognition =—-
Death by
& neglect
£
: © ©
/
c /
£ N -4

Cortico-medullary CDB-committed P CD4-committed DP

L junction )
B Negative / ‘ Positive 1 Negawe
selection selection |
/“”* @ w
K o~

Madullary Death  Medullary Ir
epithelial cell epithelial cell’ f
dendritic cell dendritic cell /

Em|gratlon to penphery f
f

Medulla

Figure 1.4 T cell development in the thymus (reproduced fi@armait
(2002))

43



Chapter 1 Introduction

1.4.2Peripheral tolerance

The maintenance of immune system homeostasis #&@nce to self antigens
also relies on the control of self-reactive T cdilig regulatory T cells (Tregs)
(Sakaguchiet al. 2008). Natural Tregs develop in the thymus in oesg to
signalling via TCRs, as with positive and negase&ection, though the commitment
to a Treg lineage is the result of TCRs which dig@n avidity range between that
required for positive and negative selection (Metzgnd Anderson 2011). Self-
reactive thymocytes which escape negative seleatienherefore directed towards a
Treg lineage (Kimet al. 2007). Additionally, a role for Aire has been ingpked in
the development of Tregs via antigen presentatiom fAire” mTECs (Hinterberger
et al. 2010). The development of natural Tregs is charesgd by expression of
Foxp3, and this is responsible for the dominantinfaf T cell tolerance both in the
thymus and the periphery. The absence of Tregswesnoontrol of autoreactive T
cells in the periphery resulting in lethal autoimmity (Kim et al.2007).

An additional role for Aire in the promotion of peheral tolerance has been
proposed with the discovery of the expression oéAa peripheral lymphoid organs;
spleen and lymph nodes in mice (Zukbsal. 2000), and just the lymph nodes in
humans (Gardneet al. 2008). It is thought that extrathymic Aire expiagscells
(eTACs) have the ability to tolerise peripheral @l via deletional tolerance,
comparable to negative selection in the thymud) Wie presentation of a distinct set
of TRAs from those expressed by mTECs in the thynillsis comprises a
complementary role in tolerance for Aire in theiplkery and the thymus (Gardner
et al. 2008). Thus mechanisms in the periphery existugpsess the activity of
autoreactive T cells which may have escaped negatelection in the thymus,
although the maintenance of this peripheral tolegais likely to be controlled by

central mechanisms.
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1.4.3Neonatal tolerance

The induction of tolerance to allografts in mices ieen described for decades
with the finding that an injection of donor cellstoa neonatal mouse hosts can
prevent subsequent rejection of a skin graft froonails of the same strain
(Billingham and Brent 1956; Billingharet al. 1953; Medawar 1948). Previous work
has subsequently shown the successful inductiotolefance to allogeneic skin
grafts following injections of spleen (Adkiret al. 2004; Ridgeet al. 1996), liver
(West et al. 1994) or bone marrow cells (Modigliaet al. 1997). Hosts in these
studies were demonstrated to be tolerant to alkeigedonor cells by the survival of
donor skin grafts or cardiac allografts and a latkost cytotoxic T lymphocyte
(CTL) responses to donor spleen cellvitro (Adkins et al. 2004; Modiglianiet al.
1997; Wesket al.1994).

Some mechanisms for the phenomenon of neonatatratale following
injections of allogeneic cells during the neonapa&riod have been proposed,
although a definitive conclusion has not been redch has been suggested that for
tolerance induction, as with the natural developmeh “self’ tolerance, the
persistent presence of donor or “self’ cells aguned during the development of
the immature immune system. Passive models sutgeasteonatal tolerance occurs
through negative selection of self-reactive T ¢edls is the case in the natural
development of self-tolerance. The presentatiomarfor antigens in the thymus,
along with self antigens therefore allows donorctea thymocytes to also be
negatively selected. As few mature T cells exisinagally, donor cells are able to
reach the thymus to promote this deletion of daeactive T cells (Morrissegt al.
1983; Ridgeet al. 1996). Active models suggest that newly developingells
present in the neonatal host generate mainly Tehetgll 2 (TH2) responses,
protecting from self recognition and also reduaiagognition of donor cells present
at this stage (Bandeiet al. 1989).

However, these models imply an inability of the m&al immune system to
mount an immune response. This does not seem lpgicae the neonate would
therefore have no natural defence against invaghatpogens, which has been
highlighted by Matzinger and colleagues. They héanghlighted the ability of

neonates to become immunised rather than toletcsegonatally presented viruses
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(Miller et al. 1994) which does not agree with these models @étgal. 1996).
They therefore propose a third model, the “Dangeddel suggesting that it is not
the host population of T cells which governs thauiction of tolerance, rather it is
what constitutes the population of injected doreiscwhich determines tolerance or
immunity (Matzinger 1994; Ridget al. 1996). When the population of cells used for
neonatal administration does not include a larggp@tion of mature APCs, then a
lack of co-stimulation of host T cells occurs réisig in a tolerising response.
Conversely, if a large population of active APCslsas DCs are present in the
injected suspension, an immunising effect will acclihe authors found exactly
these responses when injecting spleen cells oateb|DCs (Ridgeet al. 1996).
Tolerance induction was found when injecting a déamumber of spleen cells
neonatally, whereas injecting an enriched populadbDCs primed T lymphocytes
for attacking donor cells. Much variation has béeand in this area, with some
disagreement for this proposal from a study showlivad) neither donor T nor B cells
are required for the induction of neonatal toleegrgince successful tolerance has
been induced from injection of spleen and bone owarell suspensions froragl”
mice which contain neither of these populationg,rbay contain professional APCs
(Chanet al.2007; Modiglianiet al. 1997).

To successfully induce neonatal tolerance in ma&e fiequired the injection of
large numbers of spleen cells, as well as othdrtgpes (e.g. 1.5x10— 1x10)
(Ando et al. 1991; Peigucet al. 2012). Studies suggest that the successful immucti
of tolerance in neonatal hosts is dose dependetht the injection of larger cell
numbers increasing the potential of inducing toleea(Peigucet al. 2012), and the
injection of low numbers of cells resulting in tbpposite effect; priming of CTL
(Adkins et al. 2004). This difference is thought to be due to ridt& between the
number of injected donor cells and the number afutating potentially responsive
T cells within the host. It has been concluded thatrder for successful induction of
neonatal tolerance, all potentially responsiveutating T cells must be inactivated
(Ridgeet al.1996).

This phenomena has been demonstrated numerousitini@grance to mouse
allografts, though less success has been obsenvbe icase of xenografts (Shen
al. 1996). It is possible that species difference3 @R recognition of xenogeneic
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donor MHC molecules prevents the induction of néaineolerance, although this
has been disputed by Borensteinal. (2004). By taking advantage of a Tg mouse
model expressing the human MHC class | allele (HBA) the authors found that an
i.v. injection of 1.5x10spleen cells from Tg mouse donors could inducerapice in
B6 mice, sufficient to promote survival of skin fisafrom Tg HLA-B7 mouse
donors. This demonstrates that the host B6 immwstem was capable of
recognising donor xenogeneic MHC molecules (Boengt al. 2004) and that the
inability to induce tolerance to xenoantigens mhst due to MHC-independent
interactions with the recipient immune system. Bairsng of host spleen cells for
HLA-B7, the authors could assess the level of chisnein host mice. Low levels of
HLA-B7 staining were found in peripheral lymphoicdgans suggesting engraftment
of donor cells into recipient bone marrow and inmpdy a correlation between
chimerism and the induction of tolerance. Successiiegration of donor cells
within the host, and the subsequent induction omehism has been frequently
suggested as a requirement for, if not at leastriangly correlate with successful
neonatal tolerance in mice (Borenstetral.2004; Charet al.2007).
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1.5 Neonatal desensitisation

One of the aims of the work in this lab group ie thsting of potential human
donor cells for transplantation in neurological edise. As this requires the
xenotransplantation of human cells into rodent $igsdtentially for long periods of
time, one problem that is regularly faced is thiadequate and tolerable immune
suppression. Problems with the current availablehots have already been
discussed, highlighting the need for potential meadels to achieve this goal. The
knowledge that transplantation of xenogeneic tisat® the neonatal rat brain can
survive for at least a year after transplantationtheut additional immune
suppression (Englunet al. 2002; Lundet al. 1987) has been exploited in the design
of a method of avoiding conventional immune supgices As the developing
immune system in the rat is known to provide aniremment permissive of
transplant survival, work was undertaken in thib @ determine whether the
survival of a second transplant in adulthood maytmenoted in this way. This was
successfully carried out with the intraperitonegd.] administration of a suspension
of human foetal cortex (hCTX) derived donor cetisneonatal rats, followed by a
subsequent neural transplant of human whole gamglieminence (WGE) which

was found to survive without the need for furthmmunosuppressiorrigure 1.5).

Inoculate neonates Mature to Transplant similar Human embryonic
i.p adulthood cells in adulthood cortex, striatum or nigra

Human embryonic cortex

FNP cells
hES or FNP cells

Figure 1.5 Schematic representation of the induction of nedrdesensitisatiofcourtesy ¢
Kelly, CM).
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This method was subsequently further developecterdhine the characteristics
of neonatal desensitisation in the rat (Kedy al. 2009b). Intra-peritoneal (i.p.)
injections of suspensions of human derived celleganatal Sprague Dawley (SD)
rats were followed by adult transplants of thedétgpes. Survival of human cells
was demonstrated up to 40 weeks after transplantasind graft morphology was
shown to be comparable to that found in immune segged animalsSide effects in
CsA treated animals meant survival could not besssd beyond 12-16 weeks as
animals had to be culled according to animal licensegulations. Transplants of
human primary foetal neural tissue, foetal braimivéel neural precursors and
embryonic stem cell derived neural precursor ceéise all shown to survive as long
as, or longer than transplants into CsA treatethals following desensitisation with
the relevant tissuel@ble 1.3. Successful desensitisation could only be showh w
inoculation of host animals up to postnatal dayb{Rhose which received cells at
P10 or in adulthood could not support the survofa subsequent neural transplant.
Additionally it was found that inoculation with diaells was not sufficient for
desensitisation of hosts (Kelét al.2009b).

It is possible that, by desensitising animals neaha (referred to as
‘tolerising’); tolerance has been induced to dotissue in these host animals.
Although true tolerance in hosts has not been fifiett the method and graft
survival observed is comparable to that describsitically in studies of allogeneic
skin graft tolerance induced neonatally by injectaf cell suspensions of donor
origin (Billingham and Brent 1956; Billinghawt al. 1953) as discussed previously.
However, since tissue used for desensitisatiorois fa different foetal donor to that
used to transplant, it seems illogical that desmsasion represents tolerance to
human tissue, particularly since no control hasnbemade for matching of HLA
haplotypes. The induction of neonatal tolerancemse¢o require the persistent
presence of donor antigen during the neonatal peaba stage of immaturity in the
immune system before mature T cells migrate ounftbe thymus (Kingslegt al.
2007). This may result from the presence of viateds with the potential for
continued growth, or repeated injections of antigerhis period. This may then
prevent the development of mature T cells whiclttrgath donor antigen, as in the
case of the induction and maintenance of “self'et@hce. Neonatal tolerance
induction in mice has commonly used spleen (Adkinal.2004; Ridgeet al. 1996),
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liver (Westet al. 1994), or bone marrow cells (Modigliaat al. 1997) to provide
this continuing source of donor antigen. It remaimglear whether human neural
cells injected into SD rat neonates in previouseexpents have resulted in the same
“tolerance” as described in the neonatal tolerdreld (Kelly et al. 2009b). Since
human donor cells are derived from the developiragnb the potential for viability
and proliferation exists in combination with thenmaturity of the rodent immune
system preventing their rapid rejection after itipgt. Additionally, as the rat
immune system remains immature until 8-10 dayg a&it¢h, an injection of cells at
this time period would be protected from immedigdggection by the host immune

system

This method has the potential to allow the prechhitesting of grafts from
different cell sources in animal models of diseasmiding the issues associated
with traditional immune suppression regimes. Howevaumber of findings need to
be resolved to support its routine use. Althoughass been shown that the presence
of viable cells during the early neonatal periodeguired to induce desensitisation,
the mechanisms behind successful desensitisatioeafates remain unclear. It has
not been determined whether tolerance has beereddio donor cells or whether
desensitisation is only sufficient to prevent aligraft rejection, and the host may be
capable of mounting an immune response to donds eghen recognised, for
example in the case of a peripheral challenge aanagje to the BBB as is the case
for transplants in neonatal hosts (Pollack and LL880). Additionally, for routine
long term use of the method in pre-clinical testgpotential human donor cells,
validation is required to determine the optimumtgcol for successful promotion of
graft survival. The method has also only been destnated as yet in the SD rat with
transplants to the intact striatum; ideally dedesation could be applicable in other
host strains, with various donor cells such as E&@EiPSCs, as well as in other
host species including mice. The ability to testman donor cells in mice allows
testing in transgenic models of disease, determinine effect of the host

environment on transplanted cells.
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Neonatal Desensitisation Adult graft Tissue concordance Survival after transplant (weeks) Number of grafts surviving (%)

None hCTX - 12 0/9 (0%)
None hWGE - 2 0/7 (0%)
CsA hWGE - 12 7/9 (77%)
CsA hFENP : 12 6/8 (75%)
mMWGE MWGE Concordant 10 11/15 (73%)
mFNP mFNP Concordant 10 11/13 (85%)
hCTX hCTX Concordant 40 48/55 (87%)
hWGE hWGE Concordant 25 10/15 (66%)
hFNP hFNP Concordant 12 10/13 (77%)
hES-N hES-N Concordant 12 9/12 (75%)
hFNP hCTX Discordant 12 11/13 (85%)
hCTX hFNP Discordant 12 11/14 (79%)
hLiver hCTX Discordant 12 8/13 (62%)
hCTX hWGE Discordant 10 19/23 (83%)

Table 1.3Graft survival in different desensitisation protszadapted from Kellet al. (2009b). Hosts in all groups were SD rats. Datansh
no surviving grafts in untreated hosts, with imggd\wsurvival in hosts treated with CsA daily begmnirom one day prior to transplantation.
Greatest graft survival is seen in hosts deseaditeonatally with hCTX and transplanted with hCHXTX = human primary foetal cortex,
hWGE = human whole ganglionic eminence, hFNP = hurfweetal neural precursors derived from human fbetatical tissue, mMWGE =
mouse whole ganglionic eminence, mFNP = mouselfoetaal precursors from mouse foetal cortical ieshES-N = human embryonic stem
cell derived neural precursors, hLiver = human tive
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To date a number of groups have shown intereshenuse of the method for
transplantation of a number of different human ¢gfles in a variety of animal
models. Some success has been found in inducirensi@sation in rats to human
cells, including hESC-MSC transplanted followingluced knee cartilage defects
(Zhanget al. 2013). Host rats were desensitised neonatally ®uith? hESC-MSC
prior to adult transplants of a collagen bilayeafsald seeded with hESC-MSC. The
authors reported survival of transplants in desisesi hosts up to 8 weeks post-
transplantation, with rejection of cells in hostsielh were not desensitised
neonatally. In an assessment of the immune resporese&eek after transplantation,
a reduction in CD4 T cells was found in desensitised hosts, thus ahéors
reported successful desensitisation to hESC-MS@r{@hat al. 2013). In addition to
this, Singhakt al aimed to investigate the potential of human Mugka stem cells
to differentiate into retinal ganglion cells (RG@)a rat model of RGC depletion
(Singhal et al. 2012). In this study, Lister Hooded rat hosts wdesensitised
neonatally with an injection of 1xiOhuman Miiller stem cells prior to
transplantation at 3-4 weeks of age with undifféetad stem cells or RGC
precursors. Survival was demonstrated 4 weeks #a#iesplantation, however the
authors also administered oral CsA, prednisolormkaarathioprine to ensure survival
of transplanted cells (Singhet al.2012).

Other groups, however, have reported less succadis thhe method in
experiments with different types of donor cells addferent host species.
Jablonskaet al compared three methods of immunosuppression,dimguneonatal
desensitisation, to prevent rejection of human ddodbd derived neural stem cells
(HUCB-NSC) for transplantation into infarcted rélablonskaet al.2013). Neonatal
desensitisation with 1x2OHUCB-NSC failed to promote survival of adult
transplants of these cells beyond 21 days possjitantation. However; the authors
also failed to prevent rejection of these cellshweither daily CsA injections at a
standard dose (10mg/kg), or a triple-immunosupprasgrotocol with daily CsA,
azathioprine and methylprednisolone, thereforeaitnot be assumed that graft loss
in this case was due to ineffectiveness of the aedbrdesensitisation protocol and
strongly suggests a general problem with donorsteWival (Jablonskat al.2013).
The same group and collaborators attempted desatisih in mice to human glial

restricted precursor cells (hGRP) and in rats toCBENSC with poor survival
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observed in both cases, as compared to survivemgsptants of both cell types
demonstrated ilRag2™ mice, thus reporting that the method could not élly
replicated (Janowslet al. 2012). Although unclear why desensitisation irs nagas
unsuccessful considering previous findings frons @émd other research groups, it is
possible that successful desensitisation may deparitie host model and the type
of cells used (Kellyet al.2009b; Kellyet al.2012).

More consistent issues have been recently higliymtith attempts to induce
neonatal desensitisation to human donor cells imsadosts. In addition to the
unsuccessful desensitisation in mouse hosts repdrgeJanowskiet al. (2012), a
recent paper systematically investigated the déssatgn protocol in three different
strains of mice with three different types of humstem cells and found no
successful promotion of xenograft survival using thethod (Mattiset al. 2014).
Survival was demonstrated in immune suppressedshogtto 6 weeks after
transplantation, although grafts were significardiyaller than earlier time-points.
However, transplants in desensitised hosts wersistemtly rejected by 2 weeks
post-transplantation along with a strong host nglkab response. Interestingly the
authors also investigated the survival of humarCiRi®rived neural precursor cells
(IPSC-NPCs) and human foetal neural precursors BsfNransplanted to the
neonatal mouse striatum, finding no survival paktd2ys post-transplantation, in
contrast to surviving transplants demonstrated nnmunodeficient NOD/SCID
mouse hosts (Mattiet al. 2014). This is suggestive of a difference in btth
neonatal and adult mouse immune system compareghbatoof the rat, in which
neonatal desensitisation to human donor cells le@s ldemonstrated successfully
(Kelly et al. 2009b; Singhakt al. 2012; Zhanget al. 2013) as well as consistent
survival of neonatal xenotransplants (Hurelbratkal. 2002; Hurelbrink and Barker
2005; Lundet al.1987; Zietlowet al.2012).
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1.6 Aims

The overall aims of the experiments presented is thesis are to further
characterise and validate the desensitisation rdettescribed above. Although
neonatal desensitisation has been demonstratedthyolir lab group and others to
be a successful method for evading immunologigatt®n of neural xenografts, the
parameters of the method have not yet been detinddmuch variability has been
observed in experiments using different species difidrent donor cell types. To
date this group has only found confirmation of ®sstul desensitisation in striatal
and VM transplants of human neural tissue into @peaDawley (SD) rats which
had been desensitised with tissue of the same Bupeher investigation into the
parameters and limitations of the method will allae/ use in grafting studies in
other species and strains to test the potential @nge of donor cells. In addition,
studying the mechanisms of the method will prowaduable information on the
induction of transplant tolerance relevant acrossiaber of fields. All experiments
have been carried out using the QA lesion modéldf providing a suitable model
of cell loss in which to transplant human donotscahd investigate survival without
the complications of interaction with potential imne system differences in Tg
models of HD.

Primarily, the initial objective is to validate thmethod in the mouse using
similar grafting protocols to those used previouslyhe rat (Kellyet al. 2009b). As
an extension of this, the optimum numbers of caltpuired to inject neonatally to
allow survival of xenografts must be investigatas this may differ from species to
species. Secondly, as the method has already beamgo be successful in the rat,
a number of parameters are also examined in tkEsiep to determine what tissue
type may be used to inject at birth and allow stalvbf transplanted neural tissue,
for example using non-neural tissue to induce &vlee to a neural graft, and
whether the technique may be applied successfullpsa other strains of rat.
Finally, in addition to studying the parameterstbé& method, | also intend to

investigate the underlying mechanisms of the method
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Chapter 2
Materials and Methods

2.11n vitro methods

All reagents and suppliers are listedAppendix 1. Recipes for solutions and

protocols are listed iAppendix 2.

2.1.1Collection and dissection of primary human tissue

Ethical approval was granted for these studieshieyBro Taf Local Research
Ethics Committee and more recently the Cardiff ¥ate University Health Board.
Human cortical tissue (ranging from 7-12 weeks ajest) was collected from the
donation of the products of elective terminatiohpr@gnancy (ToP). All tissue was
donated through SWIFT, funded by the Medical Rese&@ouncil (MRC) and a
Welsh government grant. Consent for donation wasrgonly after the completion
of procedures for approval, consent and scheduwingoP. Tissue was collected
from medical termination of pregnancy (mToP) praged (Kellyet al. 2011) and
was transported to the laboratory in sterile hiagam medium (Hibernate Kibco,
Paisley, UK. Ultrasound prior to the ToP was used to stagbrgos; this was then
confirmed at dissection by measurement of crownpriength (CRL), as shown in
Appendix 3. After careful removal of the brain, the relevissue was dissected and

prepared as a dissociated cell suspension

2.1.2Collection and dissection of primary mouse tissue

All animal experiments and surgical procedures weneducted under the UK

Animals (Scientific Procedures) Act 1986 as amended subject to local ethical

! Tissue collection and dissection for initial expents was carried out by other members
of the BRG (Claire Kelly, Sophie Precious, Rike ti&v and Eduardo Torres) until the

relevant licenses and training were completed andas able to collect and dissect
subsequent samples.
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review and relevant personal, project and instnal licenses. All animals were
housed in a natural light-dark cycle widd libitum access to food and water.
Pregnant CD-1 mice were purchased at late gest@tdarian, Bicester, UK killed

via cervical dislocation and embryos collected het specified donor age (E12 or
E14) in Hanks’ Balanced Salt Solution (HBSSibcg. Brains were removed and
striatal tissue dissected as showrFigure 2.1 using a dissecting microscope in a

laminar flow hood.

Figure 2.1 A) Removal of brain from embryos. A single verticat is made just
above the eye at the base of the brain back irgoséimtral mesencephalic flexure.
Fine forceps are gently inserted under the skimetoove the overlying skin and
meninges leaving the brain free to be pulled aw\striatum (WGE) removal. The
brain is positioned on its ventral surface with th@sal cortex facing upwards. A
longitudinal cut is made through the medial conexch once folded over exposes
the striatum on the floor of the lateral ventricledectomy scissors are used to
remove the striatum from both hemispheres. Cortisalie is collected by carefully
removing the overlying meninges (Adapted from Dufri996).

2.1.3Preparation of cell suspensions

Human or mouse tissue was incubated for 20 minate37C in bovine
trypsin Worthington New Jersey, USA after which DNaseSigma Gillingham,
UK) and bovine trypsin inhibitorSijgmg was added for a further 5 minutes. The
tissue was washed in Dulbecco’s Modified Eagle MediNutrient Mixture F-12
(DMEM/F12, Gibco then centrifuged for 3 minutes at 1000 rpm. Cellsre re-
suspended in DMEM/F12 and mechanically dissocibtettituration using a Gilson
pipette with 200 ul tips. Cell numbers and viapilitere determined by trypan blue
(0.4% trypan blue solution, Sigma) exclusion caugtising a haemocytometer. Cell
suspensions were only used if viability was foundbe over 75% for neonatal
injection and 80% for intracerebral transplantati@ pl of cell suspension was
diluted with DMEM/F-12 and trypan blue, transferreda haemocytometer with a
glass cover-slip and viewed under the microscope Mumber of living cells and
total cells were counted in 5 squares of the hagtooweter to give an average cell
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number per square. The number of cells per ul cthdd be calculated taking into

account the dilution factor below:
Cells counted/squares counted x dilution facto®xZXells/ul

Following calculation, cells were re-suspendedh required concentration for

desensitisation or transplantation
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2.21n vivo methods
2.2.1Animal care, anaesthesia and immunosuppression

Pregnant dams (rat or mouse) were purchastarlgn, UK) and housed
individually until they gave birth witrad libitum access to food and water on a
standard light-dark cycle. Pups were weaned atd38 @nd mothers sacrificed or
used as control host animals. Remaining contraishesre purchased as adults (~12
weeks of age). After weaning animals were then dédus same sex groups of 2-4
mice or rats per cage and experiments began insadeighing 200-250 g for rats,

or 20-25 g for mice.

All surgical procedures were performed under igafhe anaesthesia induced in
an induction chamber with 5% isoflurane in oxyger®.& L/min. Anaesthesia was
maintained by passive inhalation of isoflurane {.5%) in a mixture of oxygen
(0.8 L/min) and nitrous oxide (0.4 L/min). Animalecovered in a warm recovery
chamber before being returned to their home cagk heralth and weights were

monitored for two days following surgery.

For those animals receiving xenotransplants whigrewnot tolerised, most
received daily immunosuppression to allow graftvexa. Daily i.p. injections of
CsA (Sandimmun, 10mg/kg; Novartis, Hampshire,)Uiere administered for the
duration of the experiment, starting a day befaaadplantation.

2.2.2Neonatal Desensitisation

Those pups to be desensitised were separatedyldrfh their mothers between
post-natal day O (PO) and P4 to receive i.p. igestof 1 pl of cell suspension in
sterile DMEM solution via a 1 pl handheld glass mosyringe. Cells were usually
injected at a concentration of 1xX40l, though this varied in some experiments. Care
was taken to avoid transfer of odours and potengjaiction of pups by the mother,
with all handling carried out wearing disposabl&ilei gloves. Following injections,

pups were returned immediately to the mother.
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2.2.3Quinolinic Acid Lesions

QA was dissolved in 0.1 M phosphate-buffer to make0 mM solution.
Animals received a unilateral injection of QA teethght striatum. Prior to surgical
procedures animals were administered sub-cutanegertions into the scruff of
meloxicam (Metacam) for analgesia; 5 pl for miaed 80 pl for rats. The skull was
then exposed; a small burr hole drilled above itjiet Istriatum and QA was injected

via a cannula attached to a 10 pl Hamilton syridigeen by a mechanical pump.

For QA lesions in mice the coordinates for injectsites were: 0.8mm rostral to
bregma (AP) -2.0 mm lateral to midline (L) and /28 mm ventral from dura (V).
0.75 ul of 0.09 M QA was injected over 6 minuté® heedle was then left in place
for 3 minutes to prevent reflux of toxin up the dieetract. The incision was sutured
and animals were administered subcutaneous infectmthe scruff of 0.5 ml saline
glucose to prevent dehydration, and an intramusc(len.) injection of 30 pl

diazepam into the upper leg for sedation to preserures following lesion.

Rats received 2 simultaneous injections of QA @eninutes, for 1.5 minutes
each at 2 depths. Stereotaxic coordinates fromntmegere +0.4/+1.0mm (AP) and
-3.5/-2.8 mm (L) at a depth of -5.0 mm and -4.0 betow dura. Following infusion
the needle was left in place for 3 minutes bef@maval. After suturing, animals
received a subcutaneous injection of 5ml salineaga and 0.15 ml diazepam (i.m.)

as before.

2.2.4Striatal Transplants

For transplants into adult mouse brain, 2 pl of selspension (1.25x20or
2.5x10 cells/ul) were delivered at a rate of 1 pl for inBwtes each at two depths
using a Hamilton syringe. Grafts were injected itihe lesioned or intact right
striatum using coordinates +0.8 mm (AP), -2.0 mm fflom bregma at -3.2 and
-2.8 mm below dura. After grafting, the needle \edisat the graft site for a further 3
minutes before being withdrawn. The incision wagusad and animals were

administered subcutaneous injections of 0.5 mheajiucose and 5 pl meloxicam.

