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Abstract

Extensive preclinical and clinical research have demonstrated the potentialdgfroedd brain
repair for Parkinso6s di sease showing that cell s can
Parkinsonian brain ultimately providing functional recovery to patients. Although the historical
source of dopaminergic neurons for cell em@ment therapies hagen foetaberivedcells,

the ethical concerns related to th&upply andvariouslogistical issuse have encouraged the

field of brain repair to switch towards the transplantation of sterrdeeiVed dopaminergic

progenitors.

A multitude of preclinical trials have showhat these cells can survive, differentiatesitu

and provide amelioration of motor deficits in animal models leading to the initiation of four
clinical trials with the aim to test safety, tolerability and efficacy of lestibryonic stem cell
(ESC) andinduced pluripotent stem cell (iPS@grived grafts for patients. However, the
preclinical literature suggests poor vivo survival and maturation of these progenitors

undermining the realisation of the full potential of stem cell replacement therapies.

In this context, injectable biomaterials have the potential to address ¢halenges
Specifically,neurotrophinNTF)-loaded biomaterials could provide the transplanted cells with
long-termNTF delivery overcoming the issue of trophic withdrawal pgstfting. Moreover,

injectablein situ gelling collagen hydrogels could provide supportive benefits by acting as a
matrix for cell adherence, by creating a phy
and by providing the trankmted cells with & TF-rich microenvironment to aid their survival

after transplantation anaisequenin situdopaminergic differentiation.

Thus, the overall aim of this project was to assess the potenhdAlFeEnriched biomaterials

for enhancingn situsurvival and maturation of human iPS€rived dopaminergic progenitors

in Parkinsonian rats, particularly in immunosuppressed (rather than immunodeficient) rats.
Specifically, we firstly conducted a systematic review of the preclinical literature tes dlsses
extent of survival and dopaminergic differentiation of human ESC i&8Cderived
dopaminergic progenitor@APSs) in the brain of Parkinsaan models. We founthat cell
survival was very variable (between 0% and 500%) but relatively high, with iamed1%.
However, although also very variable (between 0% and 46%), dopaminergic maturation was

poor with a median of 3% of the transplanted cells.
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Therefore, in an effort to improve survival and differentiation outcomes of cells in preclinical
models we firstly tested two systema®iomaterial microcarriers and engineered mesenchymal
stem cells for the delivery ofjlial cell line-derived neurotrophic fact¢GDNF)in a sustained
manner. However, these showed either to not being biocompatibleatrhe suitable for co
transplantation with iPSOAPs.

In parallel, a recently conducted study in ousugy showed the ability of a GDNhé brain
derived neurotrophic factor (BDNF)nctionalised collagen hydrogel to dramatically enhance
survival and dierentiation of iPSEDAPSs in the brains of athymic nude ratsddll deficient)

but not in the brains of cyclosporine suppressed ratel[Tlsuppressed). Therefore, the focus

of this research switched to the hydrogel. Particularly, we fisttigied thammunological
profiles of athymic nude rats and cyclosporine suppressed rats after transplantation-of iPSC
DAPs either alone, with NTFs, in a hydrogel or in a Narffiched hydrogel. We found that
cyclosporine suppressed rats were not fully immunosupgr@ssbe time of transplantation

as residual Icell populatios were found infiltrating the brains in the p&ransplant area and

circulating in the bloodstream

Next, we used an alternative immunosuppression regime to dksepstential of a NTF
enriched collagen hydrogel for enhanciig situ survival and maturation of iPS@erived
dopaminergic progenitors in immunosuppressed Parkinsonian rats. Although the beneficial
effect of this hydrogel was not as pronounced saenin immunodeficient rats,in
immunosuppressed hostsstill showed a beneficial effect on the corridor test performance
and in terms of consistency of survival and differentiation of the cells which generated

significantly denser grafts compared to when transplanted.alone

In concluson, aNTF-enriched collagen hydrogel hdse potential to improve the efficacy of

stem cell replacement therapies in Parkinson
with a supportive microenvironment throughout delivery and during the first wesk
transplantation. However, further studies are required to allowNiffeenriched collagen

hydrogel to realise its full potential in immunosuppredsests rather than irmunodeficient,

and further functionalisation is required in order to achievéasesl newtrophic factors

delivery in the brain.
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Chapter 1: Introduction

Chapter 1: General introduction

Parkinsondés di s e asl8l7lydanesfParkirsdn indheemimar i b e d
paperiiAn Essay onhe Shaking Palsy wher e he outlined the
observed in six patients on the steeef London. hiese included resting involuntary

tremors, unusal posture and propensity to falParkinson 1817) Although two
hundred years have passed since atPentski ns ol
remain purely symptomatic and do not target the progression of the iliness driven by

the continuous underlyingathogenesiCurrently,t h e -Btandal dd0 t r eaat me nt
dopaminegeplacement therapy bying levodopa, a dopaminergic precursghichis

very effective in the early stages of the disease but which leagsitaisside effects

in the longterm use such as dyskinesiaand a significant reduction of its therapeutic
effect(Jankovic, 2002)

In light of these considerations, a diseasedifying therapeutic approach is a major
unmet clinical need in the treat ment of
replacement therapies have the potential to restore the impaired dopaminergic
transmission in the satum by replacing the diseased neurons with new ones.
Although dopaminergic neurons derived from elective abortions were the historical
source of cells for transplantatiocyrrently,stem ceHderived brain repaiseems to

be the nost promising approadb targetthe neuronal loss in the nigrostriatal pathway

that characteriseP ar ki n s o n Alhougtl ifie elmisak trials are already
underway to test the safety, tolerability and efficacyhainan embryonic stem cells
(hESCs)ESCs andhuman inducedluripotent stem cell§iPSCg-derived grafts

(Kyoto Trial: UMINO00033564; BlueRock Trial: NCT04802733; STHRND:
NCT05635409 S.Biomedics Co. Trial: NCT05887468spen Neuro: ANPDO0OQ1

this approach is hindered by the variabjlaynd the poor survival and differentiatjon

of the transplanted cells which are issues that need to be addressed in order to maximise

the therapeutic potential for patients.

In this context biomaterials are substances that have been engineered tct iniéna
biological systems fom medical purpose and hapeeviously been showrto be

benefici al in i mproving cel/l in preclinegdy app
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studies In particular, injectable hydrogels showed their ability to increasevaliand
reinnervation of the host striatum both afteethl ventral mesencephaloii) and
ESCsderived transplantéMoriarty et al., 2017, Moriarty et al., 2019, Adil et al.,
2017) This positive effect has beattributed to the biomaterialability to provide
the cells with a supportive microenvironment representing an adherent matrix and by
creating a physical barrier to the innate Hognune cells. Moreover, hydrogetan
be further functionalised with neatrophic enrichment to provide the transplanted
cells with a short term reservoir of neurotrophins which showed to be beneficial for

the transplanted foetal ce(lsloriarty et al., 2017, Moriarty et al., 2019)

In light of these consideratns, the overall aim of this project was to assess the
potential of neurotrophbenriched biomaterials for enhanciiy situ survival and
maturation of human iPS@erived dopaminergic progenitons Parkinsonian rats

Thi s introduction chapter wi || provi de
symptoms and currently available therapeutic approaches. After, this chapter will
focus on cell-derived brain repair as a possible therapeutic strategy including
associated limitations. Finally, this introduction will focus on the use of neurotrophins

and biomaterials as a potential strategy to overcome these limitations.

I.IPARKI NSONGS DI SEASE

Parkinsonds disease is the second most
worl d, only surpassed by Al zheimero6s, an
over 65 years of agig.ees et al., 2009 Currently, the causesf Par ki nsonods
are not fully understood but it is thought to be the result of a combination between
genetic and environmental facto(®arner and Schapira, 2003Dne of the
pathologicahallmark of R r k i ndsease @sshe presenakthe pathological form

of a protein- alphasynuclein- which result in the formation of aggregates called Lewy
bodies(Kalia and Lang, 2015)These are known to lmne of the factorsesponsible

for the degeneration of dopamiger neurons primarily irthe substantia nigrpars
compacta(SNpc) (although not restricted to this ared)s a result,dopaminergic
transmission in the striatum impairedleading toa variety of symptoms, including

motor deficits(Jankovic, 2008)



Chapter 1: Introduction

1.1.1 Pathophysiology

As menti oned a bdisease is Pharacteriseds loy ndigaminergic
degeneration particularly in th®Npc, which resultsin an impaired dopaminergic
transmission in the striatuteading to the characteristic symptoms of the disease,

which will be discussed later in this chapf€o. contextualise the neuropathology of

Par ki nsonds, it I's essenti al to underst a

involved in regulating voluntary moveme(ileLong and Wichmanr2015)

1.1.1.1Basal ganglia

The basal ganglia are composedgafamen and caudate nucleasllectively known
asthe striatm), globus pallidus (including globus pallidus internal (GPi) and globus
pallidus external (GPe), substantia nigiavided irto substatia nigra pars compacta
(SNpc) and substantia nigra par reticulata f§INand the subthalamic nucleus (STN).
These interconnected nuclei are primarily involved in regulating voluntary
movements, cognition and emotions as well as inhibiting interferingements
(DeLong and Wichmann, 2015)

The striatum is the main structure that receives inputs from the cortexadenhtis. It
also receivesignalsfrom the SNpc throughthe neurotransrtter dopamine and this
circuit is fundamental for motor responséhis direct communication between 8N
and striatum througllopaminergic signalling represerttse nigrostriatal pathway
(Rice et al., 2011)The striatum igich in dopamine receptors which are dividetbin
two subtypesD1 ard D2(Tritsch and Sabatini, 2012)1 receptors are excitatory and
once stimulated intensifyne glutamategic signals received froithe @rtex while D2
receptors have an inhibitory effect B actions once stimulatg¢tleve et al., 2004)
The SNocis rich inthe enzymeyrosine lydroxylase which is necessary for dopamine
synthesis and communication throoghdopaminergic signalling with the striatum
(Cavalcanti et al., 2014, Cacciola et al., 2016)

Motor circuisin the basal ganglia can be dividetb two main pathways: direct and

indirect In the direct pathwayhe striatum receives excitatogjutamatergicsignals
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from the catex as well as dopaminergic inputs from@g@gNDopamine in the striatum
binds to D1 receptors resulting in inhibition @i and SNr. These, whichare
naturally inhibiting the thalamugannotrealise this function anymore allowing the
thalamusto send egitatory signals to the corteandinitiate voluntary movements
(Graybiel, 2000) Therefore, the direct pathway is excitatory and, when activated,

removes thalamus inhibition resulting in the promotion of movement (Fig. 1.1A).

In the indirect pathwaydopamine released the striaim binds to D2 receptors and
directly inhibits GPe Therefore,inhibition of STN, GPi and Sir is removedAs a
result, the thalamus is also inhibited. The indirect pathway is considered inhibitory
and, when activated, inhibits the thalamus resultinthénsuppression ainwanted
movementgFig. 1.1B)(Calabresi et al., 2014)
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A) CORTEX >

I

SNc &——=< STRIATUM
©w oo

1 :
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-
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@——< Modulatory I
Interrupted
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Figure 1.1. Schematic representation of the basal gangliaircuits. The basal
ganglia are characterized by two primary pathways: A) direct and B) indirect which
promote or inhibit motor function respectively. Green neurons represent excitatory
pathways, red neurons represent inhibitory pathways, black ngumgpresent
modulatory pathway (can be both excitatory and inhibitory due to the presence of both
D1 and D2 receptors) and transparent neurons represent interrupted paiiinayd.

D2, dopamine eceptor subtypes; SNr and SNc, substantia nigra pars reticulata and
compacta; GPi and GPe, globus pallidus internal and external; STN, subthalamic
nucleusimage adapted from Rocha et aD23.
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1.1.1.2Nigrostriatal pathway degeneration

Dopaminergic transmissiadn the nigrostriatal pathway plays a key rolerggulating

both direct and indirect pathways in the basal ganglia and a fine balance between the

two is extremely important for motor control. A dysregulatianthis pathway is
consideredhe base of motos y mpt oms i n Parkinsonodés di se
dopaminergic neurons that project from thep8o the striatum is one of the primary
features of t he il ness. Wh e n t he mot o
approximatively 50% of the dopaminergic newns in the nigrostriatal pathway have

already degenerated leading to a reduction up to 80% of dopamine in the striatum
compared to healthy subje¢®ernheimer et al., 1978earnley and Lees, 199The

delayed onset of the clinical manifestation is explained by the capacity of the brain for
compensatory mechanisms in the dopaminergic sy$Rlasa et al., 2017)hese
includeupregulation of dopamingic transnission and downregulation of dopamine

uptake by dopamine transporter (DAPifl and Hornykiewicz, 2006, Zigmond et al.,

1990, Uhl et al., 1994)Furthermore, the reduction of striatal dopamine has been

shown to increase the ratio of D2 receptors which are important for the indirect
pathway in controllingnovementgChefer et al., 2008, Decamp et al., 1999, Graham

et al., 1990)However, these compensatory mechasismvitably fail because of &

progressive neuronal death therefoliaical symptoms of thelisease start to appear.

A schematic representation of the impaired basal ganglia circuit is represented in Fig.

12.
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CORTEX

]

c { - STRIATUM
W oW

Excitatory I

GPe . GPi/SNr e—<THALAMUS

Inhibitory

Modulatory

I1]

Interrupted

STN

Figure 1.2. Schematic representatn of the basal ganglia circuits n Par ki nson:
disease.Degeneration of dopaminergic neurons in 8Mc leads to a dopamine

depletion in the striatum causing imbalance in the basal ganglia circuits leading to a
reduction of movement. Green neurons represent excitatory pathways, red neurons
represent inhibitory pathways, black newoapresent modulatorngathway (can be

both excitatory and inhibitory due to the presence of both D1 and D2 receptors) and
transparent neurongpresent interrupted pathway3l and D2, dopamine receptor
subtypes; SNr and SNc, substantia nigra pars reticulata and compactandGEPe,

globus pallidus internal and external; STN, subthalamic nudieage adapted from

Rocha et a).2023.

1.1.1.3Alphasynuclein and Lewy bodies

Anot her neuropathol ogi cal t raacdreulatoom &f o f P
intra-neural inclugns in the substantia nigra whialere named Lwg/ bodie® after
Fritz Jakob Heinrich Lewy who firstly described them in 19l&es et al.2008)
These are primarily composed aphasynuclein(Spillantini et al., 1997and other
proteinssuch as ubiquitin, ubiquitinated proteins and neurofilam@abmidt et al.,
1991) Alphasynuclein is an intracellular pratecomposed ofl40 amminoacids
which is primarily found aa monomeric unfolded form in healthy neurdBsirré et
al., 2013, Fauvet et al., 2012, Gould et al., 20Bérause of its structural flexibility
it is prone to misfolding and initiation of pathological for(hsicas and Fernandez,
2020) Particularly; it is hypothesised that thgrocess through whicalphasynuclein
becomes pathological israulti-step progression starting with the sa#lsembly and
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nucleation of the proteito form oligomers. Although these nuclee still soluble they
representa starting point for more alpksynuclein to attach and aggregate
(Saramowicz et al., 2024Thesealphasynuclein formations indkinso® s di seas e
are notonly limited to Lewy bodies, ndeed abnormal neuritesalled Lewy neurites,
havealso been found in the situm of patients and are madegoanulated material
and alphasynuclein filaments and armeore abundant than Lewy bodi@uda et al.,
202, Braak et al., 1999)he presence ofdwy bodies is ndimited to a single type
of Par butthey bavedbeen found both in familial, sporadic cases andhalso
other diseaseswhich are all included undertthe classification of alpha
synuclenopahiess uch as Lewy bodi evwsthdbmenta,mulipe, Par
system abphy and neuroaxonal dystropliikoga et &, 2021) The dopaminergic
neurons in theubstantia nigra seeta be very susceptible the formation of kewy
bodies(Surmeier et al., 2017)nterestingly, it is hypothesised that this process starts
outside theentral nervous syster@S), particularly in the olfactory bulb and enteric
nervous systen{Borghammer et al., 2022JFurthermore, alphaynuclein has the
capacity of spreading from cell to celh a prionlike manner, therefore the
misfolded/aggregateprotein might be secreted bye cells andhe incorporatedby
another oneausing tle propagation and formation oéwy bodiesn different areas
of the body(Jan et al., 2021, Male#t al., 2014, Reyes et al., 202Ik) supportof this
hypothesis of misfolded protein spreadingm cell to cell it has been observed that
alphasynuclein was found in neuromerived fran transplanted detal grafts into
patients(Li et al., 2008) This evidence suggests that the misfoldargl aggregation
of alphasynuclein playan important role in # initiation andprogression of

Par ki disease 6 s

1.1.1.4Neuroinflammation

Neuroinfl ammation is another pathological
I n 1988, McGeer and coll eagues found act.i
patients(McGeer et al., 19883nd later, astrocytes recruitment was also detected in

the substantia nigréDamier et al., 1993)Since then, the role of microglia and
astrocytes in the pathol ogyatedtlemPrastratng n s o n ¢

the importanceof neuroinflammation in the progression of the illnéssrthermore,
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increase in the levels of pinflammatory factors such as tumour necrosis factor
(TNF-U) , indbr-1Rlukamd -gammadINFd ¥ r a hribues © the
neuroinflammatory proceg$erhard et al., 2006, Saijet al., 2009, Tansey et al.,
2007, Tansey and Goldberg, 2010)

Microglia and astrocytes are parttble innate neuroimmune response. Particularly,
microglia are considered as surveillance cells and represent a first defence against
bacterial and viral infections. Once activated, through-lia@l receptor signalling,

they increase in number and switclorfr a resting ramifiedmorphology to an
amoeboidactive ongLull and Block, 2010)

Astrocytes activation happens through -prflammatory cytokines released by the
activated microglia and their role is to integgf/en further the flemmatory response
(Pekny et al., 2014)

In the context of Parkinsonds disease, tF
substantia nigra exacerbates microgtiocend astrocytosis causing addita cell

death triggering further neuroinflammatioand creating a degenerative cyd&ao

and Hong, 2008)vhich, although it is10t the main cause of dopaminergic cell death,

it plays a key role in the progression of the illn@&&ng et al., 2015)

1.1.1.5Mitochondrial dysfunction and oxidative stress

Par ki ntagenéss is plso affected by mitochondrial dysfunction and associated
oxidative stress. Neurons) general are characterised by an increased quantity of
mitochondriaas they require large amounts of energy to realise their fupction
therefore they armore susceptible to mitochdria dysfunctior{Villacé et al., 2017)
Particubrly, dopaminergc neurons aremainly suscepble to mitochondrial
dysfunction because dopamine, if oxidised, generates reactive oxygen species (ROS)
which can beneurotoxic(Hastings, 2009)Basically, f these ROS accumulateey

cause oxidative stress because the body is unable to elirthieatd the antioxidant

ability of the cellss exceeded, ultimatelgading to celtleath(Hauser and Hastings,
2013)
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1.1.2 Etiology

Al t hough the etiology of Parkinsonds di s

multifactorial including aginggenetic and environmental factors.

1.1.2.1Age

Age is considered the biggest ri sk fact
increases with age. As mentioned before pilevalencef the diseases 1% in people

over 65years old, however this increases to 4% in people ovge8t of ag€De

Lau and Breteler, 2006)urthermore, the@ccurrenceof the disease is thought to
inevitably increase as a catpience ofin evergrowing and ageingopulationand

the number of patients has been predictatbtdlefrom 2005 to 203{Dorsey et al.,

2007)

The mechanism relating agefoar ki nsonds is not feud 'y un
associated with chronic increase of neuroinflammation and mitochondrial dysfunction
(Franceschi et al., 2018, Hou et al., 200@)ch have been shown b contributing

factorsto theprogression of the disease as mentigmediously

1.1.2.2Environment

Numerous environmental factors are kmot@ be linked to the onset o ki nson 6 s
diseasesome are considered risk factors which cause/increase the risk while others
are considemk protective factors which are associated to a reduced risk of developing

the illness.

A relatiorshipb et ween some viral i nfections and
examples of these infections are: herpes simplex virus (HSV), influenza virus A and
mumps(Matrttila et al., 1977, Marttila and Rinne, 1978, Harris et2112, Vlajinac et

al., 2013, Olsen et al., 2018J)he first suggestion of a link between a virgkction

and Parkinsondés di se aemdenicafencephaltiaaffdcted o 1 9 :

the population around the world and patients, monthsdétsthe first infection, were
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developing Parkinsonian symptsniHoffman and Vilensky, 2017) It has leen
identified that 50% of 8 r ki nsonds c atheascephalitifGusdetal,k ed t
1987)

Anot her convincing example that the eti ol
environmental factors came in the 1980s when numerous drug users in California
developed Parkinsonian features overnighhis happenedafter intravenously

injecting themselves with heroin derivédm a batch which was contamindteith

its analogueknown asl-methyt4-phenytl,2,3,6tetrahydropyridine NIPTP) which

is metabolised to its toxic form call Ermethyt4-phenylpyridinium MPP).
Interestingly, all these subjects haa iatenseresponse to treatment with levodopa
(Langston et al., 1983, Langston, 20IF)rthermore, MPTP has been widely used to

model Rarkinsod s di sease in research ani mal s.

Exposure to pesticides have been identified as another environmental factor linked to
t he onset distasdParticlaly rafseosoréesingf pesticides, two of them
were identifed to be strongly associated witte development of Parkinsonisthese

were rotenone and paragu@tanner et al., 2011)The® are now used to induce
Parkinsonism in animal models for preclinical research supporting the evidence that

pesticides are implicated in the etiology of the disease.

Contrarily, \arious environmental factors have a protective effect against the onset of
Parkinsonds di sease. First of all, s mo ki
relationship with Parkinsond¢lset ah20i5h i s ¢
Thacker et al., 2007pther factors that have been shown to have a potential protective
effect against Par ki ns o+adencemptosaganisbke ar e t F
salbutamolHopfner et al., 2020and the consumption of caffeif@oss et al., 2000,

Ascherio et al., 2001)

1.1.2.3Genetic predisposition

As previously mentioned, the majority of
15% of patients have a family histo(Kalinderi et al., 2016) Numerous gene
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mutations have been identified to be linked to the disease, first of all walptize
synwclein geng(Polymeropoulos et al., 1997) gene associated with rmghondrial
function, leucinerich repeat kinge 2 LRRK2 has also been assated to inheritare
of the diseas@Nallings et al., 2015)Additionally, other genes includirgarkin (E3
ubiquitine ligase)PINK1 (PTEN-induced kinase) anbJ-1 (protein aeglycasehave
been linked to the illneg¥Kitada et al., 1998, Bonifati et al., 2003, Bonifati, 2014,
Valente et al., 2004 Approximatively, 23 loci and 19 genes have been identified to
be linkedto Parkien 6 s di s @amgetalt,2018) at e

To summarise, thecauses &P ki nsondés di sease are mul ti

interactionbetween age, environmental fat and genetic predisposition.

1.1.3 Symptoms

Parkinsonian symptoms include both motor and-mator symptoms and they are

described in the following sections.

1.1.3.1Motor symptoms

One of the early manifestations of the diseasemotor symptoms which can be
grouped undertheecony m A TRAPO which stands for: t
and mstural instability. Tremors are one of the most characteristic features of the
illness and they appear to mostly affect the extremfgegs hands) unilaterally and

tend to vanish during an action or during sleep, for this particular reason they are
recogni sed tas.Rijidimis dftenmgpoated with pain and consists of

the increased stiffness and inflexibility of thertky neck, arms or leg&ankovic,

2008, Riley et al., 1989, Stamey and Jankovic, 20@Kinesia refers to both
bradykinesia and freezing. The first consists of slowness in initiating and performing
of movements and it is known to be a consequence of the imbalance in the basal
ganglia transmission(Berardelli et al., 2001) Interestingly, the severity of
bradykinesia seems to be associated with the degree of dopamine depletion in the
nigrostriatal pathwayVingerhoets et al., 1997, Lozza et al., 200B)e continuous
rigidity of the body leads to postural deformities such as flexed neck, trunk and knees

ultimately causing postural instability andpensity to fall which generally manifest

12
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in the later stages of the illne@¥illiams et al., 2006)Other motor abnormalities that
patients with Parkinsondés disease might
expression (hypomimia), difficulty speaking (dysarthria), swallowing (dysphagia),
writing (micrographia), a padular walking pattern where the feet are dragged along
the ground (shuffling gait) with the propensity to stride and flexing trunk and legs
(festination).(Jankovic, 2008)

The severity of the disease can be assessed using rating scales. The most widely used
and betteret abl i shed scale is the Unified Park
which has been showa be reflective of changestine progression of the disease and
interventional studies. It is the gedlandard rating scale used in clinical settings and
clinical trials for Parkinsonds disease
behaviour and mood (part 1), daily actieg (part 1), motor symptoms (part Ill) and

complication of therapy (part IM)Goetz et al., 2008, Postuma et al., 2015)

1.1.3.2Non-motor symptoms

As well as motor sympt oms specRumrokpsyohg@atoon 6 s i
and cognitive maifestationsknown as normotor symptomgNMS). These includes
depressive disorders, olfactory a#fi deep disorders, constipaticemxiety, cognitive
impairment, dementiandthey can appear at any stage of the disease, even before
motor symptoms starts to manifégumaresan and Khan, 2021, Aarsland and Janvin,
2008) Paticularly, olfactory dysfunction is one of the early and common symptoms
of Par ki ns tisdygothdsisadetlaais senell loss could be correlated to
accumulation of Lewy bodies in the olfactory bulb during the early onset of the disease
which couldexplain why patierst often experience reduction of the sensaroéll

before the manifestation of the common motor symptoms. Moreover, Braak and
colleagues theorised a staging system for the development of Padisisease

Stage 1consists of the migten of Lewy bodies from the periphery of the body and
their subsequent accumulation in the olfactory system and medulla oblongata causing
the aforementioned olfactory deficits and autonomic disturbances. In stage 2 and 3, the
pathology progresses to thealm causing sleep and motor disturband®ben the
pathology advances to the limbic system and neocortical regions, patients experience
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emotional and cognitive probleniBraak et al., 2003, Braak et al., 2006, Halliday et
al.,,2011)A schematic representation of the st
in Fig. 1.3.

BRAAK STAGE 1&2 PD BRAAK STAGE 3&4 PD BRAAK STAGE 5&6 PD
Autonomic/olfactory Sleep/Motor Emotional/cognitive
disturbances disturbances disturbances

7 N }77-’ i “\,‘ R = =

via

Slfaciony bulb? premotor motor symptoms

via ¢® Brainstem Lewy body  # Cortical Lewy body

Vagus nerve

Figurel.3Schemati c representation of Bhake st ac
and colleaguesheoriseda staging system for the spread of Lewy pathology in

Par ki ns o nThe initétiors stages ilrcludes medulla obfjata and olfactory

bulb and léer progresses to cortical regions in the brain. Image taken from Halliday et

al. 2011.

Although nommotor symptoms are as important and debilitating in impacting on the
quality of life of patients, motor symptoms are more relevant for the work presented
in this hesis therefore the next sections will be mostly focusdtimtreament ofthe

latter.