For transplants into adult rat brain, 2ul of cegension (2.5xfxells/pl) were

delivered at a rate of 1 pl/minute with 1 minuteleat two depths using a Hamilton
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syringe. Grafts were injected into the lesioned imtact right striatum using
coordinates +0.7 mm (AP) and -3.1 mm (L) from bragat -4.5 mm and -3.5 mm
below dura. The needle was left in place for 2 rr@albefore being withdrawn. The
incision was sutured and animals were administeudgtutaneous injections of 5 ml
saline glucose and 30 ul meloxicam. For bilata@igplants, the coordinates above
were used to inject into the right striatum, and floe left; -0.7 mm (AP) and

+3.1 mm (L) from bregma at the same depths as above

2.2.5Perfusions and sectioning

Animals were terminally anaesthetised by i.p. adstiation of sodium
pentobarbital (Euthatal) and transcardially perussith a prewash solution
(phosphate buffered saline (PBS) at pH 7.3) fori@ubes followed by 1.5% or 4%
paraformaldehyde (PFA) solution at pH 7.3 for 4 ub@s. The brains were removed,
post-fixed in 1.5% or 4% PFA overnight and trangdrthe following day to 25%

sucrose in prewash solution until they sank.

Brains were sectioned coronally at 40 um thicknessg a freezing-stage
microtome. Sections were stored either in 0.01%eam Tris-buffered saline (TBS)
in 96-well plates atC, or in anti-freeze at -2Q.

2.2.6Cresyl Violet staining

Brain sections (1 in 12 series) were mounted oré&ssgmicroscope slides
double-subbed with 1% gelatin and allowed to drgraight. Sections were soaked
for 5 minutes each in increasing levels of alcofnom 70%, to 95% then 100%
followed by 1:1 chloroform ethanol for 20 minuteSlides were then put back
through the decreasing alcohols for 5 minutes damm 100% to 95% to 70%
followed by distilled water, before incubation iresyl violet stain for 5 minutes and
rinsing in water for 5 minutes. Stained sectionsengehydrated in 70% and 95%
alcohol, then destained in 2.5% acetic acid in $&6hol for 2-5 minutes until the
desired level of staining was reached. Further dettyon was carried out in 95%
and 100% alcohol, and then sections were clearejlene before coverslips were

applied using DPX mountant.
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2.2.7Immunohistochemistry on free-floating tissue sestio

1 in 12 series of brain sections were washed tlgiiguin TBS (pH 7.4)
quenched with 10% hydrogen peroxide and 10% methandistilled water for
5 minutes followed by three 5 minute washes in TB8ctions were blocked for
1 hour in 3% appropriate normal serum in 0.2% TrXe100 in TBS (TXTBS), then
without washing, block was discarded and primaryibady was added at the
appropriate concentration in 1% serum in TXTBS arwdibated overnight at room
temperature. Sections were washed 3 x 10 mins s DBfore addition of a
biotinylated secondary antibody at 1:200 dilutianlP6 serum for 2 hours. Primary
and secondary antibodies and the relevant blockéng are all lised iAppendix 4.
Three washes in TBS removed the secondary antilsotiytion and strepdavidin
ABC (A and B both at 1:200 dilution in 1% serumTBS; prepared 30 minutes
before use) was added for a further 2 hours. Toeoss were washed 3 x 10 mins in
TBS, followed by 2 x 5 mins washes in 0.05 M tr@nrsaline (TNS, pH 7.4) and
positive staining was visualized using diaminobdima (DAB) at 0.5 mg/ml in
fresh TNS with 12 hydrogen peroxide (brown). Following stainingctsens were
washed twice in TNS before mounting on gelatiniz#@lss microscope slides.
Sections were allowed to dry, then dehydrated éneiaasing levels of alcohol, cleared

in xylene and coverslips were mounted using DP X mtemt.

2.2.8Quantification and photomicroscopy of grafts

Visualisation of grafts was carried out under achkeDRMBE light microscope.
Images were captured using a Leica DFC420 cameta_aita Application Suite
(LAS) image analysis software. Graft areas weresmea by drawing round areas
of HUNu+ or NeuN+ staining on Image J softwareusing Visiopharm stereology

software. Estimates of graft volume were calculaigidg the formula:
Ca*M)/f

a = area (UM, M = section thickness and f = frequency of sadplections (e.g.
1:12)

In grafts containing high numbers of cells, an Obys C.A.S.T grid system was
used for stereology. The graft area was first @efitbefore counting cells in a
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random selection of regions within this area. A3Dacounting frame was not used,
cell counts were adjusted with the Abercrombie @ction. The total number of cells

(C) in the graft per section were therefore cakadaising the following formula:
¥c = total number of cells counted
YA = sum of all inclusion areas
Ya = sum of all sample areas
f = frequency of sectioning (e.g. 12)
M = section thickness
D = Average cell diameter
C =Xc x XA/Xa) x f/(D+M)

For smaller surviving grafts, total cell counts tsuNu or NeuN were carried
out using ImageJ. The phenotype of cells in trargplof mouse WGE in Chapter 6
was assessed with counts of DARPP-32. Total celhtsowere estimated with the

following formula, including the Abercrombie cortimn:
*A*M/(D+M)

f = frequency of sectioning, A = cell counts fol akctions, M = section
thickness, D = Average cell diameter

2.2.9Semi-quantitative evaluation of host immune respdosieural xenografts

To quantify the host T cell and microglial respomseneural xenografts in all
experiments, the extent of immunostaining for COB8 and CD11b (OX-42) was
graded on a scale according to the defined crigdraavn inFigure 2.2 (Duanet al.
1995; Larssoret al. 1999)

2.2.10Statistical analysis

All analyses were carried out using SPSS for wirglastatistical software
(SPSS 20|BM). The number of surviving grafts between experitakegroups was

initially compared using chi-squared analyses whgossible. Quantification of
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mean graft volume and mean total cell numbers withiirviving grafts were

compared by analyses of variance (ANOVA) as desedrim each chapter. Non-

parametric data; semi-quantitative ratings of immorarker staining were compared

with Kruskal-Wallis tests.

O

Grade | Criteria

0 No specific immunostaining in the graft area
Low number of positive cells, distributed as saattiesingle cells or

1 . .
clustered in a few small patches in or around tiaét g

2 Several positive cells distributed as single cedlslustered in multiple,
prominent patches

3 Dense immunostaining of the graft area and a lauyeber of positive cells
in and around the graft

4 Very dense immunostaining of the whole graft aredavery large

number of positive cells in and around the graft

Figure 2.2 Criteria for grading staining of immune cell mark¢Duanet al. 1995)
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Comparing desensitisation using neural and non-neat tissue

3.1 Summary

The aim of the experiments included in this chaptas to investigate whether
successful xenograft survival requires that nedndgaensitisation of host rats is
performed using cells of the same type as thosesesulently transplanted in
adulthood. To date survival of human neural xenitgraas been achieved using
human neural cells to desensitise post-natallylirfireary data suggested that using
mismatched tissue types reduced xenograft survired. ability to use non-matched
cells, such as cells from another part of the f@etdult cells, or renewable sources
such as stem cells, would reserve scarce neurl foel grafting in adulthood.
Furthermore, it would increase the likelihood ofing a readily available source of
cells for desensitising neonates, substantiallylifaitng transplant experiments and
reducing animal wastage. Such experiments coutnl lzgin to clarify some of the
mechanisms and limitations of desensitisation. Ex@eriments reported here
therefore assessed the survival of hPF corticabgpeits in the rat striatum in hosts
desensitised neonatally with extra-neural cells mamad to those in hosts
desensitised with hPF cortical cells from the sainaor embryo. Initial results
suggested that successful desensitisation was lkehg when using neural tissue
for desensitisation. However further investigatemmparing additional tissue types
showed good survival of transplants, suggestingithraay not be necessary for the
tissue used for desensitisation and transplantabomatch, but that some tissue
types, including liver and kidney, may be more eiffee for desensitisation of host

rats to xenogeneic tissue.
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3.2 Introduction

In the initial demonstration of successful neondtsdensitisation in rat hosts by
Kelly et al, a number of different desensitisation protocotsenestedTable 3.1).
These experiments suggested that the use of ndgradaninistered human liver
cells to induce desensitisation to a subsequenspitant of hCTX tissue was less
successful than that of neural tissue; 62% graftigal compared to up to 87%,
although survival of transplants in hosts desesesitito neural tissue ranged between
66%-87% Table 3.1 from Kelly et al. (2009b)). Routine studies carried out in rat
hosts in this group have therefore used human hessae to desensitise neonatally
and promote the survival of later transplants airaktissue. Although the use of
matched tissue has been essential to demonstedtsutvival of transplanted cells
can be achieved without additional immune suppoesst would be preferable to be
able to use an alternative, less valuable sourtissife to desensitise host neonates.
This would make available more tissue both for gpdantation and desensitisation,
particularly if neonatally injected cells could derived from a renewable source of
cells such as human FNPs. Additionally, it is polesithat a wider spectrum of
human cells, or “any” human cell type may be sighit to induce desensitisation,

which would open up possibilities even further.

Previous investigations of the phenomenon of nebdnablerance have
demonstrated successful tolerance induction topperal allografts in mice
following neonatal injections of spleen, liver, abdne marrow cells (Adkinet al.
2004; Modigliani et al. 1997; Westet al. 1994). Hosts in these studies were
demonstrated to be tolerant to allogeneic donds d®8l the survival of donor skin
grafts or cardiac allografts and a lack of hosbtiytic T lymphocyte responses to
donor spleen cells vitro (Adkins et al. 2004; Modiglianiet al. 1997; Westet al.
1994). Although this has not been successfullyicatgd in a discordant xenograft
paradigm, such as human to rat/mouse, it has bhewnsthat under certain
conditions tolerance can be induced to xenogendigens (Borensteiet al. 2004).
Tolerance was successfully induced in host micthis study to donor cells from
transgenic mice expressing a human MHC Class lea(Rorensteinet al. 2004).
Various mechanisms have been proposed for the tiotuof neonatal tolerance,

with Matzinger and colleagues highlighting the moi&@ importance of the specific
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population of cells injected to induce neonatatitahce, suggesting that the types of
cells used for inoculation would dictate whether iammunising or tolerising
response ensued (Matzinger 1994; Ridgal. 1996).

Tissue injected (i.p.)| Tissue transplanted| Survival after Number of grafts
neonatally (PO-1) to adult striatum | transplant (weeks)| surviving (%)

hPF cortex hPF cortex 40 48/55 (87%)
hPF striatum hPF striatum 25 10/15 (66%)

hFNP hFNP 12 10/13 (77%)

hES-N hES-N 12 9/12 (75%)

hFNP hPF cortex 12 11/13 (85%)

hPF cortex hFNP 12 11/14 (79%)

Human liver hPF cortex 12 8/13 (62%)
hPF cortex hPF striatum 10 10/12 (83%)

Table 3.1 Previously tested desensitisation protocols; athftom Kelly et al.
(2009b). Showing successful desensitisation usinmgry neural tissues, (hPF
cortex and striatum), hFNP, hES and human livewanous combinations. hPF
cortex injected neonatally shows the highest r&siovival with adult transplants of
hPF cortex (87%). hPF = human primary foetal tisstleNP = human foetal neural
precursors derived from human primary foetal cqrtéxS-N = embryonic stem cell
derived neural precursors

To investigate whether desensitisation could beeaeld with alternative hPF
tissues, an initial experiment was carried out cammg the use of neural tissue and
non-neural tissue (skin) from the same foetal ddoodesensitise SD rats. Hosts
received transplants in adulthood of hCTX tissuethie intact or QA lesioned
striatum, and survival was assessed at a short ot (6 weeks) following
transplantation. This was followed up in a subsatguexperiment with the
comparison of the survival of hCTX transplants lte intact striatum in rat hosts
desensitised with three different donor tissue $yffrem one human foetal donor;
liver (hLiver), kidney (hKidney) and cortex (hCTAR weeks after transplantation.
Since graft survival was found to be comparableansplants delivered to the intact
and QA lesioned striatum, all transplants in thigdg were delivered to the intact

striatum. Survival was assessed at 12 weeks incdse to demonstrate that grafts
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were surviving due to effective desensitisation #rat in previous studies a longer
rejection response wouldn’t have resulted in grdistruction past 6 weeks.
Successful desensitisation with non-specific huat@mor tissue allows inferences to
be made about the mechanisms of desensitisatiggesting the antigen recognised

is “human” but not related to tissue type.
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3.3 Experimental Design
3.3.1Desensitisation and transplantation of rat hosts

Table 3.2 outlines the design of the first experiment; dethimethods for all
procedures are presentedGhapter 2. Experiments were carried out in two parts.
Firstly; hosts were desensitised with hCTX (n=18) &auman skin tissue (hSkin)
(n=12) from the same foetal donor. Neonatal hostseevobtained from 2 pregnant
SD rats (Harlan). In adulthood, at ages 8-12 weldt,received QA lesions and all

were transplanted with hCTX from a separate fodgdalor. Survival was assessed at

6 weeks post transplantatiohaple 3.2.

Neonatal injection of hCTX tissuel Neonatal injection of hSkin tissue o~
(1x10 cells i.p.). (n=13) (1x1C cells i.p.) (n=12) o

2

QA IeS|_on to No lesion QA IeS|_on to No lesion o
right striatum (n=6) right striatum (n=6) =
(n=7) - (n=6) - o

0

Unilateral intrastriatal transplant of hCTX cellsgension (5x10cells)

L {

Animals sacrificed and brains cut for histologieahmination

Table 3.2 Experimental design; comparing graft survival atweeks post
transplantation in rat hosts desensitised neogatdth hCTX or hSkin cells

6 weeks
post
transplant

For the second experiment; hosts were desensiwgedhCTX (n=11), hLiver
(n=10) and hKidney (n=10) from one foetal donoldaled by transplants to the
intact adult striatum of hCTX from a different fast and survival was assessed 12
weeks after transplantatiogble 3.3. Neonatal hosts for this study were obtained
from 5 pregnant SD rats (Harlan). No animals inhegit experiment received
immunosuppression and cells were all delivered atdly as i.p. injections in 1ul

DMEM/F12.
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Neonatal injection of Neonatal injection of Neonatal injection of
hCTX tissue hLiver tissue hKidney tissue 2
(1x10 cells i.p.). (n=11)| (1x1C cells i.p.) (n=10) | (1x1C cellsi.p.) (n=10)
y
¥ ¥ ¥ 3
2
Unilateral intrastriatal transplant of hCTX cellsgpension (5x10cells) N
Z3
l i l T
G S
3
Animals sacrificed and brains cut for histologieahmination fl =
— 5

Table 3.3 Experimental design; comparing graft survival @& wveeks post
transplantation in rat hosts desensitised neogatath hCTX, hLiver or hKidney
cells

3.3.2Histology and Immunohistochemistry

At 6 or 12 weeks post-transplantation (accordinget@erimental design)
animals were transcardially perfused and brainsge®ed histologically as described
in Chapter 2. A 1:12 series of sections were stained with C¥ famther 1:12 series
were processed for single label immunohistochegnissing the primary antibodies
listed in Appendix 4. A human specific antibody (HuNu, Millipore, UK) waised
to identify surviving human cells and various imreunarkers were stained to assess
the host response. The same basic protocol was fasedll antibodies and is
outlined in Chapter 2. Briefly, sections were quenched in 10% methanud a
hydrogen peroxide before a 1 hour blocking ste@B% normal serum. Primary
antibodies were incubated overnight with 1% norsedum followed by 2 hour
incubation in secondary antibodies and 2 hour iatioh in streptavidin ABC Kkit.
Since all were mouse antibodies, biotinylated amiuse IgG (1:200, Vector)
secondary antibody was used. Staining in all cases visualised using the DAB

method.

3.3.3Quantification of graft survival and host immunspense

Surviving grafts were identified initially with Ctaining and confirmed with

HuNu. Graft survival at both 6 and 12 weeks aftangplantation was compared
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with Chi-square tests. Counts of surviving transfgd human cells as identified by
HuNu staining were carried out using stereologieahniques for survival assessed
after 6 weeks. Positively stained cells were cadimeeach section of a 1:12 series,
allowing the number of surviving cells per graft he calculated as described in
Chapter 2. These could then be compared between animalssedewith different
tissue types. To assess survival of 12 week trangpfrom the second experiment,
graft volumes were estimated by tracing the graffaaas stained by HuNu on
consecutive sections through the striatum on Inmdageotal cell numbers and graft
volumes were compared by one-way ANOVA. To quantlig host T cell and
microglial response to neural xenografts in all exxpents, the extent of
immunostaining for CD11b (OX-42), CD8 and CD4 whpossible, was graded on
a scale (0-5) described in detailGmapter 2 (Duanet al. 1995; Larssort al. 1999).

Gradings of these markers were compared with noarpetric Kruskal-Wallis tests.
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3.4 Results

3.4.1Experiment 1: Graft survival at 6 weeks post trdasfation in rat hosts
tolerised with hCTX or hSkin

Surviving grafts were initially identified in Nisstained sections using CV and
staining with HuNu confirmed the survival of tratemted human celld~gure 3.1).
At 6 weeks post transplantation, hCTX tissue trargpd into non-
immunosuppressed adult rat brains was seen toveunvianimals which had been
desensitised neonatally with both hCTX and hSlgsue. No significant difference
was found in graft survival between hosts with @8ibns and those which received
transplants to the intact striatuf,(1, N = 25) = 1.93p = 0.165, therefore data was
compiled to analyse the effect of desensitisatiooug on graft survival. Some
healthy surviving grafts were found in both groug$hough 62% of grafts survived
in animals desensitised with hCTX tissue compacetiA% in animals desensitised
with hSkin tissue Kigure 3.2. However, this difference was not found to be
statistically significanty? (1, N = 25) = 3.532p = 0.060, which is likely to be due to
the small numbers of surviving transplants in g{periment, since a comparison of
the data inFigure 3.2B shows a strong trend towards greater survival iatsho
desensitised with hCTX. Mean surviving cell numbensd graft volume are
displayed inFigure 3.3 and Figure 3.4, showing larger surviving grafts in hosts
desensitised with hCTX. Graft volumes and cell ¢sunere not compared, since

there were only two surviving grafts in hosts desgsed with hSkin.
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Figure 3.1 Photomicrographs of sections from rat sodésensitise
with neural (A, C) and non-neural (B, D) tissamined with C\
(A, B) and HuNu (C, D) and transplanted with hCiiXo the intac
striatum at 6 weeks post transplantation. Lower mifegtion image
are inset showing small surviving transplants miilght striatum
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A Tissue injected Les Number of surviving Total Mean cell Combined mean Mean graft Combined mean
esion
neonatally grafts (%) (%) number (HuNu®) cell number volume (unt) graft volume (un)
QA 3/7 (42.8%) 25.1x1d 11.7x16
hCTX 61.5% 20.9x1d 9.6x10
None 5/6 (83.3%) 16.7x10 8.3x1¢
QA 0/6 (0%) - -
hSkin 16.6% 9.4x1d 4.9x10
None 2/6 (33.3%) 9.4xf0 4.9x16
B 70.0%
60.0%
% 50.0%
B
= 40.0%
=11}
2 30.0%
Z
E 20.0% N=12
7]
10.0%
16.6%
0.0%
Cortex Skin
Tissue type injected neonatally

Figure 3.2 A) Graft survival at 6 weeks post transplantation.

B) Percentage of surviving hCTX transplants in bd¢sioned an
unlesioned hosts 6 weeks after transplantation daltarat host
desensitised neonatally with neural or non-neuiakue. Surviva
percentages are disfyed at the base of bars, with total numbers st
at the top
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Figure 3.3 Mean graft volume as measured with HuNu+ stainingeék:
after transplantation (excluding rejected grafts)
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Figure 3.4 Mean numbers of surviving human cells 6 weeks
transplantation in adult rat hosts desensitisechaadly with neural ¢
non-neural tissue (rejected grafts excluded)
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3.4.2Host immune response to neural xenografts 6 weédsteansplantation

Sections (1:12 series) at 6 and 12 weeks postpiamtstion were stained for rat
T cell (CD4, CD8) and microglial markers (CD11b X42) in order to determine
the extent of the immune response to human nesgld grafts in animals which
were desensitised neonatally with neural and namahéhuman embryonic tissue.
Figure 3.5 shows staining with CD11b (OX42, Serotec) spedific activated rat
microglia/macrophages, and CDB cells. In these examples, staining can be seen
along the needle tract and surrounding the gradted. CD11b staining was graded
and differences compared with a non-parametric kallidVallis test, showing no
difference in the host microglial response to sung xenografts in hosts
desensitised with neural vs non-neural tisddi€l) = 0.21,p = 0.885 Table 3.4.
Staining for CD4 is not shown, and grading was ceatied out for either T cell
marker, as due to issues with storage of tissuossodescribed ilppendix 5, not

all sections could be stained successfully and tifieth

Desensitisation/Grade 0 1 2 3 4
hCTX + ++++ ++++H++ +
hSkin ++++++++  + +H+

Table 3.4 CD11b immunoreactivity in sections from animalsselesitised with
hCTX or hSkin cells and transplanted with hCTX atvéeks post-transplantation.
Each + corresponds to one host; aratenotes a rejected graft.
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hCTX hSK
. . — -

CD11b

CDSs

—=100pm — = 1000pum
Figure 3.5 Tissue sections from hosts desensitised with hCTXSkin, tissu
and transplanted with hCTX stained for CDBcells and CD1Ibmicroglia at |
weeks post transplantation. Staining shows infittraof microglia and T cells
the grafed area. These examples show more severe infilirdh the hos
desensitised with hSkin, however there were neegifices in immune respo

between the two groups.
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3.4.3Experiment 2: Graft survival at 12 weeks in rat tsogansplanted with
hCTX, hLiver and hKidney

Successful graft survival in hosts desensitisech wibn-neural tissue was
demonstrated in this experiment as identified waitWf and HuNu staining, with
100% of transplants surviving in both non-neurabups (liver and kidney).
However, only 36.4% of transplants in those desisesi with human cortical tissue
were found to survivel@able 3.5andFigure 3.8). Surviving grafts in the majority of
hosts were found to be very large, spanning thelevktriatum Figure 3.9. A
chi-squared test showed there to be significanttyrengrafts surviving in hosts
desensitised with liver or kidney cells than thodesensitised with hCTX;
v* (2,N = 31) = 16.44p < 0.001. Graft volume was calculated from areassuneal
using Image JHKigure 3.6). No differences in graft volume were found betwee

hosts desensitised with different donor tissuesyp&2,21) = 0.347p = 0.711).

Tissue injected Number of Mean graft
o Total (%)
neonatally surviving grafts volume (unt)
Liver 10/10 100% 5.2x10
Kidney 10/10 100% 5.4x10
Cortex 4/11 36.4% 3.6x10

Table 3.5 Surviving human transplants in desensitised hdstsweeks after
transplantation

1IE+10 -
~ 9E+09 -

L]
£ sE+09 -
E TE+09 -
§ 6E+09 -
ﬁ SE+09 -
S0 4E+09 -
=
2 3E+09 -
2E+09 -
1IE+09 -
0 1 T 1

Liver Kidney Cortex

Donor tissue injected neonatally

Estima

Figure 3.6 Estimated mean graft volumeof surviving transplants
desensitised hosts 12 weeks after transplantation
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3.4.1Host immune response to neural xenografts 12 wadédstransplantation

To investigate the host immune response to trantplaf hCTX, staining was
carried out for T cell (CD8+ and CD4+) and micragl{CD11b) markersHigure
3.8 and quantified according to the grading systerscdeed previously Table
3.6). This is represented graphically kigure 3.7. Non-parametric Kruskall-Wallis
tests were carried out for all immune marker grgdihsections containing surviving
grafts. No significant differences were found betwelesensitisation groups for any

stains; test statistics are shownable 3.6

Stain  Group Grade H(2) p
0 1 2 3 4

hLiver ++ ++++ + +++

CD8 hKidney +++ +++++ + + 0.957 0.620
hCTX +++++ +++++ +
hLiver ++ ++ +++ +++

CD4 hKidney + +++++ +++ + 1.327 0.515
hCTX ++ +++++ +++ +
hLiver ++++ ++++++

CD11b hKidney ++H+++++ ++ + 1.150 0.563
hCTX  ++++++ +++ +

Table 3.6Grading of immune marker staining in sections fr@inhosts desensitised
with different human tissue types and transplavtt hCTX at 12 weeks post-
transplantation. A + represents the highest sooreedch rat with red indicating
hosts with rejected grafts.
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Figure 3.7 Grading of immune marker staining in rat h
desensitised with different tissue types. Each le
indicates the ighest graded section for each animal.
circles denote sections without surviving grafts.
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Figure 3.8 Photomicrographs of sections from rat hosts désssd with human liver, kidney, and cortex showsgvival of transplants and
the host immune response 12 weeks after transfitamtémages show large surviving grafts in deségesi hosts, with some labelling of T cells

and minor infiltration with microglia.
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Anterior Posterior

Figure 3.9 A representative surviving hCTX graft in a hosseigitised neonatally with hLiver, showing that sumiy hCTX transplants we
large, filling the whole striatum
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3.5 Discussion

The aims of the experiments described in this drapére to determine whether
it is necessary to use the same tissue type tmsiéise hosts neonatally as is used to
transplant in adulthood, or whether it is sufficiém use other tissues from the same
donor species. Being able to desensitise withratare tissue would reserve scarce
neural tissue needed for transplantation as welgigng more insight into the
mechanisms of the method and specificity of theedsisisation. In Experiment 1,
host rats were desensitised with differing tissgees (hCTX or hSkin) at birth, but
all transplanted with the same tissue (hCTX) inliédwd in order to compare
survival between the two groups. The findings froms study suggest that better
survival may be achieved with transplants of maictissue, indicating that the
tissue used for desensitisation should be of tineestype as that used to graft. A
second experiment investigated the potential oéokiPF tissue types for use in the
desensitisation of rat hosts. Neonatal rats weserggtised with hCTX, hLiver, or
hKidney, and again all received transplants of hCihXadulthood. This study
showed relatively poor survival of transplants wsts desensitised with hCTX as
compared to 100% of grafts surviving in the otlves groups, however this was still

only 25% less survival between Experiment 1 and 2.

The findings from both experiments therefore doswgjgest that the tissue used
for desensitisation must be the same as that wsedrtsplant, rather that the results
may be variable dependent on the type of tissud. uses not clear why survival in
the second experiment of this chapter was so pobosts desensitised with hCTX,
although this may be an anomaly due to poor queatitical tissue from this specific
donor foetus since previous experiments, includingie presented in this thesis,
have shown more consistent survival to a degreelwhiay be achieved with
conventional immune suppression (Ke#y al. 2009b). The previous finding that
liver was less successful as a donor source fand#ssation may also be due to this
variability. Additionally, the previous finding th&2% of grafts survived following
desensitisation with liver cells still shows thainsval is better than may be
expected with no treatment and not far from the 7&%grafts which survived

following daily treatment with CsA (Kellyet al. 2009b). The variable survival of
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different tissue types in these experiments mayekplained to an extent by

considering previous work in the field of neondtdérance.

Neonatal (and in utero) tolerance induction haslmsscribed for decades using
a similar method to that described here (Billinghana Brent 1956; Billinghanet
al. 1953). Previous work shows the induction of takesato allogeneic skin grafts
following an injection of spleen (Adkinst al. 2004; Ridgeet al. 1996), liver (West
et al. 1994) or bone marrow cells (Modigliaat al. 1997) though less success has
been observed in the case of xenografts (S¥teal. 1996). This may be due to
species differences in T cell receptor recognitbddrxenogeneic MHC molecules;
although this suggestion has been rejected by Bteenet al (Borensteiet al.
2004) who found that tolerance to xenogeneic MHQecwes could be induced in
B6 mice, promoting survival of skin grafts. Dongleen cells (1.5x10 from a
transgenic mouse strain expressing the human Mid€sdl allele human leukocyte
antigen (HLA)-B7 were injected intravenously (it@)induce tolerance in normal B6
mice, therefore demonstrating that the host immusgstem was capable of
recognising donor xenogeneic MHC molecules (Boengit al.2004).

Some mechanisms for the induction of neonatal doleg to allogeneic tissue
have been proposed, although a definitive conalukes not been reached. Passive
models suggest that, as with natural self-toleraneenatal tolerance occurs through
negative selection of self-reactive T cells. Thespgntation of donor antigens in the
thymus, along with self antigens therefore allowsat reactive thymocytes to also
be negatively selected. As few mature T cells engsinatally, donor cells are able to
reach the thymus to promote this deletion of doeactive T cells (Morrissegt al.
1983; Ridgeet al. 1996). Active models suggest that newly developingells
present in the neonatal host generate mainly fiddponses, protecting from self
recognition and also reducing recognition of dometls present at this stage
(Bandeiraet al. 1989).

However, Matzinger and colleagues highlight thditgbof neonates to become
immunised rather than tolerised to neonatally preseviruses (Milleret al. 1994)
which does not agree with these models (Rielgal. 1996). They therefore propose
a third model, the “Danger” model suggesting thas inot the host population of
T cells which governs the induction of tolerancather it is what constitutes the
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population of injected donor cells which determinggderance or immunity
(Matzinger 1994; Ridget al. 1996). When the population of cells used for néana
administration does not include a large proportadnmature APCs, a lack of
co-stimulation of host T cells occurs resultingitolerising response. Conversely, if
a large population of active APCs such as DCs asgnt in the injected suspension,
an immunising effect will occur. The authors fouexictly these responses when
injecting spleen cells or isolated DCs (Ridgfeal. 1996). Tolerance induction was
found when injecting a large number of spleen aedlsnatally, whereas injecting an
enriched population of DCs primed T lymphocytes dtacking donor cells. Much
variation has been found in this area, with sonsagleement for this proposal from
a study showing that neither donor T nor B cells maquired for the induction of
neonatal tolerance, since successful tolerancebbas induced from injection of
spleen and bone marrow cell suspensions fRag1” mice which contain neither of
these populations, but may contain professional ?AREhanet al. 2007; Modigliani

et al. 1997).

In the context of the experiments described in thigpter, a suspension made
up of cells from neural tissue, including hCTX, uslikely to include a large
population of mature APCs, since DCs only migratehte CNS or mature from
resting microglia as a response to pro-inflammatignals (Santambrogiet al.
2001; Shrikant and Benveniste 1996). Additional@TiX taken at this stage in
embryonic development is likely to be a highly feshtive source of tissue, as
confirmed by the large surviving transplants andigpee staining for Ki67 found in
transplants as documentedGhapter 4 (SeeAppendix 6). The presence of a viable
source of proliferating cells which are not rejechy the immature neonatal immune
system will potentially provide a constant souréeaatigen to be processed as self
during immune system development. It is possiblat tthe non-neural tissue
suspension in the first experiment of this chapiteade up of donor skin cells,
contains a higher number of resident DCs (Langeylcafls) which are present in the
skin, increasing the chance of an immunising effébis more closely agrees with
the suggestion that the presence of donor APCs lmeaynore likely to have an
immunising rather than a tolerising effect. It almgests that other types of tissue,
which does not necessarily match that used togtansin adulthood, could still be
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used to successfully desensitise host animals ioganeic tissue, as in the case of

neonatal tolerance to allogeneic tissue in mousésho

The second experiment described in this chapteedito determine whether
this was the case by investigating the survivalh@TX transplants in hosts
desensitised using hLiver and hKidney cells. Theseies were chosen in part as an
‘alternative’ tissue source for injection as opmbs® cortex or skin cells. Liver was
more specifically chosen due to its successful ims¢he induction of neonatal
tolerance to allografts in mice (Westtal. 1994). Whilst, spleen would have been an
ideal source of donor cells based on findings frpravious neonatal tolerance
research (Adkingt al. 2004; Ridgeet al. 1996), this proved difficult to obtain from
the human embryos at the ages available. Succatedehsitisation with liver cells
in this experiment, with 100% survival of hCTX dgmsafis congruent with these
findings, despite the use of donor cells from dédfé embryos. It has previously
been noted that liver transplants are more readidgepted in a number of
mammalian species including pigs and rats, eveosadviHC differences, and can
even have a tolerising effect in adult hosts (C&0@0; Calneet al. 1969; Calnest
al. 1967). It has been suggested that this is dukemature of the APCs present in
the liver, in particular in the human liver. Kupffeells, the liver's macrophage
population, myeloid DCs, and liver sinusoidal emgdial cells (LSECs), have all
been shown to secrete immunosuppressive tolerambgcing signals including
IL-10; which down-regulate MHC-II, CD80 and CD86r(#l et al. 1995; Satcet al.
1996). Additionally, induction of Tregs has beewntfied by liver APCs, which
may also contribute to immune tolerance (Mosersairal. 2004). These factors
combined with the nature of the immature neonatamine system may be
conducive to the induction of tolerance in our hoass. For a review on these
findings, see Crispe (2011). Although suggestiveeasons for why desensitisation
with liver cells may have promoted survival of hCTdnsplants, the same findings
have not been observed with kidney, thus the resahis finding is unclear.
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3.6 Conclusions and future work

Findings from these experiments demonstrate thats itpossible to use
alternative, non-neural hPF tissue types to dessadiosts to human tissue to a
sufficient degree for promotion of survival of hCTiXansplants. The data also
suggest that using other types of tissue may peowbre consistent survival of
hCTX grafts to the rat striatum up to 12 weeksrattensplantation. Replication of
these findings is required to confirm whether thithe case, as well as confirmation
with human WGE transplants to show that desensdisavith these tissue types is
an appropriate method to promote survival of dtiissue in a rat HD model, and
that survival of hCTX tissue is not more likely dizethe rapid proliferation of these
cells. Further experiments using alternative tissueh as NPCs expanded in culture
for desensitisation would also be valuable. Thisild@gorovide a more constant
source of cells with which to desensitise neonlatait animals, avoiding difficulties

with the acquisition of hPF tissue.

Transplantation studies can show whether deseatsitswith these alternative
tissue types is sufficient to promote long termvaual of hCTX transplants to the rat
striatum and allow inferences to be made regardivg potential mechanisms.
However in order to confirm whether the populatmincells itself influences the
efficacy of desensitisation it is necessary to abrise the donor tissue. Therefore,
future work aims to analyse the differing donorstis types with fluorescence
activated cell sorting (FACS) analysis to deterntime presence of mature APCs as
measured by expression of MHC-1l and CD11c (Shontrmad Liu 2002; Shrikant
and Benveniste 1996). Additionally it would be \alle to determine whether
desensitisation is induced as a result of the peesef cells of a hematopoietic
lineage inducing chimerism in hosts, since this fnaquently been suggested as a
requirement for, or at least to strongly correlatth successful neonatal tolerance in
mice (Borensteiret al. 2004; Charet al. 2007). This could be achieved by assessing
the presence of human cells in host lymphoid org@wdlecting data from these
studies along with data from transplant survivalhimsts desensitised with these
populations of donor cells will provide more undamsling of which population of
cells administered neonatally induces the best salivival and the potential

mechanisms involved.
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Another important question to be investigated ish®e fate of the donor cells
injected into neonatal hosts. This would give ihtsgnto the mechanisms involved,
allowing determination of how long donor cells rempresent in the host and how
they are taken up by the neonatal rat immune systamwell as whether they
ultimately induce some form of chimerism in the tho& number of possible
methods may be used for such investigations. Hatigntabelled cells could be
combined with imaging techniques to track the lmeatof injected cells. Or
alternatively, as donor cells are of a differerg@ps origin, it may be possible to use
antibody staining in histological sections to idgnhuman cells within neonatal rat
tissues. The main issue is initial determinatiorthef location of cells, as there is no
clear idea of distribution and hence no indicatodrwhere to begin looking within
the neonate. An initial experiment has been desdigneelucidate this matter, by
collection of a number of organ samples at varite-points following injection
and using reverse transcriptase-polymerase chastioa (RT-PCR) to identify the
presence of human genes within the rat host. Ahothis experiment has been
carried out, due to difficulties with optimisatiof PCR primers and protocols, data

collection is not complete and the results canebtbyg analysed.

Ultimately, neonatal desensitisation will be regdito promote the survival of
transplants of human donor cells for sufficient dito complete full functional
assessment of transplants. These experiments iwillt@ test donor cells derived
from hESCs and hiPSCs, most likely in comparisomRé tissue, demanding the
demonstration of successful desensitisation toetloedl types. Previous work has
shown successful desensitisation (75%) up to 1xsveeanimals desensitised and
transplanted with hESC-derived neuronally diredelts (Kelly et al.2009b). Future
work will determine whether desensitisation oftrasts using hPF tissue can be used
to promote survival of hESC derived neuronal celieected towards a striatal
phenotype for sufficient time to assess the paémwti these donor cells (up to 40

weeks).
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Chapter 4
Tolerance Specificity

4.1 Summary

To further comprehend the practical limitations apdtential underlying
mechanisms of neonatal desensitisation, the expatsnin this chapter were
designed to explore the specificity of the indudedensitisation in terms of the cells
used to desensitise the animals and cells trartsplanbsequently in adulthood. The
objective was to investigate whether neural traarssl of hPF tissue would only be
tolerated following prior desensitisation to tissighe same species. Demonstrating
“tolerance” to be species specific would suggest tkesensitisation is not a result of
a general reduction in the sensitivity of the immwwystem, and that the host is still
capable of rejecting a transplant from a differeltnor species. Survival of
transplants of PF hCTX or mWGE, or both (bilateral/GE on one side and hCTX
on the contralateral side) was compared in ratshdesensitised with tissue from
either the same or different species, or treateity daith CsA. Results were
unexpected, in that no surviving mouse transplamsid be identified in any
condition but surviving transplants of hCTX weraua in all groups, including
hosts that had been desensitised with mouse tids0&X transplant survival
persisted where a contralateral transplant of m\WM@&s rejected in all hosts
desensitised with hCTX or treated with CsA as waslisome hosts desensitised with
mMWGE" Data is suggestive of at least 50% survival oTKGransplants in hosts
desensitised with tissue from a different donorcg® implying desensitisation to a
common epitope present on mouse and human cellpotantially a general
reduction in immune sensitivity. Further work isquéed to identify the reason

behind these findings, and these objectives amgé®d in this chapter.

“Some tissue processing and histology for this éxmett was carried out by a technician in
the BRG; Tom Steward. All surgical techniques, ajqhntification and analyses of
histological stains were carried out by myself
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4.2 Introduction

A previous study by Kellyet al showed that rat hosts can be neonatally
desensitised to human neural tissue, allowing l@m survival of a subsequent
transplant to the striatum in adulthood (Kedliyal. 2009a). This was demonstrated
initially with transplants into the intact striatuai SD rats using a range of neural
donor cells (regions of the primary foetal braiblHs, ESCs), but in most cases with
the same types of cell being used for neonatacttiope and striatal implantation in
adult brain. However, Kellyet al also presented preliminary evidence that graft
survival (hCTX) could be achieved when the neonatgctions were performed
with cells from a different region of the foetus/€r). Further evidence that neural
cells (primary foetal cortex) can survive followimgsensitisation to extra-neural
tissue (liver, kidney and skin) is presentedGhapter 3. Taken together these
findings provide further support for neonatal desgsation as a model for
pre-clinical testing of potential human donor ciipes, but they also suggest a
broader desensitisation than first assumed, withfXhQransplants surviving
following desensitisation with a range of tissupdy. This chapter seeks to explore
this further, by identifying whether this deserssition extends to tissue from
different donor species, or whether it is spectbiccells from the donor species

which were used for neonatal inoculation.

This experiment was conducted in order to demotestii@at rats inoculated
neonatally with hPF tissue have been specificafigedisitised to human tissue, as
opposed to survival of neural transplants beingtdweglobal reduction in the host’s
capacity to mount an immune response to a neurabgraft. To achieve this, rat
hosts were desensitised with either mMWGE or hCTKe pups were allowed to
mature to adulthood and were then either transptiamhilaterally with cells from the
same donor species as used for desensitisationtioranmismatching donor cell
type, or were transplanted bilaterally with a grafiteach tissue type. Since mice
could be time-mated to produce a ready supply efalcdonor tissue, it was possible
to use MWGE for desensitisation and transplantatitowever, difficulties in the
supply of hPF tissue meant that cortical tissueiclwis much more plentiful than
WGE, had to be used for both stages of the expetimeorder to generate sufficient

donor cells. Immune suppressed controls were ircdudr all transplant groups to
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confirm that any rejection seen was due to the misin of
desensitisation/transplantation tissue and nottdymoblems with the transplanted
tissue itself. It was hypothesised that unilatérahsplants would survive following
desensitisation to tissue from the same donor epeand that unmatched transplants
would be rejected. To confirm that this was speci@i desensitisation within one
host animal, bilateral transplants were includeith ¥he hypothesis that the matched
species transplant would persist, whereas the wh®dt transplant would be
selectively rejected.

The interpretation of this study was complicatedthusy lack of survival of any
mouse transplant in any condition. This made itosgible to assess the differential
effect of species-matched and mis-matched conditiom the survival of mouse
grafts. However, there was clear and unambiguonsvsll of human grafts, so this
arm of the experiment could be analysed and regiehlat desensitisation did not
appear to be specific to the donor species tissjgeted neonatally. Specifically,
surviving hCTX transplants were found in hosts degesed with mWGE. This
survival was robust enough to persist, even irptiesence of a contralateral rejected
MWGE transplant, although fewer hCTX grafts surdif@lowing desensitisation to

mouse cells than to human cells.
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4.3 Experimental Design

SD rat hosts were desensitised (P0-2) to either W& hCTX and
transplanted with various combinations of donosues (seeTable 4.1). For
desensitisation; hCTX tissue was collected andedissl from one donor embryo,
and mMWGE was dissected from two time mated CD-f¥ratcE14 and E15 (Harlan,
UK). Desensitised hosts consisted of 34 neonat@snfale and 16 female; from
3 pregnant SD rats, Harlan). A group of hosts vmertedesensitised, and received the
same transplant combinations with daily injectiof<CsA (10mg/kg) starting from
one day prior to transplantation. These hosts edrigt >200g from the supplier
(Harlan, n =24). As desensitisation was dependenthe birth of rat pups at the
same time as the presence of donor tissue, mWGEénhsiéised hosts were derived
from two different litters which received neonaitgections from different litters of
mouse embryos. Hosts were then randomly assigneaicto transplant condition. Al
neonatal injections consisted of 1XHnor cells in 1 pl DMEM/F12.

Transplants were carried out in hosts >200g; iredgtised hosts this was
between 8 and 16 weeks of age. Due to availabdftfhuman tissue, and time
constraints, transplants had to be carried outmanseparate occasions. CsA treated
control groups were therefore divided between pkam groups to ensure
differences were due to host treatment rather th@mor transplant tissue. Donor
tissue for hCTX transplants was collected and disse from two embryos;
CRL 35.5mm (group 1) and 46.7mm (group 2). Donssue for mMWGE transplants
was again collected and dissected from time-mat&1Cmice at E14. All
transplants consisted of 5XIdbnor cells in 1 pl DMEM/F12. Transplant survival i
all cases was assessed 12 weeks after transptemtét clarify the complex design

of these experimental groups, the design is outlindable 4.1
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Transplant group 1

Transplant group 2

PO-2 Desensitised mMWGE CsA Desensitised hCTX
. Transplant Transplant Transplant Bilat :
8-16 Transplant | Transplant Transplant Bilat hCTX MWGE (MWGE/hCTX) Transplant | Transplant| Transplant Bilat
weeks hCTX MWGE | (MWGE/hCTX) hCTX mMWGE (MWGE/hCTX)
(n=6) (n=6) (n=6) (n=8: 4 per (n=8: 4 per (n=8: 4 per (n=5) (n=5) (n=6)

transplant group

transplant group)

transplant group)

¥

A4

4

Graft survival assessed at 12 week post-transpianta

Table 4.1Design of experiment to determine whether dessasiin is specific to tissue from the donor specised for neonatal injection. All

transplants were delivered to the intact striatlilme side of transplant delivery was counterbalara@dss groups. hCTX = human primary
foetal cortex, mMWGE = mouse whole ganglionic emagemilateral transplants consisted of an hCTXdpdant to one striatum and an mMWGE
transplant to the other, again the side of tramépigelivery was counterbalanced. All animals weeseshsitised with an i.p. injection of
1x1C cells and transplanted with 5xX1€ells
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4.4 Results
4.4.1Graft survival 12 weeks after transplantation

CV staining was carried out to identify survivingafis. The presence of
surviving human xenografts could be confirmed witNu staining, however no
definitive marker could be used to detect survivimguse transplants. Despite this it
was clear from CV staining that no mouse transplanirvived in any treatment
group, including CsA treated control animakigure 4.1). The percentage of
surviving transplants in each group is represemeegure 4.1 andTable 4.2 As
no transplants of mouse donor tissue survived,yaizalwas carried out only on
surviving unilateral or bilateral human transplaritem all treatment groups.
Significantly more hCTX transplants were found torvéve in hosts desensitised
with hCTX than those desensitised with mWGE;(5, N=39) = 13.65,p < 0.05
(Table 4.2.

The volume of surviving human grafts was measureah fHUNu staining and is
also shown inTable 4.2 In order to reduce heterogeneity of variance, log
transformation was carried out on the data prioarialysis. Graft volumes and the
number of surviving transplants are displayedable 4.2 Representative surviving
hCTX transplants in CsA treated hosts from eachspknt group are shown in
Figure 4.2. The majority of surviving transplants were verygr with CV staining
in swirls throughout the striatum. The centresh#d grafts were found to contain
proliferating cells as stained by Ki67 (SAppendix 6). A two-way ANOVA was
conducted on the transformed data to determinesti®et of transplant group and
treatment on surviving hCTX graft volume. This ralesl a highly significant main
effect of transplant groug: (1, 25) = 15.970p < 0.001 with larger graft volume
seen in transplants from group 1, which receivedetrlier gestation tissuBigure
4.4). No significant main effect of treatment was fduh (5, 25) = 0.286p = 0.916.
Additionally no interaction was found between tyalast group and treatment;
F (1, 25) = 0.016p = 0.901, indicating that greater graft volumesestsd in hosts
desensitised with mMWGH-gure 4.3 were due to the donor tissue used in the
different transplant groups rather than the effgicthe treatment (desensitisation
with hCTX/mMWGE or daily CsA)Figure 4.5 shows examples of rat host brain
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showing the region where an mWGE graft has bednadosl typical staining seen in

a bilateral graft.
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_ Number of Number of
Treatment Tissue o o Mean graft
surviving human surviving mouse
group Transplanted volume (unt)
grafts (%) grafts (%)
hCTX 5/5 (100%) - 30.5x10
DhCTX
mWGE - 0/6 (0%) -
(neonatally)
Both (bilat) 6/6 (100%) 0/6 (0%) 34.280
hCTX 3/6 (50%) - 128.5x10
DmWGE
mWGE - 0/6 (0%) -
(neonatally)
Both (bilat) 416 (66.7%) 0/6 (0%) 99.8X10
hCTX 8/8 (100%) - 74x10
CsA (from
_ mWGE - 0/8 (0%) -
transplantation)
Both (bilat) 8/8 (100%) 0/8 (0%) 79.240

Table 4.2 Percentage of surviving transplants in hosts dggssed and transplanted

with hCTX or

MmMWGE, and the mean graft volume of RCTgrafts.
DhCTX = Desensitised neonatally with hCTX tissuemWGE =

Desensitised

neonatally with mWGE tissue; CsA = treated dailyimZsA.

120.% -

100.% -

80.% -

60.% -

40.% -

Surviving grafts (%)

20.% -

66.7%

0.%

100.0%

Graftsurvival in the rat host at 12 weeks post-transplantation

Tissue
transplanted

BEmWGE
BEhCTX
OBilateral

100.0%

mWGE

hCTX

Cells injected neonatally/Immunosuppression

CsA

Figure 4.1 Survival of hCTX grafts in hosts desensitised witGE or hCTX ¢
treated daily withCsA 12 weeks after transplantation. No surviving @&Vgraft:
were found in any group, thus these bars are rawish
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Ccv HuNu

CsA

Figure 4.2 Representative surviving hCTX transplants in hdststed daily with CsA froi
transplant groups 1 and 2 stained with CV (A,D) &huNu (B,C,E,F). Transplants from grou
(A-C) were found to be significantly larger than ose from group 2 (D);
F (1, 25) = 15.97® < 0.001. Surviving human transplants were largéha majority ofcases, i
particular in group 1 transplants, which had a kwgr appearance resembling overgrc
proliferatina transplan
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Comparison of hCTX graft volume in different transplant
groups

1.8E+10
1.6E+10 -
1.4E+10 -
1.2E+10 -

1IE+10 -
ETX hCTX
OTX Bilat

S8E+09 -
6E+09 -

Graft volume (um?)

4E+09 -
2E+09 -

__ S

T

Group 1 Group 2

0 -

Transplant group

Figure 4.4 Graft volume of hCTX transplants in rat hosts @ Wweek:
postiransplantation. Transplants were carried out on $@parate days (Grouj
and Group 2) due to availability of human tissuestd received either a unilate
transplant of hCTX, or bilateral transplants oftbotWGE and hCTX

Graft volume in rat hosts transplanted with hCTX
2.5E+10 -
2E+10 -
E 1.5E+10 -
§ BTX hCTX
1E+10 - .
% OTX Bilat
&)
SE+Q9 - %
0 i T 1
DhCTX DmWGE CsA
Treatment group

Figure 4.3 Graft volumes of hCTX transplants in rat hosth@&itdesensitised with
hCTX (DhCTX); mWGE (DmWGE) or treated daily with £sHosts receive
either a unilateral transplant of hCTX, or bilateransplants of both mWGE a
hCTX.
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RERTL S - L

Figure 4.5 Photomicrographs of a CV stained section from arobmost treate
daily with CsA and transplanted with mWGE showiniaek of transplanted ce
at 12 weeks, and only a needle tract remainingBYAA host transplantt
bilaterally showing no mMWGE graft in the left stien (C,D) and a survivir
hCTX transplant in the right striatum (B)- All staining displayed is CV exce
for panel E which shows HuNu staining of survivingman cells. This staing
was typical of MWGE and bilateral transplants.
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4.4.2Host immune response to transplants at 12 weeks

The immune response was assessed with immunorsjaioi both CD8 and
CD4" T cells, and the microglial marker CD11b (OX42)aiBs were graded with
the rating scale described previously, and diffeesnassessed using non-parametric
Kruskal-Wallis analyses of variance. No significdifterences were found in any of
the immune markers between the three transplantpgr¢DhCTX, DmWGE, and
CsA), indicating that surviving transplants in desdsed hosts were likely to
continue to survive comparably to those receiviadydCsA immune suppression;
CD4: H (5) = 4.678,p = 0.456; CD8:H (5) = 6.494,p = 0.261; CD11b:

H (5) = 4.416p = 0.491. Examples of grading for each stain cafobed inFigure

4.6. Although at 12 weeks post-transplantation no imenuesponse may be
expected, since the initial inflammatory resporms&dnsplants would have subsided
and rejected transplants would no longer yield spoase, these findings confirm
that transplants in desensitised hosts are notrgaithg chronic rejection in the host
brain. Figure 4.7 andFigure 4.8 show the spread of immune marker grading for
CD4, CD8 and CD11b in all transplanted hosts, ghiing the lack of variability
between groups.
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Grade 0

Grade 3 Grade 2 Grade 1

Grade 4

Figure 4.6 Examples of grades assigned to immune markerisgafar CD4 and CD8 T cells
and CD11b microglia. No section was assigned a Grade 4 fioraglial staining therefore 1
picture is shown. Grade 0 shows no staining ingiiadéted area, with only a scar from the ne
seen. Increases in staining for each grade capéeis and around the grafted area accordi
the rating scale described@hapter 2. Arrows point to staining in lower grade images.
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Grade 4 - ca
Grade 3 A o . s o L o
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= Grade 2 4 o ° F - @ -n w©
o
Grade 1 - o L] ] F amn [ oo - coooo -n oo
Grade U e - o " L o
Grade 4 1 o r r
Grade 3 1 * r r
%
= Grade?2 A o r r
o
Grade 1 1 ® o r ° r ® °
Grade 0 1 come Lol o r Qoo L jreses) o COo0oD cmune coooom
Tissue Transplanted: hCTX mWGE Both hCTX mWGE Both hCTX mWGE Both
Desensitised: mWGE Desensitised: hCTX Daily CsA

Figure 4.7 Gradings for CD4+ and CD8+ T cells in transplantschosts at 12 weeks pdshsplantation. Each circle corresponds tc
host, with a red circle for rejected transplantsthe case of bilateral transplants, the gradesgyaed to the side containing th€TX
graft since all mMWGE transplants were rejected.lyses were only conducted to compare survivingsjpéants.
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Grade4 4
Grade 3 0 : L .
=
: Grade 2 o o0 . o
ade 2 1 ° - r
a
&
Grade 1 - e . o — amo o ® - oo - oo
Grade O 1 [ o ] - - ax - - 0
Tissue Transplanted: hCTX mWGE Both hCTX mWGE Both hCTX mWGE Both

Desensitised: mWGE Desensitised: hCTX Daily CsA

Figure 4.8 Grading for the microglial marker CD11b (OX42)transplanted rat hosts at 12 weeks pastisplantation. Each circle correspc
to one host, with a red circle for rejected traagps. For bilateral transpits, the grade is assigned to the side contaimi@ed€CTX graft sinc
all mMWGE transplants were rejected. Analyses wahg conducted to compare surviving transplants.
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4 5 Discussion

The aim of the experiment described in this chapt#s to determine whether
desensitisation of the rat host to a neural tramgpk specific to the species of the
foetal donor tissue used; that is, do the cellduse desensitisation and neural
transplantation need to be from the same species® Hits were desensitised
neonatally to either mMWGE or hCTX, and a separavem of adult naive rats were
treated daily with CsA from one day prior to tralaspation for the duration of the
experiment. Subsequent transplants of hCTX or mW\@Ee delivered to the adult
striatum, or a bilateral transplant of both tissyges. Good graft survival was found
in human to rat transplant groups treated with GwAdesensitised to hCTX,
confirming previous findings. However, contrary ttte original hypothesis, more
than 50% of hCTX transplants survived in host thtd had been desensitised with
mouse tissue. The reason for this finding is neaclPotentially some factors related
to the neonatal inoculation may have rendered ¢3¢ immune system more tolerant
to transplants in general, and this would requughkr studies using additional
interspecies transplants to resolve. Alternativelgrtain surface antigens on the
mouse donor tissue may bear sufficient similargytie human tissue to prevent
recognition of this transplant by the host immurystem. An untreated control
group, in which hosts receive a neural transplarit i immune suppression or
neonatal desensitisation, was not included as readly controls have been included
in previous studies and long term (> 4 weeks) saitvhas never been seen in a
single case. However, given the unexpected nat@iréhe result, it would be
important to replicate this finding with the inclos of a “no treatment” group to
confirm that survival of hCTX in hosts desensitised MWGE was due to this

desensitisation rather than some other factor.

In hosts receiving bilateral transplants, the hGJr&ft was found to survive in
all hosts desensitised with hCTX or treated wittAG@s well as in 50% of hosts
desensitised with mWGE. In all of these cases lageiving grafts could be
identified, of a comparable size to unilateral sf@lants, despite the simultaneous
delivery of an mWGE graft, which was subsequentist.| Thus, the presence of
tissue from a different donor species in the bigdparently had no effect on the

survival of hCTX transplants. Furthermore, the sgjpent loss of mMWGE grafts
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(through whatever mechanism, possibly rejectiod) bt cause rejection of hCTX.
Previous reports have shown a second allogeneigngeneic CNS graft is likely to
induce the rejection of both grafts, although thig a situation in which grafts have
been delivered sequentially (Widner and Brundin 3)99vhereas in the current

experiments grafts were delivered concurrently.

No surviving transplants of mouse tissue were foumany treatment group.
This finding occurred not only in desensitised kdzit also in those treated with the
conventional immunosuppression regime of daily CaRAich has previously been
shown to promote survival of a mouse transplankZBaan and Isacson 1994).
Additionally, neural mouse to rat xenografts haveerb reported to survive
previously even in the absence of immunosuppreg@amdinet al. 1985; Daniloff
et al. 1985a; Daniloffet al. 1985b; Daniloffet al. 1984). The fact that mouse
transplants were rejected even under immunosuppressiggests a problem with
the donor tissue. This could be attributed to isswigh the cell suspension used for
transplantation, related to the donor tissue frbat specific litter of mice. However
since the control animals were transplanted in lr@hsplant groups this is unlikely
to be the case. Alternatively it is possible thegre is a problem with the treatment
of the cells for dissociation to a single cell sersgion. Cell suspensions were
prepared in these experiments using a standardirB@entrypsin digest prior to
trituration of the cells. There has been a suggedhat this treatment is too harsh for
the mouse tissue (Breger, L., personal communicgtend that a shorter digest in
trypsin (e.g. 10 minutes) would improve the surVivaf tissue following
transplantation. This raises questions about tepgration of mouse donor tissue for
transplantation. If this was the case, then mWG@Edplants were unlikely to have
been rejected by the host immune system, ratheceh® would not have survived
the dissociation and transplantation process, irchvicase contralateral grafts of
hCTX would not have been affected by rejection WBE grafts. To determine
whether this was the case would require repeatiegexperiment and assessing
immune marker staining at an early point after gpantation to characterise the

immune response.