1.1.4 Current treatments

In the next section, current avail abl e
described. Although they are effective in controlling the symptoms in the early stages

of the pathology, it is more challenging tedt the disease at later stages. Furthermore,
these treatments are purely symptomatic and do not target the progression of the
diseasg¢Salawu et al., 2010)
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1.1.4.1Pharmacological treatments

The main pharmacological approaches congistopamine replacement therapy,
dopamine agonists, inhibitoas the enzymes responsible for dopamine breakdown in
the brain and anttholinergic druggZahoor et al., 2018Briefly, the gold standard
dopamine replacement isvodopawhich was firstlyused in 1967 Cotzias et al.,

1969) This isa dopamine precursor that can be conveméo dopamine by the
enzyme dopdalecarboxylase in the braifCotzias et al., 1969)Generdy, the
therapeutic effect of l@dopa is seen very quickly after administration and can last up

to several hours in the early stages of the disease, howdhetisgasgrogression

the therapeutic duration of the drug is gradually reduced and an increase in frequency
of administrationand dose are often necess@fahoor et al., 2018)Despie its
efficacy during the earlgtages of the disease, the continuous neuronal loss impairs its
capacity to cotrol the symptomsParticularly, at advanced stages of Parkinsonism
patients experiemdi o n 06 and 0 of fevodopeeis effectiyesin corfir@dlinge |
the motor symptoms during the Aonod peric
| eaving patients with intense Parkisnsoni &
(Bravi et al., 1994, Mouradian et al., 198%)s the disease progress and the
therapeutic dose oéVodopa administered increases, thennsaie effect experienced

by approximatively 80% of the patients is the onsetgffenomenon called dyskinesia
(levodopainduced dyskinesia (LID)) which is as debilitating as the disease itself and
truly limits the therapeutic effect of the dr(@hlskog and Muenter, 2001Qther side

effects inclale primaily off-target interaction ofevodopa causingastrointestinal
issues (nausea and vomiting), orthostatic hypotension and neuropsychiatric
manifestations such as anxietydehallucinations. To reducevodopa peripheral side
effects, it is normayl administered with carbidopa/benserazide which are inhibitors of
peripheraldopadecarboxylase avoiding the conversion of levodopa to dopamine
outside the braiZahoor et al., 2018)

Dopamine agonists act on the psghaptic dopaminergic receptors fating the
effect of theneurotransmitteDopamine agonists are divided in two subtypes: ergoline
and norergoline agonists. Somexamples of ergoline agonists are bromocriptine,

pergolide, lisuride and cabergoline while ropinirole and pramipexole arengotine
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agonists. Drugs from both subclasses target D2 dopamine recéptorsks, 2000)
An important dopamine agonistagomorphine (notergoline subclassit is the oldest
dopaminergic drug available for Parkinso
and it provides rapid relief from symptoms. However, the effect of duration is short
and the route of administration is either subcutaneous or via continuassomf
(Carbone et al., 2019popamine agonistsan usually be prescribed to treat the early
stages of the disease to delag administration dfevodopa with the aim of reducing
its longterm use motor complicatiorfdenner, 2002)Although the use alopamine
agonists, compared tevodopa, does not rekun severe drugnduced dyskinesia,
they also are characterised by important side effects such as gastrointestinal
disturbances, dry mouth, hallucinations, sleep disturbances and most importantly
compulsive/impulsive behaviours (binge tirg, gambling, kpersexuality and

compulsive shoppingAtmaca, 2014, Moore et al., 2014)

Another approach is represented by the inhibition of two enzymes which are
responsible for dopamine breakdown into its inactiveainaites, thes enzymes are
monoamine oxidasB (MAO-B) and catecheD-methyl transferase (COMTMdller,

2015, Riederer and Laux, 201Xxamples of MAGB inhibitors are rasagiline,
selegilineand safinamidand examples of COMT inhibitors are tolcapone, entacapone
and opicaponé€Fabbri et al., 2022)nterestingly, it is thought that the inhibition of
MAO-B might have positive effects on the progression of the disease. This is because
the metabolism of dopamine trough MA® enzymes produce®xic metabolites,
therefore its inhibition could protect neurons from this toxic proCeess et al., 2022)

The use of MAGB and COMT inhibitorss also usually directed to manage daely
stages of the disease especialyyoungerpatients in an effort to delagvodopa
induced motor conditions. Howeverlttugh able to relieve parkinsonian motor
symptoms afirst, they might eed to be cadministered withdvodopa in the later
stages to improve their effectivene@Soldenberg, 2008)MAO-B and COMT
inhibitors are usually well tolerated with side effects being uncommon and soicior

as eczema, headaches and nasophary(g#i®or et al., 2018, Tan et al., 2022)
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Non-dopaminergic treatments include the use of-emtlinagic drugs such as
benztropinediphenhydramine and trihexyphenidyl. Actiolinergic drugaverethe
first treatmentavailable br the symptomatic treatmeat Parkinsonismand are still
someimes used today as support evddopa therapyKatzenschlager et al., 1996,
Rezak, 2007)Because the loss of dopaminergic neurons and therefore dopamine in
the striatum can cause an imbalance between the two neurotransmitters in favour of
acetylcholine, anticholinergidrugs aim at résring this balance byantagonising
cholinergic receptors(Goldenberg, 2008, Brocks, 1999)Jhey are normally
administered in younger patients to reduce tremors and then given in combination with
theaforementioned drug3hey usually should be avoided in elggpatients as they
are more likely to cause confusion, memory loss and hallucinations as side effects
(Zahoor et al., 2018, Barrett et al., 2021)

Amantadine is a drug which was firstly developed as an antiviral treatment for flu and
later showed arfparkinsonism effectby serendipitylts mechanism of action is not
conpletely clear as it is thought to have different targets. Briefly, amantadine has been
shown toenhance dopaminergic transmission by increasing dopamine production,
turnover, uptake and relegzesynaptically and by increasing D2 receptors activation
pod-synaptically Furthermore, amantadine has atiikynetic effects thanks to its
low-affinity antagonist capacity oMN-methyltD-aspartate NMDA) glutamatergic
receptorsrestorirg a balance irthe glutamatergic transmission that was atieby
levodopa(Rascol et al., 2021}t can be used both to control tremor symptoms and to
reducelLIDs (Crosby et al., 2003)'he most important seleffects that might lead to
discontinuation of amantadine therapy are confusion/visual hallucinations and
agitation states, these most frequently occiur elderly and cgnitively impaired
patientsRascol et al., 2021)

1.1.4.2Deep brain stimulation

Although phamacological treatments represent the approach of choicehéor
treatment of Par ki ns on 6(BBSpcandeawptionwhehe e p
the symptoms of the illness are no longer controlled bydthgs mentioned in the
section abovegDeuschl et al., 2006)Firstly introduced in the earl§990s, DBS
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consists of higHrequencystimuli that are continuouslipeingsent to specific brain
regionsby a surgically implanted devioalled neurostimulatdtimousin et al., 1998,
Benabid et al., 2009)Specifically, by adjusting intensity of the impulses and the
targeted regions, DBS can be more effective towards different manifestations of
Par ki diseasaForsexample, directlyargeting the subalamic nucles (STN)
and the globus pallidus internal (GPi) has been proven to be beneficial towards the
redwction of bradykinesia, tremors and rigidityhile directing the impulses ventrally
towards the thalamus can be more efficacious against tréfaisrson et al., 2005,
Ohye et al., 1977)Although DBS has many benefits in the treatment of moto
symptoms it is still a surgically invasive and complicated procedarel only
minimally influencesnon-motor symptomgBenabid et al., 2009)

1.1.4.3Limitations

While treatmenspecific side effects are mentioned in the sections above, the main
common limitation hindering théherapeutic potentiabf current treatments that

even though they are able,toacertainextet, al | evi ate the sympt
disease, they are not directly targeting the neurodegenerative process which keeps
progressing over the years to the point when only a small percentage of dopaminergic
neurons are left in the nigrostriatal pathwapdering these treatments inefficacious

as their primary target are the surviving neurdasically, these pharmacological
treatments are not diseaswdifying or restorative but only symptomatic. Therefore,
advances in the tr eahamdeeh fooauding dhalevéldpingsao n 6 s
restorative approach that could target the underlying neurodegenerative process. One
such strategy could be the replacement of the lost dopaminergic neurons with new
viable ones that could form connections in the braml restore thempaired
dopaminergic transmission in the nighdatal pathway. fis concept is known as cell

replacement therapy or brain repair.

1.2 CELL REPLACEMENT THERAPY

In the next section, the rationale, historical perspective, limitations and current/future

strategies of cell replacement therapy will be described.
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1.2.1 Rationale for cell replacement therapy

The rationale behind the concept of adirived brain repair foP a r k i diseasa 0 s

lies in one of therimary characteristics of the condition which is the fasdjective

loss of dopaminergic neurons in the substantia nigra andotieequently reduced

level of dopamine being released in the stria(i®@arnley and Lees, 1991, Zhai et al.,

2019, Surmeier et al., 20L& o date, the mostidelyu s ed tr eat ment s f or
disease are only symptotitaand aim atrestoringthe loss of dopamine from the
nigrostriatal pathwayHowever, ;ce there is an unmet clinical need for a therapy that

is actuallyreparative of the braiand which targets neuronal lg$ke transplantation

of new and healthy dopanergic neurons int®arkinsonian brains holds the potential

to restore the impairedopaminergic transmission in the striatum and consequently

improve the motor symptoms experienced by patients.

1.2.2 Primary neurons transplantation

The historical source aflopaminergic neurons for transplantation in thairbfor
Par ki ns on 0 rimdry searans @erivedafrert@rmination of pregnancies.

The main preclinical and clinical trials will be outlined in the following sections.

1.2.2.1Pre-clinical trials

The first successful attemptlatain transplantation was reported in 1917 when Dunn

and colleagues obtained and transplanted brain tissue derived from one albino rat to
another anghostmortemanalysis revealed the capacity of the nerve cells to survive,

grow and integrate in the host bréibunn, 1917)After, some of the first prelinical
studies from the early 0680s showed how t
foetuses can be transplanted into the brai6-OMHDA lesionedratsassolid pieces

(Bjorklund and Stenevi, 1979, Perlow et al., 1979, Bjorklund et al., 1980a, Dunnett et

al., 1981a, Dunnett et al., 1981b, Freed et al., 1380\ever, this approach require

a highly vascularised g#y into the brain and it was netitable to target deep brain

areas. This limitation was easily addressed by dissociating the embryonic tissue into a

cell suspension before transplantation into the host §Bdrklund et al., 1980b,
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Bjorklund et al., 1983, Schmidt et al., 198Bpth approaches demonstihthat the
implanted neurons wesble to survive and integrate into the host denervated striatum
and ameliorate the effect of amphetamim@uced rotationgDunnett et al., 1981b,
Dunnett et al., 1983)Although thes@utcomesvere seen when the transplants were
performedinto the striatum, no motor recovery was observed in the rats which had
received the dopaminergic rich transplants into the substantia nigra due to the inability
of these neurons to grow and integrate with the host fPainnett et al., 1983)

After these successful first studies in rats, grafting of foetal derived dopaminergic
neurons was also positively performed in #fmman primates with Parkinsism
induced by treatment witNIPTP which is another neurotoxin relatively specific for
the dopaminergic pathwags mentioned in the etiology secti(Bakay et al., 1985,
Bakay et al., 1987, Redmond et 4B86, Sladek et al., 1986, Sladek et al., 1988, Fine
et al., 1988)

Given the positive results obtained from the transplantation of tissue derivedafro

and norhuman primate foetuses, in 1985 the teams from Lund and Stockholm
received the approval to transpldmimantissue derived from elective abortionsan

the brain of Parkinsonian rats. Foetuses between 8 and 10 weeks of development were
used as that was found to be the optimal age for cells survival after transplantation.
The dopaminergic transplants were found able tmmervate the striatum and to
ameliorate the motor deficits causby 6:OHDA injection in amphetamingduced

rotation tes{Brundin et al., 1986, Brundin et al., 1988, Clarke et al., 1988, Stromberg

et al., 1986, Stromberg et al., 1988)

1.2.2.2Clinical trials

The successful outcome of the studies mentioned above opened the way for the first
openlabel clinical trials in 1988 carried out by Madrazo and colleagues in Mexico and
Lindvall and colleagues in Swedéadrazo et al., 1988, Lindvall et al., 1988)pth

studies were goposed otwo patients who received brain transplantation of human
ventral mesencephaloil(1) tissue derived from embryos betweenl®weeks old
(Madrazo) and 40 weeks old (Lindvall). Although Madrazo reported great clinical
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improvement especiallyin the amelioration of rigidity and diskynesiaindvall and
colleagues only noted minimal improvements and the PET daveesl no significant
uptake of ['®F]-fluorodopa indicating poor survival of the graft. Lindvall and
colleagues performed some refinementshe surgical techniques and proceeded to
the transplantation of two more patients which, this time, showed an early
i mprovemen-of i a (pidal afiad, 1990)Furthermore, 3 years after
transplantation, the grafts were still surviving in the brain, they had integrated into the
host striatum and they were still able to provide motor improvehémtvall et al.,

1994) Additional operabel clinical trials followed reporting a significant rease in

patiens 6 U P D R Squalitg of life and responsiveness to levodopa treatment
(Freed et al., 1990, Wenning et al., 1997, Piccini et al., 1999, Kordower et al., 1995,
Kordower et &, 1998, Brundin et al., 2000b, Hauser et al., 1999, Peschanski et al.,
1994, Spencer et al., 199 oreover, follow up visits showed improvement i#F|-
fluorodopa uptake indicating graft viabilit¢Piccini et al., 1999) Despite the
underlying disease progression, grafted
striatum as seen froppstmortemanalysis 10 and 24 yearstaf celltransplantation
(Mendez et al., 2008, Li et al., 2016b)

These exciting results led to further investigations on the potential of foetal derived

VM transplants in patients wi-lindshBrar ki nsc
surgerycontrolled trial{Freed et al., 2001, Olanow et al., 2003eed and colleagues

recruited 40 patients between 34 and 75 years old and with a history of about 7 year
ofPa ki nsonds di sease, embryos derived fro
weeks after conception and no immunosuppression was administered in this trial. The
primary endpoint of this study was the observation of a significant improvement in the
UPDRSIn the treatment group compared to contAlthough PET assessment of
[*8F]-fluorodopa uptake resulted significantly higher in the transplantation group
compared t@hamsurgery the study failed to reach its primary endpdkreed et al.,

2001) When stratifying the results based o
was noted in the Aono and fAoffo period i
Surprisingly, 5 out of 33 patients developed dyskinesia in the first year post

transplantation which persisted after reduction and/or cessation of levodopa
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medications indicating that they were side effects derived from the presence of the
graft rather tan medicationselated, therefore they were referred to as graft induced
dyskinesia or GID. The reason behind the onset of GID is thought to be the poor
specificity in the dissected and transplanted tissue which might still have contained a
percentage ofesotoninergic neurons as well as uneven striatal reinnervitiagell
et al., 2002, Carlsson et al., 2006, Carlsson et al., 2007)

A second doubkblind shamsurgerycontrolled multidose clinical trial was led by
Olanow and colleagues who recruited 34 patiemith advanced symptoms of
Parkinsondés di sease of age between 30 anc
from either 1 or 4 donors and embryos from 6 to 9 weeksquosteption were used,
immunosuppression was administered from 2 weeks before gampgtuntil 6 months
postsurgery. The primary outcome of this trial was again significant improvement in
the UPDRS in transphted patients compared to shaungery within the first two

years postransplantation. Although an increase in tHE]ffluorodopa uptake was
reported in PET analysis in the group of patients who received the higher dose, the
study failed to reach its primary endpoint which was the amelioration of the UPDRS
scores in the engrafted groups. Stratification of the results basedeasalseverity
showed an improvement in those subject with less severe Parkinsonian symptoms and
who had received 4 embryos. However, even if some patients were showing
improvements up to 6 to 9 months, they started deteriorating again and it has been
speclated that it couldhave beemlue to the cessation of immunosuppression. Again,
patients develope&IDs within the first year postransplantation(Olanow et al.,

2003)

The results from these firshamsurgery controlledlinical trials were mixed asn

one handthey both failed in reaching their primary endpoint. However, on the other

hand, amelioration of some aspects was also noted such as the increased uptake of
[*8F]-fluorodopa in the transplanted groups comparedshamsurgery and the

i mprovemenof bd peadei adnin younger patient s
motor symptoms in the Olanow trial in patients which had received the higher cell

dose and at a | ess severe stidsga@mepatientBar ki n

22



Chapter 1: Introduction
developed GIDs which is a concerning factor hampering the safety and tolerability of
this approach. The consistency of the trials is another aspect to take into consideration:
criteria for patient selection were different between expamis) embryos were
transplanted at different development stages (from 6 to 14 weeks old) and might have
been preserved for variable amount of times before grafting, cells were transplanted
either unilaterally or bilaterally, either in the substantia n@ran the striatum, and
the end points were not always consistent.

Due to the inconsistencies related both to methods used and results obtained from the
aforementioned clinical trialsh&uropean Multicentre Project was established with

the aim of firsty analysing the datgainedfrom previous clinical trialsidentifying

sources of variation betwedénemand, secondlyto conduct another clinical trial of
primary neurons transplantation with standardised procedures. This project, led by
Prof. Roger Bar&r, was named TRANSEURO. The procedures that were standardised
included: 1) cell grafting, whichwas optimisedo achieve a minimum survival of
100,000 cells in the brain awélls derived fron6-8 weeksold embryos were used)
immunosuppression reginveas adjusted to 12 months of triple immunotherapy, 3)
inclusion criteria fopatients selectiowere modified, patients chosen wé¥é5 years

ol d, at earlier stages of Parkinsonds di
with no prior historyof LIDs and4) cell preparation in terms of tissue dissection

avoid contamination of dopaminergic neurons with other kind of neurons (e.g.

serotoninergicand storagavhich was limited to a maximum of 4 days.

In this clinical trial, 11 patients receivddlateral primary neuronslerived grafts in
either Lund or Cambridge between 2015 and 2®&{@vever, the initial number of
subjects originally recruited to receive a graft wagpabentsbut, because of major
issues with cell supplyhis number was reducetihis has been described as the main
issue during the TRANSEURO trial leading to fewer patients receiving transplants and
surgery cancellations. Therefore, the use of hunoatalf VM cells is not a viable

approach for future trials given tineajor problers regarding theisupply.
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An alternative source of cells for transplantation that could potentially overcome the
issues experienced during the TRANSEURQO trial is sterdegiVed dopaminergic
neurons. These would address the issue of poor tissue availability as they would be
accesiblein large numbergshereforeransplantation procedures could be planned in
advanceand cancellations could be reduced/avoidddreover, stem celierived
productswould be extensivelycharacterisedoefore transplantation leading to a
reduction of otcomes variabilityBarker, 2019)

1.2.2.3Limitations

Although the transplantation of primary neurons obtained from the VM of embryos
derived from elective abortions is a promising approach in the field of brain repair for
Parkiieonds di sease and aimedo optiRideNaBdEstaiRi@dize t u d y
procedures and end points, there are several ethical and logistical issue involved in this

approach which need to be addressed.

First of all, the tissue source for transplantationststs of etctive terminations of
pregnanciesvhich raises ethical concerns. These are exacerbated by the high number
of donors neged for each surgical procedurehas been shown that the number of
embryos to be transplanted in order to reach clirgffadacy is between 3 and 5 per
hemisphere (6 to 10 each patiefifagell and Brundin, 2001Furthermore, only a
small portion of the transplanted cells actually survive therefore increasing the number
of foetal donors needed per patient. TRze@mely poor survival of the cells (between

1 and 20% of those transplant@fundin et al., 2000a)and the limited amount of
tissue supply represeahe of the major logistical issues hindering -cidtived brain

repair.

Even though the clinical studigoreviously mentioned represent a probprinciple

that the transplantation of dopaminergic neurons could be a valid therapeutic strategy,
ethical and logistical concerns prevent the progression of this approadartger

scale. Therefore, there is @aeed for different cell sources to overcome the

aforementioned limitations. One such source is represented by human embryonic
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(hESCs) and human induced pluripotent stem cells (hiPSCs). Advantages, limitations
and progress in the field of stem ed#rivedbrain repair are outlined in the next

sections.

1.2.3 Stem celtderived brain repair

The aforementioned limitations linked to the use adtdl derived grafts can be
addressed by using stem egd#irived dopaminergic progenitors. Pluripotst&m cells

have a geat therapeutic potentialinceller i ved brain repair for
as they retain the capacity of saedhewal and have the ability to differentiate into

multiple types of cells therefore they represent a theoretical endless and standardised
source of cells for transplantatioBSCsandiPSCshave been showing great potential

in this instance and the positive fmigical results have led to four clinical trials which

are currently ongoing to test their safety, tolerability and efficacy irtierga.

1.2.3.1Embryonic stem cells: ESCs

ESCs were firstly described by Evans, Kaufman and Martin in 1981 who were able to
isolate them from the murine blastocyst and maintain themitro (Evans and
Kaufman, 1981, Martin, 1981)These ESCs maintained their capacity to expand
indefinitely at the undifferentiated state and to generate mature differentiated cells
when in presence of the appropriate signals. In 1998, Thomson and colleagues isolated
the first human ESCline making a major breakthrough in the field of regenerative
medicing(Thomsa et al., 1998)Two main methods had been developed for neuronal
differentiation of ESCs, either the formation of entdybodies or by c@ulturing

stem cells with a layer of feeder cells from animal or human origin with the ability to
guide ESCs towards a dopaminergic pathway, denominditedSDIA method
(Kawasaki et al., 200Q)/azin and Freed, 2010Jhese approaches has several issues
such as inconsistent culture condition, presence of undefined components in the media
(foetal bovine serum, llBumin products and other anirrdérived components)
delayed differentiation and low dopaminergic yi@lth and Chen, 2017, Chambers et

al., 2009) To overcome these issues, a new differentiation method waslun#&d

which combined two inhibitors to block SMAD signalling. This way, dopaminergic
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subtypes can be uniformly generated in standardised conditions in approximatively 19
days (instead of 360 days when using SDIA methd@hambers et al., 2009, Perrier
et al., 2004)To dde, the most widely used method of neuralisation of ESCs is called
dual SMAD-inhibition which allows to suppress differentiation towards trophoblasts,
mesodermal and endodermal cells subtypes while promoting neuralisation by using
two inhibitors called Nogin and SB43154ZChambers et al., 2009Afterwards,
further optimisation of the protocol allowed researchers to obtain kspegified
ventral midbrain dopaminergic progenitors by adding pattering factors in a timed
manner(Nolbrant et al., 2017)

The era of ES&lerived dopaminergic progenitor transplantation started only two
years after theidiscovery when a human E3i@e wastransplanted into the brain of
Parkinsonian rats for the first tim{@stenfeld et al., 2000)Graft proliferation was
observed over time and no differentiation into dopangiceneurons was reported
after 20 weeksMoreover,in situproliferation of the transplanted cells was observed
in other studies raising safety concerns regarding possibteour formation
(Brederlau et al., 2006a, Yang et al., 200B)is issue was addresksby improving
pretransplant differentiation to an optimal stage which would prevent teratoma
formation without affecting survival pestansplantatior(Ko et al., 2007, Ko et al.,
2009a, Kriks et al., 2011, Elabi et al., 2022)

Collectively, numerousin vivo studies were performed in animal models of
Parkinsonds disease and rssfdetamspldntetESE have
derived dopaminergic progenitorshowing their ability to survive and differentiate

into functioning dopaminergic neurorie situ which could also ameliorate the

outcome of amphetamine and apomorphimiced rotations. The exciting findings

from ESGbased prelinical studies were fundamental for the approval of three in

human clinicatt r i al s f or pati ent beBluéeRodk EGS5dalriak i ns on
NCT04802733; the STENPD ESC trial: NCT05635409; and the S.Biomedics Co.

ESC Trial: NCT05887466)ith the am of replacing the dopaminergic neurons lost

due to the progression of the disease with #8fived dopaminergic neurons. The

primary end point of these studies is to test the safety and tolerability of the grafts in
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terms of serious adverse events asdug overgrowth/tumor formation at 1/2 years
postengraftment. The secondary outcome adsess evidence of cell survival and
differentiation,as well ashanges in motor fuation in terms of UPDRS scores.

1.2.3.2Induced pluripotent stem cells: iPSCs

Inducedpluripotent stem cells (iPSCs) were firstlgrived from somatic cells ofice
andcould be expanded and-programmed into different cell lineages as discovered

in 2006 by Takahashi and colleagues at Kyoto University in J@pskahashi and
Yamanaka, 2006bWithin a yearof this major scientific breakthrough, two groups
were able to derive iPSCs from human fibrobld$ekahashi et al., 2007, Yu et al.,
2007)generating great excitement in the scientific community because iPSCs could
potentially overcome the ethical issues associated with ESCs such as their

procuement.

As previously mentioned for ESCs, the most widely used protocol for neutralisation
of iPSCs is the dugBMAD inhibition techniqugChambers et al., 2009yhich has
also been optimised over the years to obtain ventral midbrain dopaminergic

progenitors in a highlgpecific manne(Nolbrant et al., 2017)

SubsequentlyiPSCs were shown to be able to survive, differentiate and restore
rotational bias induced inananinmlo d el of Par kaplehoradme di sea
clinical studieqHargus et al., 2010, Rhee et al., 2011, Doi et al., 2F-4hermore,
tumorigenic potential was minimised by performing fluoresceaatevated cell

sorting to eliminate any residual undifferentiated c@NVernig et al., 2008)
Importantly, iPSGderived dopaminergic progenitors successfully engrafted in the

brain of a norhuman primaé MPTRtreated angbostmortemanalysis revealed their

presence in the brain up to 6 months gomtsplantatiofKikuchi et al., 2011h)Many
transplantation studies followed and the positive outcomes led to the first ever clinical
trialinvolvingiPSGd er i ved br ai n r epai20l8ifhdapan,Brea ki n s ¢
again atKyoto University (Kyoto iPSC Trial: UMINO00033564)Seven patients

between 50 and 69 years old have been recruited to date. The aim of this single arm,
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nonrandomized and open phase /1l study is to assess the safety and efficz6¢
derived dopaminergic progenitors when tr.
disease patients by focusing on the incidence of possible adverse events and the
eventual graft expansion in the brain within the first year. Secondary outcotueieinc

safety and efficacy endpoinf§akahashi, 2020)

1.2.3.3Advantages and limitations

Stem ceHderived brain repair intrinsically holds many advantages, especially when
compared to primary neurowkerived brain repair, as they have the potential of
overcominghe ethical and logistical limitations associated witktél derived tissue.
Firstly, although ESCs are derived framvitro-fertilised embryos, their abilityo
indefinitely expand and differentiate into various cell lineages partially overcome
concerns regarding the high number of donors needed for primary neurons
transplantatiofStuder, 2012a)PSCs could totally overcome thithizal issue as they

are not naturally occurring but they are derived from reprogransuogthtic cells
derived from skin samples. Another advantage of stem cells over primary neurons is
that the risk of GIDs onset is potentially minimised as contaminayiceimtoninergic
neurons is reduced or completely eliminated by cells sorting before transplantation.
However, this aspect is yet to be confirmed as the precise mechanism of GIDs is not
fully understood. Potentially, stem cells also offer the possibilityeating cell banks

for large scale application of calerived brain repair as they could theoretically be
sourced from subjects, reprogrammed, expanded and then cryopreserved for later
transplantation into patien(Erummond et al., 2020)PSCs also open the possibility

for autologous transplantation where cells are taken from a patient, reprogrammed to
a pluripotent state, differentiated to dopaminergic progenitors and then ultimately
transplanted back into the brain of the patient itssffto-patient transplantation),

this approach would be able to completely eliminate the risk of rejection and would
not require systemic immunosuppressiSchweitzer et al., 2020)

Although stem celtlerived brain repainasan enormougotential in the field of cell

therapy for Parkinsonds diseasyttilleer e ai
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overcome. As mentioned before, ESCs derives frowitro-fertilized embryos which
intrinsically holds major ethical issues and their use is limited by specific legislations
in each country. Both ESCs and iPSCs hold tumorigenic potential weedsrio be
addresed in order to guarantee the safety antkrability of transplants irtlinical
trials which can be achieved by strict and specific differentiation and sorting before
grafting(Wernig et al., 2008)

Moreover, #hough iPSCs and ESCs could potentially be able to overcome the
logistical issuesassociated with primgr neuron transplantation, they face the
problems of poor survival and differentiationvivo (Hills et al., 2023, Lane et al.,
2022a, Elabi et al., 2022, Kikuchi et al., 2017a, Kriks et al., 2011, Kirkeby 20al,
Kirkeby et al., 2023b, Doi et al., 2012, Doi et al., 2020l)is is due to the fact that
theyareprematuréy lifted from culture and transplanted at a dopamgiteprogenitor

state. 1 left in culture until mature dopaminergic neurons are formed, the process of
lifting them from culture plastic causes necrosis due to the disruption of axons and
intricate inteconnections between neurofiolbrant et al., 2017)Typically, during

in vitro differentiation, cells are cultured in a neurotrophigh medium for
approximavely 30 days, while when lifted at a progenitor state and subsequently
transplanted into the brain they face a neurotrophpoverished environmerand
exposure to the host neuroinflammatory celisich undermine their ability to survive

and mature it dopaminergic neurons and this process can take up to 20 weeks to
occur(Fig. 1.4)(Kikuchi et al., 2011b, de Luzy et al., 2021b, de Luzy et al., 2022b,
Hiller et al., 2022h)

Therefore because the therapeutic effect of transplanted dopaminergic progenitors is
dependent on their ability surviveandnat ur e i nt o neurons and
brain, novel approaches are required to increase their abilitguteive and
differentiatein situ to ultimately maximise their therap@ potential for patients.

These limitations can potentially be addressed by using biomatéDaise et al.,

2009, Moriarty and Dowd, 2018y he potential of biomaterials in enhamgioutcomes

of stem cell derived brain repair will be outlined in the next section.
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Figure 1.4. Schematic overview of stages involved in dopaminergic cell
differentiation in vitro and for transplantation. Cells can be cryopreserved at day

11 of dopaminergic differentiation and stored. Once thawed they are cultured until day
16 and further patterned for dopaminergic neurons by providing specific factors in a
timed manner. On day 16, cells can either belated and further cultured until
dopaminergic maturity is reached after 30 days or they can be used for transplantation
and maturein situ in approximatively 20 weeks with a final dopaminergic yield
between 6 and 54%ikuchi et al., 2017a, Nolbrant et al., 201%page created with
Biorender.

1.3 BIOMATERIALS

In stem cell-derived brain repair, el death occurs at differenpoints in the
transplantation procedurpre-transplantation, immediately after transplantatiod a
posttransplantationThe death of cells prEansplantationcan be caused bthe
mechanical sts to which the cells are subjected during the injection process through
a cannulavhichcan be traumatifor them(Steiner et al., 2008Next, he environment

in which the cells are being transplanted is relatively hostile compared to the
neurotrophi-rich conditionswhere both VMderived neuronsnd ESC/IPSEAPs
derive It is known thathe adult brain is neurotrophétepletedLing et al., 2000and

for example the withdrawal expericed by foetablerived cellss though to be tle
reason why 8®0% of them dmot survive beyond the first 4 days parsinsplantation
(Sortwell et al., 2001, Barker et al., 1996his is alsgoarticularly important for stem
cell-derived DAPsas they are taken from a neurotrophth culture environmerdt

a progenitor statend transplanted in theeurotrophirimpoverished adult brajn
resulting in variable survival and poormhminergic differentiation whichave been
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estimated betweeb and 54%of the transplanted cglKikuchi et al., 2017bput it
can be as low as 0.01&%irkeby et al., 2017, Chiba et al., 2008, Ko et al., 208#ter
this time pointell survival seemstabilised, howevdr he host s6 1 nnate i
results activated causing a recruitrnehmicroglia and astrocytes and release of pro

inflammatory clues causiredditionalcell death(Barker et al., 1996)

All these steps potentially represent pointisere an intervention can be made to
reducethe degree otell deathduring transplantation proceduraad increaseell
survival and dopamirergic differentiationin situ. In this context the use of
biomaterialscould represent a valid strategy to enhance the outcomes ctsliem
derived brain repaifOrive et al., 2009)

Particularly, biomatéals could be designed to represamthysical scaéfid, to which
cells can adherd)y mimicking the extracellular matrix which is lost after either
dissectiorof foetatderived cells and dissociationBSCIPSGDAPsfrom coated cell
culture platesThis could contribute toeducethe mechanical stress caused by the
surgical procedurééduer et al., 2015, Newland et al., 20159H) address the issue
of neurotrophirdeprivation that the cells experience once transplanted, bipaiste
could be functionalisedvith neurotrophic growth factors creating a favourable
microenvironment for cell survival and differenigat (Adil et al., 2017, Hoban et al.,
2013, Cabré et al., 2021a, Meng et al., 202Dally, certain biomaterials can act as a
physical barrier and protect the transplanted cells from the host neuroimespoas
(Hoban et al., 2013, Moriarty et al., 2017)

As mentioned above, biomaterials hold great potentiahlrancing stem cetlerived
brain repair. However, #y require specific characteristics and need tcarefully
tailored to be compatible for brain transplantation.