In this experiment, human donor tissue was deriveth hPF CTX, whereas
mouse donor tissue was from PF mWGE. Although igdagake same donor tissue
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would have been used from each species, issuesheitivailability of human donor
tissue meant that more hCTX was available for d&isation and transplantation.
Whilst hCTX tissue is more abundantly available nth&/GE for transplants
investigating the properties of neonatal desemsitin, its use to transplant may not
necessarily be appropriate to determine the surai&ransplants since ultimately
this will need to be applied to the relevant tissype. The surviving human
transplants both from the work in this chapter @mépter 3 were found to be very
large. Investigation of this aspect by stainingtfee mature neuronal marker, NeuN,
and the proliferative marker, Ki67 (se&ppendix 6) showed the presence of
immature, proliferating cells in the core of theafyyr Further staining with
doublecortin would be helpful, to confirm that theproliferating cells are of a
neuronal origin, as opposed to connective tissuaaninges, which may have been
dissected in error. Since the developing cortexldvbe highly proliferative, there is
a possibility that the survival of transplants bfsttissue may diverge from that
observed with a different tissue type such as tl@BNand may explain why these
transplants are more likely to survive in hostsref@lowing desensitisation with

tissue from a different donor species.

An additional finding from this study was a difface in graft volume of human
transplants between hosts transplanted in thedrmip as compared to the second,
with larger transplants found in group 1 than gr@uiells transplanted in group 1
host animals were derived from a younger foetalbd@¢@RL 35.5mm) than those in
group 2 (CRL 46.7mm). Since large differences waserved between the graft
volumes from these foetal donors, this highlighte wariability which may be
observed dependent on the age of the donor fostlet The effect of this on
desensitisation and graft survival should be canrsid in future experiments. Due to
the scarcity of human foetal tissue, donor tisduee large age range has been used in
experiments to investigate desensitisation andt gegéction, since there is no
intention of assessing functionality of transplahtells at this stage of the studies.
However, this experiment and previous studies sggested that younger donor
tissue may result in better graft survival follogiriransplantation to the CNS
(Brevig et al.2008). This has been demonstrated in both mouss {@immeret al.
1988) and human to rat neural xenografts (Freeetaal. 1995), as well as being

found in mouse to mouse transplants Skapter 6). This has been attributed to the
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lack of microglial precursor cells in younger dotissue (Dalmawt al. 1997) which
may act as donor APCs, since microglial precursage been shown to express
MHC antigens and co-stimulatory molecuiesvitro, with the ability to stimulate
naive T cells (Freet al. 1987). Since the appearance of larger transphlaats
different to the smaller ones, in that they hadvalig appearance in staining with
CV similar to overgrowing transplants, there is {h&ential that this is due to
differences in dissection between the two donor rgod) in addition to the

difference in age.
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4.6 Conclusions and Future Work

Due to the lack of survival of mMWGE transplants &#mel need for an untreated
control group it cannot be definitively concludesl @ whether desensitisation is
specific to species type. However, this experintkdtshow survival of at least half
of hCTX transplants in hosts desensitised withugskom a different donor species
(mWGE). This finding requires further investigatidaa determine whether this
outcome is due to desensitisation to an epitopetwspans both human and mouse,
or whether this is due to a more general phenomenctuding comparisons with
untreated controls and with transplants of WGE eatthan CTX. Therefore this
experiment requires replication with this additiboantrol group and modifications

to the preparation of mouse donor tissue to aglimival of transplants.

A second experiment is currently being plannedraeoto determine the donor
specificity of desensitisation to xenogeneic tissue, in addition, to determine
whether tolerance to neonatally injected tissueredd beyond the CNS. This could
provide evidence for the induction of tolerance armaestablished skin graft method
as opposed to a CNS transplant which may be careside be a more protected
environment than the periphery and thereby promgosarvival. It would also be
possible to use the skin grafting method as an inenthallenge for neural grafts.
Previous studies have shown that if a peripheial giaft if the same donor tissue is
applied to an animal which already has a surviviegral graft of tissue from the
same species (rat to rat), rejection will occur §Bwet al. 1997). It would be
interesting to determine whether any tolerance drdu through neonatal
desensitisation is strong enough to prevent thenpmenon. In particular since it
has been shown that the acceptance of neural grarfisplanted into rat neonates is
not stable and that a peripheral challenge, such slgn graft, induces rejection at
later time-points (Pollack and Lund 1990). Thespegixnents were not possible for
the purpose of this thesis due to the necessamgahiicence amendments required
needing Home Office approval which was not graniethin sufficient time to

conduct the experiment.

The findings from this chapter have raised questamout whether the standard
tissue dissociation method used to prepare donisrfoe transplantation is too harsh

for use with mouse tissue. This is addressed tesaxtent inChapter 6 and is also
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the subject of further systematic studies to exantire effect of various treatments
with trypsin and trituration of mouse WGE on thability of cells, their phenotype
in vitro and following transplantatiom vivo. Such information will inform the

design of future experiments to further explore #pecificity of desensitisation.
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Can mouse hosts be desensitised to human foetaktie transplants?

5.1 Summary

The experiments discussed in this chapter weraydedito investigate whether
mouse hosts could be successfully desensitisedatatynto human primary foetal
(hPF) neural tissue to allow survival of a neurahagraft in adulthood. Previous
work in this thesis and from this lab group has destrated successful long term
xenograft survival in rat hosts as a result of de#isation following an i.p. injection
of hPF cells in the early neonatal period. It ipartant to determine whether this
may be achieved across species and in transgenisanodels of disease. These
experiments use a QA lesion model of HD in CD-lemeonatally desensitised to
human neural tissue, treated with CsA, or untreatddsts received striatal
transplants of human or mouse neural tissue torrdate whether grafts could
survive for up to 12 weeks post-transplantaltion

Experiment 1 compared survival of human xenografts and mousdtsgin
desensitised and untreated mouse hosts. As poavauwas seen in all groups,
Experiment 2 included a CsA treated control group, however & laictransplant
survival was still observed universally. Desenatiean and transplantation protocols
were modified inExperiment 3; increasing the number of cells transplanted, and
reducing the time between lesion and transplantyilg numbers of cells were used
for desensitisation, and transplant survival wasygared with immunosuppressed
hosts. As initial staining suggested good survivalmice desensitised with the
greatest number of cellgExperiment 4 tested even higher cell numbers. However,
further investigation revealed poor survival of ramcells in the majority of hosts.
This has made it impossible to assess the desatgih method in mice, but has
highlighted a general problem with mice as transjfests, addressed @hapter 6.

" The experiments described in this chapter areighéd in NeuroReport (Robertet al
2013). The compilation of data reported in the Cimatb Results section was carried out by
David Harrison (DJH) for this manuscript.
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5.2 Introduction

Preclinical testing of human donor cells requiremnsplantation into rodent
models of disease in order to assess functionalaeff and confirm safety. Lesion
models of both PD and HD may be used, allowing beliaal assessment of a
deficit post lesion to measure any improvement ofelhg transplantation.
Neurotoxic lesion models can replicate some featofedisease including relevant
cell loss and histological changes, resulting imsodisease related behavioural
deficits. Genetic models can provide a more relevaodel of some aspects of the
neuropathological features of a disease, but temdgdresent its more extreme forms
and can also be difficult to standardise. Howewerneurodegenerative disease,
genetic models can more accurately mimic the pssijve nature of disruption to
particular circuitry in the brain. This is relevantthe study of cell transplantation in
order to identify whether this progressive disegmecess also affects the

development and survival of transplanted cells @ds&nd Itakura 2000).

For a number of years, efficient genetic modificathas been established in
mice, resulting in the development of thousandsgemhetically modified mouse
strains, including models of neurodegenerativeadise Several HD models are well
established, containing insertions of either tHel&ngth HD gene, or the expanded
CAG repeat fragment as discussedGhapter 1; section 1.1.2, and long term
assessment of pathology and behavioural phenotypasnumber of these mouse
lines using an established battery of tests of matd cognitive deficits is underway
(for reviews see Brooks and Dunnett (2013); Broeksal. (2012)). Although a
number of Tg rat models of neurodegenerative desea®w also exist including
models for HD (von Hoérsteet al. 2003) and PD (See Welchlat al. (2012) for a
review), the technology for ESC-based gene-targatirrats is relatively immature
in comparison (Zhengt al. 2012). Therefore, mouse models of disease cuyrentl
exist in greater numbers and have been more extynsexamined than those

created to date in rats.

The ability to test human donor tissue in such reamedels of disease would
open up a variety of Tg tools. For example, ingzging the effect of transplanting
cells into a degenerating environment, as in tlse @d HD, where differences have

been observed in immune system activation andnmfiation in patients as well as
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in Tg models (Bjorkgviset al. 2008; Ellrichmannret al. 2013; Kwanet al. 2012).
Mouse models with modifications to the immune systexist in abundance in
comparison to the rat, thus achieving desensitisaif mice would allow the use of
these to elucidate the mechanisms underlying thteaode

As in human to rat grafts, there is a need to aimeent xenograft rejection;
therefore the use of neonatal desensitisation toidaconventional immune
suppression would permit full behavioural assessméransplant function and a
long term assessment of the catis/ivo to determine whether they are also affected
by the degenerative disease process. As yet neéatesansitisation has only been
validated using rats. Although the desensitisati@thod has been validated by other
groups in rat transplant experiments (Singttadl. 2012; Zhanget al.2013), there is
a suggestion that it does not translate well tatloeise (Janowslat al.2012; Mattis
et al. 2014). Studies investigating mouse desensitisatiame used a range of
different cell types in different transplant pagds into different strains and
species. This suggests the utility of the methodlccwary dependent on host or
donor tissue type, and therefore highlights thedrgnce of adequate validation

with systematic analyses of these variables.

The primary aim of the experiments described is tfiapter was to determine
whether neonatal desensitisation to neural tissuenice is sufficient to allow
survival of a human neural transplant in adulthositlexperiments described in this
chapter were carried out in QA lesioned CD-1 mdussts. This strain was chosen
as their large litter sizes provide sufficient aaimnumbers for transplant
experiments. Additionally, infanticide levels inighstrain are low, allowing brief
separation of pups from the mothers for a neonajattion without resulting in a
loss of host animals. Although the CD-1 strain jmleg a good host for
transplantation, the majority of genetic modelsdifease are bred onto a BL/6
background, and a larger body of work has beenecamwut in the behavioural
characterisation of this strain. Therefore althoughaim to seek ‘proof of principle’
for desensitisation and transplantation protocnl€D-1 mice, ultimately the aim
would be to successfully transplant into BL/6 hoatsl models of disease. An
additional pilot experiment described Appendix 7 attempted to investigate the
potential for neonatal desensitisation in thisistra
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This chapter includes findings from four mouse $mant experiments
investigating;i) survival of transplants to the QA lesioned andéntstriatum of
human and mouse foetal tissue in desensitised @md mouse hosts; ii) survival of
striatal transplants of human and mouse tissueesemsitised, CSA treated and
untreated mouse hosis) survival of human xenografts in mice treated wigA®r
desensitised with three different cell numbers afmhn foetal tissue, and;
Iv) survival of human xenografts in mice tolerised witbreasing numbers of human
cells. Experiments are described sequentially aittiscussion of the outcomes of
each, and how this drove the design of the subsggeperiment, with a final
discussion of the findings and conclusions froms thehapter. Successful
desensitisation of mouse hosts could not be dematedt despite a number of
modifications to the desensitisation and transplaomt protocols, and attempted
validation in a second strain. However, problemsewentified with transplant
survival even in immune suppressed hosts and tieeeéving grafts of mouse tissue.

This is suggestive of a problem with the mouse asuaal transplant host.
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5.3 General experimental design

The basic design of all experiments discussedigndimapter was the same, with
minor modifications depending on the specific amhgach experimenkigure 5.1

below outlines the standard design of these studies

Neonatal injection Quinolinic acid Striatal transplant Perfusion and
of hCTX (P0-2) lesion to striatumm of hCTX (8-12 assessment of

@,‘ (8-12 weeks) weeks) graft survival

v
oY

Figure 5.1 Outline of the basic design of mouse desensitisadind transplantation
experiments

5.3.1Dissection and dissociation of hCTX and mWGE

For xenografts; hPF tissue (8-12 weeks post-comm®pivas collected from
mToP and CTX dissected. For mouse tissue graft4; E2-1 mouse foetuses were
collected and WGE dissected. All tissue was disdgedi and prepared as cell
suspensions. Viability greater than 75% was comedisufficient for tolerising and

85% for transplantation.

5.3.2Neonatal desensitisation and adult transplantation

To induce desensitisation; mice were injected nediyawith a suspension of
hPF CTX from postnatal day 0-2 (P0-2) with the gatimm of the first experimertt)
where mice were injected at P3 due to lack of abdity of human tissue. In
standard experiments mice were injected with 1plsobpension containing
1x1C@ cells in DMEM/F12. In experiments testing greatell numbers animals were
injected with the total number of cells specifigdthe case of an injection of greater

than 5x16 cells, suspensions were administered in a volui2gib

As determined by experimental design, adult CD-Llsedhosts either received a

unilateral QA lesion to the right striatum, or thest tissue was left intact. According
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to experimental group, two days to two months laeéult mouse hosts received
transplants into the intact or lesioned striaturh®TX or MWGE to a total of 3x£0
or 5x10 cells in 2ul. Survival of transplants was assessem 12 weeks after

transplantation

5.3.3Quantification and statistical analyses

Positive graft survival was determined through sssent of CV staining of
1:12 sections by two independent assessors blindotalition. Where possible,
survival of transplants was confirmed with furtimunohistochemical staining of
HuNu (for xenografts) and a mature neuronal mafkieuN) for all sections. Due to
loss of tissue sections in storage A&C 4the host immunological response to
xenografts could only be assessed for ExperimgriseeAppendix 5 for details).
Ibal microglial staining was graded according te ttating scale detailed in
Chapter 2.

114



Chapter 5 Neonatal desensitisation (mouse)

5.4 Experiment i) Striatal grafts of human and mouse tissue in untreed and

desensitised mouse hosts

5.4.1Experimental Design

A total of 32 (15 female, 17 male) CD-1 mice werther “desensitised” or
“untreated” and received a transplant of hPF CTX1(Bcells) or E14 mWGE
(3x1Ccells) into the intact or QA lesioned right striatufrom 8 weeks of age
(weighing >20g). Mice were desensitised (n=16) ra¢alfy with an i.p. injection of
1x10° hCTX cells at postnatal day 3 (P3). Untreated miicel6) received no
neonatal injection and were not treated with anyeotimmunosuppression
throughout the experiment. Two groups of untreated desensitised animals
(n=4 per group) were not transplanted and were &sgesion only controls. Mice
were perfused at 6 to 12 weeks post transplantaimohbrains taken for assessment
of graft survival Table 5.7).

Group Treatment Lesion Transplant Time post.- Numper of
transplantation Mice

6 weeks 4
1 Untreated QA hCTX

12 weeks 4

6 weeks 4
2 Desensitised QA hCTX

12 weeks 3

6 weeks 3
3 Desensitised None hCTX

12 weeks 2
4 Untreated QA mMWGE 8 weeks 4
5 Untreated QA None N/A 4
6 Desensitised QA None N/A 4

Table 5.1Mouse hosts included in each condition for Expentm)
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5.4.2Results

To identify surviving grafts in transplanted hostsctions from all animals were
first stained with CV. Confirmation of transplantedman cells was achieved using
immunohistochemical staining for HuNu. StainingNogsl bodies with CV showed
dense staining in the grafted area in a few aningaiggestive of surviving human
grafts fFigure 5.2 A, B, E, and F). However, the majority was fouimmd the
immediate vicinity of the needle track resemblirgarsing rather than a larger,
healthy looking graft Kigure 5.2 A and E). Comparable staining with CV could
also be seen in animals which received lesions antino transplantsigure 5.2
C, D, G and H). Subsequent staining with HuNu dad olearly show positive
staining of human cells, thus poor graft survivakvwobserved across all groups. One
animal appeared to clearly have a surviving grai€V sectionsKigure 5.2 B, F)
but HUNu showed high background staining causidfycdity in the detection of
specific positive staining of human celllidure 5.3). Additional stains could not be
carried out due to contamination and degradatiaaldfssue sections stored in TBZ
at £C (SeeAppendix 5).

Surviving grafts were counted based on careful exation of CV staining due
to unreliability of HuNu staining and are outlined Table 5.2 Due to problems
with HuNu staining and a lack of specific antibamhycell label for mouse grafts, it is
possible that numbers of surviving grafts are ostareates.Figure 5.4 shows
examples of CV staining in hosts receiving transigdaf mouse tissue, including the
only surviving transplant (A). This surviving trgglant was small and thin in
appearance and could not be definitely demonstratedcontain surviving
transplanted cells due to the lack of specific lali@espite the potential for
overestimation of surviving transplants, only véew were identified, therefore no

statistical analyses were carried out.
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Weeks post TX/

Treatment Lesion Transplant Total %
6 8 12

None QA hCTX 0/4 1/4 1/8 12.5

Desensitised QA hCTX 1/4 1/3 217 28.5

Desensitised None  hCTX 1/3 0/2 1/5 20

None QA mWGE

1/4 1/4 25

Table 5.2Surviving transplants in mouse hosts from Expeniie
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= 1000um

Figure 5.2 Photomicrographs of CV sted sections from mi
tolerised with hCTX and transplanted with hCTX intee unlesione
striatum at 12 weeks pogtansplantation (A, B, E, F), and lesion ¢
controls (C, D, G, H). Staining that can be seeranimals with n
transplants (G,H) was ogparable to that in some transplanted ani
(A), suggestive of only a needle tract. Stainingoime host anim
showed a clear large surviving graft, which habkdilthe striatum b
did not seem to integrate, pushing into the velati(iB, F).
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Figure 5.3 Staining for CV (A, B) and HuNu (C, D) in sectiofrem
mice desensitised and transplanted with hCTX (uohesl). Lowe
power images are inset. HuNu staining showed a bigtkgrounc
making it hard to distinguish positive staininggoéfted cells.
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Figure 5.4 Photomicrographs of CV stained sections from |
transplanted with mWGE. A) shows a small potergialviving mous
transplant, and B) shows a tsgant which has been rejected, witt
clear surviving graft. Lower magnification images @nset, and high
magnification is displayed to the right
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5.4.3Discussion

Low numbers of surviving transplants were identifia Experiment) through
CV staining, however these could not be confirmeith ivHUNU staining. One
transplant in a host tolerised with hCTX appeartdge definitely survived to 12
weeks post transplantation, as a large dense &rstining can be seen on Nissl
stained sections which is comparable to that seemai transplants. However,
positive HUNu staining in these sections couldbwerified as staining is too dark
to distinguish from background. Additionally, swal of mouse transplants could
not be confirmed due to the lack of marker for nedenor cells. Although staining
with NeuN and DARPP-32 (MSNs) in a QA lesioned neousain may have
revealed the presence of a surviving graft, this wat possible due to the loss of
tissue sections as discussedppendix 5. Therefore although one surviving mouse
graft was identified in this experiment based omparison with previous surviving
mouse transplants (Precious, SV. unpublished dé&dly et al. (2007)) it is not
possible to confirm this with CV staining alone dtee this lack of definitive
labelling. This surviving graft was found to berthand pencil-like in appearance
with the only staining possibly representing trdasfed cells to be close to the
needle track and cell deposit rather than shownadt gevelopment and integration

into the host tissue as may be expected in ratdigsansplants.

A number of problems can be identified from thelings of Experimeni). The
lack of an immunosuppressed control group (e.@tecewith CsA) does not allow
determination of whether human grafts would havevigad if hosts were treated
with a conventional immunosuppressant as comparedddsensitised hosts.
However, the fact that survival of mouse tissue alas found to be poor suggests
that a xenograft would be most likely rejected. Aiddal problems are evident in
the identification of surviving grafts. CV stainira Nissl bodies appears to be an
unreliable method alone of detecting surviving tadince staining in these sections
was not distinguishable from lesion only controtal ayrafts which were possibly
rejecting. In this instance; staining with a humapecific antibody proved
problematic due to high background staining. Thikkiely due to cross-reactivity of
the anti-mouse secondary antibody used. Sectiorthisnexperiment also appear

underfixed, suggestive of a problem with perfusibhis also may be related to the
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deterioration of remaining sections which has pnés® subsequent staining of
stored brain sections. Therefore numbers of surgiviransplants may be

overestimates due to the lack of a definitive maf&etransplanted cells.

The findings of this experiment prompted the desifExperimenti) in which
the survival of human xenografts in tolerised hegis compared to survival in CsA
treated and untreated hosts. Since Experimeiowed poor survival; a CsA treated
group was included to identify whether poor surnfaxenografts was due to a lack
of successful desensitisation, or poor transplamtigal overall even in immune
suppressed hosts. As mouse graft survival was @teo; an untreated and CsA
treated mouse transplant group were included teerohéme whether immune

suppression would promote survival of an allo-tpdaust of mMWGE.
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5.5 Experiment ii) Striatal mouse and human grafts in untreated, deswsitised,

and CsA treated mouse hosts

5.5.1Experimental Design

A total of 51 CD-1 mice were included in this exp®nt (25 male and 26
female). 20 mice were injected neonatally with x&élls (hCTX) with remaining
animals receiving no neonatal injection. At 6-8 kseef age all mice received
unilateral quinolinic acid lesions to the rightigtum. Grafts of hCTX or mWGE
(3x10 cells) were then transplanted into the lesioneidtam of desensitised and
untreated mice. Those mice that were not desesitigere treated daily with CsA
starting from the day prior to transplantationreceived no treatment. Graft survival
was assessed at 6 weeks post-transplantation fayraips, with an additional
desensitised group kept until 10 weeks post tramsation. The design is detailed in
Table 5.3below.

Time post-

Group Treatment Transplant X Number
transplantation

6 weeks 10
1 Desensitised hCTX

10 weeks 10
2 CsA hCTX 6 weeks 11
3 Untreated hCTX 6 weeks 5
4 CsA mMWGE 6 weeks 7
5 Untreated mMWGE 6 weeks 7

Table 5.3Treatment and transplant conditions for mice ip&kmentii)
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5.5.2Results

Numbers of surviving transplants based on CV gtginin all groups are
outlined inTable 5.4 As with Experimeni) some dense staining was seen in the
graft area, mainly as a scar or needle track intrasplant groupsFgure 5.5
Figure 5.6. In mice receiving grafts of mMWGE tissue a numlérsurviving
transplants were identified from CV staining (5fywever these were small pencil
grafts and could potentially have been rejectexdsplants Figure 5.5). Transplants
of mouse tissue delivered to hosts treated witty dasA did not yield improved
survival, in fact survival was found to be loweraththose in untreated hosts
(1/7 -Table 5.9

In hosts receiving xenografts of hCTX tissue; HuiNumunohistochemistry in
desensitised and CsA treated xenografted hostalesl/gositive staining in only
three grafts Table 5.4 Figure 5.6); two in desensitised animals, and the other in a
host treated with CsA. In CsA treated animals, mlmer of sections showed dense
staining with CV, however the majority resembledecing transplants with

vascularisation and often damage to the tisBigu(e 5.7)

Number of surviving grafts

Treatment Lesion Transplant (weeks post TX) Total %
6 weeks 10 weeks
Def]ecr?‘)i:ised QA hCTX 2/10 1/10 3/20 15
CsA QA hCTX 7/13 - 7/13 54
None QA hCTX 1/5 - 1/5 20
CsA QA mWGE 1/8 - 1/8 13
None QA mWGE 5/7 5/7 71

Table 5.4 Surviving transplants in mouse hosts from Expentm@ based on CV
and HuNu staining of sections.
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Figure 5.5 CV stained sections from mouse to mouse striatgtgn two untreate
hosts (A-F). Grafts are small and perit in structure, possibly only represeni
rejected cells. Deposits of haemosiderin could densn a number of grafted ar
(arrowheads in F).
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Figure 5.6 Human to mouse xenografts in hosts desensitisedrangplanted with hCTX at 6 (A, B, E, F, [, J) alfl week
post transplantation (C, G, K) or treated dailyha@sA at 6 weeks post transplantation (D, H, L)xtfeas are stainedith
CV(A-H) and HuNu (IL). Positive staining could only be seen in threeviwing transplants and was very hard to distisg
from background (I,J,L). Staining resembling trdagfs on CV sections did not always result in pesistaining with HuNu
(G.K)



Chapter 5 Neonatal desensitisation (mouse)
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Figure 5.7 Photomicrographs of CV stained sections from a mdusst transplanted with hCTX and treated dailyhvitsA. CV stainin
resembles rejecting transplants with badly vas@éddrand necrotic appearing dense staining in riitegl area
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5.5.3Discussion

Experiment ii) was designed to compare the survival of xenografts
desensitised mouse hosts to those treated daity @8#A. As problems have been
experienced previously in graft survival in micepEriment)), immune suppressed
controls transplanted with hPF cells were incluttednsure any lack of survival was
not due to the grafting protocol itself. Therefohe aim was to determine whether
these parameters could be used to induce succeesehsitisation to hPF tissue in
mouse hosts. Additionally due to poor survival aiuse grafts in Experimeijt two
groups of host animals in this experiment alsoivecktransplants of mMWGE, one of

which received daily treatment with CsA.

Results from CV staining in sections from animalsénograft groups suggested
some survival of grafts in desensitised hosts aé agethose treated with CsA.
However, positive human specific staining (HuNuuldoonly be confirmed in a
few. In view of these problems, in future experitsestaining of immune markers is
required to determine whether dense CV stainirapserved due to an infiltration of
immune cells as opposed to surviving transplantsi¢. Unfortunately this could
not be carried out in this case due to degradatfaissue as described previously
(Appendix 5). In mouse tissue transplant groups some survial seen, however
as in Experiment) grafts were very small resembling needle tracksdi#ahally
these thin grafts appeared unhealthy and possigjgcting, with deposits of
haemosiderin clear on CV stained sections. CsAtnresat did not improve the

survival of mouse grafts in this experiment, witliyoone surviving transplant in this

group.

Since previous successful neonatal desensitisaitignbeen shown only in the
SD rat, it is possible that the method may needdomodified for successful
desensitisation to be achieved in the mouse. Fumibre, poor survival of mouse
tissue transplanted to the mouse brain suggestgréteng protocol itself may also
require modification. The remaining experiments this chapter address
modifications to desensitisation protocols, by itgstwhether using an increased
number of cells for desensitisation of hosts impsowsurvival of subsequent
transplants. As all previous successful studieshmen carried out in the rat, it is

possible that a different optimum cell number Buiead.
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5.6 Experiment iii) Striatal xenografts in mouse hosts treated with G% or

desensitised with varying numbers of hPF cells
5.6.1Experimental Design

CD-1 mice (40) were injected neonatally with 1%1ax1® or; 5x1C0 cells
(hCTX) or received no injection. At 6-8 weeks mieeeived unilateral quinolinic
acid lesions to the striatum and were grafted &dater with 5x18cells (hCTX).
The fourth group of animals was treated daily v@$A starting from the day before
transplantation. Half of each group was taken avegks post-transplantation to
12 weeks post-

assess graft survival. Remaining animals were keptil

transplantationTable 5.5

hCTX tissue hCTX tissue | hCTX tissue No neonatal
N (1x1Ccells) | (5x1Ccells) | injection. Treated
o (1x10'cells) - : 7 : ] .
o injected i.p. (n=6) injected i.p. injected i.p. | daily post-TX with
) P (n=11) (n=11) CSA (n=12)
(]
4
3 \ 4 \ 4 4 \ 4
=
b QA lesion to right striatum
©
~ Unilateral intrastriatal transplant of hCTX cellsgpension (5x1@ells)
0w c
R
=2
NS
=3
8 2 Animals sacrificed and brains cut for histologieahmination

Table 5.5Design of Experimeniti), to validate the neonatal desensitisation method
in the mouse using different cell numbers for neéainanjections. Hosts were
desensitised between PO-2, received QA lesions 8l weeks of age, and were
unilaterally transplanted with hCTX 7 days postdaes Survival was assessed at
either 6 or 12 weeks post-transplantation.
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5.6.2Results

Initial investigation of CV staining suggested sogmaft survival in all groups,
with much healthier looking staining than obseruegrevious experimentsigure
5.8 A-C, G-I). This was primarily observed in secsofftom animals which had
been neonatally desensitised with the highest nuwibeells (5x16). However, this
was again not reflected in HuNu staining, whichve&dd one large graft, and little
staining on other transplanted sections where arigw positive cells could be seen
in contrast to the apparently large graft indicdigdCV (Figure 5.8 D-F, J-L). Total
numbers of surviving transplants are listed able 5.6

Cells injected Number of surviving grafts
Total (%)
neonatally/treatment 6 weeks 12 weeks
5x10° 0/6 1/5 9%
1x10 2/6 0/5 18%
1x10" 0/3 1/3 16%
CsA 2/6 3/6 41%

Table 5.6 Number of surviving grafts in different transplagtroups from
Experimentii) based on CV and HuNu staining.