1.3.1 Desirable properties

Biomaterials are substances that have been purposely designed to interact with living
systems for therapeutic purposeslavhenthe aim isimproving brain repajrthey
should presentome tindamental characteristics. Theselude: 1) biocompatibility
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with the host brain tissue as well as cytatiglility with the transplanted cells, this
characteristic is not onlymited to the biomaterial itselbutit is also important for its
metabolites formed tdr degradation, 2elatively easy deliverto the brain and nen
invasive 3) norimmunogenic for the host brain, 4) structurally stable and durable to
explicate its function5) functionalised and carefullyesigned in terms of pore size
andmolecular charge, 6) suitable for delivery of therapeutic factors in a sustained and
localized manner and 7) eassggalable for possible clinical applicatiof@rive et al.,
2019, Tuladhar et al., 2018)

Biomaterials can be divided two subclasses: natural asghthetic materials. Natural
polymers includes alginatechitosan collagen, methylcellulose, fibrin and
hyaluronans which have the advantage ofindgpe minimally immunogenic,
biodegradable and naturally represent a matrix for cell adhé¢giano et al., 2007,
Heino and Kapyla, 2009)Syrthetic bionaterials, however, caibe specifically
designed tgpossesglefinite properties(Lutolf and Hubbell, 2005)By creating a
hybrid biomaterial it is pagble tomerge favourable properties from both natural and
synthetic materialsfor example by incorporatg crosslinking synthetic polyners

into natural biomaterials to enhance their mechanical propéggado et al., 2015)

In this context, hydrogels are a class of hybrid biomaterials where a natyralepol
such as collagen or hyaluronic acid is cflisked to obtain a stable and insoluble
highly-hydratable biomaterial(Hoffman, 2012) They possess several ideal
characteristics such as representing a scaffold for cell adhesion by mimicking the
extracellula matrix (Hinderer et al., 2016which can be further enhanced by
functionalising them with cell adhesion reolles such as laminin or fibronecofiram

et al., 2014)Furthermore, they allow for easy and minimailyasive brain delivery

as they are thermoresponsiveeaning that they are sensible to temperature changes
and can gelatm situafter injection(Pakulska et al., 2012Also, heir porosity, degree

of gelation and mechanical properties can be optimised by crosslifirnogy and
Mooney, 2003)Moreover, they represent a physical barrier for the host neuroimmune
cells protecting the transplants against immunoreacftdoisan et al., 2013 hey are

also biodegradable as they che broken down after delivery and the degree of
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degradation canagain be controlled byoptimizing the degree of crosslinking
(Davidenko et al., 2015Finally, they offer the possibility of incorporating therapeutic
factors and created a localised microenvironment favourable for cell survival and
differentiation(Li et al., 2016a, Burdick et al., 2016)

Many types of hydrogels have been investigated for medical applications. However,
for the scope of this thesis we will be focusing on collagen hydrogels as collagen is a
natural component of the body aitdis already approved ia variety of clinical
applications offering significantadvantage in terms dfanslatability(Patino et al.,
2002,Chajra et al., 2008, Chattopadhyay and Raines, 2014)

1.3.2 Collagen hydrogels

Collagen is the most abundant protein presetiténextracellular matrix anaverall
accounts foR5% of the total protein amount in mamm@$an and Khan, 2013For
this reason it has extensively been investigated for various clinical applications such
as wound healindyurn treatments and cartilage and bones répaitno et al., 2002,
Chajra et al., 2008, Ramshaw, 201I6)s alsoeasily accessible as it can be obtained
mostly from bovine skin and tendons and it is characterised bybimglompatibility
and biodegradabilitySilvipriya et al., 2015)Furthermore, collagen allows for cell
adhesionas it naturally contains the tripgde ArgGly-Asp (RGD) cell adhesion
motif, and itis alsoa thermoresponsive materiallowing its transition to a gefter
temperature variation, for example it is able to form argsltu after implantation at
body temperatur€Sargeant et al., 2012However, collagen is characterised by fast
degradation because t$ weak mechanical propertidherefore,m an effortto make
collagen hydrogels more structurally stabledaslow down their degradatiom,
synthetic FDAapprovedcrosslinkingcompound such as polyethylene glycdEG),

can be added. PES biocompatible, notoxic and allows for imroved mechanical
stability of collagen hydrogels and longer degradation ti(Sesgeant et al., 2012,
Weber et al., 2009, &bncel et al., 2011, Veronese and Pasut, 2005)

The suitability of a collagen hydrogel for inticaanial administration has already been
demanstrated in preclinical studies in our growere it showed to be able to
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significantly reduce the host immunoresponseésenchymal stem celBISC9 and
VM -derivedgrafts in the brain of parkinsonian ragsloban et al., 2013, Moriarty et
al., 2017) Moreover, not onlydid the collagen hydrogel shoimmmuneshielding
properties, but it alssignificantly improvedsurvival and reinnervatioof the striatum
after VM-derived dopaminergic neuronsranspantation (Moriarty et al., 2017,
Moriarty et al., 2019)

Given all the beneficial characteristics of collagen hydrogels and their applicatnility f
cell-derived brain regir they hold great potential. Furthermorepther advantage is
that they could be functi@atised with neurotrophic enriaient to overcome the issue
of growth factordeprivation afteDAP transplantation in the neurotropkaepleed

adult brain and this aspect will be described in the next section.

1.4 NEUROTROPHIC ENRICHMENT

As mentioned in the sections above, one of the limitations undermining the realisation
of the full potential of stem cetlerived bain repair is in part dut neurotrophin
deprivation thatells experiencenvhen transplanted in the Parkinsonian adult brain.
Specifically when iPSCs and ESCs are cultured in a dish they are bathed in a
neurotrophirrich medium which guides their dopaminergic differentiatifan
approximatively 30 daysHowever, iPSC and/or ESDAPs are usually lifted from
cultures at a progenitor state and transplanted in the neurotrdgblieted adalbrain
experiencing trophigvithdrawalwhich leadgo cell death and/or po@opaminergic
differentiationin situ. Because the ultimate clinical success of steradezived brain
repair is based on the ability of these cells to survive, differentiate and function in the
brain, it is extremely important tmvestigate means for improving survivaldan
differentiation postransplantation. One such strategy could be the delivery of
neurotrophins tvith the cells to minimise the detrimental effect of neurotrophic
withdrawal. NTFs are proteins which physiological role is to support growth survival
and dfferentiation of neurongHuttunen and Saarma, 2018nd, #&hough various
NTFs have been identified, for the scope of this thesis we will be focusing on GDNF
and BDNF which are the two NBFRwhich iPSC and ESOAPs require foiin vitro
dopaminergic differentiatio(Nolbrant et al., 2017)
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1.4.1 GDNF

Schubert and colleagues firstly reported on the existence of GDNF4wilgen they
noticed the presence of an undefined factor in the medfuanrat glialcell culture
which had a positiveffect on dopaminergic neurofSchubert et al., 1974) ater,
this factor was purified and cloned in 1993 by Lin and colleagand was named
GDNF (Lin et al., 1993) They described GDNF as a glycosylated disulphideded
homodimer which effects are relatively selective for dopaminemgicons in terms of
survivd and differentiation(Lin et al., 1993) The GDNF family of proteins includes
other factors such as neurturin, artemin and perséfbitzbauer et al., 1996These
are all part oftte transforming growth factdr s u p e (Aifalssmen land Saarma,
2002) These GDNHamily ligands all bind with different degree of specificity to
differ ent GDNF family receptors U (GFRU),
(Takahashi, 2001)The G B Rrd glycosykphosphatidylinositol (GP4anclored
receptorexposing the binding siten the extracellular surfac@®nce GDNF binds, the
complex GDNF/GFR) linteracts with two molecal of atransmembrangrotein
called RET which once activateddimerizesand autophosphorylatesThis final
complex (GD NF / GF R U hdtiRiEST theras/mitogeractivated protein kinase
(MPAK) andphosphatidyl inositeB kinase (PI13K)/protein kinase B (AKpathways
which contributes to neuron surviv@Airaksinen and Saarma, 2002, Kaplan and
Miller, 2000, Ibafez, 2013, Takahashi, 2Q0A) schematic representation of the
GDNF signalling pathwgcan be found in Fig. 1.5.
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Figure 1.5 GDNF-GF R ERET receptor signalling. GDNF binds to GF
receptor forming a GDNF/ GRF1U compl ex whi
RET leading to its dimerization and auto phosphorylation. As a consequence,
RAS/MAPK and PI3K/AKT signalling pathways are activated promoting neuronal

prolif er at i on, di fferent@GDaNH oFa nainldy <&Bércveipvtaol r
glycosytphosphatidylinositol, MAPK: mitogenactivated protein kinaseAKT:

protein kinase BPI3K: phosphatidyl inositeB kinase.lmage taken from Patton &

Dowd 2022.

Therefore because both the neurodegenerati on
protective effect of GDNF are relatively selective for dopaminergic neurons, this
neurotrophin has gathered a lot of interest for its therapeutic potentialtredbraent

of thedisease which had been extensively investigddedever, he clinical efficacy

outcomes of such GDNF administration strategies have been mixed and inconclusive
(reviewed in Barker atl. 2020).
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The focus of this thesis is to assess the effect of NSuUes as GDNF and BDNF, on
transplanted iPSOAPSs rather than stythg the effect of GDNF on thealkinsonian
brain. In this cotext, GDNF has been found to enhamgevitro survival d VM -
derived cell{Milbrandt et al., 1998, Clarkson et al., 1995, Hou et al., 1996, Lin et al.,
1993) Moreover, the delivey of GDNF to the brain of i parkinsonian rats either
during transplantation of iPSBAPsor with a delayed exposuteas shown improved
plasticity and differentiation of DAP#&ighlighting the potential of neurotrophic

therapy to improve stem calerived brain repair outcoméSantner et al., 2020b)

1.4.2 BDNF

Another NTF which is essential fon vitro differentiation ofiPSCs and ESCs
BDNF. This was firstly described in 1982 after being isolated from the pig brain and
it wastermed brain derived neurotrophic fac{Barde et al., 1982A few years after

its discovery, BDNF was clonelly Leibrock and colleagudteibrock et al., 1989)
Physiologically, BDNF is involved in the development of the nervous system by
regulating cell differentiation, neurogenesis, synaptogenesis and synaptic plasticity
(Palasz et al., 2020)

Synthesis of BDNF starts in the endoplasmwigereits precursarpre-pro BDNF is
formed This is transported to the Golgi apparatus where theegien is cleaved and
pro-BDNF is formed From preBDNF, mature BDNF (mBDNF) can lakerivedeither

by additioral cleavage in the Golgi apparatus, in intracellular vesicles or
extracellularly trough the activity of plasmin and matrix metalloprote@desui et

al., 2016, Pang et al., 2004, Hwang et al., 20D5)BNDF and mBDNF often have
different biological effets and the balance between the two varies dependitige
stage of development of the braifarticularly, preBDNF is present at higher
concentrédon during early stages of development while mBDNF is more abundant in
the adult brain realising neuroprotective effects and promaymgptic plasticity
(Yang et al., 2014hb)

ProBDNF binds to two receptors in order to realite physiological activity: the
mature domain binds to p75 neurotrophin receptor (p75NTR) while thdoonain
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binds to sortilin(Teng et al., 2005)This conplex activates three pathwaysJun N
terminal kinase (JNK) which is related to neural apoptosis, Ras homehagfagmily
member A (RhoA) asstated with neuronal c@ndevelopment anduclear facor
kappa B (NFKB) which is involved in neuronal survival and maintenance during
developmental stagé$¥eng et al., 2005, Reichardt, 2006)

mMBDNF binds to tyrosine kinase B (TrkB) receptor gegng its dimerization and

aub phosporylation causing the activation of several pathways such as Pas/MAP
kinase, PIBK/AKT and phosplipase Ggamma (PLE&gamma)/inositol triphosphate
(IP3)/diacylglycerol (DAG) pathways. These are involved in neuronal growth and
branching, synaptic development and plasticity, apoptosis and survival of neurons
(Reichardt, 2006, Orefice et al., 2013, Chen et al.,, 2017, Kwon et al.,.2811)

schematic representation of the BDNF signalling pathway can be found in Fig. 1.6.
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Figure 1.6. Signdling pathways activated by preBDNF and mBDNF. ProBDNF

binds to p75NTR and sortilin activating NB, RhoA and JNK pathways leading to

neuronal survival, development and apoptosis respectively. mBDNF binds to TrkB
receptor triggering the activation of MAPK, PI2K/Aktand RhC s i gnal | i ng c ¢
collectively promoting neuronal development and survival-BIDINF: precursor of

BDNF, mBDNF: mature BDNF, TrkB: tropomyosin receptor kinase B, JKDrcN

terminal kinases, RhoA: Ras homolog gene family memberkBIFhuclear factor

kappa B, MAPK: mitoge-activated protein kinase, PI3K: phosphatidyl inosg&ol

kinase, PLGo : phospbopl CR&E8e €AMP +hiading moteine el en
Image taken from Palasz et al. 2020.

Therefore BDNF is involved in regulation of development and survival of neurons.
However, in patients affected by Parkins
known to be lower compared to healthy subjects and its serum levels have shown to

be correlated with the motor deficits associated to the ill{@&ssn and Zhang, 2023,

Scalzo et al., 2010, Howells et al., 200@preover, it has been previously shown that

an overexpression of the protein algheuclen was associated with a down
regulation of the expressiai BDNF leading to dficits in neuronal signallinfyuan

etal., 2010, Fang et al., 2017)
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1.4.3 Limitations of standard NTFs delivery and dternative systems for NTFs
administration to the brain

Neurotrophic factors, such GDNF and BDNF, are high molecular weight proteins
which cannot cross the blodmtain barrien(BBB) and reach the desired areas in the
brain(Barker et al., 2020Also, these proteins have a short Hd# in vivorequiring
continuous/repeated adminetion, for example the halife of GDNF is 34 days in

the brain(Granholm et al., 2000Y herefore, they necessitateinfsitu deliverywith
techniques such as intcaanid infusion of the growth factor protein througin
implanted cannula@/Vhone et al., 2019, Gill et al., 2003, Love et al., 2005, Patel et
al., 2013, Lang et al., 2006, Nutt et al., 2008)njection of viral vectors directly into

the brain which encodes for the growtctor prdein desiredMarks et al., 2008,
Marks Jr et al., 2016, Bartus et al., 2Q13)

In an effort to ddress these issues related to growth factors delivery, alternative
systems for administration dfTFsto the brain have been investigated. These include
ex vivogene therapy anbiomaterialaided growth dctor delivery(reviewed in Jarrin

et al., 2021h)

Briefly, for ex vivogene therapy, cells are geneticatygineeredo produce specific
therapeut factors such as NTF8asicdly, the cells becomes the meahdelivery

for the desired factsravoiding the direct administration of viral vectors to the brain
(unlikein vivogene therapy(Hitti et al., 2019)In this context, aex vivogene therapy
approach for the delivery of GDNF to the striatum of hparkinsonian rats had ée
explored over the yearRarticularly, GDNFoverexpressinghesenchymal stem cells
(MSC9 had been transplant@uthe brainsf ratsto study then vivodelivery profile

of GDNF and the immunogenicity of thecells. GDNF was detectable up to 14 days
posttransplantatiomndimmunoreactions were dramatically reduced by the presence
of an in situ-gelling collagen hybgel (Hoban et al., 2015, Hoban et al., 2Q1I8)
other studies;ells overexpressing GDNF have beertramsplanted witlibAPs, eithe

VM or ESGderived,and have been shown to be able to enhancde gherival and

fibre ougrowth Moreover, in some cases, thetcansplantatiorof DAPs and cells
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overxpressing GDNF led to significant improvements in amphetamine/apomaorphine
induced rotonal behaviour in roden{Sautter et al., 1998, Wilby et al., 1999, Espejo
et al., 2000, Ahn et al., 2005, Peifi®éauza et al., 2017, LasRodarte et al., 2021)

Another approdt for growth factor delivery is, as mentioned before, the afse
biomaterias (Newland et al., 2016, Newland et al., 2013, Newland et al., 20d5el)

can be functionalised with particular therapeutic factglany research groups have
been investigating the potentiaf biomaterials for brain repair using collagen,
hyaluronic acid or xyloglucan hydrogels or by incorporating growth factors into
microcarriers/microparticles mainly made of poly laageglycolic acid (PLGA)
(Jarrin et al., 2021afor example a GDNFenriched collagen hydrogel has been
investigated and has been shown to be able to improve survival of dopaminergic
neurons in the grafts, increase striatal reinneraadind to improve motor function in
hemiparkinsonian ratgMoriarty et al, 2017, Moriarty et al., 2019Moreover, other
NTF-loaded biomaterials have been shown to have a faveuedtgict on VM/ESE
derived grafts in terms of survival and differentiat{@wlil et al., 2017, Wang et al.,
2016, Uemura et al., 2010 parallel, ¢her groups have been investigating the
potential of biomaterial microcarriers loaded with GDNF for improwsogvival and
reinnervation capacity of VMlerived grafts finding mixed resul36rngvist et al.,

2000, Clavreul et al., 200®atard et al., 2007)n this contextthe potential of GDN¥
loaded cryogelfiave beemecentlyinvestigated foVM-derived brain repair. These
showed to be able to improve graft sualj fibre outgrowth and to retain the NTF
GDNF up to 4 weeks in the brain of rats (Narasimhan et al. 2024, Hakami et al. 2024).

All the aforementionee@fforts to delivemNTFs to the brain have been investigati@d
improveoutcomes of cell replacement tapy. Recentlyin our group anin situgelling
collagen hydrogel dually functionalised with the NTFs GDNF and BDNF has shown
great potential istem ceHlderived brain repair. Thus, the next section giile a brief
description of the effect of a N¥&niched collagen hydrogel on iPSQAPSs

transplants.
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1.4.4 NTF-enriched collagen hydrogels for stem cell derived brain repair

A biomaterial that have been previously developed by our group and proven to be
biocompatible and suitable for encapsulation of primayrons and GDNF delivery

to the brain is a collagen hydrog®&loriarty etal., 2017, Moriarty et al., 20197 his

set of studies served as proof of concept that encapsulabettderived
dopaminergic neurons in a GDMariched hydrogel before intsdriatal
transplantation in the brain of@HDA lesioned rats can enhance their survival,

striatal reinnervation and ability to restore rotational biases induced by the lesion.

Therefae, the potential of this biomaterial for iPSferived brain repairthas
consequently beenvestigatedTo assess the effect of the same collagen hydrogel on
IPSGDAPSs, this was further enriched with the neurotrophin BDNF to reflect the
conditions in which iPSCs are patterned towards dopaminergic differentiatidro
which requires the presence of botDIE- and BDNF in a 1:2 ratio (Kunath et al.
2020). Therefore, two long terim vivo experimentsvere performed. Hmanderived
IPSGDAPswere transplanted in the brains of reither alone, with NTFs (GDNF &
BDNF), in a collagen hydrogel or in a N3garichal hydrogel. One experiment was
performed in athymic nude rats -CEll deficient), one in cyclosporine
immunosuppressed {dell suppressed) Sprague Dawley ratsgmgtmortemanalysis
were carried ou20 weeks postransplantation.

Interestingly, when iP&£-DAPs were encapsulated in a neurotropdmmiched
hydrogel prior to transplantatiorti,was reportedn 8.2fold increase in their survival

and even a greater increase in the dopaminergic differentiationfal®,.Zompared

to when transplanted alo(@ata included in Gmini et al., 2024)The beneficial effect

of the NTFenriched collagen hydrogel was attributable to its ability to mimic the
extracellular matrix and allowing cell adhesion, the capacity to provide the cells with

a NTFrich microenvironment mitigatinghe detrimental effect of NTF withdrawal

and by acting as a shield against host innate neuro immune reactions against the grafts.
A schematic representation of the therapeutic concept of agdili€hed hydrogel can

be found in Fig. 1.7.
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Figure 1.7. Schematic representation of the therapeutic concept of delivering
iPSC-DAPs in a NTFenriched hydrogel.The collagen hydrogel acts as a matrix for
cell adhesion, provides cells with a NTF reservoir and shields them from the host
innate immune cells.

Surprisingly these extremely positive results were only seen when immunodeficient
athymic nude rats were used rather than cyclosporine immunosuppresdgdatiys.

no differences were found terms of survival and maturation of the transplanted cells
when injected alone, with neurotrophins, in a hydrogel or in a neurotrephiched
hydrogel in the striatum of cyclosporine immunosuppressed rats indicating that the
grafts were not rejected but the collagen hydrogel was not able to realise its Benefici
effect Gtudy not published). Figure 1.8 and 1depict the results from the
aforementioned stuels. Particularly, in Figure 1.8 is possible to appreciate the
positive effect of a neurotrophienriched collagen hydrogel on both survival and
differentation of the transplanted iPSIQAPs in athymic nude rats whiFigure 1.9
shows the presence of healthy grafts in the brain of cyclosporine immunosuppressed
rats which survival and maturation were not affected by the presence of a

neurotrophirenriched hyrogel.
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Figure 1.8 Impact of a NTF-enriched hydrogel on human iPSEDAPSs survival in

the Parkinsonian brain of athymic nude rats.iPSGDAPs were transplanted in the
brain of athymic nude rats either alone, with NTFs, in a collagen hydrogel or in-a NTF
enriched collagen hydrogel by Dr. Sarah Jarrin. 20 weeksgpafiing, postmortem
analysis were performed by Dr. Rachel Kelly whparted A) surviving human grafts

in all groups with much larger grafts visible whesllg were transplanted in a NTF
enriched hydrogel, Ai) mature dopaminergic neurons present in all groups with much
larger grafts visible when cells were transplanted ilNTEF-enriched hydrogel.
Furthermore, Dr. Kelly quantified the staining by Aii) counting human
immunopositive nuclei confirminghe beneficial effect of aeurotrophirenriched
hydrogel with 8.2x more cells surviving in this group and Aiii) counting TH
immunopositive cell{dopaminergic neurons) confirmiriige beneficial effect of the
neurotrophirenriched hydrogel with 16.2x more cells maturing in this group. Data are
mean + &M with n=6/7 rats per group. *P<0.05, *P<0.01, ***P<0.001 by avey
ANOVA andposthocNewman Keulgdata included in Comini et al., 2024)
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Figure 1.9. Impact of a neurotrophin-enriched hydrogel on human iPSGDAP
survival in the Parkinsonian brain of immunosuppressed ratsiPSGDAPs were
transplanted in the brain of immunosuppressed rats ebee, with NTFs, in a
collagen hydrogel or in a NTFénriched collagen hydrogel by Dr. Sarah Jarrin. 20
weeks posgrafting, postmortemanalysis were performed by Dr. Rachel Kelly who
reportedA) surviving human grafts in all groups witomparable grafizes and Ai)
mature dopaminergic grafts in all groups witbmparable sizes. Moreover, Aii)
guantification of graft survival by counting HuNu immunopositive nudiginot show
any beneficial effect of the hydrogel on cell survigab Aiii) quantificaton of graft
maturation by counting TH immunopositive cedlisl not show any beneficial effect
of the hydrogel on cell differentiatioData are mean B3Vl with n=6/7 rats per group
and were analysed by omeay ANOVA P>0.05 (study not published).
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As previosly mentioned in this introduction, the survival and dopaminergic
differentiation of transplanted stem cBIAPs is relatively low. Specifically, it has
been estimated that the percentagencfitu dopaminergic differentiated progenitors
out of the totahumber of cell transplanted is between 6% and fkluchi et al.,
2017b) Howeverjn some studiethis amount had been reported to be as low as 0.01%
of the transplanted cel(&irkeby et al., 2017, Chiba et al., 2008, Ko et al., 200Ag
ultimate therapeutic success of the stemaetlved brain repair approach depends on
the ability of thee transplanted progenitors to survive and differentiate to mature
dopaminergic neurons able to restore the impaired dopaminergic transmission.
Therefore, it is extremely important tavestigate novel means for improvingsitu
survival and differentiatio of the grafts. In this context, we found that a NeFffiched
collagen hydrogel dramatically improved survival and differentiation of {P3@s
in vivoin the brains of Tcell deficient nude rat&ata included in Comini et al., 2024)
However, when the same experimevds performed in -Eell suppressed rats, the
NTF-enriched hydrogel did not have any beneficial effect on survival and
differentiation of the cells (data not published). These data suggests that encapsulating
iIPSGDAPs in a NTFenriched collagen hydrogekfore transplantation in the brain
could significantly improve an autologous (pat#mself) brain repair approach.
However, the majority of patients affect
transplantation procedure will more likely receivengénic or HLAmatched (doner
to patient) transplants. Therefore, immunosuppression will be a key requirement to
avoid transplants rejectiofMorizane and Takahashi, 202I)hus, extending the
beneficial effect of a NTHydrogel to immunosuppressed rats would importantly
increase the translatability of this approach to a later stages of development and

ultimately to clinical testing.

1.5 HYPOTHESIS & AIMS

1.5.1 Hypothesis

Taking all of the aforementioned evidence together, the overall hypothesis of the work
presented in this thesis is that neurotropdmniched biomaterials can be used to

improve the outcome ofeamcelld er i ved br ain repair for Pe
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1.5.2 Aim and Objectives

Therefore, the overall aim of this project was to assess the potential of neuratrophin
enriched biomaterials for enhanciimgsitu survival and maturation of human IPSC
derived dopaminergic progenitors in Parkinsonian rats, particularly in

immunosuppressed (rather than immunodeficient) rats.

The specific objectives of the thesis were:

Chapter 3 To complete a systematic reviewtbe preclinical transplant literature to
assess the extent of survival and differentiation of human sterdeseled
dopaminergic progenitors in Parkinsonian models.

Chapter 4 To determine the suitability of two delivery systerihsbiomaterial
microcarriers and engineered mesenchymal stem cdld sustained neurotrophin

delivery to human iPS@erived dopaminergic progenitors.

Chapter 5 To profile the immunological respses of immunodeficient and
immunosuppressed Parkinsonian rats to human -@RS8@ed dopaminergic
progenitors transplanted with or without a neurotrogmnched collagen hydrogel.

Chapter 6 To assess the potential of a neurotrogmniched collagen Hirogel for

enhancingn situ survival and maturation of iPS@erived dopaminergic progenitors

in immunosuppressed Parkinsonian rats.
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Chapter 2: Material and Methods
2.1 GLOBAL EXPERIMENTAL DESIGN

As outlined previously, the overall aim of this project was to assess the potential of
biomaterials for enhancing engraftment of human Hei8fved dopaminergic
progenitors in Parkinsonian rats. Given the pronounced beneficial effedtse
hydrogel observed previously in immunodeficient (nude)(@snini et al., 2024but

not in immunosuppressed (cyclosporineated) rats, a particular focus of this thesis
was to determine if the hydrogel could also provide benefit in immunosuppressed rats.

A schematic representation of the global experimermsibeh in depicted in Fig. 2.1.

In line with this aim, in Chapter 3, an unbiased systematic review of the transplant
literature was completed to determine to what extent human sterdeceid
dopaminergic progenitors survive and mature into dopaminengiarons in

Parkinsonian models.

Then, in Chapter 4, two delivery systemsnamely a commercially available
POlyhedrin Delivery System (POBBand virallytransduced mesenchymal cells
were assessed for their suitability for sustained neurotrophin detivéransplanted

iPSGderived dopaminergic progenitors.

In Chapter 5, potential reasons why the neurotrephitiched collagen hydrogel
provided benefit to iPS@erived dopaminergic progenitors transplanted into nude rats
but not cyclosporindmmunosuppessed rats were investigated by profiling the early

immune responses to such transplants in these different hosts.

Finally, in Chapter 6, having establesh (nh Chapter 5) that the immunosuppressed
rats were not fully immunosuppressed, an alternative immunosuppression regime was
tested, and finally, this alternative regime was used to determine if the neurctrophin
enriched collagen hydrogel could improwesitu survival and maturation of iPSC

derived dopaminergic progenitors in immunosuppressed Parkinsonian rats.
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This chapter will provide details of all the experimental methodologies used
throughout this thesis while detailed experimental designs of indiwstiudikes will be
provided in each results chapter
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Figure 2.1. Schematic representation of the global experimental desigihe overall aim of this thesis was to assess the potenhalfef
enrichedbiomaterials for enhancing engraftment of humBB8GDAPs in Parkinsonian rat§.o do so, A) a systematic review of the
preclinical literature was completed, B) the suitabilitywd delivery systems was assessed and C) the immunologicahsespand the
potential of a NTFenriched hydrogel in enhancingsitu survival and differentiation of iPSOAPs were evaluated. iPSIDAPs = induced
pluripotent stem celtlerived dopaminergiprogenitors, MSCs = mesenchymadratcells, NTFs = neurotroplsn
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2.2 ETHICAL STATEMENT

All procedures invtving the use of animals were Ip@oved by the Animal Care and
Research Ethics Committee (ACREC) at theiversity of Galway, 2) eampleted
unde projed licences issued to Prdilis Dowd AE19125/P063 and AE19125/P120)
andunder an Individual Authorisation issued to Ms. Giulia Comini (AEZ1284)
by the Irish Health Products Regulatory Autharigyd 3) arried out in compliance
with the European Uon Directive 2010/63/EU anidish S.I No. 543 of 2012.

2.3 ANIMAL HUSBANDRY

Overall, a total of 212 rats were used to completeetperiments presented in this
thesis. Animals were sourced from eitanvier LabsFrancg36 male and 28 female
Spraguddawley rat$, Envigo, UK(36 female athymic nude rattssd:RHFoxn1I™) or
Charles RiverUK (112 female Sprague Dawley rat&nimals were hosed in groups

of two per cage in polycarbonate transparent plastitoms (1291H, Tecniplast, Italy)
havingdimersions 425 x 266 x 185 mm (Length x Width x Height) and floor area of
800 cnt with a wire grid lid(Series 116, Tecniplast, Italy)mmunosuppressed and
nude animals were housed in groups of two per cage in individually ventiaged
(Green Line Sealsaf& plus, GR900, Tecniplast, Italy) havimgmensions 346 x 395

x 213 mm (Length x Width x Height) and floor area of 904.cm

Animals in each cagdnad standard bedding material as per 3Rs lab basic bedding
sizzlenest and circular hollow plastiarinels as environmental enrichment. Animals
were kept on a 12:12 h light:dark cycle (lights on at 07:00 am), 2310, with
relative humidity levels maintained between 40 and 70%. For the duration of the
experiments, animals were allowed food and watkdibitum, unless specifically
stated for behavioural testing. In these circumstances, rats were food restricted
(maintaining free access to water) for 24h maximum, with enough food to maintain
their weight at 90% of their frekeeding weight which was cqeared by scrutiny of
animal growth chart provided by Charles River. All behavioural testingeandvo

analyses were carried out blind to the treatment of the animals.
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2.4 PREPARATION OF BIOMATERIALS

2.4.1 Fabrication of type | bovine collagen hydrogels

Prior tocollagen hydrogel fabrication, all required components were either autoclaved
to sterilise them@.1 M NaOH) or were already availalle a sterile form (PBS).
During the preparain, all components were kept meto prevent premature gelation.
The collagen hydrogel was composed of 4@4ng/ml bovine type | atelocollagen
(Blafar Ltd) neutralised with 1 M NaOH until pH 7 reachi@thecked with litmus
paper) and®0% PBS containing 4 mg/ml of crosslinker (poly(ethylene glycol) ether
tetrasuccinimidyplutarae (s4sStarPEG)). The remaining 40¢tcorporatedlifferent
components based on the specific irgi@atal surgery performed and will be outlined

in the relevant sectiof2.6.3).

2.4.2 Preparation of GDNF PODS®

GDNF PODS (PPH21000, CellGS, UK)is a commercial product sold by Cell
Guidance System. They are made of polyhedrin, a protein derived froBothieix

mori cyproviruswhich has the capacity for sessemblywithin insect cells following

their infection with the virugMori et al., 1993) Importantly the polyhedrin protein
canbece x pressed with a foreign protein (cal
release is aimed to be achieficeda et al., 2006)n this case GDNF-.

For preparation of human GDNFOPS® for in vitro experiments andn vivo
implantation,32.9 pl of sterile PBSwere addeal to a vial containing 250 millioof
hGDNF PODS and mixed thoroughly to obtain a final concentration of 15.15 million
PODS/ul.

2.5 CELL CULTURE AND ASSAYS

2.5.1 Culture of human iPSCGderived dopaminergic progenitors

Human iPS@&lerived dopaminergic progenitors were produced described
previously(Devine et al., 20113and provided by our collaborator Prof. Tilo Kunath,

Centre for Regenerative Medicine, Edinburgh, Scotland as a cryopreserved product a
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day 11 of dopaminergic differentiati@gd.8 million cells/vial) For the experiments in
this thesis, two different human iPSC lines were used: NASPréssingnormal
alphasynuclein) and AST18ekpressingalphasynuclein triplication). The AST18
line was derived from fibroblasts obtained from a skin biopsy of a female subject with
Parkinsonos dhe saplesyraiclein driplicagion rofggenet (Chr4q22
incorporatingthe SNCA locus) while NAS2 were derived from a healthy-filesgree
relative(Devine et al., 2011 )Briefly, to generate iPSCs from fibroblasts, these were
treated with four reprogramming factors as previously descr{bedahashi and
Yamanaka, 2006bAfter, 30 AST and 10 NAS lines weidentified and the triplicated
region was found to be intact after reprogramming cells to pluripotency status in AST
lines. However, only those showing complete reprogramming and no chromosomal
abnormalities were chosen for further neuronal inductioe (& fa AST and line 2
for NAS). Dual SMAD inhibition protocol was used for neuralisati@hambers et
al., 2009)and it included treatments with Noggin, SB431542 and Dorsomorphin from
day 1. Addition of SHH, WNT1 and Dkk1 inhibitors was also performed until day 9.
After day 9, differentiation was switched towards midbrain dopaminergic neurons by
treating cells with FGF8 until day 11 as previously descr{padbrant et al., 2017)
At day 11, cells could be either replated or cryopreserved for lateFoisa.detailed
protocol on derivation of iPSCs from dorfitaroblasts their successive differentiation
and cryopreservation at day,X&fer to Kunath et al. 202For transplantation in the

rat striatum cellswere hen differentiated to dopaminergic progenitors until day 16.

To do so, the day prior to cell thawing, a 24 well plate was coated with 400 pl/well
laminin-111 solution (diluted 1:10 in DPBS without Taand Mg™), sealed with
Parafiln® and left at 4°C overnighT.o further differentiate the cryopreserved day 11
progenitors, cells were thawed in handsuse of a water bath could cause
contamination). Once thawed, day 11 cells were added tb maslia previously
prepaed (Neurobasal media, 1:50 B27 without vit.A, 1:10@lutamine, 1:1000 Y
27632) followed by cell counts. For cell counting, 1(fisuspension waadded to

an Eppendoff and mixed with 10 pl of TrypanIBe® and cell counts were performed

by adding 1Qul of this solution toa haemoytometer and manually counting under

microscopeAfter centrifugaton at 1400 rpm for 5 minutes,edia was discarded and
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cell pellet was resuspended in plating mediayrobasal media, 1:50 B27 without
vit.A, 1:100 L-glutamine 1:1000 ¥27632, 1:1000 ascorbic acid, 1:1000 FGF8,
1:1000 BDNF, 1:1000 heparin and 1:2000 GDNF) then seeded at a density of 2.4
million cells/well on lamininl1ll coated 24 well plate (Corning, Cojtarhe plate
was incubated for Aays at 37°Gn 5% CQ andon day 13 complete media change
was performed with fresh plating media. On day 16 (transplantation day), media was
discarded from wells an800 pl of accutase werkrstly addedto each welland
immediately removed (to eliminate any trace of meithia could neutralise the
accutase). After a second addition of 300 pl of accutase/well, thisetder 10-12
minutes at 37C in 5% CO,. Detached cells were cotfed in wash media and
dissociag¢d to disruptlumps.

2.5.2 Culture of GFP-MSCs and GDNFGFP-MSCs

GFP transgenic MSCs were extracted from the bone marrow of green transgenic rat
SD-Tg (CAG-EGFP) CZ0040sb as previously describédkabe et al., 1997and

kindly donated by Prof. Anthony Widebank, Mayo Clinic, USA. @#BCs were
subsequently stably transduced using the Moloney leukaemia virus to overexpress
GDNF driven by the 56 LTR i nd(Rdomegdatal., pr o mc
2009) and were kindly donated by Dr. Gemma Rooney, Regenerative Medicine
Institute, University of Galway. Production and release of GDNF from both- GFP

MSCs and GDNRMSCs was assessed by GDNF ELISAiforitro experiments and

by GDNF IHC forin vivostudies.

Firstly, cryopreserved cells were thawed with the aid of a watbraraisecondly,1

ml of media was added to the vial to dilute the freezing media (10% DMSO). The cell
suspension was then centrifuged at 1400 rpm for 5 minutes and supernatant was
discarded. Cell pellet was resuspended in complete rat MSC media (44.5% Alp
minimum essential media (MEM), 44.5% F12, 108ét&l bovine serum (FBS) and

1% penicillin/streptomycin), transferred to a T75 flask and maintained under standard
conditions (37°C in 5% Cg&at 90% humidity). After 3 days, any cells which were not
attached to the tissue culture flask were washed away and the adhering cells were fed
with fresh complete medium. Media change was performed evedays. When cells

54



Chapter2: Materials and methods
began to appear confluent (momomulti-layered growth) they were ready for either
subculturing or passaging. Briefly, cells were enzymatically lifted from cell culture
plastic by incubation with 0.25% Trypsin/1 mM EDTA solutiiit10 Trypsin in
HBSS) for 5 minutes. The enzymatic pr@sewas neutralised by adding complete
MSC media and cells were either passaged or platezkdtdensity of 60,000 cells/ml
for further experiments. For cell counting, 10 qf suspension were added to an
Eppendorf and mixed with 10 pl of TrypanIBe® and cell counts were performed by
adding 10ul of this solution toa haemoytometer and manually counting under
microscope.For transplantation, an appropriate dilution was appliedawe hthe

desired number of cells.

2.5.3 Culture of HMC3

The human microglia clone 3 cell line (HMC3) was established in 1995 by Prof.
Tardieu by immortalization of human embryonic microglial cglsnabi et al., 1995,
Li et al., 2009)

In this thesis, the HMC3 cell line was used to itesitro cytocompatibility and release

of GDNF from PODS and was chosen for their ability to secrete proteéBeto
Russo et al., 2018hich play a key role in breaking down the polyhedrin structure
of PODS allowing for GDNF release, and for the simplicity of their maintenance and

expansion.

Firstly, cryopreserved cells were thawed with the aid wfater bath andecondly,1

ml of media was added to the vial to dilute the freezing media (10% DMSO). The cell
suspension was then centrifuged at 1400 rpm for 5 minutes and supernatant was
discarded. Cell pellet was resespled in completéIMC3 feeding nedia made of
DMEM supplemented with 10% of foetal bovineersm (FBS), 1% of
penicllin/streptomycin and 1% of amphotericin B. They were cultured in T75 flasks
under sterile conditions in an incubator at 37°C in 5%. C€lls were either passaged

or sub-cultured when 80% of confluency was reachadrio or multilayered growth

Briefly, cells were enzymatically lifted from cell culture plastic by incubation with
0.25% Trypsin/1 mM EDTA solutiof1:10 Trypsin in HBSS¥or 5 minutes. The
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enzymatic procgs was neutralised by addi complete HMC3nedia and cells were
either passaged or plated atedl density of 60,000 cell/ml for further experiments.
For cell counting, 10 lpof suspension were added to an Epperfdanid mixed with
10 pl of Trypan Bue® and cell counts were performed by addingul 0f this solution

to a haemoytometer and manually counting under microscope.

2.5.4 Cell viability assay

AlamarBIu€® cell viability assay was used to determinevitro cytocompatibility of

GDNF PODS with human micoglial HMC3 culturesAs an indicative measure of

cell viability, AlamarBlu€ assay was used to determihe cellmetabolic activity.

Due to AlamarBIlu@ reagent being light sensitive, lights in cell cuét hood were kept
switched off, andhe tubes andlates containing the reagent were wrapped in tinfoil.
Briefly, a 1:10 solution of AlamarBlfereagentin HBSS( Hank 6s Bal ance.
Solution)was preparednd warmed up to 3T in a water bath before addi®d.0 pl

of this solution to each well and incubragifor 1 hour aB37°C in 5% CQ. After
incubation, the solution was split into 3 wells of a 96 well plate (100 pl each well) and
absorbance was read at 570 nm and 600 nm using a Varioskan Flash plate reader with
Gen® software. HMC3 viability was calculated fiystly subtracting the absorbance

read at 600 nm from the one at 570 nm and subsequenilyrbmalizng all the results

to control wells (untreated cells).

2.5.5 Enzymelinked immunosorbent assay(ELISA)

An enzymelinked immunosorbent assay (ELISA) was performed in order to assess
and quantitatively measure the secretion of GDNF by-GIEEs, GDNFMSCs and
GDNF PODS in vitro andex vivo(human GDNF DuoSet ELISAnd DuoSet ELISA
Ancillary Reagent Kit Bio-Techne).A 96 wells clear polystyrene microplate was
incubated at room tempeuag overnight with 100 pl of capture antibody imating
buffer. Using an automated plate washing syst&ix$0, BioTek), wells were
aspirated anwvashed 3 times with 400 ul of washfter (1:25) and then bltked for

1 hour with 300 pl of reagentildent (1:10). Aspiration/wash was repeated as
mentioned above before addingdlul of standards/samples (in reagahteaht) to the
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wells and incubated at room temperature for 2 hours. Aspifaii@h was repeated
again before adding 100 pl of detectiartibody(in reagent duent) to the wells. After
2 hours of incubation at room temperature, the aspiration/wash step was repeated once
again before adding 100 ul afreptavidinHRP and the platevas left for 20 minutes
at room temperature. After aspiration/wash, 100 ul of substrate solution was added to
each well and left for 20 minutes. Once the blue colour has developed, 50 pl of stop
solution were added to each well to stop the reaction anglateewas gently tapped
to allow mixing. Finally, the plate was first read at 450 nm and secondly at 570 nm
using a Varioskan Flash plate reader with Gesaftware, the second reading was

subtracted to the first to correct for the plate optical impediest

2.6 SURGERY

2.6.1 Stereotaxic surgery

Preoperatively, buprenorphine ra opioid analgesic was administered
subcutaneously at a dose of 0.88/kg and every 8 hours after for 36 hours from the

first injection (4 injections total each animal). All surgeries were performed under
isofluorane anaesthesia (5% in fOr induction in an isofluorane chamber and 2% in

O, for maintenance) in a stereoiaXrame with nose bar set a&.5 for intraMFB
surgeries aneR.3 for intrastriatal surgeries. After the site of surgery was shaved, the
ani mal was fixed to the stereotaxic fran
(lidocaine 2.5% w/w and pilocaine 2.586w cream) was previously applied to reduce

the potential pain caused by securing the rats to the stereotaxic frame. Next, Visidic®
Eye gel (carbomer 0.2% w/w) was applied to the eyes to reduce potential discomfort
caused by dry eyes. Animals were placeda heated mat at 37°C to keep their body
temperature stable during the surgical procedure and temperature was monitored every
5 minutes. Then, an incision was made through the skin on the head and the skull was
exposedwith a scalpel An anaesthetic conmmtion (1:1 lidocaine (0.5% wi/v) and
bupivacaine (0.25% w/v)) was applied on the area before drilling. The coordinates for
bregma were established and used to calculate the site for injection with a cannula (26
gauge for hydrogel surgeries and 30 gaugesfageries not involving hydrogels)

which was connected to a 50 pl Hamilton syringe using polyethylene tubing (0.28 mm
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inner diameter) and filled with sterile saline. After coordinates for injection were
determined, an electric drill was used to exposea drom which the cannula was
lowered to the correct dorseentral coordinates. Either-@HDA solution or
hydrogel/cells/microcarrier suspensionsvere loaded in the cannula aocdrefully
delivered to thelesired coordinates whiteovement of a deliberatemade air bubble
in the polyethylenetubing between saline ameéquiredsuspension was monitored
carefully. The plunger on the Hamilton syringe was depressed at a steady rate of 1
pl/min using an automated pump (Harvard Apparatus, USA). Following injedhie
cannula was left in place for a set diffusion time (2 min). Afteudibn, the incision
was intradermally sutured Animals were monitored throughout recovery before

being placed back in their home cage.

2.6.2 Induction of the Parkinsonian model (ntr a-MFB lesion surgerieg

Infusion of 6OHDA to the medial forebrainumdle (MFB) was performed to induce
Parkinsonism in the animals. Briefly, 7.6 mg of toxin were weighed out and dissolved
in 1 ml of 0.01% sterile ascorbate saline to prevent premaixidation. For the
duration of the surgeries;8HDA solution was kept on ice and in the dark. All lesion
surgeries were performed under isoflurane anaesthesia (5%fam i@duction in an
isoflurane chamber and 2% in fdr maintenance) in a stereotakiame with the nose

bar set at4.5. A total volume of 3 pl of ©®HDA solution(12 pg)was unilaterally
infused in the MFB codalinates AP-4.0, ML -1.3 (from wegma) and D\/7.0 below

dura mater an infusion rate of 1 pl/mirAfter infusion, a further Znin were allowed

for diffusion.

2.6.3 Intra -striatal implantation/transplantation surgeries

For the delivery of cells (MSCs and iPSCs), collagen hydrogels (with or without
neurotrophic enrichment), trophic factors (GDNF and BDNF) and GDNF PQsS
surgerieswvere performed under isoflurane anaesthesia (5% ii@rOnduction in an
isoflurane chamber and 2% in @r maintenance) in a stereotaxic frame with the nose
bar set at2.3. The striatum was infused unilaterally (when animals were lesioned) or

bilateraly (when animals were not lesioned) at atinates AP 0.00, ML £3.7 (from
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bregma) and D\¥5.0 below dura mater. A total volume of 6 pl were infused at a rate
of 1 pl/min and the level of the cannula was raised every 2 minutes. After, the cannula
was left n place for additional 2 minutes to allow for diffusion time.

Preparations for individual intrstriatal surgeries are outlined below and a summary

of the treatments performed in the experimémthis thesis can be found imble2.1.

Table 2.1 Treatments performed in each bapter.

Treatment Chapter Section

GDNF PODS implantation 4 4.3.1

Cotransplantation of IPSG 4 4.3.2
DAPs and different doses of
GDNF/GFP-MSCs

Delivery of iPSCDAPs in a 5&6 53 &
NTF-enriched hydrogel

6.3

2.6.3.1PODS’ implantation

For in vivo GDNF PODS implantation these were prepared as describe@atich
24.2 and injected intratriatally either alone or encapsulated in a collagen hydrogel
fabricated as previously described iec8on 2.4.1. Each animal received a total
volume of 6 pl per transplant which was composed of either 15.15 million GDNF
PODS in PBS alone or 60% collagamosslinker solution and 40% GDNF PODS

in PBS (15.15 million). The number of GDNF PODiSplanted corresgnds to 1000

ng of GDNF ceexpressed in their structure and that could potentially besexlea

2.6.3.2Co-transplantation of iPSDAPs and GDNF/GFRMSCs

For in vivo co-transplantation of IPSOAPs with different doses ofitter GDNF
GFRMSCs or GFPMSCs,cellswere cultured as described ir@iors 2.5.1(iPSG)

and 2.5.2 (GDNF/GFRMPSCSg. Once iPSCs had reached day 16 of dopaminergic
differentiation and MSCs were confluent, these were enzymatically lifted from tissue
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culture flasks/wells, centrifuged and couhtas describegreviously.After having
determined the number of viable cells, an appropriate dilution was applied by adding
neural differentiation medium (NDM) (Neurobasal media, 1:16§lutamine, 1:50
B27 without vit.A) to cell pellets. The final solati for intrastriatal transplantation
was composed of 50% IPSQAPs suspension and 50% GDNF GMBCs/GFRP
MSCs suspension. During surgeries, cell suspensions were maintained on previously
refrigerated metal beads to prevent cell death. Each animal reeeiotd volume of
6 ul per transplant containing 300,000 iRBBPs and differentnumbers of
GDNF/GFRMSCs (etailed cell numbers can be found in Chagte®ection4.2.2
Table4.2).

2.6.3.3Transplantation ofPSCsDAPs in a NTFenriched hydrogel

For in vivo transplantation of iPS@erived dopaminergic progenitors in a dual
enriched (GDNF & BDNF) collagen hydrogéhis was composed of 60% collagen
crosslinker solution as described previouslySiection 2.4.130% cell suspension
(166,666.67 cells/pl) in neal differentiation medium (NDM) (Neurobasal media,
1:100 L-glutamine, 1:50 B27 without vit.A) and 10% human GDNF and human BDNF
in PBS at the concentration of 1.67 ug/ml and 3.33 pg/ml respectively (ratio 1:2
GDNF:BDNF). For cells in hydrogel (without netrophins), cells and neurotrophins
(without hydrogel) and cells transplanted alone, the volume of the missing components
(neurotrophins/gel) was substituted with NDM. During surgeriég, collagen
hydrogel were maintained on previously refrigerated nietatis to prevent premature
gelation. Each animal received a transplant of 6 pl including either 300,000 iPSC
DAPs alone, with GDNF (500 ng) and BDNF (1000 ng), in a collagen hydrogel or in
a neurotrophirenriched hydrogel. The doses of neurotrophins ws=e based on a
previous study from our group in which a neurotropdimiched hydrogel was shown

to increase survival and differentiation of iRB@Ps inthe brain of athymic nude rats
(Comini et al., 2024)
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2.7 BEHAVIOURAL TESTS OF MOTOR IMPAIRMENT

2.7.1 Apomorphine-induced rotations

Apomorphine is a dopamine agonist which acts -ggaaptically on dopaminergic
receptors and can be used to indirectly measure loss or recovery of striatal
neurotransmission. The striatum ofOHDA lesioned rats is denervated and, as a
consequence, develos sursensitivity Therefore, when apomorphindgs
administered, itstimulates hypersensitivegpostsynaptic dopamine receptors in the
lesioned striatum causing the rats to rotate in the contralateral direction (away from
the lesioned sidglUngerstedt, 197, Bjérklund and Dunnett, 2019)

Apomorphineinduced rotational behaviour was assessed as previously described
(Jerussi and Glick, 1975Briefly, rats were removed from their home cage,
subcutaneously injected with 0.0f/kg of apomorphine and placiedo plastic bowls
containing standard bedding materi@ig. 2.2 A. Full body ipsilateral and
contralateral turns were manually counted fo minute after 20 minutes from
apomorphine injection. Data was expressed aso@tralateraturns/min(number of

ipsilateral turng number of contralateral turns)

0 Q¢ & DIOD EIQRNO &I 0 OE & DIOD £ i

N =number
Contra = contralateral (relative to the lesion site)

Ipsi = ipsilatera(relative to the lesion site)

2.7.2 Corridor test

The corridor test wagerformed as previously describébowd et al., 2005,
Fitzsimmons et al., 2006nd it is designed to assesmtralateral neglect in hemi
parkinsonian rodents. As part of the protocats were food restricted (maintaigi

free access to water) for 24h maximum, with enough food to maintain their weight at
90% of their freefeeding weight which was compared by scrutiny of animal growth
chart provided by Charles Rivarhe corridor apparatus consisted of two long parallel
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chambers (length = 150 cm, height = 24.5 cm and width = 7kinsjly, ahabituation
period of 5 minutes was allowed for each rat and they were free to explore the first
corridor chamber. After, rats were transferred to the second corridor where there were
10 adjacently placed pairs of pots, each contaifii8gCocoPop8. The animal was
allowed to freely explore and retrieve the CocoPdpmm the pots on either sidEi(.
2.2B). Thetest was consideratbmplete when the animal hat¢hermade a total of
20 retrievals or after 5 minutes had pass
its nose into the container, whether or not it ate or retrieved any of the food in the
container. Animals with a unilateralesiontend to ignore food on their contredeal
side and will retrieve the CocoPopgredominantly from their ipsilateral sid€he
time taken to complete the task andriienber of retrievals made by each rat from the
ipsilateral and contralateral sides was recorded. Data was expressed astageeafe
contralateralretrievals over the total number of retrievals made as shown in the

formula below.

bé'DEEIIQOI QAL

N = number
Contra= contralateral (relative to the lesion site)
Ipsi = ipsilateral (relative to the lesion site)

N of total retrievals = N of contralatéra N of ipsilateral retrievals

2.7.3 Stepping test

The stepping test was designed to monitor forelimb akin€dsson et al., 1995)
Firstly, the animals were habituated to the test by restraining them in a way so that
both hindlimbs were resting in the hands of the researcher and botmfsrelere
resting on the edge of a table. After habituation, one forelimb was restrained and the
animal was moved horizontally through a 90 cm distance at a steady pace (approx. 5
seconds)Fig. 2.2C). The task was rep#ed in the forehand arnxhckhand dection
and with the other forelimb as well. The number of steps made by the rats from the

ipsilateral and contralateral paw in each directions were counted. The task was carried
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out three consecutive times per rat and the number of steps are expressiccesge
of these.Data were represented as the average number of adjusting steps made by
either the ipsilateral or the contralateral limb

2.7.4 Whisker test

The whisker test was designed to measure sensorimotor integration and it is also
known as vibrissaelicited forelimb placement tegSchallert et al., 2000When the

rat 6s whi sker s ar d@srdspomnss df platingaadreeimowsngpaa t ab
on the table should be triggered. Briefly, the ddtimdlimbs and one forelimb were
restrained by the researcher allowing the rats to only move one forelimb. The whiskers
were therbrushedagainst theedge of aable and the innate response of placing the
free forelimb against the table was measured by counting the ipsilateral and
contralateral touches madeeafrubbing the whiskers against the surficden times

(Fig. 2.2D). The task was carried out three consecutive timesapand the number

of touchesare expressed as an average of tHeata were represented as the average
number ottouchesmade by either the ipsilateral or the contralateral limb
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A) Bl o oo 0 0o, 0 O O O
Test corridor pS;f:; -
O O OO O O8O0 O
o9
- j Habituation corridor
C) D)

Figure 2.2 Behavioural tests of motor impairment. A) Rotational behaviour to
ipsilateraland contralateral sides weneeasured for 1 minute after 20 minutes from a

single injectionof apomorphine.05 mg/kgs.c). B) In the Corridor test, rats were

free to retrieve CocoPop$rom both sides of the corridor. C) In the Stepping test, the

steps made by ipdateraland contralateral forepaws are counted moving the animal
across 90 cm on the taldéa steady pac®) In the Whisker test, the number of ipsi

and contralateral forelimb placings afte
wereassessed.

2.8 FLUORESCENCE-ACTIVATED CELL SORTING (FACS)

Fluorescencactivated cell sorting was performed on peripheral blood mononuclear
cells (PBMCs) isolated from whole blood of immunodeficient and immunosuppressed
rats to assess the T ceflediated immnological responses to human iR8&ived
dopaminergic progenitors transplanted with or without a neurotregiriched

collagen hydrogel.
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2.8.1 Peripheral blood mononuclear cells isolation

PBMCs were extracted from whole blood collected during transcapbaiusion,
before the fixation process. Whole blood was collected into BD Vacutainbes
coated with K2EDTA to prevent it from coagulating and immediately processed for
PBMCs extraction. Briefly, 4 ml of Fico(Sigma)were added to a tube and the ladloo
was layered on top of it. Next, the tubes were carefully placed in the centrifuge and
spun at 2,000 rpm for 20 minutes to separate the blood into its components. After
removing the plasma which is layered op,tthe PBMCs were found the interphase,

oo her wi se known 0as ahn kbe exibabtédthidynowvedta & tube
containing sterile PBS. PBMGsere subsequentlwashed bycentrifugationfor 3

times at 1,200 rpm for 5 minutes andreguspensiom fresh PBS each time€ells

could be countto determine PBMCs yield. For cell counting, 10 pl of suspen

were added to an Eppendbdnd mixed with 10 pl of Trypan Blfeand cell counts
were performed by adding 10 pul of this solution to a haemocytometer angahyan

counting under microscope.

2.8.2 Fluorescenceactivated cell sorting (FACS)

Fluorescencactivated cell sorting (FACS) was performed to assess the presence of T
cell populations andatural killer NK) cells in the blood. In brief, 100,000 PBMCs
were pgaced in each well of a 96 wedlate with V-bottom wells. After the plate was
spun down for 5 minutes, supernatant was removed and cells remained at the bottom
of the wells. For cell staining, appropriate antibodiesble 2.3 were mixed with 50

ul of FACS buffer(DPBS containing 2% FBShd 0.1% Nal) and this solution was
added to the wells and incubated for 15 minutes at 4°C in the dark. The plate was
washed twice by centrifugation and addition of 100 pl of FACS buffer every time.
Finally, cells were resuspended with 200 pl of FACS bufies ml cytometry tubes
which were subsequently placed on ice and protected from direct light. A flow
cytometer and FlowJbsoftware(Tree Star, Inc., Ashland, OR, U$ivere used to

assess the presence of T and NK cells in the cell suspensions.
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Table 2.3 Antibodies used for fluorescencectivated cell sorting in this hesis.

Antibody Target Clone Source REF
FITC anti-rat NK p46 WEN23 Biolegend 250806
CD335

PE/Cyanine 7 T helper cells W3/25 Biolegend 201516
anti-rat CD4

PerPC antirat T killercells  OX-8 Biolegend 201712
CD8 U

PE anti-rat Activated T OX-39 Biolegend 202105
CD25 cells

2.9 IMMUNOHISTOCHEMISTRY

2.9.1 Tissue processing

Rat were euthanized by terminahaesthesia (pentobarbital 1#@/kg i.p.) followed

by transcardial perfusion with heparinised saline (5000 units/litre) and fixation with
4% paraformaldehyde (PFA) solution using an automatic pump. After decapitation
with a guillotine, brains were rapidly removed and pioet% PFAfor postfixation

for 24h and subsequently moved to a sucrose azide solution for preservation (25%
sucrose, 0.1% sodium azide). Serial coronal sections (30 pm) were cut using a freezing

stage sledge microtome (Bright, Cambridgeshire, UK) and collecteslanes of 12.

2.9.2 Immunohistochemistry

Free floating immunohistochemical staining was performed using the streptavidin
biotin-peroxidase method. Briefly, endogenous peroxidase activity was quenched
using a solution of 3% hydrogen peroxide and 10% methandistilled water. A
solution of 3% normal serum in trisuffered saline (TBS) with 0.2% Triton-X00

was used to block nespecific antibody bindingral the choice of serum to use was
based on the host in which the secondary antibody was raised. Tkimdplsolution

was left incubating for 1 hour at room temperature. Next, the appropriate primary
antibody was diluted in TBS with 0.2% Triton-200 (TXTBS) and 10% normal
serum, added to the brain sections and left for overnight incubation at room

temperatee. Appropriate secondary antibody was diluted in TBS and 10% normal
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serum and added to the section for a 3 hours incubation at room tempérainptete
list of antibodies used and their target can be found belolalre 2.2 A solution
made of 10% stpgavidinbiotin-horseradish peroxidase (Vector, UK (PK6100)) and
10% of normal serum in TBS was then added to the sections and allowed to incubate
for 2 hours, at room temperature and covered from direct light. A 0.5% solution of
diaminobenzidine tetrahydocloride (DAB) (Sigma, Ireland (D5637)) in TBS
containing 0.3ul/ml of hydrogen peroxide was used to develop the staining. Sections
were mounted onto gelatooated slides, dehydrated in an ascending series of
alcohols, cleared in xylene and coverslippsthg DPX mountant (BDH chemicals,

UK). Detailed protocols can Beund in the appendix section.
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Table 2.2 Antibodies used fo immunohistochemistry in this thesis.I: primary, II:
secondary.

Antibody Target Source REF Host Dilutio  I/lI
n
Human Human nuclei  Millipore MAB1281 Mouse  1:1000 |
nuclear
antigen
(HuNu)
Tyrosine Catecholaminer Millipore MAB318 Mouse  1:1000 |
hydroxylase  gic neurons
(TH)
Glial Cell line- GDNF R&D MAB212 Mouse  1:200 |
derived Systems
neurotrophic
factor (GDNF)
OX-42/CD11b Microglia Millipore CBL1512 Mouse  1:400 |
25UG
Glial fibrillary Astrocytes DAKO Z0334 Rabbit 1:2000 |
acidic protein
(GFAP)
Collagen Collagen Abcam AB34710 Rabbit  1:1000 |
hydrogel
Brain-derived BDNF R&D MAB248 Mouse  1:200 |
neurotrophic Systems
factor (BDNF)
Green GFP Invitrogen  A6455 Rabbit 1:1000 |

fluorescent
protein (GFP)

STEM121 Human specific Takara Y40410 Mouse  1:1000 |
cytoplasmic
protein
CD4 T helper cells  BioRad MCA55G Mouse  1:200 |
CD8 T killer cells BioRad MCA48G Mouse  1:200 |

Biotinylated Mouse | IgG Invitrogen 31806 Horse 1:200 I
horse antt

mouse

Biotinylated Rabbit | 1IgG Jackson 111-:065  Goat 1:200 I
goat ant 144

rabbit
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2.10 HISTOLOGICAL QUANTIFICATION

All histological quantitative measurements were carriedusutg ImageJ software
(U.S. National Institutes of Health, Bethesda, Maryland, USA). The total number of
human iPS@lerived dopaminergic progenitors (iPBAPS) present in the striatal
sections was quantified using ImageJ automatic couofiitpuNu positively stained
nuclei while the number of dopaminergic neurons positively stainedyfasine
hydroxylase TH) were manually counted. Optical density of the staining alas
assessed (innate immune system {@X and GFAP), iPSOAPs (HuNu),
dopaminergic nawens (TH), GDNF and BDNF, collagen For all volumetric
quantifications (innate immune system (@X and GFAP), iPSOAPs (HuNu),
dopaminergic neura(TH), GDNF and BDNF, collagg¢ran equation was used based
on Caval i e(descilb®d ifection?.dq.3pTheetable belowTable 2.4)ists

the staining performed throughouighhesis.