Other methods of detection of transplanted humé#le were unsuccessful as in
Experimentii). Problems with high background staining were agaiperienced
with this mouse tissue. A number of attempts weagento reduce this via the
methods described ifable 5.7 The most successful method of accurate detection
of transplanted human cells was found to be by gusinbiotin conjugation Kkit
(Lightning Link, Innova Biosciencgdo avoid the use of the anti-mouse secondary;
reducing background stainingigure 5.9). Despite these improvements to staining
protocols, CV was still the main method of detettad surviving transplants, again
suggesting overestimates may have been made inntimeber of surviving
transplants, especially in the mouse graft gro§osviving mouse transplants were
small and pencil like, often with haemosiderin dg{s They could not be confirmed
as surviving transplants and it is possible theynskcarring and rejecting or rejected
transplants with infiltration of host immune celldo differences were observed in
sections from hosts sacrificed at 6 or 12 weekd passplantation (4/21 vs 5/19

across all treatment groups for each survival time)
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Figure 58 CV Staining in mouse hosts transplanted with hCTHXer
desensitisation with 5x2®GCTX cells (AC), or daily treatment with CsA 6 we
after transplantation (G- CV staining appeared to show a number of simg
transplants however this was not confirmed with Hugtaining (DF), where only
few positive cells could be seen (F-Arrowheads). Ghows a surviving transple
with clear positive HuNu staining.
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Method Finding

Human NCAM High background for all, still not
Alternative antibody = SC121 possible to detect/quantify
NE70 surviving human cells

Fluorescent secondary — May be clearer to

identify positive cells than with DAB High background, as above

Increase quench time to reduce binding to

: No noticeable improvement
endogenous peroxidases

Block with non-biotinylated anti-mouse Some reduction in background but
secondary to bind non-specific binding sites still not possible to detect/quantify

Antigen retrieval No improvement

Reduced background and
identification of surviving human
cells Figure 5.9

Biotin conjugate HuNu antibody
(Lightning Link Biotin Conjugation Kit)

Table 5.7 Methods tested to improve immunohistochemicahstgi of transplanted
human cells in mouse tissue

. I e.‘l.-‘.%;@' A l:*-'-d'-ez-.‘. A 2 g 1 2 :
Figure 5.9 HuNu staining with biotinylated antirouse secondary (A, B) or w
direct biotin conjugated primary and no secondatbady (C, D) in two survivin

human transplants in tolerised mi@irect biotin conjugation reduced backgro
staining and allowed clearer detection of humartscel
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5.6.3Discussion

For Experimentii) protocols were modified to attempt to improve sioevival
of striatal xenografts. The number of cells nedhatmjected was varied to
determine the optimum number required to promotdt ggurvival in this species.
Other examples of the induction of neonatal toleeam mice have used large
numbers of spleen cells (e.g. 1.5%30Lx10) injected neonatally (Andet al. 1991;
Peiguoet al. 2012), and studies suggest injecting larger agfhlmers increases the
potential of inducing tolerance (Peiguet al. 2012). Successful induction of
tolerance in neonatal hosts is thought to be depestlent, with the injection of low
numbers of cells resulting in the opposite effgoiming of CTL (Adkinset al.
2004). This difference is thought to be due to thgo between the number of
injected donor cells and the number of circulatpaentially responsive T cells
within the host. To induce tolerance, all T cellgieth may be responsive must be
switched off (Ridgeet al. 1996). As successful neonatal desensitisationetaah
transplants has to date been demonstrated usiagtions of 1x1® human cells
(Kelly et al. 2009b) in rats this is the number of cells whids tbeen used as
standard for the experiments in this thesis. It tp@yhat injecting a higher or lower
number of cells produces more consistent deseasairsand this could account for

variability even in rat transplant experiments.

Additional modifications were made to the transplarotocol itself to attempt
to improve graft survival. A higher number of celiere transplanted; 5xiGs
opposed to 3x10to improve the likelihood of survival of donor cellRecent
findings from our laboratory group have also sugggbshat grafting into the mouse
striatum soon after the lesion (7-10 days) incredlse chances of survival, agreeing
with reports from others suggesting that a shditee between lesion and transplant
may be beneficial (Johanet al. 2007). In this study, allogeneic NSC transplants
were delivered to the QA lesioned mouse striatum &nd 14 days after the lesion.
Although looking at relatively small animal numhetee authors reported some
astrogliosis and microglial activation 2 days aftez lesion which was significantly
elevated at 7-14 days. Larger surviving grafts weumd in early transplants which
were attributed to this, suggesting that a chamgmarphology of microglia may
indicate a switch from a neuroprotective to neuximtaole. Earlier grafting time-
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points were therefore used in this experiment asdditional attempt to improve
graft survival by avoiding potential neurotoxic exffs of activated microglia

following the lesion.

On initial investigation of CV stained sectionsrfrdhis experiment, it was
thought that a number of transplants had surviveti@imarily in hosts which had
been injected neonatally with the highest numbetetis (5x18). This would be in
line with previous research into neonatal tolerammmonstrating the induction of
tolerance to allogeneic skin grafts in adulthooliof@ing a neonatal injection of a
suspension of a high number of cells (between -40f5and 16) (Adkins et al.
2004; Modiglianiet al. 1997; Ridgeet al. 1996; Weskt al. 1994). Based on this CV
staining, which was suggestive of good transplanvigal, Experimentiv) was
started, in which the number of cells injected raally was increased further.
However HuNu staining from Experimenii) was subsequently found to be
minimal, as in previous experiments. It was uncledrether this was due to
problems with immunohistochemical staining protsoat due to a lack of surviving
human cells, since CV staining was convincing atégoresence of surviving grafts.
In order to identify why this may be the case; lamiies for a panel of immune
markers were tested. Sections from this experimaat,well as from a pilot
experiment carried out with BL/6 mouse hosts weseduto evaluate these stains.
Detalils for this pilot experiment can be foundAppendix 7, in which BL/6 mouse
hosts were desensitised with human tissue to deternrwhether successful
transplant survival could be promoted in this stiai mouse. Although survival was
again poor, this allowed the detection of an intemdiltration of microglia in the
transplanted area corresponding to the CV stainifigs highlights a potential
problem with the use of CV staining in the detettmf transplanted cells where
there is no specific antibody or cell label avdiggband suggests that a lack of

HuNu+ cells in these “graft” areas is due to avaied inflammatory response.
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5.7 Experiment iv) Striatal xenografts in mouse hosts desensitised twihPF cell

numbers increased above Experimenii)

5.7.1Experimental Design

Four litters of mice (n=40; 21F, 19M) were injecteronatally with a
suspension of differing numbers of cells from hCiissue Table 5.8. Hosts either
received QA lesions to the right striatum in adodtth (n=20), or the tissue was left
intact (n=20). This was followed by a transplarthei 2 or 8 days later of hCTX
tissue (5x10 cells) as in previous experiments. All groups wemit equally
between desensitisation, lesion and transplantitons. Survival was then assessed

12 weeks after transplantation.

N hCTX tissue hCTX tissue hCTX tissue hCTX tissue
S (5x10 cells) (1x1Pcells) (2.5x10 cells) (5x10 cells)
injected i.p. injected i.p. injected i.p. injected i.p.
(n=11) (n=11) (n=10) (n=11)
~ L
AR ¥ ¥ ¥
=
QA lesion to right striatum or no lesion
n
25 ¥ ¥ 3 ¥

Unilateral intrastriatal transplant of hCTX cellspension (5x10cells)

12 weeks post-
transplant

Animals sacrificed and brains cut for histologieahmination

Table 5.8 Design of Experimentv) Desensitisation of mouse hosts with large
numbers of hCTX cells
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5.7.2Results

Sections were stained with CV to identify surviviggafts. Subsequent staining
with HuNu (biotin conjugated) revealed few surviyigrafts overall (10%) despite
additional modifications to the desensitisation atrdnsplantation protocols.
Numbers of surviving grafts are displayedTiable 5.9 The greatest number of
surviving grafts were seen in animals desensitigigd the lowest number of cells
(5x10°), however as there were still only 2 out of a ltathi10 transplanted this
cannot be considered to be concluskigure 5.10shows the largest surviving graft.
Some sections from other animals showed stainirth @V; however no human
cells could be detected with immunohistochemicaingtg for HuNu. These are
displayed inFigure 5.11in comparison to the positive staining found ie thrgest

transplant.

Cell number injected Number of surviving

Lesion Total %
neonatally grafts
QA 1/5
5x10P 10%
None 0/5
QA 1/4
2.5x10 11%
None 0/5
QA 0/6
1x10P 0%
None 0/5
QA 1/5
5x10° 20%
None 1/5
Total 10%

Table 5.9 Numbers of surviving xenografts in desensitisedenfrom Experiment
iv)
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v

Posterior
100Cpm

Figure 5.1C Surviving human graft 12 weeks after transplantatio a mous
tolerised with 5x1®human foetal neural cells. Ahows a series of sections sta
with CV with the grafted area outline. B) sh®womparable sections stained \
HuNu, showing surviving transplanted human cdfsw surviving transplants we
found but were often large like this one, spannirgwhole striatum
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2.5x10°
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FigUre 5.11 Sections from mice tolerised with 5@1@E,I), 2.5x10 (B,F,J),

1x16(C,G,K) and 5x10hCTX cells (D,H,L)staine
with CV (A-H) and HuNu (I-L). Positive HuNu Stang can be seen in L, other sections show eitierstaining, or de:
cells/scarring as in J despite the appearancereivgwg transplants on CV stained sections
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2.5x10°

Figure 5.12 Ibal staining of microglia ithe grafted area in desensitised mice. Stainingvsimicroglial infiltration into the grafte
area in sections where no surviving human cellevdgntified (A-C, E-G, K) with an activated appearance (l). Staining wk
increased around the area of a surviving transptenever the majority of cells resembled ramifiesting microglia (D, H, I)
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To study the immune response to neural xenogiaftsl2 series of sections was
stained for the microglial marker Ibal. The extehtmmunoreactivity was graded
according to the rating scale used previously (Detaad. 1995; Larssoret al. 1999).
This is presented ifrigure 5.13 showing a strong microglial response to hCTX
transplants in desensitised hosts. In particutathe case of rejected grafts dense
infiltration of activated microglia was observedrrebating with the graft area as
shown in CV stained sectiongigure 5.12 A-C, E-G, I-K) as compared to the
ramified microglia observed surrounding the sumyitransplant inFigure 5.12
(D,H,L).

Ibal
4 ° ° o
3 oo [o] (o's]
L
-
o]
- 2 oo [essees] (o] o
&)
14 Qo o CO0C000 [seeel
0 o o o o

lelﬂ"ﬁ 2_5x|10’6 1x1I0"6 5x1|0"5
Number of cells injected neonatally

Figure 5.13 Ibal immunoreactivity showing microglial activityoanc
the grafted area in mouse hostsnsplanted with hCTX followin
desensitisation with varying numbers of cells. Eaicble corresponds
one host animal, with red circles showing surviviransplants
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5.7.3Discussion

Mouse hosts included in this experiment were dessed neonatally with
large numbers of hCTX cells in order to attempptomote the survival of human
xenografts subsequently transplanted to the aduditieam. This experiment was
started during the assessment of data from Expatiinig when it was thought that
desensitisation using a higher number of cells suasessful. In line with previous
data, showing that very large numbers of allogenelis injected neonatally induced
tolerance to transplants of tissue from the samaénsof mouse (Adkingt al. 2004;
Modigliani et al. 1997; Ridgeet al. 1996; Weset al. 1994), up to 5x1ThCTX cells
were injected neonatally. Experimeiii) attempted to improve graft survival by
transplanting 10 days after the lesion due to preydata from this group suggesting
that this timepoint improved survival into mousestso(unpublished data). A recent
study tested the optimum time for delivery of dedinsplants into the QA lesioned
mouse striatum with stem cells transplanted at &pd 14 days post-lesion (Johann
et al. 2007). The authors found that the best survived wiaserved in transplants
delivered 2 days after the lesion, and suggesttthise due to the presence of only
moderate host astrocytic and microglial activatrihis time-point as compared to
the others. Therefore, in this experiment equal mens of hosts either received no

lesions, or were transplanted only 2 or 8 days-|[@sson.

Assessment of graft survival, however, showed \fery surviving grafts
(10%) overall. Data suggests that, in fact, theeswnumber of cells used for
neonatal desensitisation (5X1Qromoted the best survival. However since there
were still only 2 surviving grafts identified inishgroup it is more likely that
desensitisation was not successful overall. Withards to the lesion conditions;
again since survival was so low it was impossibe attribute any survival
differences to the time transplants were delivexieer the lesion, or indeed whether

animals received QA lesions at all.

The host immune response was studied through sivgeguantification of
microglial staining. A dense infiltration of actieml microglia was observed in a
number of transplants, the majority of which had sorvived. This finding was
consistent with the staining observed in a studyh@GfTX transplant survival in

desensitised BL/6 host&gpendix 7). Together these findings suggest an effect of
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the inflammatory response in rejection of transfdan the mouse striatum, which
agrees with the findings from Experimers) , in which CsA treatment did not

improve graft survival.
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5.8 Combined Results

The results of each experiment for this chapteehasen reported individually
showing small numbers of surviving transplantsliregperiments. Here the data has
been compiled together from groups testing the smamsplant conditions in order
to identify any trendsTable 5.10shows all of these data grouped by treatment and
lesion/transplant condition. Additionally, total mbers of surviving transplants are
calculated for both mouse grafts (7/18) and xerftgy@7/137). Graft survival is
grouped together irrespective of the time betwesioh and transplant, and the time
post-transplant at which survival was assessedsél' lata highlights the poor levels
of survival in transplanted mice, despite the eigiémn that mouse tissue transplant
groups, desensitised groups, and CsA treated groups all tolerate surviving

transplants.

5.8.1Effect of treatment type on transplant survival

Comparing graft survival following treatment witls&, neonatal desensitisation
with hCTX (all cell numbers), and untreated hostsveed no difference in survival
between desensitised animals and those receivingreatment (16% and 15%
respectively; Figure 5.14. Mice treated with CsA showed the highest rate of
xenograft survival (46%) as compared to desenditigeuntreated hosts. The effect
of CsA treatment on both mouse graft and human grerfiosurvival is compared in
Figure 5.15 Treatment with CsA did improve survival of xenafys as compared to
untreated hosts, however only increasing survipalou48%, as compared to 18% in
untreated hosts. However, hosts receiving mousaididransplants which were
treated with CsA daily had lower numbers of sumwygrafts than those which were
untreated (12.5% vs 54.5%).

5.8.2Desensitisation with varying cell numbers

Desensitised hosts in Experimetiiy and iv) received neonatal injections of
varying numbers of hCTX cells (between 1%Hnd 5x16) followed by transplants
in adulthood of hCTX tissue (5xi@ells). Low survival was seen in all transplant
groups, therefore data were not statistically asedyFigure 5.16 shows the data

from these experiments, suggesting that graft gahi$ optimal using around 1x10
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and 1x108 cells and poorer with the use of higher cell nursb® desensitise,

although these are only based on very low numtdessrgiving transplants.

5.8.3Transplants to the lesioned or intact striatum

A range of different lesion and transplant desigmese used in the experiments
in this chapter. Some transplants were deliverethéointact striatum, whereas the
majority were delivered into QA lesioned hosts. ikgalthough surviving transplant
numbers were not high enough to elucidate whethgihiad a statistically significant
effect on graft survival, data compiled from allpeximents and represented in
Figure 5.17 suggests that lower numbers of grafts survivednwthensplanted to the
intact striatum. However; as discussed in Experimjersince CV staining in lesion
only animals was often observed to be comparahileaiofound in transplanted hosts
and positive identification of surviving transplantas not obvious, firm conclusions

cannot be drawn.
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Number of cells for

Transplanted

Number of cells

Number of grafts surviving

Treatment group desensitisation Lesion type tissue type transplanted (% of grafts surviving)
DhCTX 1x1d QA hCTX 5x 10 1/6 (17%)
DhCTX 1x 16 QA hCTX 5x10 2/11 (18%)
DhCTX 5x 16 QA hCTX 5x 10 1/16 (6%)
DhCTX 5x 16 - hCTX 5x 10 1/5 (20%)
DhCTX 1x16 QA hCTX 5x 10 0/6 (0%)
DhCTX 1x16 - hCTX 5x 10 0/5 (0%)
DhCTX 2.5x16 QA hCTX 5x 10 1/4 (25%)
DhCTX 2.5x16 - hCTX 5x 10 0/5 (0%)
DhCTX 5x 16 QA hCTX 5x 10 1/5 (20%)
DhCTX 5x 16 - hCTX 5x 10 0/5 (0%)
DhCTX 1x16 QA hCTX 3x16 5/27 (19%)
DhCTX 1x16 - hCTX 3x16 1/5 (20%)

- . QA hCTX 3x16 2/13 (15%)
CsA - QA hCTX 3x10 7/13 (54%)
CsA - QA hCTX 5x 18 5/12 (42%)
- . QA mWGE 3x18 6/11 (55%)
CsA - QA mWGE 3x10 1/8 (12.5%)

Total hCTX survival
Total MWGE survival

27/137 (20%)
7/18 (39%)

Table 5.10Data compiled from Chapter 4, showing number o¥isurg transplants in each group and total numbdesusviving transplants
across groups. hCTX = human embryonic cortex, m\#G@Bouse embryonic whole ganglionic eminence, QAimajinic acid lesion, DhCTX
= desensitisation with hCTX cell suspension, Csinmunosuppression with daily injection of cyclosperA. (Reproduced from Roberton et

al 2013)
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Figure 5.14 Comparison of treatment grps in mice receiving xenogre
of hCTX to the striatumSurvival percentages are displayed at the ba
bars, with the number of hosts in each group atdipe
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Figure 5.15 Comparison of CsA immunosuppression in mWGE an@XC
transplant groupsSurvival percentages are displayed at the baseads.
with the number of hosts in each group at the top.
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Figure 5.16 Comparison of graft survival in mouse hostseatesitised wit
a range of cell numberSurvival percentages are displayed at the ba
bars, with total numbers shown at the top.
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Figure 5.17 Survival of transplants of allogeneic and xenogermsisus
into the lesioned and unlesioned mouse striatumvival percentages &
displayed at the base of bars, with total numbamas at the top.
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5.9 Chapter Discussion

The aim of this chapter was to validate the nedrddaensitisation method for
use in mouse hosts. It was hypothesised that mjeeted (i.p) neonatally with cell
suspensions of hPF tissue would show greater @irvates of subsequent neural
transplants of the same tissue type than those wigeh were untreated. The
combined results from these experiments do not shuseessful desensitisation of
CD-1 mouse hosts, and highlight a problem with mowival of both mouse grafts

and human xenografts in the mouse striatum.

5.9.1Desensitisation in mouse hosts

Experiment) aimed to test the survival of human xenograftsasts which had
either been desensitised to human tissue in theatalgperiod or untreated. A mouse
transplant group was included to confirm the sus@dghe transplantation protocol
itself, however due to the initial assumption txanograft survival in immune
suppressed hosts was consistently successful; ar€ated group was not included
in this experiment. Data showed poor graft surviwvaldesensitised hosts, with
positive staining of human cells hard to identye to the absence of a CsA treated
control group, it was not possible to confirm wteetkhis poor graft survival could
be attributed to the unsuccessful desensitisatidrosts, or to problems with donor
tissue or other aspects of the xenograft procedirere was also poor survival of
mouse transplants, potentially indicating a probheith the transplant procedure

more generally.

In order to address these problems, Experimé@ntincluded an immune
suppressed control group, receiving daily injecioh CsA (10mg/kg) to inhibit the
T cell response to transplanted cells. A group o$t in this experiment also
received transplants of mouse donor tissue fronsémee strain, half of which were
treated with CsA to try and promote survival. Aggoor survival was found in all
groups. Survival of mouse grafts was not improvgdCsA treatment, and in fact
appeared worse than in untreated hosts. CsA treatso did not promote survival
in xenografted hosts. A poor effect of CsA as amimosuppressant in neural
transplantation has been reported previously (dskket al. 2013; Larssoret al.
2001b; Walczalet al. 2004), however in our hands the use of CsA promfzgly
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consistent transplant survival in rat hosts. Simaasplant survival was poor in all
groups, including those receiving allogeneic tissuaumber of modifications were
made to attempt to improve transplant survival.sTihcluded adjusting the number
of cells transplanted and the time between lesimhteansplant, as discussed below.

Experimentsiii) and iv) tested the use of increased number of cells for
desensitisation of neonatal mouse hosts. As diedudss was based on previous
literature on neonatal desensitisation in miced@apheral transplants of allogeneic
tissue. Despite success using this method, it ltasyet been successful using
xenogeneic tissue. This could be due to speciedfgpdifferences between donor
and host tissue, for example due to the presentatioantigen on donor cells by
foreign MHC which may not be recognised by the h8st taking advantage of a
transgenic mouse model expressing the human MHGeoul@ HLA-B7 it has
previously been demonstrated that specific tolexarould be induced to HLA-B7.
This suggests the structure of xenogeneic donor Mhitflecules may not be the
preventative factor in the reliable induction ofonatal tolerance to xenogeneic
tissue (Borensteiet al. 2004). In assessing the levels of chimerism thnastgining
of host spleen cells for HLA-B7, the authors fouddA-B7" cells in peripheral
lymphoid organs (albeit at low levels) suggestimgraftment of donor cells into
recipient bone marrow. This implies a correlati@veen chimerism and tolerance.
In our model it is possible that this inductionatfimerism has not been achieved

and therefore the induction of tolerance is unsssfte:

Following successful induction in mice of tolerante allogeneic tissue
following i.v. injection of donor splenocytes inwdthood, Wanget al attempted to
induce tolerance to islet xenografts (rat) using$ame method. Prolonged survival
of xenotransplants was found, however tolerancddcoot be achieved without
transient B cell depletion with a CD20 antibodyll®wing this depletion, a later
challenge showed the hosts were no longer capablgeperation of anti-rat
antibodies (Wanget al. 2013b). However as these studies were carriednoadlult
hosts it is not clear whether the same would apphhis case of neonatal tolerance

to xenogeneic tissue.
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5.9.2Madification to transplant protocols

In order to improve the survival of transplantsoimhouse hosts, a number of
modifications were made to the transplant protoaslyell as changing the numbers
of cells used to desensitise neonatally. In initi@use experiments; hosts received a
transplant of 3x10cells between 1-2 months after a QA lesion. Innapts to
improve survival the number of cells transplantessvncreased to 5x1@ells; the
number of cells used as standard to transplant matohosts. However, no
improvement was found in transplant survival insthanimals transplanted with
higher cell numbers. It is possible that insteadnofeasing the chances of some
cells surviving, the number of cells was too highe lesioned striatum of the mouse
host is smaller than that of the rat and may nadlile to support a deposit of such a

large cell number, actually increasing the charfaejection.

In addition to modifying the number of cells tratzsped, the time between
lesion and transplant was altered in a numberasfsiplant groups in this chapter.
Dobrossyet al found good transplant survival of mouse tissue anfdd 10 days
after a lesion (D6brossgt al. 2011), which has been replicated in this lab group
(Harrison D.J.unpublished dataand Johanret al compared the survival of cells
transplanted at 2, 7, and 14 days post-lesion anddf the greatest survival in their
earliest transplant time-point (Johaenal. 2007). In the studies presented here, no
improvements were observed in transplants deliveagédshorter time-points
following the lesion, even up to 2 days. It appetdua survival of transplants in
lesioned hosts is better than those implanted timointact striatum; however this
analysis was complicated by problems with the ifieation of transplanted cells, as

discussed below.

Another consideration was the transplant co-orématised. In all studies
transplant co-ordinates used were the same as tiseskefor QA lesions. In contrast
to rat lesions which are delivered to two siteshie striatum, in the mouse only one
site is used. Therefore, whereas in the rat trangcar tissue from the previous
surgery is avoided, the mouse transplant is delt/éo the same site due to the small
target area. Therefore it is possible the transpkmeposited into a more hostile

environment.
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5.9.3lIdentification of grafted cells

Difficulties in the positive identification of traplanted cells were experienced
in all experiments in this chapter. Initial idendétion of surviving grafts in all cases
was performed using CV staining to determine thesg@nce of a dense deposit of
cells within the striatum. In transplants into tta¢ striatum, large transplants can
clearly be identified in this way (séghapters 3and4). In transplants into mouse
hosts this is less clear, with smaller survivin@gftg frequently observed (El-
Akabawyet al.2012; Johanmrt al. 2007; Kellyet al.2007), more resembling a thin
pencil shaped graft or a needle track/scar of ectegl transplant. In the case of
transplants of mouse cells, which have not beeglld prior to transplantation,
clear identification is only possible in transpgnhto the QA lesioned striatum
where a clear margin of lesion can be seen beybrgtait borders. In this case a
clear deposit of transplanted cells can be idedtiwith antibody staining for NeuN-
positive neurons and labelling with DARPP-32 tonitfy the presence of mature
MSNSs. Sections containing mouse tissue transplfiote these experiments were
damaged prior to staining with these markers, ngakinmpossible to confirm the
presence of surviving transplanted cells (8ppendix 5).

Although with xenografts of human cells a numbehwoiman specific antibodies
are available, problems were experienced with ge af these in identification of
surviving transplants. Experiment§ and ii) found poor antibody staining,
potentially due to underfixing of tissue sectioAslditionally the majority of these
human specific antibodies are raised in mouse,iniaguthe use of a biotinylated
anti-mouse secondary antibody to visualise posytigeained cells with DAB. Due
to the nature of the experiments, damage has hestairsed to BBB as a result of
surgery for lesions or transplants. Although trepairs after a variable period of
time, dependent on the inflammatory response iorlesand transplants (Sanbetg
al. 1988; Wakaiet al. 1986), it is likely that immunoglobulins will haveassed
through the BBB and be present in the brain, spatly in the transplanted area.
This causes high background staining from the motise secondary antibody,
making it difficult to identify positive stainindue to these difficulties in labelling,
numbers of surviving grafts recorded may be ovamedes identified from

examination of CV stained sections.
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Although some improvement was found with the usa biotin conjugation Kit,
allowing avoidance of the use of the anti-mouseoisdary, positive staining of
transplanted human cells still did not correlatehwCV staining. Staining in
Experimentii) of lesion only control animals showed comparab&ngtg to that
observed in a number of grafted animals, and indeddat previously considered to
be indicative of surviving mouse grafts. In lighttbis, when human cells could not
be positively identified despite the appearance &urviving graft in CV stained
sections, attempts were made to determine whetherstaining was due to the
presence of immune cells in the transplanted areis. was carried out on sections
from desensitised BL/6 hosts transplanted with hCBppendix 7). Staining
showed a lack of NeuN positive neurons in the Giihetd area, but dense microglial
staining. This suggests the transplant has bedtratéd by host microglia and is

undergoing rejection.
5.9.4Graft survival in mouse hosts

It is not clear why graft survival in mouse hostso poor in comparison to the
rat. Even in hosts receiving mouse tissue trangplanthese experiments, although
survival was higher than xenograft groups, it siilly reached ~50%. There are a
number of possibilities as to why this may be tresec which are currently
undergoing investigation. It may be due to the sizthe mouse brain, i.e. it cannot
support a transplant of this number of cells, anene3x1§ cells is too many to
produce a healthy surviving transplant. Alterndfivehere may be something
innately different about the mouse immune systenreéent paper highlights the
role of the innate immune response in the rejectibrells transplanted into the
mouse brain (Phillipgt al.2013). It has been assumed that since donorwsdd in
neural transplantation generally express low levdIsMHC-I and I, they are
relatively protected from rejection by the immurystem. However this may not be
the case, since up-regulation of MHC molecules adn response to pro-
inflammatory cytokines upon transplantation, moegathis may not necessarily be
beneficial. Phillipset al confirmed this, finding that the responses from b&#ls in
mouse hosts is elevated on encountering cells lswthMHC expression (Phillipst
al. 2013).
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Data from these experiments suggests a strong gli@koresponse to
xenotransplants of hPF tissue in the mouse striafidrperimentsiii) and iv)).
Although this is suggestive of an increased inflatory response, staining for T
cells (CD4 and CDS8) did not show a large number of lymphocytes immmund the
grafted area. Aside from presenting antigen to mplocytes, it is possible for
microglia themselves to act as cytotoxic effectallsc or innate phagocytes
(Armstronget al.2001; Daviset al. 1994; Fangeet al. 1989). The administration of
CsA daily did not improve survival of transplanteater than 50%, or appear to
reduce the amount of microglial staining in anduabthe grafted area. This agrees
with a previous study in which the administratidntransient or continuous CsA to
promote survival of hNSCs in an ischemic rat modak not found to reduce the
inflammatory response as measured by Ibal stai@wnen in animals which only
received lesions (Rota Nodaet al. 2010). Investigating the phenotype of the
microglia present at the transplantation site gille insight into this phenomenon
and allow further understanding of the rejectiospanse in the mouse and targeting
of relevant immune suppression treatments. Addilignit has been reported that
high doses of CsA are required for successful imysuppression in mice, although
this is difficult to achieve successfully due tdeseffects (Larssoet al.2001b). The
problems of transplant survival observed here dappear to be isolated to findings
in this lab group, with the majority of other cesgrusing immune compromised
hosts to successfully carry out transplants of huh@nor cells, presumably due to
issues with rejection in wild type mouse hosts [®kppis et al. 2007; Espuny-
Camacheet al.2013; Lianget al.2013; Maet al.2012; Wanget al.2013a).

A recent paper aimed to determine whether mousts loosild be desensitised
neonatally to a range of cell types including hiB&@d hNPCs (Mattist al. 2014).
The authors did not find any survival of human tgah their desensitised hosts
beyond 2 weeks post-transplantation. These expetimalso investigated the
survival of transplants of human IPSC derived NPESC-NPCs) and foetal NPCs
(hfNPCs) in neonatal mouse hosts. Again, rejecttbrhuman donor cells was
observed, as compared to transplants into NOD/S®@ili2 which survived up to 62
days after transplantation. The authors also colecthe survival of transplants in
mice to be poorer to rat, and attribute unsuccéssfonatal desensitisation to this.
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Moreover the authors note a large host microgéaponse to the human xenografts

(Mattis et al.2014), as found in the studies presented here.

A further consideration from these studies is tharacteristics of surviving
human transplants. Although very few in number, rtiggority of transplants which
did survive were very large. This could result froime preparation of cell
suspensions for transplantation, in which tissuey mat have been adequately
dissociated into a single cell suspension and msakead contain small portions of
tissue. In this scenario; when transplanting eaodst hanimal from one cell
suspension, one or more may receive transplanthese tissue portions whereas
others may receive very few cells at all. The d&lyvof pieces of tissue may mean
that one host animal receives the majority of cielien the cell suspension, or that
the cells have a better chance of surviving wheiveted in this way. Although
previous work has looked into the effect of tramsphtion of tissue pieces as
opposed to single cell suspensions in rat hosts his not been performed in mice.
These issues are addressedirapter 6, in which the preparation of mouse donor
tissue for transplantation into the mouse braimvestigated to determine whether

delivering cells as tissue pieces has an effegjraft survival.

Similarly large grafts were seen in human to rahsplants in previous studies
presented in this thesis which were found to be tuextensive proliferation of
developing cortical tissue, thus this provides #ermative explanation for the
marked variability in hCTX graft sizes in mouse t30sAs large numbers of cells
were transplanted in mouse hosts (up to Bxid@try and improve survival, further
proliferation of this tissue would result in largeafts. If the survival of transplants
could be improved this number may be reduced todywe slightly smaller
transplants. This also may not be an issue withudeeof striatal tissue transplants
from WGE.
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5.10Conclusions and future work

The objective of the studies described in this tdrapas to determine whether
mouse hosts could be successfully desensitisethanneéonatal period to human
cortical tissue to a sufficient extent to promotevs/al of a neural xenograft in
adulthood from 6-12 weeks post-transplantationc8s&ful desensitisation could not
be demonstrated. In addition to this, poor graftisal was found in the majority of
mouse hosts. This has identified a potential probhath the use of mouse hosts for
testing donor cells for transplantation in neuraegative disease. Ideally
transplants could be delivered to lesion or genetadels of disease in order to
measure safety and efficacy of donor cells. Howedata from this chapter suggests
that the immune system of the mouse host may rmige an ideal environment for
cell transplantationChapter 6 aims to address problems identified with mouse
tissue transplant survival, before research carrelogected to identify whether

neonatal desensitisation to xenogeneic tissuesimbuse may be a possibility.

In addition to the mouse to mouse transplant erpart described iChapter
6, future studies will look to improve survival ofilman xenografts in mouse hosts.
Specifically; a systematic investigation into theouse (CD-1) immunological
response to striatal transplants of hCTX will beied out, with a direct comparison
to the response in the rat (SD). The responseatssptants will be investigated in
both untreated and immune suppressed hosts trefidgl with CsA, with an
investigation of the T cell and microglial resporsetransplants at various time-
points following transplantation. This study wilimato identify differences in the
response of mouse and rat hosts to transplantarofh tissue, and therefore allow
immune suppression treatments to be more spetjfitatgeted to the relevant
rejection processes. An additional investigatiorswifvival of human xenografts in
mouse neonates would be of interest, as previousnfys have suggested rejection
under these circumstances (Mattsal. 2014), which may have a detrimental effect

on the potential for neonatal desensitisation.
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Improving graft survival in the mouse striatum

6.1 Summary

Although Chapter 5 aimed to determine whether a method of neonatal
desensitisation could be successfully applied inugechosts to achieve long term
survival of primary human foetal tissue transplamp®or survival of human
xenografts and mouse transplants prevented thas being investigated effectively.
Consistent survival of neural transplants in theuggohost has been found to be a
problem by others using a range of cells, includm@use PF tissue and ESC derived
neurons. The aim of the work described in this tdrapvas to address these
problems since the parameters for mouse donorsogllival need to be resolved
before xenografts can be investigated further. Tiueskey variables were explored
that have been shown to be important for rat toraaisplant survival; the gestational
age of donor cells and the cell preparation metheaur groups of mice were
transplanted with different types of mouse PF #s3iwo different donor ages were
compared (E12 and E14), to determine whether yauhgeor tissue would improve
survival as well as graft phenotype according te televant Carnegie staging of
mouse foetuses compared to rat. In addition twé medparation methods were
tested to identify whether the reduced trituratidriissue following digestion could
improve graft survival and morphology as comparedheavily triturated quasi
single cell suspensiohsGood graft survival was found in all groups, altgh still
not 100% as may be expected in rat tissue transpilamat hosts. This implies either
a difference between the rat and the mouse asptearishosts, or an issue with

survival of mouse donor tissue following transpédian.

* Declaration

The experiment discussed in this chapter was caaug in collaboration with another PhD
student; DJH. Data discussed here relates to Clcé.rAn additional cohort of BL/6 mice
underwent the same procedures and these dataewdisbussed as part of DJH's PhD thesis.
Dissection of mouse tissue and the majority of atiegion and preparation of cells for
transplantation were carried out by Ngoc-Nga ViNNY).

156



Chapter 6 Striatal transplants (mouse)

6.2 Introduction

As discussed ilChapter 5, mice are desirable transplant hosts for a nuraber
reasons, including the availability of genetic misd#f disease. However, as can be
seen from the results of the experiments descrine@hapter 5, survival of
transplants of mouse tissue in mice is more vagidfthn may have been expected.
These findings are not exclusive to the experimpresented here; other data from
our lab group shows difficulty in achieving successng mouse hosts, including
with grafts of mouse tissue (unpublished data, EvaB; Kelly CM) and examples
of mouse grafts in the literature also tend tofinalkin comparison to those seen in
the rat (El-Akabawyet al. 2012; Johanret al. 2007; Kelly et al. 2007). Without
being able to achieve successful transplant suritive not possible to test whether
desensitisation can be induced in the mouse. Tdrerefhis chapter aims to
investigate whether modifications to the trans@aab protocol will improve
survival of mouse tissue transplanted into the raolbisin, before re-examining

xenograft survival.

Many of the current conditions for preparation ohdr cells for transplantation,
including donor age, dissection parameters andpceparation have been developed
and optimised mainly for transplantation in the(Edrkeret al. 1995; Schmidet al.
1981). This includes the foetal donor age usedtrBmsplantation of mouse tissue
and the preparation of cell suspensions. For ratEWfansplanted into the rat
striatum, donor tissue is dissected from the foatus14-15 in order to collect cells
at the right point in striatal development so thewll differentiate after
transplantation into MSNs expressing DARPP-32 (¥attal. 1997). Numerous
experiments have shown this to be successful, dsimatimg integration and
functional improvement of E14-E15 tissue transmdnto the QA lesioned rat
striatum (Brasteckt al. 1999a; Brasteet al. 1999b; DObrdossy and Dunnett 1998;
Nakaoet al. 1998; Nakacet al. 1999). Additional studies have demonstrated simila
recovery following lesion with alternative excitatos or metabolic toxins (see
Dunnettet al. (2000) for a review). In the mouse, WGE from Eis$ue has also
been used for striatal transplants, however duelitierences in development
between these species this may not be the optingenofadonor tissue to transplant.

Comparing the Carnegie stages of development batweeuse and rat, mouse
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E12.5 corresponds to rat E1Biqure 6.1). Although striatal transplants of donor
tissue of varying donor ages have been compardtieirrat (Frickeret al. 1997;
Schackelet al. 2013), this has not yet been systematically explon the mouse. It
has been shown that even in rat grafts the useoahger donor tissue (E13)
produces better behavioural improvements and mbeagtypically accurate grafts
containing a greater area of DARPP-32 positivedRes’ (Schackett al.2013).

In addition to the effect of donor age, modificasoto the preparation of cell
suspensions have been considered with regard tareplants (Wattst al. 2000a),
and in clinical trials, but not in the context obuse tissue transplants. It has been
concluded that transplanting tissue as a single stepension, rather than tissue
pieces reduces the likelihood of rejection sinesue pieces contain intact donor
vasculature which may contain donor APCs whichvatéi host lymphocytes. This is
thought to provoke a stronger host immune resptimse transplanting single cells
(Chenet al. 2011). However; transplants of tissue pieces Hman utilised in the
clinic for both PD (Freee@t al. 2001; Olanowet al.2003) and HD (Bachoud-Léeit
al. 2000; Bachoud-Levet al. 2000; Hauseet al. 2002; Kopyovet al. 1998). Post-
mortem data from a number of clinical transplamsHD has shown survival of
grafts, with some inflammatory infiltration thouglot sufficient to cause rejection of
all graft deposits under variable immunosuppressemgimes (Capetiast al. 2009;
Cicchettiet al.2009; Freemast al.2000; Keeneet al.2007).

This experiment therefore aimed to compare anegagestation than normally
used, E12, to E14 mouse striatal grafts to determihether transplants from E12
foetal tissue may promote better survival and ytdinternal organisation more
similar to that of the normal striatum. Additionallwe examined the effect of
modifying the cell suspension in mouse grafts byhgaring a standard single cell
suspension (CS) as used in previous chapters tpadidl tissue pieces” style
suspension where striatal tissue was digested outriturated into a single cell
suspension (referred to as “TP”). Although this diat involve transplantation of
traditional “chopped” pieces of tissue, the reduttin trituration was intended to
reduce the severity of treatment of tissue, antetbee improve donor cell viability
and survival. This method has previously been detnated to yield greater
functional improvements with grafts of rat GE te QA lesioned rat striatum (Watts
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et al.2000a) and improved survival of human VM transtdgRathet al.2013). The
resulting preparation consisted of small piecetissiue which were only triturated
sufficiently to allow the pieces to be drawn upoirg syringe for transplantation.
These conditions were compared at both foetal agfsthe aim of determining the
optimum transplantation paradigm to promote thet lsesvival of mouse grafts.
Modifications described ifChapter 5 from findings from xenograft experiments
were also included, with transplants delivered Hysdafter QA lesions, and an
increased number of cells used for transplantafibe. findings from this experiment
also aim to address whether poor graft survivallmpter 5 may be in part related
to the treatment of the donor tissue, as opposéeiteg primarily due to the mouse
host environment. The improvement of mouse tissus/ivgal is required to
demonstrate sufficient transplant survival in mobassts before re-addressing the

issue of xenografting and the desensitisation aisedosts.

159



Chapter 6

Striatal transplants (mouse)

Comparison of Rat and Mouse Carnegie Stages

Mouse

9 10 |11 | 12 | 13 | 14 | 15 i6 17 | 18 | 19 | 20 | 21 | 22 | 23
—+—Rat 10.5/11.0|11.5|12.0|12.5/13.0(13.5|14.0|145/150|155|16.0|16.5|17.0 175

Mouse | 9.0 | 9.5 |10.0|10.5|11.0|11.5|12.0|125|13.0|13.5|14.0|145|15.0|15.5|16.0
Carnegie Stage

Figure 6.1 Differences in Carnegie stages between mouseatrlring foetal developme
The red dashed line indicates the foetal age usedtfiatal transplants in the rat (E14)
how this compares to the mouse. Data from Hill @01
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6.3 Experimental Design

A total of 30 adult male CD-1 mice (>20g) were ugethis study. All received
QA lesions to the right striatum and 10 days latere split into one of 5 groups as
shown inTable 6.1 below. E12 partial tissue pieces preparations {E)2were
transplanted as a pair of striatae, treated wiyipsin for just 10 minutes and
resuspended in DMEM/F12 to a total volume of ~4gl pansplant with minimal
trituration. E14TP were prepared in the same whig time transplanting one
striatum per host. This was based on an aim to kemumber consistent between
transplant groups, since E12 WGE is significantigaller than E14, and cell
suspension groups were all transplanted with 5xd&élls we reasoned that
transplanting a smaller quantity of tissue at EluMd be more comparable. Both
E12 and E14 cell suspensions were made up asviopsechapters and as described
in Chapter 2. Mice in these groups received transplants of Bxddlls in 2pl
DMEM/F12.

Condition Number of Mice

E12 partial tissue pieces 7
E12 cell suspension 6
E14 partial tissue pieces 7
E14 cell suspension 7
Lesion only control 3

Table 6.1Numbers of mice in each condition

6.3.1Histology and Immunohistochemistry

12 weeks after transplantation, mice were transallyperfused with fresh ice
cold 4% PFA and the brains collected for histolabi@analysis. Brains were
sectioned as previously at 40um and stored infeadize at -28C. 1:12 series were
mounted and Nissl bodies stained with CV, and &mth:12 or 1:6 series were
stained for immunohistochemistry using NeuN (1:20@ARPP-32 (1:4000), Ibal
(1:8000) and CD3 (1:500) as describedimapter 2.
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6.3.2Quantification and statistical analyses

Graft volume was calculated by measuring graft @s@a each section stained
with NeuN on Image J and calculated with formulasalibed inChapter 2. Total
cell number was counted manually on Image J, affigérences between graft
volume and cell number were investigated by ANO\Wmune marker staining
was graded (0-4) and grades were compared betwaesptant groups with non-

parametric Kruskall-Wallis tests.
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6.4 Results

6.4.1Graft survival at 12 weeks post-transplantation

Surviving grafts were identified in the first inatze using CV staining to detect
denser areas of staining thought to be typicaheffresence of a graft. Numerous
previous studies have shown grafted tissue to laddferent organisation of CV
compared to the surrounding host tissue. The peesehNeuN cells was used to
confirm neuronal differentiation. In the majorityf cases the graft was placed
entirely within an area denuded of neurons by th& I8sion, allowing NeuN
staining to provide a good level of evidence tHas tcorresponds to surviving
transplanted cells. Transplants which were idesttifas NeuN within the lesioned
striatum were all counted with no minimum cut aff fgraft size. Although some
grafts were smaller than others, there was litdeability found within groups. The
number of surviving grafts is outlined kigure 6.2 (A, B). In contrast to findings in
previous experiments, relatively good survival afuse transplants was found in all
conditions, therefore the number and phenotypeunfigng transplanted cells was
quantified. Graft volume was estimated and totanbers of surviving neurons
(NeuN’) were counted and corrected with the Abercrombigection. Comparisons
of graft volume and the number of surviving celisviieen transplant groups can be
found inFigure 6.3 Measurement of graft volume and DARPP-32+ patdbnae is
also displayed here. Photomicrographs of represeataurviving transplants are

shown inFigure 6.4 andFigure 6.5

A univariate ANOVA was run comparing the numberNguN+ cells in the
graft between the two donor age groups (E12 and Bdd two tissue preparation
groups (TP and CS). This showed a significant &ffeof age;

F (1,16) =5.516p<0.05, but not the method of cell preparation;
F (1,16) = 0.220p = 0.645. The same pattern was reflected in gmalfinae, with a
significant  difference found between E12 and E14 andplants;

F (1,16) = 6.025p < 0.05 but not between TP and 05(1,16) = 0.061p = 0.809.
These significant differences in Nelidells and graft volume are due to the presence
of larger surviving grafts in those hosts receivimgnsplants from E12 donors

(Figure 6.3 A, C). Although transplants appeared largest isthdransplanted with
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E12 TP, there was no significant interaction betwtee effect of donor tissue age
and cell preparation (Mak (1,16) = 2.974, p = 0.104).
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6.4.2Phenotype of surviving transplanted cells

Staining for DARPP-32 revealed the presence of maWiSN-like neurons in
the surviving transplanted cellErfor! Reference source not found.and Error!
Reference source not found.I-L). The areas of DARPP-32+ patches (p-zones)
within the graft area were measured to calculater thotal volume in each
transplanted animaEfror! Reference source not found, D, F). The percentage of
total graft volume occupied by these p-zones was ttalculated for comparison

between groupkrror! Reference source not found.(E, F).

Univariate  ANOVAs were again carried out to compah® number of
DARPP-32 cells in the transplant, and the volume of p-zomiBin grafts between
the two donor ages and cell preparations. No saamf effects of donor age
(F (1,16) = 0.546, p = 0.471) or cell preparatién({,16) = 1.742, p = 0.205) were
found in the number of D32+ cells. There were aisosignificant differences in
patch volume between the two donor ages, howewmifigantly larger areas of
p-zones were found in transplants of TP than CQ;¥6) = 5.884, p <0.0%¢ror!
Reference source not foundB, D). Again no significant interaction was found
between the effect of donor age and cell preparatio
(Max F (1,16) = 1.548, p = 0.231). Interestingly, the geetage of the grafts
occupied by DARPP-32+ patches appears to be gteatdsl4 TP transplants,
although as this only consisted of 3 surviving tr#this cannot be confirmed.
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0
Transplant group suR/?vrir;lt;egr;gfts Mean graft3 Mean number of Mean number of Avpe_rza(l)gnee\sl?ltijtmi of ofcﬁfp?ergfll;)y
(%) volume um®  NeuN' cells (x16) D32 cells (x16) ransplant (um®) D32 patches
E12 TP 5 (85.7%) 2.9x10° 18.5+7.5 4.6+3.8 1.4x%0 49.0%
E14 TP 3 (42.8%) 1.5x%0 7.613.2 4.1+0.5 1.2x£0 79.3%
E12 CS 5 (83.3%) 2.3x}0 12.616.1 1.7+1.0 0.4x%0 17.4%
E14 CS 6 (85.7%) 1.9x%0 11.0£4.0 4.0+1.8 0.8xfo 39.7%
000% - 85.7% 333% 85.7%
80.0% -
3 70.0% -
% 60.0% -
< 50.0% - 42.8%
E40.0% -
2 30.0% -
2 20.0%
10.0% -
0.0% - ' ' .
E14 TP E12CS E14 CS
Transplant group

Figure 6.2 Surviving mouse transplants in CD1 mouse hosts
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Figure 6.3 Mean total cell number of surviving cells in moggafts (NeuN, A), and numbe
of D32" cells in the grafted area (B). Meamafj volume (C) and the total volume of C
patches (p zones) in the graft (D). Percentagetaf graft volume occupied by D32+ patc
(E). Examples from Image J of measurements of tptaft area and patch areas use
calculate total graft and patch volume (F). Markeficates the centre of azmne and tr
yellow line is the boundary of thezmne used in the volume calculation. TP = Tisseeq
transplants; CS = Cell suspension transplants
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E12 Transplants

NeulN

DARPP-32

— =1000pgm —— =500pm

Figure 6.4 Photomicrographs of typical sections from mousdswansplanted with E12 mWGE and stained
CV (A-D), NeuN (E-H), and DARPP-32 (). Donor tissue was prepared either as a tisseeepistyle preparati
(TP - left panels: A,B,E,F,1,J); or cell suspensi@s -right panels: C,D,G,H,K,L). Grafts are circled mw
magnification images, and graft-host border is hgtted with arrows on high magnification images.
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Figure 6.5 Photomicrographs of typat sections from mouse hosts transplanted withBYMGE and stained wi
CV (A-D), NeuN (E-H), and DARPP-32 (I-L). Donor sise was prepared either as tissue pieces (@ panels
A,B,E,F,1,J); or cell suspension (CS - right pan€d,G,H,K,L). Grafs are circled on low magnification imag
and graft-host border is highlighted with arrowshegh magnification images.
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6.4.3Mouse host immune response to striatal mouse grafts

To assess the mouse host response to transplamt8M&E, sections were
stained for the microglial marker Ibal. Sectionsevgraded according to the rating
scale described in Chapter 2. The highest gradgrnessto a section for each animal
was recorded, and these are presented by grofjgure 6.6 Figure 6.7 shows
representative Ibal staining for each grade; gfade not shown since no section
received this grade. The microglial response innttagority of hosts was low, with
staining in only a few animals showing greater ifmoreactivity than that seen in
lesion only controls. The data was analysed usingraparametric Kruskall-Wallis
test, showing no significant differences in gra@ésmicroglial staining between
groups;H (4) = 9.337p = 0.053.

Ibal

4 L]

31 o o
L
i
= 2 coo oo oo oo
0

1= oo L] ssses ] ['s)

o

I I I I 1
EL12TP E14TP E12CS E14CS Lesion
Transplant group

Figure 6.6 Grading of Ibal immunoreactivity in each transplhost
Each circle coesponds to 1 mouse host; red circles denote rd
transplants. “E12TP” = E12 tissue pieces, “E14TH=E1A tissue piece
“E12CS” = E12 cell suspension, “E14CS” = E14 calgensior
“Lesion” = Lesion only controls.
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Grade 1

Grade 2

Grade 3

Grade 4

Figure 6.7 Examples of immune marker staining gradest)Ifor lIbal in mic
graftedwith mWGE. Images for grades 1 and 2 were from hasinsplanted wi
E14TP and grades 3 and 4 from hosts transplantéd Bi4CS. Earlier grad
mostly show e presence of resting, ramified microglia, wittetagrades showit
increased density around the graft site with réiwmamf distal processes
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6.5 Discussion

This chapter aimed to test the mouse striatal plans protocol using mouse
tissue and determine whether modifications to te# preparation regime and
variations in donor tissue age would improve thergevels of survival observed in
Chapter 5. CD-1 mice were transplanted with either a sirggt suspension (CS),
as used in previous mouse and rat transplant erpets or with a dissociated tissue
pieces suspension (TP) where trituration of thdscelas kept to a minimum.
Additionally, both cell preparations were testedngstwo different foetal donor
ages; E12 and E14 to determine whether survival difégr with the use of younger
donor tissue. Due to the concerns with the relighaf CV staining for the detection
of graft survival, discussed @hapter 5, antibody staining with the mature neuronal
marker NeuN was used to confirm the presence afi\sng cells. With NeuN and
DARPP-32 staining, the structure of surviving gsafiould clearly be identified

within the lesioned striatum.

In contrast to previous mouse to mouse transplpresented in this thesis
(Chapter 5), good survival was found in all transplant groupghis chapter. It is
not clear why survival should be improved in thiperiment which used the same
E14 cell suspension preparation as thos€hapter 5, where survival previously
was so poor, although there are a number of paleetsons. It is possible that with
experience, cell preparation and transplantationhrigues were improved,
increasing the likelihood of transplant survivalowever this is unlikely since
successful transplantation was readily achievedtihosts. Alternatively; the trypsin
digest of tissue was modified slightly for this exment, with incubation for
10 minutes rather than 20, as it was considereiicguit for dissociation of tissue.
In transplants of VM tissue, in particular from nsey it has been noted that the
tissue is sensitive to prolonged enzymatic treatn{@neger et al unpublished
observations). Potentially this could have hadnailar effect on the striatal tissue
used here and explain the improved survival in gigly as compared to those in
Chapter 5. This would also agree with the poor survival ajuse to rat xenografts

seen in immune compromised hostE€imapter 4.
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6.5.1The effect of donor age

Donor tissue from two different foetal ages (E18 &14) was transplanted into
mouse hosts in this experiment. These ages wesenHmsed on previous protocols
used for striatal transplantation in HD. Most tgalast work has been carried out in
the rat, with E14 identified as the optimum donge d@ased on the phenotype of
surviving transplanted cells and functional recgvgtricker et al. 1997). However
using Carnegie stages, the comparable gestatigeahahe mouse would be E12.5,
rather than E14, in order to procure tissue atstmme developmental stage. This
study therefore aimed to compare transplants frasth ldonor tissue ages to
determine whether the use of younger donor tissuddwield better graft survival,
with larger grafts and more surviving cells of M8ke phenotype. In addition to
this study, another experiment has used E12 dassue prepared as a TP style
preparation using the same method described hdransplant MWGE into a mouse
QA lesion model, finding improved graft survival aompared to E14 CS
(Unpublished data, Evans AE).

The results of the present study showed signifigdatger graft volumes along
with higher cell numbers in grafts of tissue froh2BANGE compared to those from
E14 WGE as measured from NeuN staining of matungroms. There was no
interaction between donor age and cell preparaatthpugh the largest surviving
transplants were seen in hosts transplanted withTEL These data are in line with
the previous literature discussed, showing that Edt4WGE grafts yield larger
transplant volume than from donor tissue of a gregéstational age (Schacletlal.
2013), as well as agreeing with concurrent findifrgen experiments in this lab.
Donor age has also been shown to have an effetieophenotype of transplants,
with reports of younger rat donor tissue yieldirgnsplants with greater volumes of
P-zones within the graft (Fricket al. 1997). P-zones are representative of striatal-
like tissue within grafts containing a heterogersepapulation of cells (Campbaedt
al. 1995; Wictorinet al. 1989). The volume of P-zones within the graft als® been
demonstrated to be strongly correlated with recpvan motor behaviour tasks
(Fricker et al. 1997; Nakacet al. 1996). The improvement in graft survival found in
this study is also logical given comparisons betwgestational stages in rat and

mouse foetuses. With regard to the phenotype ofsplanted cells at 12 weeks;
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mature MSN like cells were identified in all surwig transplants with DARPP-32
staining, however no significant differences weoenid when comparing the two

donor ages.