Table 2.4. Staining performed throughout this thesis

Staining Target Measure
Human nuclear antigen (HuNu) Human nuclei Cell survival
STEM121 Human specific Cell survival

cytoplasmic protein
Tyrosine hydroxylase (TH) Catecholaminergic neuron Cell differentiation
Glial cell line-derived neurotrophic GDNF GDNF retention, GDNF releas
factor (GDNF) from PODS and GDNFMSCs
Brain-derived neurotrophic factor BDNF BDNF retention
(BDNF)
OX-42/CD11b Microglia Innate immune system reaction
Glial fibrillary acidic protein (GFAP) Astrocytes Innate immune system reaction
Collagen Collagen hydrogel Collagen hydrogel degradation
Green fluorescence protein (GFP) GFP GFRMSCs survival
CD4 T helper cells Adaptive immune system reactio
CD8 T killer cells Adaptive immune system reactio
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2.10.1 Automated counting for quantification of human nuclear staining

Photographs of HuNpositive stained striatal sections were taketh a VS120
Virtual Slide Microscope (Olympus U.K., United Kingdom). The number oNk

positive nuclein the striatal sections was counted using ImageJ automated counting

feature. Briefly, the background of the photomicrograph was removed to reduge nois

Next, the image was converted to abiBformat followed by threshold setting to

include all the cells and finally the image was converted again to a binary format.

ImageJ watershed feature was then applied to separatersictgefrom one another

To obt ai

was selecteqFig. 23). For each animal, the number of HuNasitive cell nuclei

n

a

count of

a l

the nucl

ei

prese

present in the striatum were counted in each section of a 1 in 6 series containing

suwiving iPSGDAP transplants.

|t ex

Microscope image

8-bit image

Threshold

Binary

Figure 2.3. Screen grab of the ImageJ software used to determine HuNu counts.
The photomicrograph of HuNu stained nuclei (A) were converteebibithages (B),

then a threhold was set to highlight nucléC), once applied a binary image was

created (D) and the software could autdoaly count the total number of human
[ t he i

nucl ei

mage
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2.10.2 Manual counting for quantification of tyrosine hydroxylase-positive cells

Phdographs of THpositive stained striatal sections were taken with a VS120 Virtual
Slide Microscope (Olympus U.K., United Kingdom). Fidsitive cell bodies were
easily identifiable in the unilaterat®@HDA denervated striatum and were manually
counted Fig. 2.4). For each animal, the number of Jadsitive cell bodies present in

the striatum were counted in each section of a 1 in 6 series.
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Figure 2.4. Screen grab of the ImageJ software used to determine the number of
TH™ cell body counts. Greencounter dat on the image represent the location of a
TH™ cell body.

2.10.3 Quantification of volume
2.10.3.1 Cavalierids principle

Cavalieridos principle states Athe vol ume
in an unbiased manner from the product of the distance betwaees and the sum

of the areas on systemati c r a(Gamamtapar al |
2007)
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The equation used is the following:

YO 0°Y ©O

- Vis the total volume

- Ttis the overall distance of the object

- Aiisthe area (determined using ImageJ sa#ves describeid section 2.11.%

- NSis the number of sections in the series (i.e. 6 series)

- Dis the known distance between tissue

2.10.3.2 Quantification of area/@lume

For quantificatio of volume of staining, lptographs of striatal sections were take

with a VS120 Virtual Slide Microscope (Olympus U.K., United Kingdom). Scale was

set on ImageJ by using a known distance provided by the imaging software with the
number of pixels for that known distance. Free hand drawing tool was selected on
ImageJ andhe area of the staining was drawn in all the striatal secisshown in
Figg25.Using the sum of the tot al measur ed

measurements were converted to volume.
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Figure 2.5 Screen grab of the ImageJ software usetb determine area.The
STEM121stainedhuman cytoplasmiarea was outlined using the freehand drawing
tool (green outline). The scale bar on the bottom right corner was used to calibrate the
number of pixels of the image corresponding to a known distéme@rea ohuman
cytoplasmic stainingould be determined for each section.

2.10.4 Quantification of density

For optical density analysief microgliosis andastrocytosis (OX42 and GFAP
staining) three representative images of the striatum were chosen pealaRor
quantificationof striatal density of staininghotographs of striatal sections were taken
with a VS120 Virtual Slide Microscope (Olympus U.K., United Kingdom). Then a
circular shape was drawn in the transplantation @iga2.6)and the meagrey value
was measured and subsequently converted to optical deftsigyparticular approach

IS a gross, serguantitative analysis and inclusion of a small {iemsplant region

could affect the optical density in smaller grafts.

For optical density analysis of graft survival (HuNu and STEM121 staining) and
differentiation (TH staining) all the images of the striatum where staining was detected
were chosenfor quantificatiorof striatal density of stainingghotographs of striatal
sections were taken with a VS120 Virtual Slide Microscope (Olympus U.K., United

Kingdom). Then fee hand drawing tool was selected on ImageJ and the area of the
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staining was drawn in all the striatal secti@ssshown irFig. 2.5 and the mean grey

value was measured and subsequently converted to optical density.

Mean grey value was converted to optical denssing the following formula:

60 0 £&patc vl QORI DA 6 Q

4 Image) == O X
File Edit Image Process Analyze Plugins Window Help i
O || A« s]x a2 o] | Qe g]s]] | |-

[Text tool (double-click to configure)

Ry X

_—
1 mm

Figure 2.6. Screenshot of ImageJ software used to measure optical density in the
striatum. The greerctircle around the graft site was used to analyse the density of the
immunostaining.

2.11 PROTEIN EXTRACTION FROM STRIATAL BRAIN

PUNCHES FOR ELISA

Protein extraction as performed on striatal punches from brains which had received
GDNF PODS implantation to assess GDNF release with ELISA analysis.
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2.11.1 Tissue processing

Rat were euthanized via transient anaesthesia (isofluorane 5%inna® induction
chamber), until compte loss of pedal reflex, followed by quick decapitation with a
guillotine. Brains were rapidly removed and frozen8t°C. Serial striatal sections
(300 um) were cut using a cryostaeica CM3050 S)placed on a slide and left-at

20°C in the cryostathamber until the process waswueted. After, striatal punches
were taken using hypalermictube with a sharp rim which pressed onto the frozen
section on the glass sligeun0500 tissue biopsy puncfihe tissue under the hole can
then be expelled from the punch by pressing the plunger of a syringe previously loaded
with air and connected to the pundlissue was collected in Eppendband stored at

-80°C until protein extraction.

2.11.2 Protein extraction

Protein extraction was performed on striatal brain punahgseparationfor final
ELISA analysis. Briefly, after RIPAysis buffer was prepared (detailed protocol can
be found inAppendix V), 1 pl/ml of protease inhibitor cocktail ((Pl) (AEBSF,
aprotirin, bestatin, E64, leupeptin, pepstatin A) (Millipore, Sigmajas added to
prevent proteins breakdown. Striatal punches were retrieved from freezer and added
with 75 pl of RIPA/PI stution. Next a sonicator was use@naximum 10
seconds/sampleith powersetting at 5.0Yo burst cell membranes causing protein
release from cytoplasm and nucleus of cells followed 45 minutes incubation at
4°C on a samples shaker. To separate cell pellet andrrsaant, samples were
centrifuged for 20 minutes at3,200rpm at 4C. Finally, supernatant was collected
for further ELISA analysis.

2.12 STATISTICAL ANALYSIS

All statigtical analyses throughout thisetsis were performed using GraphPad Prism
software. All data are expressedirdividual data points witlmean + standard error

of the mean (SEM) and wtestfercompaadorybgeteetn usi n
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two groups, onavay analysis of variance (ANOVA) for comparison between more
thantwo groups on one factorsyd-way ANOVA to compare morthan two groups
on two factors and twway repeated measures ANOVA to compare two within
subject factorsThese were followed by Tukey multiple comparigmsthoc where
appropriate. Data was considered statistically significant at the lev@l0®
Throughout the results section, the main effects from the initial ANOVA are cited in
the body of the results?osthoc analysis are also shown and explained in the

appropriate figures and figure legends.

2.13 IMAGES SCHOWING SCHEMATIC REPRESENTATION OF
EXPERIMENT AL DESIGN

The images illustrating the experimental designs were created using the free online

version of Biorender softwal@ttps://www.biorender.cop/
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Chapter 3: Human stem cell transplanta i on f or Par k
disease: A systematic review of in situ survival and
maturation of progenitors derived from embryonic or

induced stem cells in animal models.

3.1 INTRODUCTION

The concept of human stem edérived braim epai r f or Par ki nsono
on decades of research usingtal cells as a source of healthy cells for transplantation
(Bjorklund and Parmar, 20207 he first studies in this field date back to the 1970s

when groups in the USPerlow et al., 1979and Sweder{Bjorklund et al., 1980b)

pioneered this approach usingtatrat foetal transplants. These studies demonstrated

that foetal dopamine neurerich tissue transplanted into the brain could survive and
ameliorate motor dysfunction in dopamidepleted rats. A decade so of preclinical

research followed leading to the first clinical trials of humaetdl transplantation in
patients wit h (WRanadoetals O880Ledvallietsaale 898%

Over the intervening decaglenumerous preclinical studies and clinical trials provided
proof-of-principle for the efficacy and safety of cellular brain repair, wihtdl
dopaminergic grafts demonstrating the ability to survive in the brain, reinnervate the
dopaminedepleted strium, and ameliorate dysfunction/symptoms in Parkinsonian
models and patien{seviewed in Bjorklund and Parmar, 2020, Barker and Bjorklund,
2023) However, it also became apparémat this approach had serious limitations
associated with the need for humaetél donors including supply, ethical concerns
and logistical difficulties, all of which would ultimately preclude this translating to a

therapy for patients.

In parallel wth these efforts, embryonic stem cells (ECSs) were first cultured from
mice (Martin, 1981, Evans and Kaufman, 19&i)d later humanérhomson et al.,
1998) and protocols to convert these to a dopaminergic phenotype were later
developed and refingdeviewed in Stder, 2012hb) This led to the first mous®-rat
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(Kim et al., 2002)and humanto-rat (Ben-Hur et al., 2004studies of ES&lerived
brain repair in Parkinsonian rats. With the discovery that somatic cells could be
reprogrammed into induced pluripotent stem cells (iIPSCs et al., 2007, Takahashi
and Yamanaka, 2006a, Takahashi et al., 2aQ0&)era of stem cetlerived brain repair
for Parkinsonds di(Bagaseeal., REG, Wermiguet al, 2008) d e r w
In contrast todetal transplantation, both ESCs and iPSCs offered the possibility of a
limitless supply of qualiycontrolled dopaminergic neurons for allogenic (detwer
patient) transplantation, with the iPSCs offering the additional potential of autologous

(patientto-self) transplantation.

Over the last 20 years, numerous preclinical trials have been undertaken to determine
the efficacy and safety of human stem -cidtived brain repair in Parkinsonian
models, and the outcome of tkedsas led to the initiation of @inical trials that are
currently underwayyoto Trial: UMINO00033564; BlueRock Trial: NCT04802733;
STEM-PD: NCT05635409 S.Biomedics Co. Trial: NCT05887466spen Neuro:
ANPDOO0)). Critically, the ultimate success of these and future clinical trialgdyhi
dependent on the ability of the transplanted stem-deglved dopaminergic
progenitors to survive and differentiate into functional dopaminergic neurons in the
Parkinsonian brain. Althougim situ survival and differentiation of ESC and iPSC
deriveddopaminergic progenitors is well established in rodent and primate models of

Parkinsondés disease, this is highly vari:

Therefore, because of the pivotal role that situ survival and dopaminergic
differentiation wil play in the clinical success of stem egdirived brain repair for
Par kinsonods, the aim of this review was

human sterderived dopaminergic progenitor transplatudiesn animal models
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3.2 METHODS

3.2.1 Search Strategy

This study was completed in accordance with the PRISMA 2020 guidéitage et
al.,2021and used a search strategy in the APU
to humanstemderived dopaminergic progenitor transplantation in animal models of
Parkinsonds. The specific search string
AND Parkinsondés AND dopaminergic AND (t
identified a total of 887 &icles spanningrom 1997 to March 2024. These articles

were then screened according to thstrategy outlined below and depicted in the

PRISMA flow diagram (Fig.3.1). This yielded 76 articles which were included in this
systematic review. All the articledtained were managed using Micrfidexcel and

EndNote software.

3.2.2 Screening Strategy

The 887 articles identified were first screened by Title and Abstradharfdllowing
inclusion and exclusion criteria were applied. Inclusion criteria: 1) origessarch
studies, 2) human ESC or iPSiérived dopaminergic progenitors, 3) transplanted into
the brain. Exclusion criteria: 1) review articles, 2) clinical trials, 3) not ESC or iPSC
cells, 4) not human origin, 5) no transplantation, 6) not relevantter atiscellaneous
reasons. This initial screen left 128 articles which were screened by full text. In this
second screen, two additional exclusion criteria were used: 7) transplantedsanimal
were not Parkinsonian, and 8) full text was not available. H®its7R articles for
inclusion to which a further 4 were added that were identified from the cited

publications in the selected articles.
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[ Identification of studies via the PUBMED database ]
c
5]
3 Records identified from PUBMED:
= n =887
[}
o
— Records excluded:
n=759
Total records screened by Title & Abstrag ) Eggzgg ; Egﬁxilg;\ll'tzazl 3566)3)
n =887 Reason 3 (Not ESC/iPSC, n = 253
Reason 4 (Not human, n = 62)
i Reason 5 (Not transplanted, n =7
= Reason 6 (Not relevant, n = 106)
£
S Records after screening by Title & Abstrag
g n=128
(%9}
i Records excluded:
n =56
Records aftescreening by full text: Reason 3 (Not ESC/iPSC, n = 26
n=72 Reason 4 (Not human, n15)
Reason 5 (Not transplanted, n = 6
Reason 7 (Not PD model, n = 7)
— Reason 8 (Not Full text, n = 2)
Articles included in review: n =72
E Articles included from references: n = 4
=
2 Total studies included:
n=76

Figure 3.1. PRISMA flow chart. Flow chart based on PRISMA 2020 guidelines
(Page et al., 202Detailing the screening strategy employed for the study selection in
the present study.
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3.2.3 Data Extraction

Variables manually extracted from thelected articlesTable 3.1 and references
therein included stem cell type (ECSs or iPSCs), cell line, day of differentiation at
time of transplantation (for protocols using dual SMAD inhibition only), host species,
Parkinsonian model, immunological status of the host (i.e. immunosuppressed vs.
immunodeicient), week of sacrifice after transplantation, number of cells
transplanted, number of cells surviving and number of cells differentiating into
dopaminergic neurons. For cell survival, cell counts were extyactedwhere the
marker used identified alfransplanted cells (almost exclusively human nuclear
markers) and not a specific subset of lineage restricted cells. For dopaminergic
differentiation, cell countsextracted were based on tyrosine hydroxylase
immunostaining or, in a limited number of stesli GFP expression driven by the
dopaminergicPITX3 promogr. In most articles, the cell numbers were provided
directly by the authors, but in some articles, we estimated them from ranges and/or
figures provided. Any estimated cell number is highlighte Table 3.1 by
underlining Many articles employed transplant groups with various treatments, but
for consistency and comparability between studies, only the unmanipulated/control

cohorts are included here.

Based on the numbers of cells transplanted, gumgyiand differentiatig, three
parameters were then calculated: 1) cell sur(iagla percent of cells transplanted, 2)
cell differentiation (as a percent of cells transplanted) and 3) cell different{atam
percent of cells survivingThe latter wa not depicted in any graphical representations
in the results section but is available in Taktke In a small number of articles, these
percentages were sekported by the authors without any underpinning cell counts.
These are included (in brackets) Table3.1 but are not included in any graphical

depictions of the data.
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We also determined which articles included behavioural evaluation ofdgmrafed
motor recoveryTable3.2) and, if so, which behavioural test was used and whether or
not there vas functional recovery. Screening of the records, data extraction and
calculationswere completed independentbpth by this author and by Prof. Eilis
Dowd.

3.2.4 Limitations of this Review

This systematic review is intended to give an overview of survival and differentiation
of human stencell-derived dopaminergic progenitor transplantation in animal models
of P ar kHowesgen thdévesare numerous factors that can affect graft survival an
differentiation, and it is beyond the scope of the review to consider all of these. These
factors include, but are not limited to, quality of stem cell line used, dopaminergic
differentiation protocol used, validation of differentiation protocol, stage o
dopaminergic differentiation at time of transplantation, verification of dopaminergic
progenitor status at time of transplantatiase of cryopreservation for storage,
viability of cell suspension used for transplantation, host animals used (speaias, st
sex, age), immunological status of host animals (immunosuppressed or
immunodeficient; immunosuppressive drug and drug regime; immunodeficient strain
etc.), model of Par ki nsaelhpéobferationththebzaih, s i t €
time of scrifice after transplantation, and the experience and expertigbeof
laboratories and individua¢searchers performing all of these taS@ne, but not all,

of these facta were recorded ifable 3.1. Additionally, many studies excluded
animals fronmtheir analyses where there were no surviving grafts or no differentiated
dopaminergic neurons. Therefore, the survival and differentiation data shown in the
results section here may be an overrepresentation of the true figures.

3.2.5 Statistical analysis of déa

General study characteristics are shown as pie charts. All data related to cell survival
and/or differentiation is shown as scatter plots depicting individual studies with the
median. Any data cited in the text of the results section represenmig#me standard

error of the mean (SEM)nless specified otherwis€omparisons between 2 groups
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were compl et e d-tesh, sampagsonS betmeen I3 brarmre groups on a
single factor were completed using emay ANOVA, and comparisons between
groups o two factors were completed using tway ANOVA. Where appropriate,
posthoctesting was applied, and the test used is specified in the corresponding figure.
Simple linear regression was used to assess correlations in the data. Importantly, when
considemg the graphical depictions and the statistical analyses, it is important to bear
in mind that there are many different variables (some of which are outlined above) that

could underpin and affect the data shown.

3.3 RESULTS

Data obtained by screening of the database and extracted from selected articles are

presented below in Tab&1 and analysed in thihapter.
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3.3.1 Table 3.1: studies included in this systematic review

Table 3.1. Studies included in this reviewA total of 76 articles were included in this review from which 178 separate transplant studies
were identified. The data extracted from these studies is depicted in this tabimdemnynedvalue was estimatedom a range or figure in

the original article. Any number in brackeli&é-this) wasseltreported by the authors without any underpinning cell coants$ these were
omitted from the results section. NA indicates that the data is not available farsveeasons including not done, not reported, not a pan
human cellular marker, expressed per section or per unit area/volume. *Indicates that the data was extracted from Kakéb$ &tial.,

2017 (Kirkeby et al., 2017)Abbreviations: 60H: $ydroxydopamine; SYN: Synucleiny€lo: Cyclosporine; Tac: Tacrolimus
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2 . » 3 = - S o gz £ T2 S22 -3 £8 £<%
o s Z 2 g 7 z S 2 £ 8 29 2 B €3 SE = E £ 3
9] o @ = o A g c c 2 ZF o = © @ © 2 3 c c >
b > ) = 5 2 T S @ T 2 2 % S % 5 = S a5 9 35 o S
© = S e s = @wo = > 6 © 2 o 5
a S ~ ) "3 £ s E 0
(BenHur et al.,
2004) 2004 hESC HES1 - Rat60H Cyclo 12 400,000 294,774 389 73.69 0.10 0.13
(Park et al.,
2005) 2005 hESC HSF6 - Rat60H Cyclo 2 500,000 NA 0 NA 0.00 NA
(Brederlau et al.,
2006b) 2006 hESC SA002.5 - Rat60H Cyclo 2 100,000 100,000 30 100.00 0.03 0.03
(Brederlau et al.,
2006b) 2006 hESC SA002.5 - Rat60H Cyclo 13 100,000 500,000 30 500.00 0.03 0.01
(Roy et al., 2006) 2006 hESC H1/H9 - Rat60H Cyclo 10 500,000 NA NA NA NA 22
(Martinat et al.,
2006 hESC H9 - Mouse60OH ? 6 100,000 NA NA NA NA “45)

2006)
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(Sonntag et al.,

2007) 2007 hESC H7 - Rat60H Cyclo 12 100,000 NA 160 NA 0.16 NA
(Sonntag et al.,

2007) 2007 hESC H9 - Rat60H Cyclo 12 100,000 NA 2 NA 0.00 NA
(lacovitti et al., ]

2007) 2007 hESC Various - Rat60H ? 2-3 350,000 NA NA NA NA NA
(Ko et al., 2007) 2007 hESC HSF6 - Rat60H Cyclo 8 1,500,000 301,327 201 20.09 0.01 0.07
(Chiba et al.,

2008) 2008 hESC BGO1V - Rat60H Cyclo 4 1,000,000 NA 100 NA 0.01 NA
(Yangetal.,

2008) 2008 hESC H9 - Rat60H Cyclo 1 200,000 25,919 53 12.96 0.03 0.20
(Yang et al.,

2008) 2008 hESC H9 - Rat60H Cyclo 4 200,000 237,184 361 118.59 0.18 0.15
(Yangetal.,

2008) 2008 hESC H9 - Rat60H Cyclo 20 200,000 570,559 1,273 285.28 0.64 0.22
(Geeta et al., )

2008) 2008 hESC Relicell® - Rat60H Cyclo 12-48 1,200,000 NA NA NA NA NA
(Wernig et al., )

2008) 2008 (?)iPSC 09 - Rat60H ? 4 200,000 NA 15,250 NA 7.63 NA
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(Ko et al., 2009b) 2009 hESC HSF6 - Rat60H Cyclo 8 750,000 483,814 976 64.51 0.13 0.20
(Hargus et al., ]
2010) 2010 hiPSC S1 - Rat60H Cyclo 16 400,000 NA 4,890 NA 1.22 NA
(Cai etal,2010) 2010 hiPSC IMR90 - Rat60H Cyclo 6 1,000,000 NA NA NA NA NA
(Kriks et al.,
2011) 2011 hESC H1/H9 D25 Mouse60H SCID 18 150,000 NA 5,000 NA 3.33 NA
(Kriks et al.,
2011) 2011 hESC H1/H9 D25 Rat60H Cyclo 20 250,000 240,000 15,000 96.00 6.00 6.25
(Kriks et al.,
2011) 2011 hESC H1/H9 D25 NHP-MPTP Cyclo 4 7,500,000 NA NA NA NA NA
(Choetal.,, 2011) 2011 hESC H9 - Rat60H Cyclo 24 550,000 NA NA NA NA 2
(Kikuchi et al., )
2011 hiPSC 253G4 - NHP-MPTP Tac 24 2,400,000 NA 30,700 NA 1.28 NA
2011a)
(Kikuchi et al., ]
2011 hiPSC 253G4 - NHP-MPTP Tac 24 2,400,000 NA 126,000 NA 5.25 NA
2011a)
(Rhee et al., ]
2011) 2011 hiPSC Pro-1 - Rat60H Cyclo 8 300,000 NA 26,882 NA 8.96 NA
(Rhee et al., ]
2011) 2011 hiPSC Pro1l - Rat60H Cyclo 8 300,000 NA 0 NA 0.00 NA
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(Rhee et al., ]
2011) 2011 hiPSC Pro1l - Rat60H Cyclo 8 750,000 NA 54,418 NA 7.26 NA
(Kirkeby et al.,
2012) 2012 hESC H9 D16 Rat60H Cyclo 6 300,000 NA 25,014 NA 8.34 54
(Kirkeby et al.,

2012) 2012 hESC H9 D16 Rat60H Cyclo 18 300,000 NA 59,628 NA 19.88 0:8)
(Doi et al., 2012) 2012 hiPSC KhES1 - NHP-MPTP Tac 36 2,400,000 NA NA NA NA NA
(Doi etal., 2012) 2012 hiPSC KhES1 - NHP-MPTP Tac 48 2,400,000 NA 9,950 NA NA NA

(Daadi et al.,
2012) 2012 hESC H7/H9 - NHP-MPTP Cyclo 8 1,000,000 NA NA NA NA f&Ra]

(Emborg et al.,
2013) 2013 hESC H9 - NHP-MPTP Cyclo 12 2,750,000 NA 0 NA 0.00 NA

(Kang et al.,
2014 hESC - Rat60H Cyclo 16 400,000 NA NA NA NA NA

2014)

(Wakeman et al.,

2014) 2014 hESC H1 - NHP-MPTP Cyclo 6 5,375,000 NA 0 NA 0.00 NA
(Grealish et al.,

2014 hESC H9 D16 Rat60H Cyclo 18 150,000 NA 986 NA 0.66 NA

2014)
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(Grealish et al.,
2014) 2014 hESC H9 D16 Rat60H Nude 24 150,000 NA 13,890 NA 9.26 NA
(Grealish et al.,
2014) 2014 hESC H9 D16 Rat60H Nude 24 100,000 NA 4,007 NA 4.01 NA
(Yang et al.,
2014 hESC H9 - MouseMPTP ? 4 150,000 NA NA NA NA NA
2014a)
(Yang et al.,
2014 hESC H9 - Mouse60H ? 4 200,000 NA NA NA NA NA
2014a)
_ _ 404C2/836
(Doi et al., 2014) 2014 hiPSC B3 D28 Rat60H ? 16 400,000 NA 3,436 NA 0.86 NA
. ) 404C2/836
(Doi et al., 2014) 2014 hiPSC B3 D28 Rat60H ? 16 400,000 NA 6,747 NA 1.69 (0.3)
_ _ 404C2/836
(Doi et al., 2014) 2014 hiPSC B3 D42 Rat60H ? 16 400,000 NA 1,800 NA 0.45 (18)
_ _ 404C2/836
(Doi et al., 2014) 2014 hiPSC B3 D42 Rat60H ? 16 400,000 NA 1,900 NA 0.48 NA
(Steinbeck et al.,
2015) 2015 hESC H9 D25 Mouse60H NOD-SCID 16-24 200,000 NA NA NA NA NA
(Grealish et al.,
2015 hESC H9 D16 Rat60H Nude 24 300,000 NA 11,569 NA 3.86 NA

2015)
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(Grealish et al.,
2015) 2015 hESC H9 D16 Rat60H Cyclo 6 200,000 NA 340 NA 0.17 NA
(Grealish et al.,
2015) 2015 hESC H9 D16 Rat60H Cyclo 18 200,000 NA 11,009 NA 5.50 NA
(Han et al., 2015) 2015 hiPSC D14-21 Rat60H Cyclo 16 500,000 NA NA NA NA NA
(Chen et al.,
2016) 2016 hESC WAO09 D32 Mouse60H SCID 24 200,000 NA 6,110 NA 3.06 NA
(Nishimura et al., .
2016) 2016 hiPSC 1039A1 D28 Rat60H X-SCID 12-16 400,000 NA NA NA NA NA
(Kirkeby et al.,
2017) 2017 hESC RC17 D16 Rat60H Nude 25 100,000 NA 3,716 NA 3.72 NA
(Kirkeby et al.,
2017) 2017 hESC H9 D16 Rat60H Cyclo 4 300,000 NA 925 NA 0.31 NA
(Kirkeby et al.,
2017) 2017 hESC H9 D16 Rat60H Cyclo 6 200,000 NA 388 NA 0.19 NA
(Kirkeby et al.,
2017) 2017 hESC H9 D16 Rat60H Cyclo 6 150,000 NA 910 NA 0.61 NA
(Kirkeby et al.,
2017) 2017 hESC H9 D16 Rat60H Cyclo 6 400,000 NA 36 NA 0.01 NA
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(Kirkeby et al.,
2017) 2017 hESC H9 D16 Rat60H Cyclo 16 300,000 NA 3,979 NA 1.33 NA
(Kirkeby et al.,
2017) 2017 hESC H9 D16 Rat60H Cyclo 16 200,000 NA 1,936 NA 0.97 NA
(Kirkeby et al.,
2017) 2017 hESC H9 D16 Rat60H Cyclo 18 400,000 NA 30 NA 0.01 NA
(Kirkeby et al.,
2017) 2017 hESC H9 D16 Rat60H Cyclo 18 150,000 NA 10,581 NA 7.05 NA
(Kirkeby et al.,
2017) 2017 hESC H9 D16 Rat60H Cyclo 18 75,000 NA 3,363 NA 4.48 NA
(Kirkeby et al.,
2017) 2017 hESC H9 D16 Rat60H Cyclo 20 300,000 NA 15,600 NA 5.20 NA
(Kirkeby et al.,
2017) 2017 hESC H9 D16 Rat60H Cyclo 21 300,000 NA 798 NA 0.27 NA
(Kirkeby et al.,
2017) 2017 hESC H9 D16 Rat60H Nude 24 100,000 NA 38 NA 0.04 NA
(Niclis et al.,
2017 hESC H9 D25 Rat60OH Nude 24 50,000 NA NA NA NA NA
2017a)
(Niclis et al.,
2017a) 2017 hESC H9 D25 Mouse60H Nude 5 50,000 NA NA NA NA NA
a
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(Niclis et al.,
2017 hESC H9 D19 Rat60H Nude 4 100,000 NA 6,081 NA 6.08 NA
2017b)
(Niclis et al.,
2017 hESC H9 D19 Rat60H Nude 28 100,000 NA 5,268 NA 5.27 NA
2017b)
(Kikuchi et al., .
2017 hiPSC - Rat60H Cyclo 16 400,000 NA 252 NA 0.06 NA
2017c)
(Kikuchi et al., )
2017 hiPSC - Rat60H Cyclo 16 400,000 NA 267 NA 0.07 NA
2017c)
(Kikuchi et al., )
2017 hiPSC - Rat60H Cyclo 16 400,000 NA 227 NA 0.06 NA
2017c)
(Kikuchi et al., .
2017 hiPSC - MouseSYN Cyclo 24 200,000 NA NA NA NA NA
2017c)
(Kikuchi et al., )
2017 hiPSC - NHP-MPTP Tac 3296 2,400,000 NA 64,000 NA 2.67 NA
2017a)
(Wakemaret al., ] D33/D3
2017 hiPSC Rat60H Cyclo 24 450,000 101,580 26,081 22.57 5.80 25.68
2017) 8
(Wakemaret al., ] D33/D3
2017 hiPSC NHP-MPTP Tac 12 3,750,000 NA NA NA NA NA
2017) 8
(Cardoso et al.,
2018 hESC H9/RC17 D16 Rat60H Cyclo 6-18 75,000 NA NA NA NA NA

2018)
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(Cardoso et al.,

2018) 2018 hESC H9/RC17 D16 Rat60H Nude 24 75,000 NA NA NA NA NA
(Wang et al.,

2018) 2018 hESC H9 - NHP-MPTP Cyclo 36 2,000,000 NA 40,000 NA 2.00 NA
(Adler et al.,

2019) 2019 hESC RC17 D16 Rat60H Cyclo 16 112,500 NA NA NA NA NA
(Adler et al.,

2019) 2019 hESC RC17 D16 Rat60H Cyclo 7 300,000 NA NA NA NA NA
(Adler et al.,

2019) 2019 hESC RC17 D16 Rat60H Nude 24 112,500 NA NA NA NA NA
(Yuetal, 2019) 2019 hiPSC D15 Rat60H Cyclo 5 15,000,000 NA NA NA NA NA
(Zygogianni et .