Previous work has suggested an effect of donoudiggye on the survival of
grafts, since younger tissue may contain less mii@loprecursor cells which can
present donor antigen following transplantatione{Bg et al. 2008; Dalmauet al.
1997). This has been confirmed in the assessmetiteofat host to transplants of
mouse tissue, in which improved survival was fotnedh younger donors (Zimmer
et al. 1988). Additionally, WGE grafts from younger foséi$ contain more
proliferating cells would have normally gone on populate the cortex (during
normal development proliferating cortical precusson the subventricular zone
migrate through the WGE on their way to the coftinozantle, and are more
numerous at E12 than E14). This could produce taggefts but with an overall
reduced proportion of striatal-like tissue, as rbaythe case here, with larger grafts
seen from E12 donors, although potentially a highercentage of DARPP32
patches from E14 transplants.
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6.5.2The effect of donor cell preparation

In addition to comparing the differences in traasplsurvival between E12 and
E14 donor tissue, the cell preparation protocol aB® investigated. Routinely,
tissue for transplantation is dissociated by enzigmdigestion and trituration to
produce a quasi-single cell suspension. The numbeells can then be calculated
and standardised for each host. This method has deeloped over a number of
years and is successfully applied when transplgntito rat hosts. Although studies
into the optimum cell preparation for rat transplaarvival have been carried out
(Wattset al.2000a; Wattet al. 2000b), the same is not reflected in the liteeafor
mouse transplants. Standard protocols have beearioged directly from those used
in the rat but without systematic validation in tn@use. One of the aims of this
study was therefore to compare the survival of mWiBEpared as “tissue pieces” or
cell suspension from both E12 and E14 donor tis&ee.transplantation of E12
gently triturated TP preparations; a pair of stgatvere transplanted, whereas in the
E14 groups, just one was transplanted. The aimoafgdthis was to transplant
approximately the same amount of tissue in eaclliton (E12 striatae are much
smaller than at E14) and estimated cell counts esigipat 2:1 for E12 to E14 is
reasonable. However, this is a difficult paramétecontrol, as E12 tissue is likely
to have a greater proliferative potential, and ently there is no recognised way of
adjusting for this or for potential differences time vulnerability of the two cell
populations at the two different gestational ages.

The two preparations used in this study both inetudrypsinisation of the
mouse PF donor tissue, but were followed by differteituration conditions. CSs
were prepared following the standard protocol,oiwlhg the trypsin digestion with
trituration into a quasi-single cell suspensionitufation of TPs was kept to a
minimum; sufficient to allow the pieces of tisswelte drawn up into the transplant
needle. Thus the TP group described here is noticdé to chopped tissue pieces
preparations which have been used previously (Bathevi et al. 2000; Redmond
et al. 2008). This condition does provide, however, @& lrarsh treatment of the
mouse donor tissue than traditional CS prepargrotocols (Ratlet al.2013; Watts
et al. 2000a). In comparing surviving transplants betwdmsue preparation

conditions in this study, no differences were foumgraft volume or the number of
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surviving cells. As mentioned previously, E12 TRdquced the largest grafts, but
since E14 TP yielded the smallest grafts there wasimprovement reflected
statistically with the use of tissue pieces overAd fewer grafts survived in the E14
groups, firm conclusions cannot be made regardmegd data, although a trend
towards increased volume of DARPP3fatches in TP preparations was seen.
However when looking at the percentage of the wadt volume occupied by these
patches, the E14 TP was the highest.

No significant differences were found between pediparations in the number
of DARPP-32+ cells in the transplants, however i§icgmtly larger areas of p-zones
within the transplants were produced from trandeldTP. This may be due to the
reduced trituration and disruption of striatal wiss allowing better formation of
striatal-like tissue within the grafts. The effeat cell preparation on survival,
integration and behavioural recovery has been tigasd recently in human to rat
VM transplants (Ratlet al. 2013). The authors found that VM transplants te th
striatum of tissue pieces produced the optimumigainand reversal of rotational
bias. In our experiment, the number of DARPP-82lls and P-zones developing
within the grafts could be affected by minor difieces in the dissection between
donor tissues, since non-patch zones may also ¢s=aled along with WGE. In
general transplants from WGE alone yield 30-50%0ofes as a proportion of total
graft volume, as compared to the lateral GE (LGE)ducing 80-90% P-zones and
the medial GE (MGE); 25% P-zones. Large variatietwieen transplant groups is
seen in this study in the percentage of total graltme occupied by P-zones. This
could suggest variations in dissection of tissudthough the extent of this is
unclear, since animals receiving cell suspensiaftgmwere transplanted with a cell
suspension of tissue pooled from multiple donortdses, and in tissue pieces
transplant groups; hosts were each transplantdd tiggue from a different donor.

However percentages could also be expected todegrgndent on donor age.

Although no behavioural testing was carried outhost animals in this study,
previous data has shown a correlation betweeretred bf behavioural improvement
observed following transplantation and the volurh®-a@ones within the transplants
(Fricker et al. 1997; Nakacet al. 1996; Schackeét al. 2013). This suggests that
although some transplant protocols may yield lasgeviving grafts, this may not be
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the optimum protocol to offer functional improveneruture work would be
necessary to determine which transplant conditimvides the best function. Data
here are still suggestive of E12 TP as providing d@ptimum transplant condition
regarding the size of graft and patch volume; hawvelie percentage of the whole
graft itself occupied by DARPP-3datches was found to be greater in the E14 TP

group.
6.5.3Mouse host immune response to striatal transplahteWGE

Staining for the microglial marker Ibal identifiead consistent presence of
microglia in and around the grafted area in sestivom all groups. No differences
were found in the extent of immunoreactivity, irdilg in those animals which
received lesions only, and no transplant. This shtvat transplants of allogeneic
tissue induce no more of a microglial response tha@A lesion and that no
differences in the host immune response are foahaden different cell preparation
groups. Previous studies have suggested thatghspliantation of tissue pieces may
provoke a stronger immune response due to thermress intact donor vasculature
and APCs (Cheret al. 2011). This has been reflected in reports of anggr
microglial response to VM transplants of tissuecpg from non-human primates
into rat hosts, and a lack of optimal re-innervatad the host striatum (Redmoed
al. 2008). However, although the TP group describedhia study may not be
comparable to this due to the differences in prpar, a number of clinical trials
have used tissue pieces for transplantation withesceports of inflammation but
without complete rejection of donor cells followingriable immunosuppression
(Capetiaret al.2009; Cicchettiet al.2009; Freemaset al. 2000; Keeneet al. 2007).
Although an increased microglial presence may eoessarily be detrimental to the
graft, with microglia also offering protective pmpes, quantification in these
studies has used assessment of activated micregliah presents a different
morphology to resting and is describedAppendix 7.
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6.6 Conclusions

Data demonstrates that E12 tissue produces langewrimg grafts than E14 (as
measured by NeuN counts and graft volumes), inWitk previous data in the rat.
This result could be anticipated given that thisallepmental stage of tissue would
be expected to contain more proliferating strigtaicursor cells than the later stage.
Although no significant difference in NeuN countasmdentified between the TP
and CS preparations, TP preparations produced fisamily larger P-zones,
suggesting that they may produce more functioraftgr Further exploration of this
is warranted to replicate these results and to ecafly test the effect of age and cell
preparation on behavioural function. Another impottconsideration that emerges
from this chapter is whether the modifications tayanatic digestion of tissue may
be beneficial. The fact that graft survival impedvacross the board and yet the only
modification that applied to all groups was theusdn in trypsin digestion time to
10, from 20 mins, suggests that this modificatioaynbe important and deserves

further attention.

There was still a problem of graft variability Wi groups, which adds noise to
the data. As TPs were prepared as individual atrfat pairs of), one aliquot of
donor tissue was assigned to each host animal landsae pieces were drawn up
into the syringe and transplanted. However follaythe regular protocol for cell
suspension transplants, one “master” cell suspengas made up from whichuP
was taken to transplant each host. Although cedpsnsions were gently agitated
between transplants to prevent settling of celtaiinot be ruled out that hosts were
transplanted with variable numbers of cells frons thuspension and this could
account for variability of graft size. For futureamsplant experiments it may be
beneficial to prepare CSs as separate aliquotsgore that the total number of cells
is transplanted into each host. Further analysisldvéook at the profile of the

immune response to different transplants in gredeéail.

The findings in this chapter show that the mousst lsan support good-sized
transplants of mouse tissue if the conditions ayht.r Data from this experiment
provide a solid basis for further work to improwe tsurvival of xenografts in mouse
hosts using a variety of immunosuppressive regimeckiding testing the potential

of the neonatal desensitisation method itself.
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General Discussion

Cell replacement therapy provides a novel treatnstrdtegy for a range of
diseases, including the neurodegenerative disor@&sand HD. To date, a large
amount of pre-clinical data has provided evidenmethe potential efficacy of this
therapy with grafts of rodent tissue showing inggm and function. The length of
time required for differentiation of human donodlseand the need for adequate
long term immunosuppression of rodent hosts hasltegsin a limited amount of
functional data for human primary tissue, and eless for alternative cell sources
including human ESC and iPSC derived neuronal cellhe issues of
immunosuppression complicate the long term assedsaofiethese donor cells, in
particular their functional potential. In order test the safety and efficacy of human
donor cells, we have proposed a novel method ofmptimg long term xenograft
survival without conventional immunosuppressiorusg of neonatal desensitisation
to xenogeneic cells. The experiments presentechis thesis aimed to further
characterise and validate this method to allowus® in the prevention of rejection

of novel human donor cell sources for CNS trangjpkaon.
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7.11s desensitisation specific to donor tissue type drspecies?

To date, neonatal desensitisation has been showa #dfective in the SD rat,
with successful desensitisation to hPF corticauigs human foetal brain derived
NPCs and hESC derived NPCs (Kedliyal. 2009b). Although this demonstrates the
success of a novel method of promoting xenograftigal in the rat brain, further
validation is required to allow routine use of timethod in the testing of potential
human donor cells for transplantation. The expentmeliscussed i€hapter 3 of
this thesis aimed to determine whether desensdrsatith hPF donor tissue could
be achieved with cells of a different source tosthaised for adult transplantation.
On a practical level, the availability of humanlgdbr injection of neonatal hosts is
a constant limitation to the number of desensitsaexperiments which can be
conducted. Moreover, knowing whether cells musftrbe the same species as for
the adult transplants is interesting in terms afibbeing to understand the underlying

mechanisms.

My initial findings suggested that transplants oEZTX could not survive
following neonatal desensitisation of rat hostshwibn-neural tissue, specifically
with hSkin, with survival only reaching ~17% as quared to 66% in those
desensitised with neural tissue. Further invesbgaaimed to determine whether this
was due to the use of ‘non-neural’ tissue, or wieiome feature of hSkin renders it
unsuitable tissue for desensitisation. This wagesddd by testing the potential for
desensitisation in rat with a range of non-neurngbues. This experiment
demonstrated successful desensitisation with bbibeh and hKidney, with 100%
survival of hCTX grafts in these hosts, indicatitnit some tissue types may be
more favourable for desensitisation than othersasBes behind the unsuccessful
desensitisation seen in hosts inoculated with h&&inompared to those desensitised
with hCTX, hLiver and hKidney are unclear since thechanisms of the method
have not yet been determined. Previous researcmetnatal tolerance to allografts
in mice has provided some potential suggestiontoaghy this may be the case
(discussed below), however since neonatal desessith may not be assumed to
represent tolerance the relevance of this is harddeétermine. Studies have
emphasised the relevance of the cell populatiogctap neonatally, suggesting that

the presence of mature APCs may result in an imsmugnieffect rather than
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tolerising (Matzinger 1994; Ridget al. 1996). Thus potentially the large population
of resident DCs in skin cells could have resultethis type of immunising effect as
opposed to successfully desensitising neonatahoats. In contrast a neonatal
injection of liver cells, known to contain poputats of APCs which secrete
immunosuppressive signals including IL-10, (Knetl al. 1995; Satoet al. 1996)

may be more likely to induce successful desensiisa

A much lower than expected number of grafts wasdaiw survive in hosts both
desensitised and transplanted with hCTX (36%), @megbto previous experiments
to date (Roberton VH, unpublished observations, leity et al 2009), although in
the experiments described @hapter 4 100% survival of hCTX transplants into
desensitised rat hosts was seen. This highlightgeseariability in the successful
desensitisation of hosts. As the mechanisms undgrihe method are not known it
cannot be determined which variables are important consistent successful
desensitisation of hosts. For example, if the numtdfecells injected is on the
borderline of an effective dose, small changes cdcobhve a large effect.
Additionally, potential differences in age of done€TX used for desensitisation
between experiments may mean variability in theutetn of cells injected. As
discussed ifChapter 4; younger donor tissue is thought to contain feweraglial
precursors which have the potential to act as AfBGsvig et al.2008; Dalmatet al.
1997). This may have a detrimental effect on theesssful desensitisation of hosts

as previously discussed.

Transplants of mMWGE were not found to survive irs tBxperiment, even in
immunosuppressed controls, therefore success ehdiisation with mWGE could
not be replicated as has previously been shownlyKal al. 2009b). However an
interesting finding from this chapter was survivall at least 50% of hCTX
transplants in hosts which were desensitised witWGi. This finding was not
anticipated and it is unclear why this would be ttase, whether the neonatal
injection has induced some kind of general reduactiothe adult immune response
to transplants, or whether desensitisation to saoeamon epitope has been
achieved. This experiment requires replicationdnficm these findings and further

studies to determine the underlying biology behhrem.
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In bothChapter 3andChapter 4 hCTX transplants were found to be very large
at 12 weeks post-transplantation, in some casesnt@sg overgrowing transplants.
Staining with Ki67 confirmed that some cells towsatte core of the grafts were still
proliferating at 12 weeks. Use of further stainmgthods are required to determine
whether these are proliferating neuronal cellsppgosed to connective tissue or
meninges which may have been dissected in errotaltieeir close proximity to the
cortical tissue being dissected. The experimenssrdeed here require replication
with the relevant donor tissue type, in most cAS&E, to ensure that no differences
in survival are due to the use of hCTX at a paldicage. As found ifChapter 4,
the donor age of the foetal tissue can affect the and proliferation of surviving
transplants, and the affect this has on survivali@ been determined. It has been
reported that the use of younger donor tissue mayrave survival of transplants
due to a lower number of microglial precursor cellsich may act as donor APCs
following transplantation (Brevigt al. 2008; Dalmauet al. 1997; Freemaret al.
1995; Zimmeret al. 1988).
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7.2 Neonatal desensitisation to hCTX in mice

One of the main aims of the work presented in thesis was to determine
whether neonatal desensitisation to human neurabgrafts could be successfully
achieved in mouse hosts. This would be a valuakle slemonstrating the method
to be successful across species, and allowingsisim transplant experiments in
mouse models of a range of diseases unavailabléghenrat. The ability to
successfully desensitise mice would also allowubke of various Tg models with
modifications to their immune systems in ordermnweeistigate the mechanisms of the
method. Currently these models are not availablthéosame extent in rats, thus
restricting the ability to investigate these mecbians.

A number of experiments were carried ouCinapter 5, beginning with testing
the original desensitisation protocol in mouse $1@Kelly et al. 2009b). Poor graft
survival in this experiment, including in mousestis transplant control groups, led
to various modifications to the transplantation ahekensitisation protocols in
subsequent experiments to attempt to improve graftival in control groups, and
determine whether desensitisation could be achidwednodifying the original
protocol optimised in rats (Kellgt al. 2009b). These included testing inoculation
with varying numbers of hCTX cells in the neongtetiod, and modifications to the
transplant protocol itself; increasing the numbecells transplanted and reducing
the time between QA lesion and transplant. Althouighas been reported that
delivering transplanted cells at a shorter timety@son may improve the survival
due to the host environment at this stage (Do6bréssy. 2011; Johanmt al. 2007),
no improvements in graft survival were found imsplants delivered 2 days, 7 days,
or 10 days after QA lesions, or indeed into theesioined striatum. Graft survival
was poor across all groups, including those treataitly with the conventional

iImmunosuppressant CsA.

Although successful desensitisation was not dematest in these experiments,
since grafts in control animals, transplanted W@ X and immunosuppressed with
daily CsA injections, did not survive to greateanh~50% it cannot be determined
whether this was due to the poor graft survivaleobsd overall. However when
compiling the data from all experiments conductéie findings suggest that

desensitisation does not improve survival to argatgr degree than that found in
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untreated hosts (~15% in contrast to 50% in CsAtéek hosts). However the fact
that graft survival was poor even with blockingtbé T cell response with CsA is
suggestive of some difference in the mouse bram lasst environment to that of the
rat. Although it cannot be demonstrated with cattathat the loss of transplants
was due to rejection, it is most likely that thsstihe case since up to 50% of mouse
grafts and human xenografts in CsA treated hostse wieund to survive,
demonstrating that donor tissue could survive usdene circumstances, albeit to a
lesser extent than expected.

Much work has been carried out to characterise rdsponse to neural
xenografts in rat hosts transplanted with mousens@h et al. 1991), porcine
(Armstrong et al. 2001; Larssoret al. 2000) and human tissue. Some work by
Larssonet al has aimed to understand the rejection responsgmricne tissue
transplants in mice (Larssaet al. 2001a; Larssomt al. 2002; Larssoret al. 1999;
Larssonet al. 2001b), however less detail is available concgrimman tissue
transplants. These investigators have suggestéteeedce in the immune response
to neural xenografts between mice and rats; witlaster, more severe response
observed in mouse hosts (Larsstral. 2000). Moreover it has been reported that the
use of high doses of CsA is required to promoteogegiit survival in mice, although
due to side effects this cannot be tolerated byatieals for long, prompting the
authors to seek alternative methods, such as iaHstiory molecule blocking
(Larssonet al.2002; Larssoret al.2000). The findings of the work presented in this
thesis, using human rather than porcine PF tisappast the notion that there is a
difference in the response to neural xenografte/éen rats and mice. There is an
indication of a strong microglial response to hurranogratfts in the mouse brain, as
found in this thesis and by other groups (Ma#tisal. 2014), although the precise

differences between the two species has not yet fodlg characterised.

Other groups have attempted to desensitise mousts tw human tissue, with
little success (Janowskit al. 2012). These authors attempted to desensitisancht
mouse hosts to two different human cell types;namortalised luciferase expressing
glial restricted precursor cell line (hGRP) andeunal stem cell line derived from
human cord blood and found poor survival in all ditions. Desensitisation with
hGRP cells allowed detection of the caltsvivo with bioluminescence imaging
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(BLI), showing that grafts were lost after two week both desensitised and
untreated mouse hosts. This was shown to be drggection of the cells, via dense
infiltration of CD45 immune cells. Transplants intag2” mice were shown to
survive up to 3 weeks post-transplantation, butomger time-points were assessed,
thus no confirmation was demonstrated that theinodocells were capable of
surviving in the long term following transplantatioto the rodent brain. Survival of
donor cells in immunocompetent hosts with the use ao conventional
Immunosuppression regime was also not shown (Jda@wsl.2012). Interestingly,
BLI showed rapid signal loss following neonatal. iipjections (Janowsket al.
2012). It is not clear how long cells injected tmluce desensitisation in rats are
present in the neonatal host, although it has lmejgested that for tolerance
induction, as with the natural development of “sdiblerance, the persistent
presence of donor or “self” cells are required wgrithe development of the

immature immune system.

Other studies have suggested that neural xenogtaftsot survive in mouse
neonates (Mattist al.2014), in contrast to the known survival of thes@splants in
rat neonates (Engluret al. 2002). If this is the case, then it appears tleaibgeneic
donor cells are rapidly rejected in both the CN8 tre periphery of neonatal mice.
This presumably would prevent the persistence afod@antigen during immune
system development in the mouse host, and if thasevthe mechanism through
which desensitisation is achieved then this coukplan the difficulty in
demonstrating desensitisation in this species. mgsy this to be so, then it may
indicate that the immune system develops quickéneénmouse host than the rat and
is more developed by birth, or is more equippedeject the presence of human
donor cells. However, until the issues of relialttansplant survival in adult
immunocompetent mouse hosts are resolved it cameadetermined whether the
neonatal desensitisation method can be modifieddocessful application in mouse
hosts.
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7.3 Transplants of mouse tissue to the mouse striatum

Experiments using xenografts of human tissueCimapter 5 allowed the
identification of a general problem of graft sualivin mouse hosts. These
experiments included some hosts receiving mousidigransplants in order to
ensure graft survival could be achieved in theseitons. Although some survival
was observed, this was far lower than would be ebggefrom neural transplants of
rat tissue in rat hosts, which generally surviviialdy without immunosuppression
(Marion et al. 1990). As graft survival proved to be a limitingcfor in the
examination of the desensitisation method, thisuired further investigation of

transplant protocols in mice.

Chapter 6 describes a mouse experiment designed to investiglaether poor
survival of mouse tissue transplanthapter 5 could be improved with alternative
preparation of donor tissue, or with the use dduies of a different donor age. A
systematic experiment was designed to compare roatiiins to these variables
with the standard protocol of transplantation o#tEfuasi single cell suspensions.
The rationale for using a different donor age wes the optimal gestational age for
WGE in a rat transplant is around E13-15, with B&éhg the most commonly used
age which corresponds more closely to E12.5 inmibase. The rationale for testing
a different cell preparation was that digestedugspieces improved survival of
human VM grafts transplanted into rats (Ratral.2013), and that improvements on
behavioural tasks are greater in rat WGE grafts t(\et al. 2000a), therefore
supporting the rationale for investigation of threparation irChapter 6.

Two cell preparation methods were used, a trypsthidissue pieces” style
suspension (referred to as TP) in which a 10 mitnyfesin digest was followed by a
minimal trituration to leave small pieces of tisstether than single cells, as
described previously for preparation of rat LGE (Wat al. 2000a) and human VM
(Rathet al.2013) and a standard trypsinised quasi-singlescsibension (referred to
as CS) prepared using our standard trituration quhoe. In order to allow
comparison between the trituration parametersQ8epreparation was also subject
to a 10 minute trypsin digest, which is shortemthi@ze usual digest of 20 minutes. It
Is important to emphasise that the preparationllied@s TP in this thesis is not the
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same as “tissue pieces” preparations used in alitudies in which tissue is not

trypsinised but is manually chopped into small pge(Bachoud-Lewet al. 2000).

CD-1 mouse hosts received transplants of mMWGE éérfvom either E12 or
E14 donor embryos prepared as CS or TP, as dedcabbeve, to systematically
determine whether improvements in graft survivalldde achieved. Initial analysis
revealed better survival universally than in pregicexperiments. Findings were
suggestive of a higher percentage of graft survavadl larger graft volumes in
transplants derived from E12 donors, irrespectiveetl preparation type. However
the different cell preparation groups did not resuldifferences in graft volume or
phenotype, with no significant difference in themmer of DARPP-32 cells or
volume of patches. Although differences were ngnificant, a trend towards a
higher volume of DARPP-32patches in transplants from TP preparations was
observed. When examining the percentage of the gsa® whole that was occupied
by these patches, E14 TP transplants appeared/¢otiha greatest; 79% of the graft
as compared to 49% in the next highest group (EB2. These data require
replication since this group contained only 3 suing grafts and investigation of
function is necessary to determine what graft cositjpm produces the greatest

functional benefit.

Good graft survival was seen in all transplant ggyuncluding those hosts
receiving E14 cell suspension transplants; thedsta@hcell preparation protocol used
for all mouse tissue transplants @hapter 5. Although this may seem to conflict
with the data fronChapter 5, in addition to the group differences in donor agd
cell preparation, all tissue dissociation carriedl io Chapter 6 was conducted with
a 10 minute trypsin digestion, as opposed to then2@ites used previously. This
was in order to allow sufficient digestion for disgtion of the cell suspension
groups into single cell suspensions, without bregkip the “tissue pieces”. There
has also been a suggestion of improvement in rattk&vsplants which also used
reduced digestion times in trypsin (Breger, L. Unlghed data). This could explain
why graft survival was greatly improved generally comparison taChapter 5.
Indeed, this may explain findings fro@hapter 4, in which no surviving mouse
transplants were detected in rat hosts, even itshebkich had been neonatally
desensitised to mouse tissue or treated daily Gsth.
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These findings lead to a conclusion that the massa transplant host may not
have been the only difficulty faced @hapter 5. Since mouse graft survival in
Chapter 6 was fairly consistent across groups, and surviwragsplants were of a
good size, it is clear that transplants can surinvithe mouse striatum. These data
are suggestive of issues with the mouse donordisself, which may be more
sensitive to harsh cell preparation protocols ttarissue. Reducing the trypsin step
in the dissociation protocol, and perhaps the heash of trituration of the tissue
may prevent poorer tissue integrity. No differeneesthe immune response to
transplants of mouse tissue were foundhapter 6 across the different donor age
or cell preparation methods, suggesting no one goadpn induces a stronger
response than any other; therefore it is posshdethe integrity of the donor tissue
itself also has a detrimental effect on graft staki
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7.4 Methodological issues

7.4.11dentification of mouse donor cells

A problem faced irChapter 5 was in the identification of mouse transplants in
the mouse host brain. Without prior labelling o ttells, there is no way to clearly
identify tissue of graft origin other than basingasurements on the presence of a
deposit of cells within the lesioned striatum. e tcase oChapter 6 lesions were
quite clear and grafts were large enough to cleldyidentified. However in
Chapter 5 this was not the case, with surviving grafts eitheing much smaller in
size, or lesions producing insufficient cell loesdistinguish between graft and host.
Additionally, due to the loss of tissue sectionsthese studies only CV staining
could be used to identify surviving grafts. Althdugpluable in transplants in rats for
initial identification of graft survival, and otherspects of graft morphology, it is
clear that a large amount of staining may also tiebated to immune cells
surrounding or infiltrating the graft. Further sti@mg with neuronal and striatal
specific markers is required to confirm the pregeoicsurviving grafted cells within
the lesioned striatum in the absence of a doncarifspéabel. The lack of label for
mouse cells also caused issues in the analyshapter 4, as there was no clear
way to confirm the absence of mouse donor celthénrat brain. Although the only
staining seen on CV stained sections from this emapsembled a needle tract, the
possibility of a few remaining mouse cells could he ruled out as no confirmatory
staining could be carried out. Since the hosts wetdesioned, no staining could be
performed as irChapter 6 to distinguish between graft and host. Previouslistu
have used M2 and M6 antibodies, reported to beifspéxz mouse neurons and glia
respectively (Olssoet al. 1997), however although these antibodies wereusetl
in this study they have been reported in the liteea (and confirmed in our
laboratory) not to be specific to mouse. In additihe specificity of these two
antibodies has been questioned with overlap bespgrted in detection of neurons
and glia.

7.4.2Subjective quantification of immune marker staining

To assess the immune response to striatal trarisplarthis thesis, immuno-

staining was conducted for various immune markeng. variability in this staining,
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dependent on the immune response between sectitna wne experiment makes
manual quantification a challenge. The stainingpme host may require counting
only a few cells, whereas another might have a eengitration of cells which
would require stereological analysis for adequai@ngjfication. In order to avoid the
problem, an established subjective rating scalewsad, which has been extensively
employed in the analysis of the immune responsetwal transplants (Armstroreg

al. 2001; Duaret al. 1995; Larssoret al. 2001b). In this analysis all sections from a
series (e.g. 1:6/1:12) are graded for each hostanthe highest grade scored is then
assigned to this animal for comparison with thd.rathough adopted as the best
current standard, this potentially is not the mfast representation of the host
response, since one section may contain a higtegrsicoring resulting in that host
being assigned a high grade, whereas another magy enéower grade, spanning a
much larger amount of sections and therefore afe#he brain, but resulting
ultimately in a lower score. Alternative analysigls as optical density or automated
counting would provide a more objective method oéamjification. These methods
are currently being optimised for future analyses.