2019 hiPSC - Mouse60H NOD-SCID 12 200,000 NA NA NA NA (48]

al., 2019)

(Gantner et al.,
2020 hESC H9 D20 Rat60H Nude 24 100,000 NA 4,092 NA 4.09 NA
2020a)
(Gantner et al.,
2020 hESC H9 D20 Rat60H Nude 26 100,000 NA 19,810 NA 19.81 [&Ta)}
2020a)
(Gantner et al.,
2020a) 2020 hESC H9 D20 Mouse60H Nude 2 100,000 NA NA NA NA NA
a
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(Goggi et al.,
2020) 2020 hESC HES3 D25 Rat60H Nude 24 400,000 350,000 NA 87.50 NA [&Xe)}
(Hoban et al.
2020) 2020 hESC RC17 D16 RatSYN Cyclo 6-18 300,000 NA NA NA NA NA
(Hoban etl.,
2020) 2020 hESC RC17 D16 Rat60H Cyclo 6-18 300,000 NA NA NA NA NA
(Tiklova et al.,
2020) 2020 hESC H9/RC17 D16 Rat60H Nude 24 300,000 NA NA NA NA NA
(Tiklova et al.,
2020) 2020 hESC HO/RC17 D16 Rat60H Nude 36 150,000 NA NA NA NA NA
(Doi et al., ]
2020 hiPSC MCBO003 - Rat60H Nude 20 400,000 NA 2,835 NA 0.71 NA
2020a)
(Doi et al., )
2020 hiPSC MCBO003 - NHP-MPTP Cyclo 24 1,750,000 NA NA NA NA NA
2020a)
(Song et al., ]
2020) 2020 hiPSC Cc4 D28 Rat60H Nude 16 100,000 NA 5,621 NA 5.62 NA
(Song et al., ]
2020) 2020 hiPSC C4 D28 Rat60H Nude 16 300,000 NA 16,863 NA 5.62 NA
(Song et al., ]
2020) 2020 hiPSC C4 D28 Rat60H Nude 26 100,000 NA 34,560 NA 34.56 NA
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(Song et al., ]
2020) 2020 hiPSC C4 D28 Rat60H Nude 26 100,000 NA 46,094 NA 46.09 NA
(Hiller et al., ) iCell®
2021 hiPSC D38 Rat60H Nude 36 450,000 60,226 19,861 13.38 4.41 32.98
2021) Dopa
(Hiller et al., ] iCell®
2021 hiPSC D33 Rat60H Nude 36 450,000 70,511 12,612 15.67 2.80 17.89
2021) Dopa
(Hiller et al., ) iCell®
2021 hiPSC D33 Rat60H Nude 36 450,000 30,479 7,774 6.77 1.73 25.51
2021) Dopa
(Hiller et al., ) iCell®
2021 hiPSC D33 Rat60H Nude 36 450,000 25,605 6,356 5.69 1.41 24.82
2021) Dopa
(Hiller et al., . iCell®
2021 hiPSC D26 Rat60H Nude 36 450,000 210,929 17,430 46.87 3.87 8.26
2021) Dopa
(Yoo etal.,, 2021) 2021 hESC H9 - Rat60H Cyclo 16 350,000 NA NA NA NA NA
(Piao et al., 2021) 2021 hESC H9 D16 Rat60H Nude 36 400,000 495,000 45,865 123.75 11.47 9.27
(de Luzy et al.,
2021 hESC H1 D19 Rat60H Nude 5 125,000 NA 4,752 NA 3.80 NA
2021a)
(de Luzy et al.,
2021 hESC H1 D19 Rat60H Nude 10 125,000 NA 4,635 NA 3.71 NA

2021a)
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(de Luzy et al.,
2021 hESC H1 D19 Rat60H Nude 24 125,000 NA 5,204 NA 4.16 NA
2021a)
(de Luzy et al.,
20212) 2021 hESC H1 D19 Rat60H Nude 24 125,000 577,226 6,061 461.78 4.85 1.05
a
(Xiong et al.,
2021) 2021 hESC H9 D32 Mouse60H SCID 24 50,000 NA NA NA NA (68)
(Shrigley et al.,
2021 hESC RC17 D16 Rat60H Nude 7 300,000 NA 2,100 NA 0.70 NA
2021a)
(Shrigley et al., )
2021 hiPSC AST18 D16 Rat60H Nude 7 300,000 NA 2,300 NA 0.77 NA
2021a)
(Shrigley et al.,
2021 hESC RC17 D16 Rat60H Nude 24 300,000 NA 5,000 NA 1.67 NA
2021a)
(Shrigley et al., )
2021 hiPSC AST18 D16 Rat60H Nude 24 300,000 NA 4,500 NA 1.50 NA
2021a)
(Shrigley et al.,
2021 hESC RC17 D16 Rat60H Cyclo 8 300,000 NA 2,100 NA 0.70 NA
2021a)
(Shrigley et al., ]
2021 hiPSC AST18 D16 Rat60OH Cyclo 8 300,000 NA 2,300 NA 0.77 NA
2021a)
(Elabi et al.,
2022) 2022 hESC RC17 D16 Rat60H Cyclo 16 300,000 2,000 500 0.67 0.17 25.00
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(Elabi et al.,
2022) 2022 hESC RC17 D16 Rat60H Cyclo 16 500,000 75,000 12,000 15.00 2.40 16.00
(Lane et al., )
2022b) 2022 hESC H9 D16 Rat60H Tolerised 52 240,000 4,600 2,000 1.92 0.83 43.48
(Aldrin-Kirk et
2022 hESC RC17 D16 Rat60H Nude 26 150,000 NA NA NA NA NA
al., 2022)
(Aldrin-Kirk et
2022 hESC RC17 D16 Rat60H Nude 26 75,000 NA NA NA NA NA
al., 2022)
(Hiller et al., )
20224) 2022 hiPSC D17 Rat60H Nude 24 450,000 304,303 79,061 67.62 17.57 25.98
a
(Hiller et al., .
20222) 2022 hiPSC D24 Rat60H Nude 24 450,000 266,956 67,830 59.32 15.07 2541
a
(Hiller et al., )
2022 hiPSC D37 Rat60H Nude 24 450,000 52,623 9,318 11.69 2.07 17.71
2022a)
(Hiller et al., ]
2022 hiPSC D38 Rat60H Nude 24 450,000 108,093 20,355 24.02 4.52 18.83
2022a)
(Hiller et al., ]
2022 hiPSC D17 Rat60OH Nude 24 7,500 4,604 1,087 61.39 14.49 23.61
2022a)
(Hiller et al., ]
20222) 2022 hiPSC D17 Rat60H Nude 24 30,000 36,848 6,400 122.83 21.33 17.37
a
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(Hiller et al., ]
20222) 2022 hiPSC D17 Rat60H Nude 24 120,000 214,898 19,973  179.08 16.64 9.29
a
(Hiller et al., )
20222) 2022 hiPSC D17 Rat60H Nude 24 450,000 611,588 59,929 13591  13.32 9.80
a
(de Luzy ¢ al.,
20224) 2022 hESC H9 D13 Mouse60H Nude 24 100,000 177,929 11,156  177.93 11.16 6.27
a
(de Luzy ¢al.,
20222) 2022 hESC H9 D19 Mouse60H Nude 24 100,000 255,364 10,000  255.36  10.00 3.92
a
(de Luzy ¢ al.,
20224) 2022 hESC H9 D22 Mouse60H Nude 24 100,000 261,899 7,282 261.90 7.28 2.78
a
(de Luzy ¢ al.,
20222) 2022 hESC H9 D25 Mouse60H Nude 24 100,000 255,000 3,000 255.00 3.00 1.18
a
(de Luzy ¢ al.,
20224) 2022 hESC H9 D30 Mouse60H Nude 24 100,000 110,000 679 110.00 0.68 0.62
a
(de Luzy ¢ al., ]
20222) 2022 hiPSC RM3.5 D13 Mouse60H Nude 24 100,000 29,023 11,904 29.02 11.90 41.02
a
(de Luzy ¢al., ]
20224) 2022 hiPSC RM3.5 D19 Mouse60H Nude 24 100,000 30,605 7,997 30.61 8.00 26.13
a
(de Luzy ¢ al., ]
20222) 2022 hiPSC RM3.5 D22 Mouse60H Nude 24 100,000 141,525 23,050 14153  23.05 16.29
a
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(de Luzy ¢ al., ]
20222) 2022 hiPSC RM3.5 D25 Mouse60H Nude 24 100,000 110,000 15,000 110.00 15.00 13.64
a
(de Luzy ¢al., )
20222) 2022 hiPSC RM3.5 D30 Mouse60H Nude 24 100,000 29,500 3,240 29.50 3.24 10.98
a
(de Luzy ¢ al., ]
20224) 2022 hiPSC RM3.5 D13 Mouse60H Nude 24 100,000 NA 9,000 NA 9.00 NA
a
(de Luzy ¢al., )
20222) 2022 hiPSC RM3.5 D19 Mouse60H Nude 24 100,000 NA 8,000 NA 8.00 NA
a
(de Luzy ¢ al., )
20224) 2022 hiPSC RM3.5 D22 Mouse60H Nude 24 100,000 NA 15,000 NA 15.00 NA
a
(de Luzy ¢ al., ]
2022 hiPSC RM3.5 D13 Mouse60H Nude 24 100,000 NA 8,000 NA 8.00 NA
2022a)
(de Luzyet al., )
2022 hiPSC RM3.5 D19 Mouse60H Nude 24 100,000 NA 6,000 NA 6.00 NA
2022a)
(de Luzy ¢ al., ]
20222) 2022 hiPSC RM3.5 D22 Mouse60H Nude 24 100,000 NA 12,000 NA 12.00 NA
a
(de Luzy ¢al., ]
2022 hiPSC RM3.5 D13 Rat60OH Nude 24 100,000 NA NA NA NA NA
2022a)
(de Luzy ¢ al., ]
2022a) 2022 hiPSC RM3.5 D19 Rat60H Nude 24 100,000 NA NA NA NA NA
a
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(de Luzy ¢ al., ]
2022 hiPSC RM3.5 D22 Rat60H Nude 24 100,000 NA NA NA NA NA
2022a)
(Moriarty et al., )

2022) 2022 hiPSC RM3.5 D19 Mouse60H Nude 24 100,000 NA 12,435 NA 12.44 NA
(Brot et al., 2022) 2022 hiPSC - Mouse60H RAG2 KO 4 100,000 28,817 1,000 28.82 1.00 3.47
(Brot et al., 2022) 2022 hiPSC - Mouse60H RAG2 KO 24 100,000 36,365 3,627 36.37 3.63 9.97
(Brot et al., 2022) 2022 hiPSC - Mouse60H RAG2 KO 32 100,000 43,994 5,079 43.99 5.08 11.54
(Brot et al., 2022) 2022 hiPSC - Mouse60H RAG2 KO 48 100,000 46,767 7,689 46.77 7.69 16.44
(Kirkeby et al.,

2023 hESC RC17 D16 Rat60H Nude 24 30,000 NA 1,848 NA 6.16 NA
2023a)
(Kirkeby et al.,
2023 hESC RC17 D16 Rat60H Nude 24 60,000 NA 3,644 NA 6.07 NA
2023a)
(Kirkeby et al.,
2023 hESC RC17 D16 Rat60H Nude 24 120,000 NA 8,464 NA 7.05 NA
2023a)
(Kirkeby et al.,
2023 hESC RC17 D16 Rat60H Nude 24 300,000 NA 8,504 NA 2.83 NA
2023a)
(Kirkeby et al.,
2023a) 2023 hESC RC17 D16 Rat60H Nude 26 300,000 NA 7,000 NA 2.33 NA
a

99



Chapter 3: hESC & hiPS@erivedbrain repairi A systematic review

— = 2y 0
c < S o] S > S >~
[0} i) S} 5} 5} v < - = s o
E . 0 g = . S+ 882 €23 82 EZ2 23 £% g2
S 5 o g g & 2 5 2 £ 3 8% 29 Eg 9o £ E L3
15 o o) = s S =) e 5 2 2 o S ©° o © 2 & c c 3
© > © = o= T 5 o s = 2% 5 % T =2 %o ¢ %
@ = = n S 0n = £ = 7)) o 2 L 5
= £ = &) 8 8 £ 0
(Kirkeby et al., ]
2023 hESC RC17 D16 Pig-60H Tac 44 1,250,000 NA NA NA NA NA
2023a)
(Maimaitili et al.,
2023) 2023 hESC H9 D16 Rat60H Nude 27 125,000 NA 5,312 NA 4.25 &4
(Naderi et al.,
2023) 2023 hESC hE7 D16 Rat60H Cyclo 24 450,000 NA NA NA NA ©2
(LopezOrnelas
2023 hESC H9 D22 NHP-MPTP Cyclo 40 8,000,000 NA 225,000 NA 2.81 NA
et al., 2023)
(Rajova et al.,
2023) 2023 hESC RC17 D16 Rat60H Nude 24-60 187,500 NA NA NA NA NA
(Nakamura edl., ]
2023) 2023 hiPSC 201B7 - Mouse60H SCID 16 200,000 NA NA NA NA &wA]
(RamosAcevedo
2023 hESC H9 - Rat60H Cyclo 1-4 60,000 NA NA NA NA NA
et al., 2023)
(Hills et al., ]
2023) 2023 hiPSC 410 D18 Rat60H Cyclo 24 500,000 80,000 5,000 16.00 1.00 6.25
(Hills et d., .
2023) 2023 hiPSC 410 D25 Rat60OH Cyclo 24 500,000 50,000 2,000 10.00 0.40 4.00
(Hills et al., ]
2023) 2023 hiPSC 411 D18 Rat60H Cyclo 24 500,000 15,000 2,000 3.00 0.40 13.33
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(Hills et d., .
2023) 2023 hiPSC 411 D25 Rat60H Cyclo 24 500,000 15,000 1,500 3.00 0.30 10.00
(Lyu et al., 2023) 2023 hiPSC D14 Rat60H ? 16 200,000 NA NA NA NA NA
(Daadi et al., )
2024) 2024 hiPSC - NHP-MPTP Tac 24 4,000,000 NA NA NA NA NA
(Fuetal., 2024) 2024 hiPSC - Mouse60H ? 16 50,000 NA NA NA NA (84)
(Park et al., SNU-
2024 hESC - Rat60H Cyclo 24 5,000 2,718 759 54.36 15.18 27.92
2024) hES32
(Park et al., SNU-
2024 hESC - Rat60H Cyclo 24 10,000 7,805 1,478 78.05 14.78 18.94
2024) hES32
(Park et al., SNU-
2024 hESC - Rat60H Cyclo 24 25,000 8,294 2,820 33.18 11.28 34.00
2024) hES32
(Park et al., SNU-
2024 hESC - Rat60H Cyclo 24 100,000 126,646 17,598 126.65 17.60 13.90
2024) hES32
(Park et al., SNU-
2024 hESC - Rat60H Cyclo 24 350,000 NA NA NA NA NA
2024) hES32
(Comini et al., ]
2024) 2024 hiPSC NAS2 D16 Rat60H Nude 26 300,000 3,330 153 1.11 0.05 4.59
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3.3.2 Studies characteristics

The 76 articles selected for this review included a total of 178 different transplantation
studieg(Table3.1) of which 75 used human iPSCs and 103 used humardeg8z:d
dopaminergic progenitoréFig 3.2 A). In terms of host species and Parkinsonian
models, the majority of the studies use@BDA lesioned rats (128) followed by 32
studies using-®HDA lesioned mice and 14 experiments conducted in Mtpddted
nonhuman pnnates. Other models includes one rat algyrauclein model, one
mouse alphaynuclein model, one MPTHeated mice and one®HDA lesioned
minipig (Fig 3.2 B). Another important aspect to consider is the immunological status
of the host used: approximately equal number of studies used immunodeficient and
immunosuppressed animals, 85 and 81 respectively, one study used tolerisation and
11 studies did not specify (F&2 C).
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A
) Cells Used
iPSCs
n=75
ECSs
n=103
B) Host Species & Model
NHP MPTP Other n=4
n=14
Mouse 60HDA
n=32
Rat 60HDA
n=128
C)

Host Immunological Status

Other
n=12

Supressed
n=81

Deficient
n=85

Figure 3.2. Study characteristics. Within the 76 aticles included, 178 separate
transplant studies were identified. The pie charts above show the proportions of these
studies using A) different stem cells, B) host species and Parkinsonian models, and 3)
the immunological status of the hosts. NHP: -homan primates, MPTP:-inethy}
4-phenytl,2,3,6tetrahydropyridine, ©OHDA: 6-hydroxydopamine.
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3.3.3 Studies reporting transplanted cell survival and/or differentiation

Of the 178 transplant studies, 51 reported both survival and differentiation of the
transplantd cells (or they were calculable from the ranges/figures provided), while the
number of cells differentiating into dopaminergic neurons was directly reported (or
calculable) in 129 studies (Fig.3p. Since the number of cells transplanted was
reported (orcalculable) in all the studies, we could calculate the percentage of cell
survival (vs. cells transplanted) in 52 studies and the percentage of cell differentiation

(vs. cells transplanted) in 129 studies.
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A) Studies Reporting

Both
n=51

Differentation only
n=78

Neither
n=48

Survival only
n=1

B) Studies Reporting
Survival

Yes
n=52

n=126

03] Studies Reporting
Differentiation

Yes
n=129

Figure 3.3. Studiesreporting transplanted cell survival and/or differentiation.

Within the 76 articles included, 178 separate transplant studies were identified. The
pie charts above show the proportions of these studies reporting A & B) transplanted
cell survival and A & ¢ transplanted cell dopaminergic differentiation.
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3.3.4 Overview of cell survival and differentiation

The survival of the transplanted progenitors was reported in a total of 52 studies and
spanned from <1% to 500% with a median of 5F¥y. 3.4 A) Surprisingly, 16 of

the studies reported a survival that was higher than the number of cells initially
transplanted (>100%) indicating that cell proliferation might have been occimring
situ. Theoverallin situdifferentiation of the transplanted ceilaried from 0% to 46%

with a median of 3%, indicating that 97% of the cells did not successfully maturate
into dopaminergic neuror{fig. 3.4 B) Given the high amount of proliferative grafts,
we wanted to further stratify the results by dividing théedéntiation rates based on

the survival of the cells, to this aim we divided the percentages of differentiation into
three groups: survival >100%, survival <100% and survival unkn@igq 3.4 C)
Interestingly the differentiation of the cells is statialiy higher in proliferative grafts
compared to the neproliferative ones (Survival unknown: 4.7+0.8%; Survival
<100%: 4.8+09%; Survival >100%: 9.8 £1.9%; Cohog£s=3.76, *P<0.05).
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Figure 3.4. Overview of cell survival and differentiation. Of the 178 transplant studies extracted, 52 studies reported the number of cells
surviving and 129 studies reported the number of dopaminergic neurons in the grafts.er'beattén plots represent A) cell survival (as a
percent of cells transplanted), B) dopaminergic differentiation (as a percent of cells transplanted) and C) dopamerergiatdii (by
survival cohort). Each point represents a separate transplaytataithe line indicates the median. Data were analysed byanANOVA

(C) withposthocT u k e y 6R®<0.@gbn d *
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3.3.5 Impact of cell type, host species and host immunological status on cell
differentiation

In order to gain a more in depth knowledge of whichdeccould have affected the
dopaminergic differentiation of the cells, we assessed the effect of cell type, hosts used
and immunological status of the latterregards tahe cell typewve found a small but
significantly higher dopaminergic differentiation in grafts derived from iPSCs rather
than those derived from ESCs (Fig. 3.5 A: ESCs: 4.1+0.6%; iPSCs: 6.9+£1.1%, Cell
type, ta27n=2.33, *P<0.05). With regard to the host species usedeeipient for
grafting, dopaminergic differentiatiowas higher when the cells are transplanted in
mice rather than rats or ndruman primates (Fig. 3.5 B: Rat: 5.0+0.8%; Mouse:
8.2+1.1%; NHP: 1.4+0.4%; Speciesy hi6~3.33, *P<0.05). However, the efteof

the host only resulted to be statically significant between mice an¢huraan
primates afteposthocanalysis (*P<0.05)We finally wanted to investigate whether
the immunological status of the hosts could affect thesitu dopaminergic
differentigion of the grafts. Interestingly, transplants in immunodeficient animals had
significantly higher numbers of dopaminergic neurons compared to those in
immunosuppressed animald. 3.5 C:Suppressed: 2.8+0.6%; Deficient: 7.8+1.0%;
Immunological statud21=4.12, ***P<0.0001).
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Figure 3.5. Impact of cell type, host species and host immunological status on graft differentiatio@f the 178 transplant studies
extracted, 129 studies reported the number of dopaminergic neurons in the grafts. Thus, the scatter plots represengicdopaminer
differentiation) by A) cell type, B) host species and C) host immunological status. Eachepoasents a separate transplant study, and the

line indicates the median. Data were analysedi-tgst (A and C) or onway ANOVA with posthocTukey 6s PR<B805 and
***% P<0.0001.
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3.3.6 Further stratification of differentiation by cell type, host species and
immunological status

Sinee we found that cell type, hospecies and their immunological status are all
aspects that could potentially affect the dopaminergic differentiation of the grafted
cells, we decided to further stratify and investigate these faS@orse dopaminergic
differentiation in norshuman primges was very consistent and all animals were

immunosuppressed, these were not considered in this section of the analysis.

We started by looking at the differences between ESCs and-k3®ed transplants
when in immunodeficient vs. immunosuppressed (fag. 3.6A). Although the cell
type did notseem to be affecting tha situ differentiation, there was a significant
effect of the immunological status which showed greater differentiation in
immunodeficient hosts rather than in immunosuppressed bnesiQological status,
F1,8879.80, **P<0.01). Furthermore, a significant interaction between immunological
status and cell type was also found (Cell type x Immunological statis) 404,
*P<0.5). Posthoc analysis confirmed the significantly greatéifferentiation found

for iPSCsderived transplants in immunodeficient rats.

Since all the studies in mice used immunodeficient strains, we were unable to perform
a similar analysis. Instead, we compared the differentiation rate between ESCs and
IPSCsderived grafts when in immunodeficient rats vs. immunodeficient r(fog.

3.6 B). When all the hosts are immunodeficient, neither the cell type nor thé hosts

species had an impact of the differentiation of the grafts.
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Figure 3.6. Further stratification of differentiation data in rodents. Of the 178 transplant studies extracted, 121 studies reported the
number of dopaminergic neurons in the grafts in rats or mice. Thus, the scatter plots represent dapdifierergiation by A) cell type

and immunological status in rats, and B) cell type in immunodeficient rats and mice. Each point represents a sepaatestualysgind

the line indicates the median. Data were analysediay ANOVA with posthocNewman Keuls andP<0.05, **P<0.01.
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3.3.7 Table 3.2: studies incorporating behavioural testing

Table 3.2. Studies included in this review that incorporated behavioural testing.

Of the 178 different transplant studies, 99 included at least one motor function test.
The information extracted from these studies is depicted in this tableurseylined

value was estimated from a range or figure in the original article. Abbrevia®iOht:
6-hydroxydopamine; SYN: Synuclein. Rec: Recovery.

g ki g 2 > @
2 - . =) £ 3 £ 2 o
5} ] 7] 2 3 8 © 2 8 =
5] Y ] o © Q = o o 5
© > - T S > E 2 £
o £ £ & 8 e 5
o < <
(BenHur et al.,
2004 Rat60H 389 Yes rec Yesrec Yesrec Yesrec
2004)
(Park et al.,
2005 Rat60H 0 No rec No rec
2005)
(Brederlau et al.
2006 Rat60H 30 No rec
2006)
(Brederlau et al.
2006 Rat60H 30 No rec
2006)
(Roy et al.
2006 Rat60H NA Norec Yesrec Yesrec
2006)
(Martinat et al.
2006 Mouse60H NA Yes rec
2006)
(Sonntag et al.
2007 Rat60H 160 Yes rec
2007)
(Sonntag et al.
2007 Rat60H 2 No rec
2007)
(Ko et al. 2008) 2007 Rat60H 201 Yes rec
(Chiba et al.
2008 Rat60H 100 No rec Yes rec
2008)
(Yanget al.
2008 Rat60H 1,273 Yesrec Norec No rec
2008)
(Geeta et al.
2008 Rat60H NA Yesrec Yesrec
2008)
(Wernig et al.
2008 Rat60H 15,250 Yesrec
2008)
(Ko et al. 2009) 2009 Rat60H 976 Yes rec

(Hargus et al.
2010)

2010 Rat60H 4,890 Yesrec Norec Yesrec Norec
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(Cai et al. 2010) 2010 Rat60H NA No rec No rec
(Kriks et al.
2011 Mouse60H 5,000 Yes rec
2011)
(Kriks et al.
2011 Rat60OH 15,000 Yesrec Yesrec Yes rec
2011)
(Cho et al.
2011 Rat60H NA No rec Yesrec
2011)
(Kikuchi et al.
2011 NHP-MPTP 30,700 Yes rec
2011)
(Kikuchi et al.
2011 NHP-MPTP 126,000 Yes rec
2011)
(Rhee et al.
2011 Rat60H 26,882 Yesrec
2011)
(Rhee et al.
2011 Rat60H 0 No rec
2011)
(Rhee et al.
2011 Rat60H 54,418 Yesrec
2011)
(Kirkeby et al.
2012 Rat60H 59,628 Yesrec Yesrec
2012)
(Doi etal. 2012) 2012 NHP-MPTP NA No rec
(Doi etal. 2012) 2012 NHP-MPTP 9,950 Yes rec
(Kang et al.
2014 Rat60H NA Yes rec
2014)
(Grealish et al.
2014 Rat60H 986 Yes rec
2014)
(Yang et al. Mouse
2014 NA Yes rec
2014) MPTP
(Yang et al.
2014 Mouse60H NA Yes rec Yes rec
2014)
(Doi et al. 2014) 2014 Rat60H 3,436 Yes rec
(Doi et al. 2014) 2014 Rat60H 6,747 Yes rec
(Doi et al. 2014) 2014 Rat60H 1,800 No rec
(Doi et al. 2014) 2014 Rat60H 1,900 No rec
(Steinbeck et al.
2015 Mouse60H NA Yes rec

2015)
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(Han et al.
2015 Rat60H NA Yes rec Yes rec
2015)
(Chen et al.
2016 Mouse60OH 6,110 Yesrec Yesrec No rec
2016)
(Nishimura et
2016 Rat60H NA Yes rec
al. 2016)
(Kirkeby et al.
2017 Rat60OH 3,716 Yesrec Yesrec
2017)
(Niclis et al.
2017 Rat60H NA Yes rec
2017)
(Niclis et al.
2017 Mouse60H NA Yes rec
2017)
(Niclis et al.
2017 Rat60H 5,268 Yes rec
2017)
(Kikuchi et al.
2017 Rat60H 252 Yes rec
2017)
(Kikuchi et al.
2017 Rat60H 267 Yes rec
2017)
(Kikuchi et al.
2017 Rat60H 227 Yes rec
2017)
(Kikuchi et al.
2017 NHP-MPTP 64,000 Yes rec
2017)
(Wakeman et al.
2017 Rat60OH 26,081 Yesrec Yes rec
2017)
(Cardoso et al.
2018 Rat60H NA Yes rec
2018)
(Cardoso et al.
2018 Rat60H NA Yesrec
2018)
(Wang et al.
2018 NHP-MPTP 40,000 Yes rec
2018)
(Yuetal. 2019) 2019 Rat60H NA No rec

(Zygogianni et
al. 2019)

2019 Mouse60OH NA Yesrec Yesrec

(Gantner et al.
2020)

2020 Rat60H 4,092 Yesrec Norec
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Reference
Year
Host

Differentiated
(# cells)
Amphetamine
Cylinder
Apomorphine
Stepping
Other tests

(Gantneret al.
2020 Rat60H 19,810 Yesrec Norec

2020)
(Tiklova et al.
2020 Rat60H NA Yesrec Yesrec
2020)
(Tiklova et al.
2020 Rat60H NA Yes rec
2020)

(Doi et al. 2020) 2020 Rat60H 2,835 Yes rec

(Song et al.
2020 Rat60H 5,621 Yes rec
2020)
(Song et al.
2020 Rat60H 16,863 Yesrec
2020)
(Song et al.
2020 Rat60H 34560 Yesrec Yesrec Yesrec Yesrec
2020)
(Song et al.
2020 Rat60H 46,094 Yesrec Yesrec Yesrec Yesrec
2020)
(Hiller et al.
2021 Rat60H 19,861 Yesrec
2021)
(Hiller et al.
2021 Rat60H 12,612 Yesrec
2021)
(Hiller et al.
2021 Rat60OH 7,774 Yes rec
2021)
(Hiller et al.
2021 Rat60H 6,356 No rec
2021)
(Hiller et al.
2021 Rat60H 17,430 Norec
2021)
(Yoo et al.
2021 Rat60H NA Yes rec
2021)
(Piao et al.
2021 Rat60H 45,865 Yesrec
2021)
(de Luzy et al.
2021 Rat60H 5,204 Yes rec
2021)

(de Luzy et al.