7.4.3Transplant host strains

With the exception of the C57BL/6J mice usedppendix 7 all the transplant
hosts used for the experiments presented in tlasighwere from outbred stock
(CD-1 mice and LH/SD rats). SD rats have been usstbrically for successful
neural transplantation experiments (Bjorklund anen8vi 1979) and are still
commonly used as transplant hosts today. LH rate baen subsequently selected
for transplantation experiments which demand moh®raugh behavioural
assessment of graft integration and function dueh®r inquisitive nature, and
because the albino SD rats are known to possess gual acuity (Prusket al.
2002). However unlike inbred rats which are gemdicidentical within colonies,
removing variation at the MHC locus, outbred stoeke highly variable. Inbred
strains allow for greater phenotypic uniformity aindrease the potential to detect
biological effects within a cohort of animals (Kaceand Festing 1996). Using
outbred stocks for transplantation experiments eases the variability within
groups, and may reduce survival of rat transplastsvell as having an effect on

survival of human transplants.
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In some of the experiments described in this theg#siability has been
observed in survival rates in hosts desensitisgd thie same tissue types between
experiments. IrfChapter 3, for example, only 36% of hCTX transplants were fdun
to survive in hosts desensitised with hCTX as caeygbdo 100% inChapter 4.
Since hosts are desensitised to specific tissuestwythin litters to remove the need
for identification of individual rat pups, there m way to control for variability
between these litters in outbred stocks. Althougdrd are likely to be broad genetic
differences between host animals, more similariieslikely to exist within litters,
therefore one litter may be more amenable to gnafvival than another. For the
investigation of neonatal desensitisation in rodesgts it would be valuable to use
an inbred strain, where one source of variabilitythe data could be reduced, as
control of human donor tissue haplotype is not fdssUnfortunately there is no
obvious candidate for an inbred rat strain whichulddoe ideal for transplantation
and behavioural testing. If the method were to péngdsed in an inbred strain, one
which was suitable for behavioural assessmentatdt gunction would be ultimately

required.
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7.5 Conclusion and future work

Although there is a need for replication of thedfimgs discussed in this thesis, the
data presented here has provided valuable validatighe neonatal desensitisation
method in rat for its use in preclinical models fdransplantation in
neurodegenerative disease. The novel finding thadtsh can be successfully
desensitised using non-neural tissue types wihatlesensitisation to be carried out
with peripheral tissues, reserving neural tissuetfansplantation. Further analysis
will be needed to elucidate the reasons for thiglifig. The survival of human
transplants in hosts desensitised to mouse tisssesrinteresting questions about the
specific mechanisms involved in neonatal deseasidis.

With regards to desensitisation in mouse hostfioafjh this has not been
proven one way or another, the experiments preddraee have revealed issues with
both the mouse host and mouse donor tissue inpleartation experiments and the
resolution of these issues will now allow directeddifications to the desensitisation
protocol to determine why it has been unsuccessfulfar and whether it can
realistically be achieved. Addressing these issuils mouse tissue transplants has
primarily provided potential improvements to tralaspation protocols into mouse
hosts in terms of tissue preparation and the ingimant of the resulting phenotype
of transplants, which can now be applied to imprewevival of human xenografts in
mouse hosts. The logical progression for furtheregtigation in these areas is

discussed here.

7.5.1Rat

The experiments from bot€@hapter 3 and Chapter 4 require replication to
confirm findings. Due to the long duration of mostthese experiments (commonly
9-12 months from the time of neonatal desensitisat the analysis of grafts) it was
important to carry out experiments in parallel @mds it was not always possible to
fully assess one experiment and replicate findieigie addressing another question.
Furthermore, whilst every effort was made to engmoeip sizes would be sufficient
for meaningful analysis to be carried out, | wasited by; litter sizes (which varied
from 10-15 pups in the rat and 8-12 in the moutbe availability of human tissue,

and the less than 100% accuracy of the method. ¢Hsoime experiments fall short
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in completeness due to resulting small group sigzesChapter 3 it is necessary to
increase numbers of hosts desensitised with noreh@ssue types to confirm that
this successfully promotes survival of human nexesdografts, specifically to hPF
WGE transplants, as opposed to cortex. Furthermorejnderstand this finding
further, it would be beneficial to further immungioally characterise the population
of cells injected neonatally, and what disparitgrhmay be between those which
induce successful desensitisation as opposed & tvbich do not. This could be
carried out by fluorescence activated cell sort{RCS) analysis of donor cell
suspensions to identify populations of, for exampatigen presenting cells,
proliferating cells, and cells of a hematopoietieage. Populations of cells could be
confirmed with immunocytochemistry for these masken fixed primary donor
cells. The experiment described@mapter 4, to determine whether desensitisation
is specific to the species of donor cells injectextjuires replication to determine
whether survival of human transplants in hosts mgteed with mWGE persists in
comparison to untreated controls, and with tramgplaof hPF WGE instead of
hCTX. These experiments would be conducted follgwioptimisation of the

preparation of mouse donor tissue discussed isetis.2.

As well as defining the parameters for the desisasibn method, it is important
to understand the mechanisms that underlie it. Apeement will attempt to
investigate these mechanisms by testing organ ssnig@m desensitised hosts using
PCR and Western blotting, at various time poini®¥ang neonatal injection for the
presence of human genes/protein. Furthermore, iildvdbe valuable to study
additional characteristics of desensitised hosth sas the induction of peripheral
chimerism, since this has been shown previoushetoorrelated with the successful
induction of neonatal tolerance to allografts ircen{Borensteiret al. 2004; Charet
al. 2007). Optimisation of techniques has been acHiealengside the transplant
experiments presented here. This work can now breedaout, and will provide data
regarding the mechanisms involved in neonatal d#ssstion to add to the

characterisation reported in this thesis.

Following the finding that desensitisation can hehieved with tissue of a
different type to that used to transplant the adatit; it is necessary to confirm that
desensitisation can also be sufficient to promoteylterm survival of hESC and
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hiPSC derived neuronal cells. Long term assessofehie success of the method is
also required to demonstrate functional benefdesensitised hosts with hPF tissue,
and novel cell sources if possible. To this endeexpents will aim to demonstrate

this; with desensitisation of neonates which witshtransplants of hESC derived
MSNs or hPF WGE and undergo a battery of motor \aehaal tasks to identify any

functional improvements after transplantation. Thé&s not yet been demonstrated
since conventional immunosuppression does not alaeh long term assessment of

human graft potential.

7.5.2Mouse

Findings from this thesis identified problems widjection of human xenografts
in the mouse brain, even under conventional immupession. The recent finding
that human xenografts are also rejected in neonata implies there are differences
between rat and mouse immune responses to neamaptants (Mattigt al. 2014).
Therefore, future work aims to address this by cammg the rat and mouse host
immune response to human transplants at various-piomts post-transplantation.
At present, a pilot experiment is being analysed,which untreated or CsA
immunosuppressed mouse and rat hosts receivedplmats of hCTX and were
sacrificed 10 days post-transplantation in ordecharacterise the immune response
to xenografts. Additionally, | aim to replicate tfiedings reported by Mattist al,
by transplanting human cells into neonatal mice vafious post-natal ages
comparing the response with that of the rat, or umen compromised mouse
neonates (Mattiet al. 2014). The findings from this study will give igit into the
problems faced with attempts to desensitise moastsmeonatally to human tissue,
since a more severe host immune response in theatsoperiod may prevent

successful desensitisation.

As well as addressing problems identified with theuse host, ongoing work
also aims to resolve potential issues with the gmatpn of mouse donor tissue.
Since findings fronChapter 4 andChapter 6 are suggestive of sensitivity of mouse
tissue to prolonged enzymatic treatment or tritamabf donor tissue, an ongoing
experiment aims to compare the effect of varioegatinents on the viability and
development of cell:n vitro. Subsequently, this will then be characterisethr

in vivo, with both human and mouse tissue to determine dpgmum cell
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preparation protocol for delivery of neural trarsps. Although this has been
addressed previously and optimised for rat tramgpl&Schmidtet al. 1981), the

findings in this thesis suggest that further opsamion may be beneficial to promote
survival of mouse and human donor tissue, in paedrcin the mouse host. Finally,
the dissociation of tissues and cells for poterggilication in the clinic requires the
use of animal-free reagents, therefore optimisatibthe use of products such as

TrypLE (Invitrogen) rather than bovine trypsin exjuired.
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7.6 Final conclusions

The work presented in this thesis provides furtredidation of a novel method
of promoting xenograft survival in the adult raaior without the use of conventional
immunosuppression. A method to achieve long termogeaft survival in the
healthy rodent brain is crucial and is achieved this method. It has been
demonstrated that the rat can be desensitised t@mwonor tissue using various
tissue types, sufficient to promote survival of lPFX up to 12 weeks after striatal
transplantation. These experiments provide furtadidation for the method and for

its use in the long term assessment of donor cells.

These experiments also highlight an issue withatstritransplantation into
mouse hosts, in particular with xenografts. Muchrkwe conducted under the
assumption that transplantation protocols can bectly translated to mouse hosts;
however | have found this not to be the case. ppse that CNS transplantation in
mice requires more detailed investigation, in patér to investigate the rejection
response to neural xenografts, and additionallytits@ment of mouse donor tissue
for transplantation. These studies are requiredrbdiurther comment can be made

as to whether neonatal desensitisation can be ssfotly achieved in mice.
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Appendix 1

Reagents and suppliers

Reagent Supplier Address

Cyclosporine A Novartis Hampshire, UK

(Sandimmun)

DMEM-F/12 Gibco Paisley, Scotland

Diazepam CP Pharmaceuticals Wrexham, UK

DNase Sigma Poole, Dorset, UK

Euthatal Merial Animal Harlow, Essex, UK
Research

HBSS Gibco

Isoflurane Primaral Healthcare Northumberland, UK

Metacam Boehringer Ingelheim Ingelheim, Germany

Penicillin Streptomycin

Gibco

Trypan blue Sigma

Trypsin Worthington Freehold, New Jersey, USA
Trypsin inhibitor Sigma

Company Location

Abcam Cambridge, UK
AbD Serotec Oxford, UK

BD Pharmingen Oxford, UK
Harlan Bicester, UK
Invitrogen (Molecular Probes) Paisley, UK
Millipore Molsheim, France
Santa Cruz USA

Vector Peterborough, UK
Wako Neuss, Germany
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Appendix 2

Recipes
Tissue dissociation
Cell suspension Media
DMEM-F/12
1% Penicillin streptomycin
DNase solution Trypsin solution
0.05% DNase 0.1% trypsin
In HBSS 0.05% DNase
In HBSS
Perfusion and tissue storage
Prewash Buffer (PBS-1L) Paraformaldehyde (PFA) soltion (1L)
18g di-sodium hydrogen phosphate 159 PFA (1.5%)RIg (4%)
9g sodium chloride 1L Prewash buffer
1L distilled water Heat to dissolve
pH 7.3 (orthophosphoric acid) pH 7.3 (orthophosphacid)
Sucrose (25%-1L) Antifreeze Solution (800ml)
2509 sucrose 4.369 sodium phosphate (dibasic)
1L Prewash buffer 1.2569 sodium phosphate (monopasi
pH 7.3 Dissolve fully in 320ml distilled water, tihe
add:

240ml ethylene glycol
240ml Glycerol
All stored at 4C
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Appendix 2

Histology and Immunohistochemistry

4X Tris buffered saline (4X TBS-2L)
96g Trizma base

72g sodium chloride

2L distilled water (total)

pH 7.4

0.2% Triton X-100 in TBS (TXTBS)

0.5ml Triton X-100
250ml TBS
pH 7.4

Endogenous Peroxidase Quench

10ml methanol
10ml hydrogen peroxide
40ml distilled water

Cresyl violet working solution

79 Cresyl violet

5g sodium acetate (anhydrous)
600ml distilled water

pH 3.5 (glacial acetic acid)
Make up to final volume of 1L

Cresyl violet staining protocol

Using Shandon processing machine

70% alcohol 5 mins
95% alcohol 5 mins
100% alcohol 5 mins
50/50 chloroform/alcohol 20 mins
95% alcohol 5 mins
70% alcohol 5 mins
Distilled water 5 mins
Cresyl violet 5 mins
Distilled water Finish

Recipes

1X Tris buffered saline (1X TBS -2L)

500ml 4X TBS
1500ml distilled water
pH 7.4

Tris non-saline (TNS)
6g Trizma base
1L distilled water
pH 7.4
0.01% azide in TBS

500ml 1X TBS
2.5ml 2% sodium azide

Acid alcohol

5ml glacial acetic acid
200ml 95% alcohol

Differentiation and dehydration

On removal frenmthchine
70% alcohol
95% alcohol
Acid alcohol for destain if essary

5 mins
5 mins

95% alcohol 2 mins
100% alcohol 5 mins
Xylene 5 mins

Coverslip sections using DPX



Appendix 2 Recipes

Drugs

Cyclosporine A Concentration

5ml ampoule Sandimmun 5mg/ml = 250mg total
Dissolved in 20ml sodium chloride 10mg/ml

Inject 1ml/kg 10mg/kg
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Appendix 3

Gestational |Time between Ultrasound and first tablet (days)

Age 1 2 3 4 5 6 7 8 9 10 11 12 13 14
42 <10 <10 <10 <10 <10 <10 <10 10 1 12 125 13
43 <10 <10 <10 <10 <10 <10 11 12 12.5 13 14
44 =10 =10 <10 =10 <10 =10 12 12.5 13 14 15
45 <10 <10 <10 <10 <10 <10 12 | 128 13 14 | 15 | 155
46 <10 <10 <10 <10 <10 11 12 125 13 14 15 15.5 16
47 <10 <10 <10 <10 11 12 12.5 13 | 14 15 155 | 16 | 17
48 <10 =10 =10 11 12 12,5 13 14 | 15 16.5 16 | 17 | 178
49 <10 <10 10 11 12 125 13 14 15 15.5 16 17 17.5 18.5
50 <10 11 12 125 13 14 15 15.5 16 17 175 18.5 195
51 10 11 12 12.5 13 14 15 15.5 16 17 17.5 18.5 19.5 21
52 11 12 125 13 14 15 155 16 17 17.5 18.5 19.5 21 225
53 12 | 125 13 | 14 | 15 15.5 16 17 175 | 185 19.5 21 | 225 | 24
54 125 | 13 14 | 15 | 155 16 17 17.5 185 | 195 21 225 | 24 | 255
55 13 | 14 15 | 155 | 16 17 17.5 18.5 195 | 21 225 24 | 255 | 27
56 14 | 15 155 | 16 | 17 17.5 18.5 19.5 219 | 225 24 255 | 27 | 285
57 15 15.5 16 17 17.5 18.5 195 21 22.5 24 255 27 28.5 30
58 15.5 16 17 17.5 18.5 19.5 21 225 24 255 27 285 30 32
59 16 17 17.5 18.5 19.5 21 225 24 25.5 27 285 30 32 34
60 17 17.5 18.5 19.5 21 225 24 25.5 27 28.5 30 32 34 36
61 175 | 185 195 | 21 | 225 24 25.5 27 285 | 30 32 a4 | 3 | 38
62 185 | 195 21 | 225 | 24 255 27 285 30 | 32 34 3 | 38 | 40
63 19.5 21 225 24 255 27 285 30 32
64 21 | 225 24 | 255 | 27 28.5 30 32 34
65 225 24 255 27 285 30 32 34 36
66 24 255 27 28.5 30 32 34 36 38
67 255 | 27 285 | 30 | 32 34 >40
68 27 28.5 30 32 34 36 =40 =40 =40 =40 =40
69 285 | 30 322 | 34 | 36 38 >40 =40 >40 =40 =40
70 30 | 32 34 | 36 | 38 40 >40 >40 >40 >40 >40
71 32 34 36 38 40 >40 >40 >40 >40 >40 >40
72 34 | 36 38 | >40 >40 >40 >40 =40 >40 >40 >40 >40 >40
73 36 38 40 =40 =40 =40 >40 =40 =40 >40 =40 >40 >40 =40
74 >40 =40 >40 =40 =40 =40 =40 =40 =40 >40 =40 >40
75 >40 >40 >40 >40 >40 >40 =40 >40 =40 >40 >40 >40
76 >40 =40 >40 =40 >40 >40 >40 =40 =40 >40 =40 =40 =40 =40

Cardiff Foetal Tissue Bank (CFTB) standard opegaprocedure for staging of embryos. Showing expke@RL in mm calculate
from gestational age on day of ultrasound (left)j days between ultrasound arititablet (top). The white area indicates predi
CRL between 10-40mm which may be considered foradl studies. (CFTB 2012)



Appendix 4

Antibodies

. . : , . Secondary  Antibody
Primary antibody Type Supplier Concentration Blockserum (all at 1:200)
CD4 (Mouse) 550278 .

Rat monoclonal BD Pharmingen 1:500 (IH Goat Rahbit-rat
(Mouse CD4 helper T cells) g (IH)
CD4 (Rat) Ab8167 .
(Rat éDZI)heIper T cells) Mouse monoclonal Abcam 1:500 (IH) Horse Horse anditse
CD8 (Mouse) ab22378 Goat Rabbit anti-Rat
. Rat monoclonal Abcam 1:1000 (IH :

(Mouse CD8 cytotoxic T cells) (IH) (Invitrogen) (BA-4000 Vector)
CD8 (Rat) MCA48GA .
(Rat éDS)cytotoxic T cells) Mouse monoclonal  Serotec 1:500 (IH) Horse Horseraatise
CD11b (Rat) MCA275G . . Mouse monoclonal  Serotec 1:1000 (IH) Horse Horderaouse
(Rat macrophages and microglia)
DARPP-32 Mouse Cornell University 1:10000 Horse rdéoanti-mouse
F4/B0 ab90247 Rat monoclonal Abcam 1:1000 Goat Rabbit anti-rat
(Mouse macrophages)
HuNu MAB1281 - , ) Horse Horse anti-mouse
(Human nuclei) Mouse monoclonal  Millipore (Chemicon)  1:1000 (IH) (Invitrogen) (BA-2001 Vector)
Ibal 0919-19741 . Goat anti-rabbit

a Rabbit polyclonal Wako 1:8000 Goat oat anti-rabbl

(Mouse macrophage/microglia)

(BA-1000)
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Appendix 5
Problems with storage and degradation of tissue sgans

In the Brain Repair Group established protocolsused for the processing and
sectioning of brain tissue and subsequent storagestological and
immunohistochemical staining. As such, shared smiatare used which are made
up by all users and technicians and stored andalestt where required to prevent
wastage. The protocol for processing and storiragnbtissue sections is outlined
below. This was the protocol established for useallyusers at the time of
undertaking this PhD.

Perfusion and sectioning

. 50-100ml Prewash to flush all the vessels

. 200-250ml 1.5% PFA delivered over 5 minutes witheastaltic pump
. Removal of brain and post-fix overnight (24hr) i5% PFA

. Transfer to sucrose for storage until sectioningCam

All animals (rats and mice) are transcardially pseid with 1.5% PFA rather
than 4% as it was found that for a number of awlid® tested, 1.5% PFA improved
full thickness staining, enabling clearer quandifion of positively stained cells
(Torreset al.2006).

Storage

Fixation at 1.5% was considered to be adequatesfare sections cut and stored
in 96 well plates in TBZ at°€ (1 brain per plate). Sections can be stored teny
in these conditions, provided levels of TBZ are itamed and topped up as required.

TBZ is therefore prepared by all users when necgssal used as a shared solution.
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Appendix 5 Tissue storage problems

Problems

Although these methods have been successfully mmaiéed in this lab group
for a considerable amount of time with no problemperienced, for unclear reasons
| encountered severe deterioration of tissue segtimm brains across a number of
my experiments, as shownTable 5.1 This has limited the histological assessment
possible for these experiments, and therefore abeumf experiments described in
this thesis are lacking data. However, all expenit®evhich showed interesting data
and for which further staining could not be carrmat have been repeated where
possible and are quantified to the best level witihie timeframe available. More
extensive quantification of interesting data carcéeied out prior to publication.

There are a number of potential causes for thesielgms; however it is most

likely that a combination of these contributedhe tegradation of tissue sections:

. Fixation

It is possible that fixation with 1.5% PFA was iffszient for storage of tissue
sections at %C. However this cannot account for why some sestifsom each
experiment remained fine in storage long term wptessed in exactly the same
way. Batches of brains wrapped and stored togeteye affected while other
batches cut on the same day and stored in the $adge were not affected.
Additionally some sections degraded after some timstorage, whereas others

began to deteriorate almost immediately, makingitheusable by 1-2 weeks.

. Storage (TBZ2)

The recipe for TBZ can be found in Appendix 2. Hasic solution is made up
as 0.01% azide in TBS. The azide in this solutioousd preserve tissue sections and
prevent the growth of bacteria. As the tissue eastiwhich were damaged were
processed either over a period of a couple of ngrih storage plates may have
been topped up over this time period, it may be ttha solution used was made up
incorrectly or the water was not clean enough nmeprstored sections became

contaminated in the fridge.
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Appendix 5 Tissue storage problems

Contamination

If either of the above two points occurred, thessue sections would either be
underfixed, or inadequately protected from contatidam by bacteria during storage
at £C. This is possible since initial problems were evbied in stacks of plates
wrapped together, but not necessarily those ardguidbt all sections stored in these
fridges were affected; however had these beenrbietexl or stored effectively in

azide, such contamination would not be a problem.

Solution

Where sections had begun to degrade attempts waade ta fix prior to staining
in 4% PFA, and carry out required stains as quieklyossible to try not to lose any
data. However although antibody staining was swfaesn some cases, it was

impossible to mount sections onto slides as thaylavdisintegrate.

For subsequent experiments, tissue sections wereftine stored at -2G in
Antifreeze in 48 well plates (4 brains per plat&jlditionally, for the most recent
experiment (Chapter 7), 4% PFA was used rather 1ha%. No detrimental effect
was observed on the antibody stains in these ssctiand no difficulty was
experienced in the quantification of positive sitagn After these changes were made
no further problems were experienced and tissugosschave been successfully

stored long term at -2G.
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Appendix 5

Tissue storage problems

Chapter Experiment Fixation/Storage Staining completed Staining not possible
3 Experiment i) 1.5%¢C CV, HuNu Staining incomplete for some
0OX42 and CD8: complete but some damage'él’nmune markers
CD4: Very few and badly damaged
5 Experiment) 1.5%/4C CV, HuNu NeuN, immune markers
5 Experimenti) 1.5%/4C CV, HuNu NeuN, immune markers
5 Experimentii) 1.5%/4C CV Complete HuNu

HuNu: Not for all animals
CD8: Only for a few animals

Immune markers

Table 5.1Experiments affected by degradation of tissue@est
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Appendix 6
Proliferation of hPF cortical tissue following transplantation

Surviving hCTX transplants in rat hosts were caesidy large at 12 weeks
after transplantation as identified by both CV &haNu staining. To determine the
phenotype of surviving grafted cells; staining MeuN was carried out on sections
from Chapter 4, which revealed the presence of mature neuronseclto the
periphery of grafts, with far less towards the cerdespite confirmation of the
presence of human cells with HuNu antibody stainfggure 1 A-C). To
investigate this further, staining for Ki67 was danted, revealing the presence of
cells closer to the centre of the graft which wstik proliferating at 12 weeks post-
transplantationKigure 1, D,E). It is not clear whether the proliferativatare of this
tissue is related to the effectiveness of hCTX aswace of cells for desensitisation.
The presence of a viable, proliferative populatadndonor cells during immune
system development may be more beneficial thanltamative tissue source. It is
possible that differences such as these betweeor dissues may have an effect on
the host immune response to cells following trassfaition. 1 aim to further
investigate both of these factors by beginningharacterise the donor tissue used to
desensitise and transplant and correlate this thighsuccess of desensitisation and

the survival/rejection of transplanted tissue.
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|Appendix 6 Proliferation of hCTX after transplantation

v HuNu Ki67 NeuN/Ki67

Figure 1 Photomicrographs of a hCTX graft 12 weeks aftandplantation in a host desensitised with hCTXuéiskom Chapter 4
stained with CV (A), HuNu (B), NeuN (C), Ki67 (Dand NeuN and Ki67 merged (E). Images were manipdlat Adobe Photosh
in C-E to increase contrastdenhance visualisation of staining. E shows sigifitom subsequent sections in C and D overls

highlight the presence of immature proliferating/san the centre of the graft and mature neuraosirad the periphery. This typica
of large hCTX grafts at 12 weeks fradbmapter 3 and4.



Appendix 7
Desensitisation in C57BL/6J mice

Experimental Design

A cohort of C57BL/6J (BL/6) mice (n=13) were desdsed neonatally (P0-2)
with hCTX (1x10 cells) from two embryonic donors as describe€hapter 2. All
mice received QA lesions to the right striatumdualeéd by a transplant of hCTX
(5x10° cells) 8 days later. Survival of transplants waseased 6 weeks after
transplantation and compared to a small controligrm=3) of untreated mice who

received the same lesions and transplants.

Results and Conclusions

Following perfusion (1.5% PFA) and collection ofalws as described
previously, sections were cut at 40 and, due to previous problems with
degradation of tissue sections (Described in AppeB)i stored at -AT. Sections
were stained with CV to identify surviving grafes)d with HuUNu to confirm this. As
in previous experiments, survival of human xendgrainsplanted to the striatum of
desensitised animals was found to be poor, witlsureiving grafts identified. This
experiment was conducted concurrently with thosecideed inChapter 5; thus
sections from desensitised BL/6 hosts were usetkesd and improve antibody
staining. As described i@hapter 5, in the majority of cases where CV staining was
suggestive of good transplant survival, no stairdagld be found in HuNu stained
sections. It was reasoned that if transplant sahweuld not be confirmed with this
human specific antibody, then it may be possiblddtermine whether this staining
represents a transplant by showing the inverse;thidense staining is not due to

the infiltration of immune cells.

Sections from desensitised BL/6 hosts were theze$tained with a range of
antibodies (described in below). Staining with thastibodies suggests that there is
poor survival of transplanted cells, since littlesfiive staining for NeuN was

observed in the grafted area. Staining with Ibadwshthat the dense staining
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Appendix 7 Neonatal desensitisation (BL6 mice)

observed in CV sections is potentially indicatiidarge microglial infiltration and
rejection of the graftRigure 7.1 A,E,1,C,G,K). Initial staining for cytotoxic (CD8
and helper (CD4+) T cells did not show a large nembf positive cells in the
grafted area. To ensure this was not due to poomggation of the antibody in
mouse tissue, a pan T cell marker (CD3) was sulesglyuused. This showed a large
number of positive cells in the vicinity of the Graite, as well as additional positive
cells distributed around the brailRidgure 7.1, B,F,J,D,H,L).

Although this experiment did not provide any pestidata in determining
whether desensitisation of BL/6 mice to hPF tissae be achieved, findings were
useful in determining the outcomes of experimerdgscdbed inChapter 5. The
optimisation of antibody stains could be carried wuallow the identification of a
strong immune response to xenogeneic human tisansplants and highlighting
that the presence of CV staining resembling sungyransplants is more likely to be
due to the presence of these immune cells. A strongoglial response was
observed in sections from both desensitised andeatetd hosts, with the
morphology of cells resembling a more activatedragtal phenotype, as shown in
Figure 7.2 This has also aided in the design of future erpamts to further
characterise this and with the aim of targeting ime suppression more

appropriately.
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Appendix 7

Neonatal desensitisation (BL6 mice)

Antibody Aim Finding
CV: Nissl To identify graft Dense staining on
body stain region some sections

NeuN: Mature
neuronal
marker

CD4: CD4"
Helper T cells

CD8: CD8+
Cytotoxic T
cells

CD3:PanT
cell marker

F4/80: Mature
mouse

macrophages
and microglia

Ibal:
Microglia and
macrophages

To detect neurons The area identified
in the transplant as a graftin CV
area and see if  staining shows no
this corresponds staining with NeuN
to CV staining

Some positive
staining for both T
cell markers but
insufficient to
account for density
of CV

To identify
whether CV
staining is due to
dense lymphocyte

infiltration
Large amounts of
positive staining in
the grafted area anc
distributed around
the brain
Increased staining
of microglia but

] ) insufficient to

To identify account for CV

Whgther _CV staining

staining is due to

an increased

microglial Dense staining in

response to grafted area

transplant corresponding to
CV staining

Table 7.1Antibodies tested to identify source of dense @ing

242



Appendix 7 Neonatal desensitisation (BL6 mice)

Desensitised Untreated
IBA1 CD3 IBA1 CD3

.a..-. h

._”“w- - e o TRT
Flgure 7.1 Photomlcrographs of sections from BL/6 mouse hdsassplanted with hCTX WhICh had prewously k
desensitised (left panels) with hCTX tissue or wargeated (right panels). Sections are stained withtioeoglial marker Iba
(A,E,I; C,G,K) and pan T cell parker CD3 (B,F,J}HL,). Intense staining for both microglia and Tlgeimunoreactivity wa

seen in all hosts.



Appendix 7 Neonatal desensitisation (BL6 mice)
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Figure 7.2 Ibal immunoreactivity. A) Microglia in a mouse hostnsplanted wit
hCTX, showing resting, ramified microglia in thdtlstriatum (black arrowheac
and activated microglia in the grafted area ofrtgbt striatum. B) Examples e
morphology of resting and activated microglia (frQvlanGuilderet al.2011))
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