2021 Rat60H 6,061 Yes rec
2021)

(Xiong et al.
2021)

2021 Mouse60OH NA Yesrec Yesrec Yes rec
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(Shrigley et al.
2021 Rat60H 5,000 Yes rec
2021)
(Shrigley et al.
2021 Rat60H 4,500 Yes rec
2021)
(Elabi et al.
2022 Rat60H 500 Yes rec No rec
2022)
(Elabi et al.
2022 Rat60H 12,000 Yesrec No rec
2022)
(Lane et al.
2022 Rat60H 2,000 Yes rec
2022)
(Hiller et al.
2022 Rat60H 79,061 Yesrec
2022)
(Hiller et al.
2022 Rat60H 67,830 Yesrec
2022)
(Hiller et al.
2022 Rat60H 9,318 No rec
2022)
(Hiller et al.
2022 Rat60H 20,355 Yesrec
2022)
(Hiller et al.
2022 Rat60H 1,087 No rec
2022)
(Hiller et al.
2022 Rat60H 6,400 Yes rec
2022)
(Hiller et al.
2022 Rat60OH 19,973 Yesrec
2022)
(Hiller et al.
2022 Rat60H 59,929 Yesrec
2022)
(de Luzy et al.
2022 Mouse60H 9,000 Yesrec Yesrec
2022)

(de Luzy et al.
2022 Mouse60H 8,000 Yesrec Yesrec

2022)
(de Luzy et al.
2022 Mouse60H 15,000 Yesrec Norec
2022)

(de Luzy et al.

2022 Mouse60OH 8,000 Yesrec Yesrec
2022)

(de Luzy et al.

2022 Mouse60H 6,000 Yesrec Yesrec
2022)
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Reference
Year
Host

Differentiated
(# cells)
Amphetamine
Cylinder
Apomorphine
Stepping
Other tests

(de Luzy et al.
2022 Mouse60H 12,000 Yesrec Norec

2022)
(Brot et al.
2022 Mouse60OH 3,627 No rec
2022)
(Brot et al.
2022 Mouse60H 5,079 Yes rec
2022)
(Brot et al.
2022 Mouse60OH 7,689 Yes rec
2022)
(Kirkeby et al.
2023 Rat60H 1,848 Yes rec
2023)
(Kirkeby et al.
2023 Rat60H 3,644 Yes rec
2023)
(Kirkeby et al.
2023 Rat60H 8,464 Yes rec
2023)
(Kirkeby et al.
2023 Rat60H 8,504 Yes rec
2023)
(Kirkeby et al.
2023 Rat60H 7,000 Yes rec
2023)
(Maimaitili et
2023 Rat60H 5,312 Yesrec Norec
al. 2023)
(Naderi et al.
2023 Rat60H NA Yes rec
2023)
(LopezOrnelas
2023 NHP-MPTP 225,000 Yes rec
et al. 2023)
(Nakamura et
2023 Mouse60H NA Yes rec
al. 2023)
(Hills et al.
2023 Rat60H 5,000 Yes rec
2023)
(Hills et al.
2023 Rat60H 2,000 No rec
2023)
(Hills et al.
2023 Rat60H 2,000 Yes rec
2023)
(Hills et al.
2023 Rat60H 1,500 No rec
2023)
(Lyu et al.
2023 Rat60H NA Yes rec
2023)
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(Daadi et al.
2024 NHP-MPTP NA Yes rec
2024)
(Fuetal. 2024) 2024 Mouse60H NA Yes rec Yesrec
(Park et al.
2024 Rat60H 759 No rec
2024)
(Park et al.
2024 Rat60H 1,478 Yes rec
2024)
(Park et al.
2024 Rat60H 2,820 Yes rec
2024)
(Park et al.
2024 Rat60H 17,598 Yesrec
2024)

3.3.8 Assessment of graffunctionality

To assess whether or not the newl\situ differentiated dopaminergic neurons were
functional, most studies carried out behavioural testing to evaluate the effect of the
transplants on the motor deficit induced in the Parkinsonian models. Out of 178
different studies included in this systematwiew, 114 included at least one motor
function test, while the remaining 68 did not assess the amelioration of the motor
deficits (Fig.3.7 A). The most widely used behavioural test to assess motor recovery
is amphetaminénduced rotations which was caadi out in 95 studies, followed by 22
studies using the cylinder test, 17 experiments performed apomoiptireed
rotations, 9 completed the stepping test and the remaining 17 studies carried out
different behavioural assessments (Big.A). Amelioration of the motor deficits was
achieved in 81% of the studies using amphetasimdaced rotations, in 59% of those
using the cylinder test, 82% of the experiments which performed apomeorphine
induced rotations and 67% and 88% in those using stepping tesieobehavioural

tests respectively as shown in F3g¢ B. Amphetamingnduced rotations is the most
commonly used behavioural test in rodents and, not surprisingly, the studies which

reported motor recovery also reported a significantly greater numberelisf
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differentiating in the grafts compared to those which did not show amelioration of the
motor deficits(Fig. 3.7 C)(Recoveryjo = 2.35, *P<0.05).
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Figure 3.7. Assessment of graft functionality through behavioural testingOf the 178 transplant studies extracted, 114 studies included
behavioural testing (A). The most widalged test was amphetamiimeluced rotation with recovery in 81% of studies (B). The scatot
represents dopaminergic differentiation in studies where amelioration of rotational asymmetry did, or did not, occuintEaphegents a
separate transplant study, and the line indicates the median. Data were anatytest (6) and P<0.05
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3.3.9 Impact of other factors on graft survival and/or differentiation

This systematic review includes two decades of transplantation studies spanning from
2004 to March 2024, therefore we wanted to investigatesitu proliferation of the

cells was corresponding to the first studies conducted in the early 2000s. However by
plotting the percentage of cell survival vs. the year of publication, it is clear that the
proliferation of the grafts is still an ongoing problelrig 3.8 A). We also wanted to
assess whether the dopaminergic differentiation-g@dting has been improving over

the years. Fig3.8 B depicts the percentage of differentiated cells (vs. the total number
of cells transplanted) sorted by year of pulilmaof the manuscript showing that there

has been an improvement over the years as indicated by the positive correlation
between the two parameters (Regressigna.fy = 14.50, R=0.32, ***P<0.001).
However, in depth scrutiny of Tabkl indicated thathis correlation is driven by the

high differentiation rate reported by only two artic{elller et al., 2022b, de Luzy et

al., 2022b) in fact when these were excluded from the analysis there was no

correlation between the differentiation and year of publication.
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Figure 3.8. Effect of year of publication. A) Graft survival and B) graft differentiation plotted as a function of year of publication. The
increased differentiation in 2022 is driven by a high differentiation rate in just two articlesM#askeveral individual studies).
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Additionally, we checked if the week of sacrifice or the day of differentiation (of dual
SMAD inhibition protocol) at which the cells were transplanted could have influenced
survival and/or dopamimgic maturationin situ. Fig. 3.9 shows that most studies
transplanted cells between day 1% of dopaminergic differentiation (Fi§.9 A&B)

and sacrificed the animals around 6 months after transplantatior3 @@&D).
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Figure 3.9. Effect of day of differentiation and week of sacrificeA) Graft survival and B) graft differentiation plotted as a function of day
of dopaminergic differentiation at the time of transplantation (for protocols daalgSMAD inhibition only). This suggests that most studies
transplanted cells between day1% of dopaminergic differentiation. C) Graft survival and D) graft differentiation plotted as a function of
week of sacrifice after transplantation. This suggistsmost studies sacrificed the host animals 6 months after transplantation.
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In order to investigate whether thember of cells transplanted hadpositive or
negative impact on the number of cells surviving and differentiatinglatésd the
relevant data from rodestudies only as a function of the number of cells transplanted.
Interestingly, we found that there is a negative correlation between the number of cells
transplanted and the final percentage of cells survividig. (3.10 Ai & Aii:
Regression, (£49=8.38, R=0.38, **P<0.01) and also differentiatirigg. 3.10 Bi &
Bii: Regression, {£117715.39, R=0.34, **P<0.01). This suggests that higher numbers

of cells transplanted has a negative impact on survival and différemtiaitcomes.
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Figure 3.10. Effect of number of cells transplanted A) Graft survival and Byraftdifferentiation plotted as a function of cells transplanted.

Note this data represents rodent grafts only and studites>aM cells transplanted (n=2ye not shown because chxis scaling. Larger
grafts have a poorer overall outcome.
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Finally we also wanted to determine the correlation between cells survived and cells

differentiated finding a significant positive correlation between the . 3.11:
Regression, F(1,49)=7.65, R=0.37, **P<0.01). This indicates that higher numbers of

cells survived usually lead to higher numbers of cells differentiated.
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Figure 3.11. Effect of number of cells surviving.Graft differentiatimn was plotted as
a function of graft survival. This suggests that if grafts survived well, they also tended

to differentiate well.
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3.4 DISCUSSION

Stemcelder i ved brain repair for Pa-tokgi nsono
reconstruction bthe degenerated dopaminergic input to the striatum after a single
surgical transplanBarker and Bjorklund, 2023Relative to etal tissue transplants,
stem cells can provide unlimited numbers of the required phenotype of dopaminergic
neurons for allogenic transplantation, with the iIPSCs offering the additioteaitjal

of autologous transplantation. The clinical success of ESC and/ordB8£d brain

repair will ultimately depend on both the safety and efficacy of the approach, and the
field is awaiting the outcome of thevo iPSC triak (Kyoto Trial: UMINOOOB3564

Aspen Neuro: ANPDOO1and the three ESC trialBlueRock Trial: NCT04802733,;
STEM-PD: NCT05635409S.Biomedics Co. Trial: NCT05887466 this regard.
However, even though stem edirived brain repair has already entered clinical trial,
we observed that thin situ survival and dopaminergic differentiation reported in
preclinical studies was highly variable. Given the importance aketiparameters in
determining the efficacy of brain repair, we sought to complete this systematic review
to shed light on the current status of these in human ESC or iPSC studies in

Parkinsonian models.

With regard to survival of the stem celérived progenitors in the brain after
transplantation, we were able to determine this in about a third of studies. In these
studies, it was highly variable (ranging from <1% to 500% of cells transplanted) but
relaively high overall (median of 51%). Several studies reported a greater number of
cells surviving than were transplanted (reflectivendditu proliferation), and this was

not confined to historical studies or to transplants of estdge progenitors. Gan the
tumorigenicity risks posed by proliferative cells in grafts, it will be important to
continue refining prdransplant screening to reduce the number of such cells
transplanted into the brain, but also to consider-passplant failsafes such agthise

of stem cell lines expressing suicide gefiesLuzy et al., 2021a, Liang et al., 2018)

The ability of transplanted dopaminergic progenitors to differentiate and mature into

dopaminergic neurons after transplantation into the Parkinsonian brain underpins any

functional recovery that will be afforded by brain repair. This veperted by a large
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proportion of the studies identified and was also found to be highly variable (ranging
from 0% to 46% of cells transplanted), but unlike the high survival rate, differentiation
was low overall (median of 3%). Interestingly, dopaminerdifferentiation was
higher in studies with proliferative grafts (survival >100%) which contrasts with
suggestions that the dopaminergic yield may be lower in proliferative grafts due to an
overabundance of unspecified celtle Luzy et al.,, 2021a)Numerous factors can
affect the postransplant differentiation of dopaminergic progenitas ¢utlined in
the Methods, &ction3.2.4) and it was not possible to consider all of these parameters
here. Nevertheless, we ditlaify the differentiation data on some of these factors and

found some interesting trends.

The initial stratification suggested that cell line, host species and host immunological
status were all factors that affected dopaminergic transplantation,uésdgsient
analysis (in rodents only) suggested that transplanting progenitors into
immunosuppressed animals negatively impaired their ability to differentiate into
mature neurons compared with transplanting them into immunodeficient animals. If
this were ¢ translate to human studies, it might suggest that differentiation, and
therefore clinical efficacy, may be impaired in dotmpatient allogenic
transplantation which requires the use of lo@gn immunosupression. Conversely,
the higher differentiatiorate in immunodeficient animaisghe vast majority of which
were athymic Tcell deficient nude rats or micie might suggest that autologous
transplantation, which will not initiate anydell response, may have a better clinical

outcome.

Another intereting, and somewhat surprising, aspect of the data was the trend for both
survival and dopaminergic differentiation to be negatively correlated with the number
of cells transplanted. Overall, transplanting high numbers of cells led to a lesser
proportion swiving and differentiating in the brain. This could reflect cellular
competition for trophic support, micronutrients, oxygen and synaptic connections with
consequent cell death leading to activation of the innate immune system which is
known to impair grt differentiation (Wenker et al., 2016)In addition to all

transplants being into immunosuppressed animals, this could also partly explain the
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relatively low diffeentiation in norshuman primates all of whom had the largest
numbers of cells transplanted (~3.5M of which only 1.4% differentiated). Again, if
one were to speculate on the translational relevance of this, it might suggest that micro
transplantatiori with multiple deposits of smaller numbers of céllsnight have a

better outcome than large deposits.

Although fiveclinical trials are ongoing to test the safety, tolerability and efficacy of
both ESC and iPS@erived transplantéKyoto Trial: UMIN000033564 BlueRock
Trial: NCT04802733; STEMPD: NCTO05635409 S.Biomedics Co. Trial:
NCT05887466 Aspen Neuro: ANPDOQ1 this systematic review highlightthe
variability in survival and differentiation in the published-gtmical literature. It also
suggests thanclusion of proliferative cells within the transplaststill an ongoing
issue that couldindermine graft safety, while the relatively low differentiation (and
negative correlation between differentiation and cells transplanted) could undermine
the eficacy of this approach. Overall, this systematic review indicates that there
remains scope for improvement in the differentiation of stem-degied
dopaminergic progenitors in order to maximize the therapeutic pdteritithis

approach for patients.

Successful and consistemt situ dopaminergic differentiation of the transplanted
progenitors is a key requirement for subsequent restoration of dopamine transmission
in the diseased nigrostriatal pathwéythis systematic review we found extremely
variable and poor cell maturation following transplantation in liheein andwe
hypothesised that ore the factorsunderminingthis approacttould bethe lack of
neurotrofic supportin the adult striatum compared ia vitro culturing conditions
which include addition oheurotrophingo the cells. This drivetheir differentiation

until complete maturation has occurtiadapproximatively 30 daysrherefore, in the

next dapter we sought to investigate the suitability of two alternative delivery systems
(biomaterial microcarriers and engineered mesenchymal stem fwelisustained
delivery of neurotrophin tthe brainin order to improve dopaminergic maturation of
IPSGDAPsin situ.
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Chapter 4: Alternative systens for sustained GDNF delivery
to the brain: assessment oin vitro and in vivo release and
cytocompatibility

4.1 INTRODUCTION

The systematic review presented in the previous chapter of this thesis highlighted the
extreme variability in the differentiation of stem ecdirived DAPs after
transplantation in the brain of Parkinsonian models. The differentiation rate spans from
0 to 46% with an overall median of 3% of the total number of progenitors transplanted,
suggestig that 97% of them doot successfully maturate into dopaminergic neurons.
Although four clinical trials are already underway to test the safety, tolerability and
efficacy of stem celtlerived progenitors in patientthese findings strongly suggest
that t is imperative to continue working on the fmlaical side with the aim to
improve in situ differentiation of he progenitors and to redue@riability of the
outcomeswith the purpose of maximising the therapeutic potential of this approach.

We hypotlesised that one of the reasons behind the ipositu differentiation of the

cells could be attributed to the lack of neurotrophic support after transplantation in the
parkinsonian adult brain. The main reason for this hypothesis lies in the difference
between the conditions in which the cells are maturating when cultaradro
compared to when transplanteoh vivo. Specifically, vhen dopaminergic
differentiation occur vitro, the cells are provided witieurotrophic factors, such as
GDNF (and otheps and the process lasts approximatively 30 daabrant et al.,
2017) However, for transplantation purposeslls need to be prematurely lifted from
cultureswhile they are still in grogenitor state. This is becaugehey reach an
advanced maturation state, the lifting process would disrupt their intexctooms and
cellular extensionsleading to cell deat When dopaminergic progenitors are
subsequently transplatento the adult trophic factatepleted brain, they generate
poor and variable outcomes in terms of dopaminergic differentiatigivo (Comini

and Dowd, 2024) Amongst multiple differentiation factors driving dopiaergic
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maturation of iPSCs vitro, GDNF is known to play a key role in neuronal growth,
plasticity and repajrand for these reasons it has been d®red and investigated as
a possible therapeut i c(PetgrspranddNathi2008pAlleRa r ki r
et al., 2013) Additiondly, its delivery into the brain along with cdalansplantation
therapies could potentially improve the survival and matmatf both betal and stem
cell-derived grafs. Specifcally, GDNF has been shown in previously published
studiesin our group tdhave a positive impact on the survival of Widrived grafts in
the brain of hemi parkinsonian raf§loriarty et al., 2017, Moriarty et al., 2019)
Moreover, other research groups @aeen investigating the potential of GDNF in
enhancing the outcomes after transplantation of B&®&ed dopaminergic
progenitors. It has been shown how human #He8fved grafts benefit from GDNF in
terms of survival, plasticity and motor recovery oé tparkinsonian rats either if

injected together or with a delayed expoq@antner et al., 2020b)

However, GDNF is a high molecular weight protein which cannot cross the blond brai
barrier therefore requires situdelivery, moreover it is characterized by a short-half
life which would necessitate repeated administrafiome et al., 2016) For these
reasons, alternative delivery systems have been investigated to acrsgugrowth

factor release in a sustained manner, these include biomai€eed neurotrophis
delivery andex vivogene therapyreviewed in Jarrin et al., 2021kparticularly,
hydrogel biomaterials such as an injectable collagen hydrogel has been extensively
investigated in our group for GDNF delivery demonstrating that the encapsulation of
VM -derived cellsn a GDNFenriched collagen hydrogel before transplantation in the
striatum of hemi parkinsonian rats increased the survival ofjthfted cells, the
striatal rénnervation and rescued rotational bias i@EDA lesioned ratgMoriarty

et al., 2017, Moriarty et al., 201%lowever, it has also been shown that the collagen
hydrogel could only retain the neurotrophin GDNF up to 4 days at the implantation
site(Moriarty et al., 2019)

In light of these considerations, there is a need for designing and testing new delivery

systems that could guarantee a local growth factor release into the brain in a sustained

manner. To thigim, in this Gapter we tested two different delivery systems which
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could potentially provide the grafts with a sustained release of GDdltuafter intra
striatal transplantation. These werPODS (POlyhedrin Delivery System) and
GDNF-overexpressing GFP rat MSGSDNF GFRrMSCs)

PODS (POlyhedrin Rlivery System) is a commercial product sold by Cell Guidance
System which should be able to release a
are characterized by a specific cubic shape which is formed duringntinagellular
selfassembly o& polyhedrin protein derived from tB®mbix moricyprovirus(Mori

et al., 1993) Their assembly happens within insect cells and the polyhedrin protein
canbecee x pressed with a foreign protein (cal
release is aimed to be achievygkkda et al., 2006)PODS’ dimensions range from

200 nm to 5 ym and they are able to release the cargo protein in the presence of
proteases over a period of one or two moiftdendler et al., 2021, Nishishita et,al

2011) The characteristics outlined above and the extensive research that had been
performed on theim vitro delivery profile(Nella et al., 2022, Whitty et al., 2022,
Wendler et al., 2021, Matsuzaki et al., 20¥3re the main reasons behititeir
involvement inthe first experimats presented in thishapter. Mreover PODS

carrying the growth factohuman GDNF as the cargo protein are commercially
available.

GDNFoverexpressing GFRISCs are mesenchymal stem cadldracted from the
bone marrow of a GFPansgenic Sprague Dawley i@reentransgenic rat SOg
(CAG-EGFP) CZ0040sb)that have beestably transducedn vitro to be able to
produce a protein of interest (in this case GDNF) with the Moloney leukaemia
retrovirus(Ito et al., 2001, Okabe et al., 1997, Rooney et al., 2008, Rooney et al.,
2009). It has previously been shown by researchers in our group that GDNF
overexpressing MSCs were able to release the growth factoinbatho andin vivo,

with or without being encapsulated in a collagen hydrogel. Particularly, GDNF GFP
MSCs showed to be able to produce and rel&3NF in the ratstriatum up to 14
days postransplantation, moreover their immunogenicity can be reduced by
encapsulation in aim situgelling collagen hydrog€Hoban et al., 2013, Hoban et al.,
2015, Moloney et al., 2010bAdditionally, MSCs hold great theraptt potential
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thanks to their facterich secretome which contaires mutitude of neurotrophic
factors, antiapoptotic factors, growth factors and anflammatory cytokines
(Fri]lJovsg .et al., 2020)

Therefore, lhe aim of this chapter was test the safety arttie ability of PODS’ and
MSCs to achieve sustained NTF releafe do so, wefirstly assessd in vitro
cytocompatibility of GDNF PODY and GDNF release profile both from PGD&hd
GDNF GFP-MSCs; secondlywe assessethe biocompatibility of POD% once
implanted in the rat brajrand the suitability of MSCs for emanspantation with
IPSGderived dopaminergic progenitors.

4.2 METHODS

All the methods used in this chaptevénheen described in detail im&pter 2 and any

spedfic experimental design igrovided here.

4.2.1 Experimental design: PODY

We firstly aimed at testinthe GDNF release amytocompatibility of PODS in vitro.
Because proteases are required in order to break down the polyhedrin structure and
therefore release the cargo protein, we seeded 30,000 cedlslpieom the microglia

cell line HMC3on a 24 well platevhich hadpreviouslybeencoatedwith 9.2 million
PODS’ perwell which corresponds to 0.5 pg of GDNFo coat the wellsSPODS

were simply added and plates were subsequently centritu@gaD0 g for 20 minutes

and left to dry for 1 hour under cell culture hood before seeding HIZEB.Mmeda

was collectd after 1, 2, &and 7 days pogilating and subsequently analysed by
specific human GDNF ELISA. Complete media change was performed every 3 days
and, to reduce the loss of POQheretrievedmedia was centrifuged ancdetPODS

pellet was resuspended ifreshmedia and equally digtled into the remaining wells.
Control wells consisted of cells seeded without PORSAd the expriment was
conducted with sibiological replicates consistyof three technical replicates each.
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To assess the cytocompatibilitgy PODS’ in vitro we also performed AlamarBlfie
assay on the HMC3 cells which were previously incubated witledhgers.Briefly,
30,000 cells per well from the microglia HMC3 line were seeded on a 24 well plate
which waspreviously coated witl®.2 million PODS perwell as described above
Cell viability was assessl at days 1, 2, 4 and 7 postll-plating. Control wells
consisted of cells seeded without PGDR(Ad the experiment was conducted with three
biological replicateseach consistig of three technical replicates.

We then proceeded to te®®ODS in vivo with the aim of assessingheir
biocompatibility and GDNF releas&o do so, 36 Sprague Dawley male rats received
bilateral intrastriatal implantation of POCDeither alone or enpaulated in a collagen
hydrogel. Each implantation contained 15.15 millaarrierswhich correspond to 1
ug of GDNFE The rats were then euthanizatdifferent time pointsDay 1,Day 4

Day 7 postimplantationby terminal anaesthesia followed by trandcar perfusion
fixation for postmortemlHC analysign=18 n=6 per group per time pojrdr at Day

4, Day 7 and Day 1By transient isofluorane anaesthesia followed by decapitation for
postmortemprotein extraction and ELISA analyHis=18 n=6 per groupper time
point). Forpostmortemassessmenbrains were either seoned with a microtome at
30 pmthickness for IHC anasys or with a cryostat at 300 um thickness for collection
of striatal punches which were subsequerghapfrozen for protein extraon
followed byhuman GDNFspecific ELISA analysis. A schematic representation of the
experimental design is shown in Fig. 4&lsummary of staining performed for this
experiment can be found in Table 4.1.
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Figure 4.1. Implantation of PODS® in the brain of Sprague Dawley rats:
Experimental Design. 15.15 million PODS were implanted bilaterally, with or
without a hydrogel in the striatum of 36 Sprague Dawley male rats. 18 rats were
euthanized at 1, 4 and 7 days piosplantationby terminal aaesthesia followed by
transcardial perfusioefixation for IHC analysis and 18 rats were euthanized at 4, 7 and
14 days postmplantatiorby transient anaesthesia followed by decapitation for ELISA
analysis.
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Table 4.1 Summary of immunostaining performed ér this experiment.

Staining Target Measure Qualitative/
Quantitative
GDNF GDNF GDNF release Qualitative
from PODS

OX-42/CD11b  Microglia  Innate immune Semi

system reaction quantitative

Glial fibrillary  Astrocytes Innate immune Semi
acidic protein system reaction quantitative
(GFAP)

4.2.2 Experimental design: GDNFoverexpressing rGFRMSCs

We firstly aimed at verifying that the cryopreserved GRiNferexpressing GFP
MSCs maintained the capacity releaseGDNF. To do so, cells were péat at a
density of 30,000 cells pavell (60,000 cells/ml) on a 2dell plate and media was
retrieved from wells after 24, 48 and 72 hours after plating and analysed with GDNF
ELISA assay. As negative control we used @#8Cs (not transduced to overexpress
GDNF) and followed the same procedure outlined abloveGDNFMSCs The
experiment was conducted with three biological replicates, each consisting of three
technical replicates.

We then proceeded to test thetrtransplantatiorwith iPSGDAPs in apilot study

with the aim to assess the survival of IPSOAPs when injected with different
GDNF/GFRMSCs dosesTo address this objective, 28 Sprague Dawley female rats
received bilateral intratriatal transplantation a250,000iPSGDAPs (day 16 of
dopaminergic differentiatiorgither alone or with different cell doses of either GBNF
overexpressing GFRISCs or GFPMSCs (n=4 per group)(Fig. 4.2) Daily
cyclosporine injections (10 mg/kg) were given subcutarigoms order to avoid
transplamrejection. The rats were then sacrificed after 4 weeks by terminal anaesthesia
followed by transcardial perfusieixation and decapitation. Fopostmortem

analysis brains were sectioned at 30 nu thickness and immunostaining was
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performed The doses dfISCs used for this experiment are summarised in TaBle

and the immunostaining performed for this experiment are listed in Table 4.3.
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Figure 4.2. Co-transplantation of iPSC-DAPs and GDNFoverexpressing GFP
MSCs/GFP-MSCs: Experimental Design.iPSGDAPs were transplanted bilaterally
in the striatum of Sprague Dawley rats eithalone, with different amounté GDNF
overexpressing GFRSCs or with different amousbf GFRMSCs. Rats were then
sacrificed by terminal anaesthesia followed by transdgpdréusionfixation for post
mortemimmunohistochemical analysis.
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Table 4.2. Cell dosage experiment of ctransplantation of iPSC-DAPs and
GDNF-overexpressing GFP-MSCS/GFP-MSCs. iPSGDAPs were transplanted
bilaterally in the striatum of Sprague Dawleysraither alone, with different amosnt
of GDNF-overexpressing GFRISCs or with different amousbf GFRMSCs. The
table summarises the experimental groups used for this study.

Type of cells

Cell numbers

iPSC-DAPs

250,000

iPSC-DAPs + GDNF-GFP-MSCs (1)

250,000 + 6,250

iPSC-DAPs + GDNF-GFP-MSCs (2)

250,000 + 12,500

iPSC-DAPs + GDNF-GFP-MSCs (3)

250,000 + 25,000

iPSC-DAPs + GDNF-GFP-MSCs (4)

250,000 + 50,000

iPSC-DAPs + GDNF-GFP-MSCs (5)

250,000 + 100,000

iPSC-DAPs + GDNF-GFP-MSCs (6)

250,000 +200,000

iPSC-DAPs + GFRMSCs (1)

250,000 + 6,250

iPSC-DAPs + GFRMSCs (2)

250,000 + 12,500

iPSC-DAPs + GFRMSCs (3)

250,000 + 25,000

iPSC-DAPs + GFRMSCs (4)

250,000 + 50,000

iPSC-DAPs + GFRMSCs (5)

250,000 + 100,000

iPSC-DAPs + GFRMSCs (6)

250,000+ 200,000

Table 4.3Summary of immunostaining performed for this experiment.

Staining Target Measure Qualitative/
Quantitative
HuNu Human iPSC survival Qualitative
nuclei
GDNF GDNF GDNF release Qualitative
from  GDNF
MSCs
Green GFP GDNF/GFR Qualitative

fluorescent
protein (GFP)

MSCs survival
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4.3 RESULTS

4.3.1 Assessment of GDNF release and cytocompatibility of POD$ vitro and

in vivo
To assesshe ability of PODS to release GDNF when quaated with theHMC3
microglia cell line these weréncubated in 24 well plates and NTF concentration in
the medium was assessed. Wells containelgwithout PODS were also present as
controls for any celterived GDNFE The graphin Fig. 4.3A shows thecumulative
release whichafter 7 daysis approxmatively around 500 pg/ml (Group§&u, 25+
5.71, **P<0.01).The amount of GDNF cexpressed within the number of PODS
plated (9.2 million) corresponded to 0.5 ug. Therefore, we were able to calculate the

percentage of GDNF released in the medium whittar @ days, only reached 0.05 +
0.02% of the total amount of GDNF carried in the PGBSBucture.

UsingAlamarBlué® cytocompatibility assay, walsotestedthe cellmetabolic activity
(as indication of cell viability) and we showttht PODS did not afect the viability

of the cells which can be seen from Figdr@ where there are no differences between
the control group and the treated gro(dsoups, k, 10~ 0.08, P>0.05)
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Figure 4.3. Assessment of GDNF release and cytocompatibility of POBh vitro.

PODS’ releases the cargo protein in the presence of proteases. A) Cumulative release
of human GDNF in HMC3 cell media from POP&nalysed by ELISA and B)
assessment of HMC3 cells viabylivhen treated with POIF%y AlamarBlué€ assay

Each point represents a separate biological replicate. Data are mean £+ SEM and were
analysedbyonegay ANOVA a podthot(tFR<0.916*B<0.05).

After having established that GDNF POD&ere able toeleasat least som&DNF

in cell culture medium and did not show any cytotoxicity tow#ndsseeded cells, we
proceeded to test their GDNF delivery profile and biocompatililityvo, either alone

or encapsulated in a collagen hydrogel, after implantation in the striatum of rats.
GDNF delivery was assessed both by GDNF immunohistochemical staining of the
striatal brain sectiaand by GDNF ELISA of proteins extracted from striatal irai

punches.

When checking for GDNF release by immunostaining of the striatal sections in which
PODS were implanted either alone or in a hydrogel, we did not find any staining for
the neurotrophin in any of the groups at any of the time points posgilidpiimg that
perhaps the amount released in the brain was under the detection capacity of the
immunohistochemical technique (Fig.4% However, ELISA analysis of GDNF
concentration in striatal brain punches showed a small quantity of GDNF being
releaseddy the PODS (Group, R, 45~ 3.6, *P<0.05), while no effect of time was
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observed in the growth factor release (Time,s5= 1.01, P>0.05as depicted in Fig.
4.5,

Day 1 post-implantation

—_—

¥ X
PODS® alone PODS® & Hydrogel

&7
Day 4 post-implantation

¥ 3
PODS® alone PODS® & Hydrogel

Day 7 post-implantation

¥ ] 3
PODS® alone PODS® & Hydrogel

Figure 4.4. Immunohistochemical assessment of GDNF release from PODS
when implanted either alone or in a hydrogel PODS’ were implanted bilaterally in
the striatunof Sprague Dawley ratsteer alone or in &aydrogel andGDNF release
was assesseda immunostainingfter 1, 4 and 7 days pestplantation. No obvious
GDNF staining was fand in any of the groups at any of the time poiSisale bars
represent 2 mm and 0.2 mm.
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Figure 4.5. ELISA assessmentof GDNF release from PODS when implanted
either alone or in a hydrogel.PODS’ were implanted bilaterally in ther@atum of
Sprague Dawley ratdther alone or in dydrogel andGDNF release was assessed
after 4, 7 and 14 days pestplantation via ELISA on protein extracted from striatal
brain punches. A small quantity of GDNFeased by PODSwas detected with no
difference between time pointata represermmdividual data points, are expressed as
mean + SEM and were analysed bytwa y A NOV A a podthot(B>40.85).06 s

We next wanted to assess the biocompatibility oR®®OS’. To this aim we stained
the striatal brain sectiarfor microglia (OX42; Fig. 4.6) and astrocytes (GFAP; Fig.

4.7) and both staining weffestly qualitatively assessed.

Immunohistochemical staining for microglia showed a mild response at Dast-1 po
implantation in both groups. However, microgliotic reaction to the implants increased
after 4 and/ days possurgery showing a greatenicroglia recritment in the striatum

(Fig. 4.6.

Immunohistochemical staining for astrocytes showed a mild respshgh did not
seem to be increasing over time and was not affected by the presence or absence of the

collagenhydrogel as depicted in Fig. 4.7
In both cases, all the brain sections, regardless of experimental group and time point,

presented holes atdtsite of PODS implantation as shown in Figure 4.6 and 4.7

suggesting that GDNFPOB$ nduced structur al damage t
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Figure 4.6. Assessment of the host immune microgliotic response to GDNF POP8nplants in the rats striatum. PODS® were
implanted bilaterally in the striatum of Spraguavdey rats gher alone or in &ydrogel and their biocompatibility was assessadnicroglia
immunostainingafter 1, 4 and 7 days peishplantation. Mild microgliotic reaction was present after 1 day-poptantation which increased
over time regardless the presence or absence of the collagen hyBtotiermore, structural damage to the striatuas observed (e.qg.
presence of holes at the site of implantati@cale bars represent 2 mm and 0.2 mm.
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Figure 4.7. Assessment of thost immune astrocyticresponse to GDNF PODSimplants in the rats striatum. PODS’ were implanted
bilaterally in thestriatum of Spragu®awley rats #her alone or in dydrogel and their biocompatibility was assessiedastrocytes
immunostainingafter 1, 4 and 7 days pesaplantation. Mildastrocytic reaction was present, did not seem to increase over time amot was
affected by the presence orsabce of the collagen hydrogel. Furthermore, structural damage to the striatum was observed (e.g. presence C

holes at the site of implantatior§cale bars represent 2 mm and 0.2 mm.
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After qualitative assessment of microgliosis and astrocytdbis,innate immune
system response wassessed lnalysis of theptical density of the immuostaining.
Microgliosis increased ovetime and was not influenced by the presence of the
hydrogel (Time, B, 30~ 23.86, ***P<0.0001, Group, & 30~ 0.20, P>0.05; Fig.
4.8A), while ro difference were found in the astrocytosis between groups or time

points (Time, k2, 30~ 1.15, P>0.05, Group4-30r= 0.02, P>0.05; Fig}.8B).
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Figure 4.8. Assessment of thén vivo biocompatibility of PODS®. PODS’ were
bilaterally implanted into the striatum of Sprague Dawley rats either alone or in a
hydragel andassessment of the optical densits performedon brain sections
obtained 1, 4 and 7 days pasirgery to studyA) microgliosis and B) astrocytosis at

the site of implantatiarData represent individual data points, are expressed as mean
+ SEM andwere analysed bytwowvay A NOV A a posthot(8>0.65). 0 s

Although GDNFembedded PODS showed release of GDNF and were
cytocompatiblein vitro, once implantedn vivo they were not biocompatible as
structural damage to the rat striatum was reported. Therefore, we abandoned the use
of PODS and we investjated the potential of aex vivogene therapy approach by
using GDNFoverexpressing MSCs for delivery of GDNF to the brain and co

transplantation with iIPSO©OAPs as described in the next section.

4.3.2 Assessment of GDNF releada vitro and cotransplantation of iPSC-DAPs

and GDNF GFP-MSCs

We firstly wanted to check if the cryopreserved GDEFRMSCs werestill able to
produce and release GDNF in cell culture media by ELISA analysis. We found that
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30,000 GDNFGFRMSCs released GDNF ovar72 hours periodyith 2.8 ng/ml of
GDNF detectedhafter 24 hours, 6.5 ng/ml after 48 hours and 9.4 ng/tat &2 hours
as shown in Figd.9. We used GFMSCs as negative control finding a significantly
smaller amount of GDNF detected BY.ISA released fym the latter (Group; E
12=29.33, **P<0.001).
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Figure 4.9. In vitro GDNF release from GDNFoverexpressing GFPMSCs. 30,000
GDNFMSCs and 30,000 GFMISCs were seeded on a 24 well plate and GDNF
release in cell culture ediawas analysed by ELIS24, 48 and 72 hours peglating.

Graph shows cumulative release and each point repseaes¢@rate biological

replicate. Datare mean £+ SEM and were analysedbytway ANOVA and Tuk
posthoc,**P<0.01.

Having confirmed thathe GDNFMSCs were releasing GDNF in cell culture media,
we proceeded to ewansplant them with iIPSOAPs in order to test their
compatibility when injected together into the striatum of Sprague Dawley rats. After
qualitative observation of the striatalan sections in which iPSOAPs were
transplanted either alone or with GDNF/GMSCs we only found surviving iPSC
derived grafts whethesewere transplanted alone; in isolated individual rats when
co-transplanted as plannedggesting that the two ¢&ypes are not suitable for €o
transplantation (Fig. 4.J0We also checked for GDNF release after four weeks post

transplantation and, as expected, we did not detect any positive FGDN
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immunostaining (Fig. 4.)1Additionally, we assessed the GDNF/GMSCs survinal
four weeks postransplantation and we found GFP positive immunostaining in all the
groups with exception to when 50,000 GDNISCs were transplaad (Fig. 4.12

Although GDNFMSCs were able to release GDNF in cell culturedia and had
previously been shown to be biocompatible with the rat Witdoban et al., 2015,
Hoban et al., 2013)Xhey were found not to be suitable fortcansplantation with
IPSGDAPs as these progenitors were only surviving when transplanted alone and or

in isolated individual rats when ¢cansplanted with MSCs.
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Figure 4.10 Qualitative assessment of iIPSOAPs survival at four weeks post cdransplantation with either GDNF or GFP-MSCs.
iIPSGDAPs were transplanted bilaterally in the striatum of Sprague Dawley intact rats either alot@bsgianted with different doses of
GDNFMSCs 0 GFRMSCs. Survival of iIPSEDAPs was assessed weeks possurgery via human nuclei (HuNu) immunostaining.
Surviving iPSCDAPSs derived grafts were only obserwedeniPSGDAPsweretransplanted aloner in isolated individual rats when-co

transplanted wit MSCs Scale bar represents 0.2 mm.
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6,250 GDNF-MSCs 12,500 GDNF-MSCs 25,000 GDNF-MSCs 50,000 GDNF-MSCs 100,000 GDNF-MSCs 200,000 GDNF-MSCs

Figure 4.11 Qualitative assessment ofGDNF releaseat four weeks posttransplantation of GDNF-MSCs. GDNFMSCs were
bilaterally coetransplanted with iIPSOAPs in the striatum of intact Sprague Dawley .r&@BNF relase from GDNFAMSCs was assessed
via immunohistochemical staining of the striatal sectidnseeks possurgery. No GDNF positive staining was detected in any of the

sections in which GDNMMSCs had been transplanted. Scale bars represent 0.2 mm.
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GDNE-MsCs | 6,250 12,500 25,000 50,000 100,000 200,000
MSCs MSCs MSCs MSCs MSCs ‘

ﬁ P

,.‘. &;
GFP-MSCs 6,250 12,500 25,000 50,000 100,000 - 200,000
MSCs . MSCs MSCs MSCs MSCs MSCs

Figure 4.12. Qualitative assessment of MSCsurvival at four weeks posttransplantation. GDNF GFRMSCs and GFRMSCs were
bilaterally cotransplanted with iPS©APs in the striatum of intact Sprague Dawley r&stvival of MSCswas assessed 4 weeks post
surgery via GFP immunostaining. Surviving MS@=ived grafts were observed in every group which included MSCs transplants except
for when 50,000 GDNMMSCs were grafted. Scale bar represents 0.2 mm.
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4.4 DISCUSSION

The peclinicd literature on human stem ceitansplantation for brain repair in
Parkinsonds disease s uggamsdrgec maturaggidn ofv ar i a
transplanted cellg situ with the lowest percentage of differentiation being 0% and

the highest being 46%. Not onbre the outcomesariable, the overall median
percentage of differentiation is 3% of the transplanted cells suggestihghtha
remaining 97% of them domot reach dopaminergic maturation in the brain of
parkinsonian model§Comini and Dowd, 2024) These findings highlight the
importance of continuing to investigate alternative methods to improve the maturation
of transplanted progenitoms situ. Neurotrophic growth factors, such as GDNF, are
known to be involved in modulating neuronal growth in the bfauz et al., 2016)
Moreover, they cover a key role in the dopaminergic differentiatioPSCs and ESCs

in vitro (Nolbrant et al., 2017, Kirkeby et al., 201Zherefore their cadministration

with dopaminergic progenitors could potentially improve the maturation of the grafted
cells. However, GDNF is characterized by a short-lfalfin vivowhich, compared to

in vitro differentiation protocols, would not be long enough to guarantee its retention

in the brain until dopaminergic maturation of the cells is reached. To addess ti,
different approaches for neurotrophic factors delivery have been assessed and some of
them includeex vivogene therapy, biomateriassipported delivery and cryogedgded
administration(Jarrin et al., 2021b, Hoban et al., 2013, Hakami et al.,,ZD@hini et

al., 2024, Moriarty et al., 2017)

In this dhgpter we tested two differerdelivery systems with the aim of achieving a
sustained delivery of GDNF over time. We firsfijudied the suitabilitypf GDNF
PODS a polyhedrirbased system where GDNF is-expressed and included in its
structure Although PAS® have been shown to hathe ability of releasing different
proteins of interest cexpressed within their structufidella et al., 2022, Whitty et al.,
2022, Wendler et al., 2021, Matsuzaki et al., 2008 firstly wanted to confirm the
capacity of GDNF POD% to achieve GDNF releasm vitro. We found that
approximatively 20 pg of GDNF were released from PODR$er one day of
incubationwith a microglia cell linefollowed by a steady increase in the amount of
GDNF being detectedifter 7 days, about 250 paf GDNF had been released in cell
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culture mediuncorresponding to 0.05% offi¢ total amount of NTF carried byl
million PODS®. The ability of GDNF PODS to release the NTF in the presence of
cells in a sustained manner highlights their potential for long irewivo delivery of
GDNF. Since acrucial requirement for utilizing biomaterials fior vivo applications
is biocompatibiliy, we next proceeded to test theirvitro cytocompatibility by ce
plating with a microgliacell line. Not surprisingly, POD%showed no detrimental
effect on the metabolic activity ahe microglia linecoherent with what previously
reported with diffeent kinds of cells such as murine bone mard®sived monocytes,
macrophages and hES{erived neuronal progenitors in culty(@hang et al., 2020
Wendler et al., 2021)

Having established 1) the ability of GDNF POT18 release the NTF and 2) their ron
toxic effect on cellsn vitro we then decided to study their GDNHidery profile and
biocompatibility after implantation in the brain of rats. We decided to implant PODS
either alone or encapsulated in a collagen hydrdd#iough GDNF was not seen by
immunohistochemical analysis, we were able to deteprésence irthe striatum of

rats up to 14 days peshplantation by protein extraction and ELISA analysith no
influence of the collagen hydrogel on the amount detected. Secondly, we checked the
innate immune system reaction to the implants. The rationale fadingl collagen
hydrogels in this experiment derived from evidence of reduced host meomane
reactionto cell transplantsto the ratébrain(Hoban et al., 2013, Moriarty et al., 2017,
Moriarty et al., 2019, Cabré et al., 2021&jerefore, we wanted to assess if the
injection of PODS would cause host innate immune system cells recruitment at the
site of implantation and whether or not this phenomenotddoe reduced by the
presence of the hydrogel creating a physical barrier around the PE&R& though

no harmful effect was observed on cells in culture, when assessingmeuwroe cell
recruitment to the striatumwe found mild microgliosis after oneag which
dramatically increased over the following 7 days posgilantation.Furthermorethe
structure of the striatumvasphysically damaged by the presence of POp@senting
holes at the injection site. Both microglia recruitment and structural dawergenot
reduced by the presence of the collagen hydragelhypothesised that the extensive

structural damage to the striatum could be attributable to the P@@8 structure
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which might not be adapting to the peristing framework of thebrain. On he
contrary, when porous or sponljjee biomaterials are used, no structural damage had
been reportedHakami et al., 2024, Moriarty et al., 2017, Cabré et al., 2021b)
Moreover, it is known that variowtimuli, including damage torain structure, could
result in an activated immune response and increased neuro inflam(@izzi et
al., 2018) These results suggested that although PODIght be suitable for protein
delivery in various application(Vhitty et al., 2022, Chang et al., 2020, Matsumoto et
al., 2015)they were not compatible for NTF delivery to the brain because of their

immunogenic characteristics and structural danfagedin the striatum.

Next, we investigated a different method for GDd#ivery to the brain such &k

vivo gene therapy. This approach involggsetically engineered cells which are able
to produce therapeutic factors, such as neurotrophic fgGowsing et al., 2017, Jarrin

et al., 2021h)A major advantage is that the genetic engineeiagiral transduction

of the cells occursex vivo permitting vigorous prelinical testing befce
administration to patients opposed ito vivo gene therapy where the vectors are
directly injected into the braigHitti et al., 2019) Particularly, GDNF-overexpressing
MSCs are a promising approach forsitu sustained GDNF delivernAs previously
mentioned, MSCs were extracted from bone marodbwa GFP transgenic Sprague
Dawley rat @reentransgenic rat SOg (CAG-EGFP) CZ0040sb)and subsequently
virally transduced with a Moloney leukaemia retrovirus rendering these cells able to
stably overexpress and release GONIeloney et al., 2010b}urthermore, thelgave
been previously showly other researchers in our graol) releasésDNF upto 14

days postransplantation, 2)e bocompatille with the host brain and Byogressively

die posttransplantation eliminating the risk of proliferation therefore increasing the
safety of the approadi{oban et al., 2015Moreove, MSCs alon€not transduced to
overexpress GDNH)ave been showto haveconsiderable therapeutic potential for
various reasons. Primarily, their secretome is rich of a plethora of neurotrophis,facto
antrapoptotic factors, growth factors and anflammatory cytokine¢ Fr i | ov 8§
2020)
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For the aforementioned reasons, we proceeded to testithbility of GDNF MSCs
and GFP MSCs for etransplantation with iPSOAPs in the brain of rats to provide
the latter with sustained delivery of GDMKkpose them to MSCs secretanvée
firstly tested GDNF delivery in cell tture medium and found approxitnaely 3,000
pg/ml of NTF being released by 30,000 cells in 24 hours. Having established that the
cryopreserved MSCs were still able to produce and release GDNF we proceeded to
test their suitability forin vivo co-transplantation with iPSO©APs. Despite his
approach seemingromising we found MSCs to hesuitable for cdaransplantation
with iPSGDAPs as we did not find surviving iPSderived grafts after four weeks

posttransplantatiorfwith the exception of/28 rats) We speculated that this could be

due to MSCs and iIPSE@APs competing for the r survival i n the

Particularly, when iPSCs are cultured and differentiatedtro they are bathed in a
factorrich medium which provides them with nutrients and an optimal environment
for survival. Moreover, iPSCs need specific conditions to thrive and retain their
characteristics. For example, variations in temperatur@nat-bxygenevels, or even
slight changes in the composition of the culture medium can affect their growth and
differentiation(Rivera et al., 20200verall, iPSCs require more meticulous care when
cultured compared to other cell typddSCs are a more resilient cell type and they do
not require as much carefulness when cultwweshpared to iPSCs, therefore they
might be more likely to survive after ¢mnsplantationA slightly different surgical
approach could be applied in future studies: instead-tfesplanting the cells at the
same site these could be injected in twooddp in the striatum at a calculated distance
which would allow iPSEDAPs to benefit from GDNF and factors present in MSCs

secretome without competing for survival in the brain.

Although the two delivery systems described in this chaptre not foundo be
suitable for implantation in the striatum (PCP)®r for co-transplantation with iPSC
DAPs (GDNF/GFPMSCs), different ways to provide sustained NTFs delivery to the
brain are being investigated and seem promising and appropriate festrrdtal
transplantation. One suchample is represented by cryogeicrocarriersmade by
SPA (3sulfopropyl acrylate) and PEGDA (poly (ethylene glycol) diacrylaiéese

are biomaterials characterised by a macroporous structure rendering them soft and
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adaptable balso with a stable structure that prevent them from losing their structural
integrity (Bencherif et al., 2012, Koshy et al., 201B)oreover, thesean be loaded
with neurotrophic factors such as GDNF and BDNF thanks to their heparin binding
properties permitting ionic interactions between positively charged proteins and
negatively chargearyogel carriers. Importantly, these interactions are reversibl
therefore allowing for GDNF and BDNF release in a controlled manner over time
(Alfano et al., 2007, Saho v a | Castell anos et aTlhese 2020
have recently beeshownto be suitable for implantation in the striatum withou
causing any major damage to its structure and with only transient innate immune
system activatioffHakami et al., 2024 Moreover, they showed to be able to release
GDNF and BDNF upd 4 weeks posimplantation and to improve survival and
reinnervation capacity of primary dopaminergic neurons when transplanted into the
brain of6-OHDA lesionedrats (Narasimhan et al. 2024, undeview).

These findings suggest that further research is nesmtttdncourageid develop and
testalternative delivery systemaith the ability to release neurotrophic factors in a
sustained manner, t hat are bitabtedomgeat i bl e
administration with iPSE@APs with the final aim of improvinm vivodopaminergs
differentiation of the latter.

One biomaterial that has been shown to be biocompatible and capable of GDNF
delivery is a collagen hydrogel previously developed by our gtMgiarty et al.,

2017, Moriarty et al., 2019However, as mentioned previously, this improiresitu
survival and maturation of iPSBAPs in immunodeficient rat&Comini et al., 2024)

but not in immunosuppressed rats. Therefore, the remainder of the studies in this thesis
refocused on the hydrogel. Firstly, in l@&pter 5, potential reasons why the
neurotrghin-enriched collagen hydrogel provided benefit to iR&Gved
dopaminergic progenitors transplanted into nude rats but not cyclosporine
immunosuppressed rats weneestigated and secondly, irh@pter 6, the potential of

a neurotrophirenriched collagenhydrogel for enhancingn situ survival and
maturation of iPS&lerived dopaminergic progenitors in immunosuppressed

Parkinsonian rats was assessed.

157



Chapter5: Immunological respores to iPSEDAPSs derived grafts

Chapter 5: Immunological responses to iIPSEAPs derived
grafts in immunodeficient and immunosuppressed rats

5.1 INTRODUCTION

In the previous chapter of this thesis we investigated the suitability of two alternative
systems for delivery of GNF to the brain in a sustained manner with the overall
objective of improvingn situ maturation of iPSEDAPs once transplanted into the
brain of parkinsonian modelsHowever, both systems failed in terms of
biocompatibility with the host brain afai suitability for cotransplantation with
iIPSGDAPs.

As previously mentioned in the mmaintroduction of this thgs, a postdoctoral
researcher in our groupvestigated the potential of a biomaterial for iP@&Sived

brain repair in parkinsonian rodent&s. GDNF and BDNFenrichedin situ gelling
collagen hydrogel in which iPSDAPs were encapsulated before transjataonwas

used Since cells for transplantation were of human origin, two different approaches
were adoptedo avoid graft rejection. One approach was the use-@éllTdeficient

nude rats and the other was the use of cyclosporine suppresseecedtsijppressed).

The two approaches generated two different outcomes: while aeNii¢hed
hydrogel was greatly beneficial to survival and differentiation of HEZ®s in the
brairs of athymic nude rats, the same positive effect was not observed in thedfrain

pharmacologicallsuppressed rats.

We hypothesised that, because the two models (deficient and suppressed) presented
fundamental immunological differences, this might have been the reason why a
neurotrophirenriched hydrogel was beneficial to humaS@DAPs survival and

maturation in nude rats but not in cyclosporine suppressed rats.
Particularly, gclosporine is a cyclic gptide derived from a fungus whittas been

widely used for its immunosuppressive proper{isirthy et al., 1999and the first

pharmaceuticaformulation was released in 19¢Singh and Narsipur, 2011The
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mechanism of action of cyclosporine consists of inhibiting the transcription of
interleukins, I-:2 in particular, which are involved in-@ell activation(Matsuda and
Koyasu, 2000Yhrough two main pathways: the daleurin/NFAT pathway and the
JKN/p38 pathway(Lee et al., 2023)Briefly, for the calcineurin/NFAT pathway
cyclosporine enters a-dell and binds to cyclophilinforming a cyclophilin
cylosporine complex. After-Eell activation, the levels of a protein called calmodulin
increaseand this interacts with calcineurin, another protewhich functions as
phosphatasand aphosporylatesthe nuclear factor of activated -Tells (NFAT)
which isinvolved in actiation of transcription of cytokies (including IL2). The
complex cyclophilin-cyclosporine  binds to cala#urin preventing its
dephosphoration activity therefoe blocking NFAT translocation andexpression of
genes in activating’ cells (Matsuda and Koyasu, 2000fhe JNK/p38 pdiway
involves inhibition ofmitogenactivated protein kinase (MAPKjascade activated
through phoshporylation. Specifically JKN/p38 isctivated when Tall response is
initiated by T-cell receptor (TCR)and CD28receptorleading to activation of
transcription factorAP-1 (activator protein 1)which is involved insubsequent
transcriptionof IL-2. Cyclogorine blocks this pathwaly inhibiting the MAPK
signalling cascade upstreginu et al., 2007, Barbarino et al., 2013, Atsaves et al.,
2019) Therefore, cyclosporinefunctiors as Tcell inhibitor through the
aforementioned mechanismand it is commonly used to avoid graft rejection after
xenotransplantation (e.g. humtmrat) or allogeniccell transplantation (doneto-
patien) (Duan et al., 1995, Duan et al., 200

Alternatively, nude rats can also be used to avoid graft rejaotiome-clinical studies

They were firstobservedin Aberdeen Scotland in 1953 in an outlorecolony of
hooded rats. The same phenotype appesgath20 yeardater both in Aberdeeand

in albino rats in NewZealand(Festing et al., 1978, Festing et al., 1979, Schuurman,
1995) Nude rats carry an autosomal recessive mutation in the gene FOXN1 on
chromosome 10 called rnu alld8chiud@kopf et al., 1996, Hirasawa et al., 1998)
This mutation results in a phenotype where the thymus is absent therefore this strain
is characterised by depletion thiymusdeperent Tlymphocyteg(Xia et al., 1999)

Although flow-cytometric studies analysingmph nodesand spleen detected the
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presence of Tike cells these showea phenotype of imature cell{Hanes, 2006)
Basically, it is thought that the lack of thymus makes these cells immature, poorly
di fferenti ad etde daon dt Iiiemaibef defectve(Yiang rand Bell,
1994) Interestingly, as a compensatory response athymic nude rats present an
increased nothymusdepenént cytotoxicity by inceased natural killer (NKgells
activity (Hanes, 2006)

In light of these considerations, the primargnasf theexperimentpresented irthis
chaptemwas to study the immunological profiles of athymic nude rats and cyclosporine
suppressed rats after transplantation of HEB®s either alone, with NTFs, in a
hydrogel or in a NTFenriched hydrogel in order to elucidate why the encapsulation
human iPSEDAPs in a NTFerriched hydrogel led tanimprovedin situ survival

and maturation of thg@rogenitorsin T-cell deficient nude rats butot in T-cell
suppressed Sprague Dawley raasiditionally, we also assessed cell surviaad
differentigion, GDNF andBDNF staining and collagen hydrogel staining the

striatumof both strains of rats.

5.2 METHODS

5.2.1 Experimental design

To address the aforementioned a88 adult female Sprague Dawley rats and 36 adult
female athymic nude rat@Hsd:RHFoxnlrnu) received unilateral intragral 6
OHDA infusion (12 pg in 3 p) followed two weeks after by unilateral intsériatal
transplantations of iPSCs either aldB680,000 cells in 6 ) with the neurotrophins
BDNF (1000 ng) and GDNF (500 nggncapsulated in a collagen hydrogel (cross
linked with 4 mg/mL 4sStarPEG)or in a neurotrophienriched collagen hydrogel.
The 36 Sprague Dawley rats received daily subcutaneous injections of cyclosporine A
at the doseof 10 mg/kg from 24 hours before receiving the cedingplant and
continued untitheend of the study. &s were then sacrificed via terminal anaesthesia
followed by transcardial perfusidixation after 1, 4 or 7 days post transplantation
(n=3 per group, per time point). Bains were collected forpostmortem

immunohistochemical analysis and whole blood was collected for fuRB&Cs
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isolation followed byFACS analysis.A summary of immunstaining performed in

this chaptecan be found in Table 5.1.
The iPSC line used in this experimemtas theNAS?2 line at day 16 of dopaminergic

differentiation produced by our collaborator Profilo Kunath from the Centre for

Regenerative Medicine at the University of Edinburgh, Scotland.

161



Chapter5: Immunological respoms to iPSEDAPSs derived grafts

36 Sprague Dawley rats
P
i Unilateral intra-MFB Da"_Y
infusion of 6-OHDA cyclosporine s.c.
24h before

transplantation

&
2 Ba o
& -

e 8 b g
> Cells alone Cells & NTFs / Day1 Day4 Day7

ﬁqiﬂ \
’-0

36 athymic nude rats A (W ‘rﬁ\ F/\’ |
& — \5[\\4[/' —_— Wy —_

':f oy ' oo - g -

Cells & Cells & j J
Hydrogel NTFs &
Hydrogel

Figure 5.1 Schematic representation of the Experimental DesignPSGDAPs were transplantegither alone (300,000 cells/6)ptvith

NTFs (GDNF 500 ng and BDNF 1000 ng), encapsulatedciollagen hydrgel or in a NTFenriched collagen hydrogel in the brain of either
6-OHDA-lesioned female athymic nude rats eDBIDA-lesioned female Sprague Dawley rats immunosuppressed with daily cyclosporine
injections from 24 hours previotstransplantationPostmortemassessments were carried aut, 4 and 7 daypostgrafting and consisted

of immunohistochemical analysis along WiHACS evaluation of th&-cell populations.
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Table 5.1 Summary of immunostaining performed in thischapter.

Staining Target Measure
CD4* T-helper cells Adaptive immune
system reaction
CcDs8* T-killer cells Adaptive immune
system reaction
0OX42/CD11b Microglia Innate immune
system reaction
GFAP Astrocytes Innate immune
system reaction
HuNu Humannuclei iPSC survival
STEM121 Human specific iPSC survival
cytoplasmic
protein
TH Catecholaminergic Cell differentiation
neurons
Collagen Collagen hydrogel Collagen hydrogel
GDNF GDNF GDNF
BDNF BDNF BDNF

5.3 RESULTS

In this seabn, all theanalysegerformed include results from athymic nude rats and

cyclosporine suppressed Sprague Dawley rats. For consistency, these will always be

presented as nude rats first and cyclosporine suppressed rats. Seoantitative

results will be shown asme points collapsed together. Finallysummary of all the

outcomes measured and results can be found at the end of this chapter in Table 5.2.

5.3.1 Adaptive immune system response to the transplant

5.3.1.1Immunohistochemical analysi$ T-cell-mediatedmmuneresponse

The adaptive immune system activation after transplantation of-IB*g€s with or

without neurotrophinsand with or without the collagen hydrogetas assessed in
terms of Fhelper cells (CD%) andT-killer cells (CD8) in the striatal sectiong ¢he

site of transplantationyommunostaining.
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Firstly, we assesseithe presence of CD4cells by immunostaining of thstriatal
sections in which iPSO©APswere transplanted\s expectegho positive staining was
found in the braia of athymic nudeats (Fig. 5.2) while, surprisingly, CD4"
immunostaining was present in the brains of immunosuppressed ratshattatie
points and in all he experimental groups (Fig. BR Higher magnification
photographs of CD4dmmunostaining in the brains of dgsporine suppressl rats are
provided in Fig. 5.B8. The number of brains showing obvious CB#aining in the
striatum werecounted as shown in Fig. B3CD4" staining was present in 3/9 rats
when cells were transplanted alone, 4/9 when given with NFgsyhen encapsulated
in a plain collagen hydrogel and9lwhen encapsulated in a N-Eariched collagen
hydrogel.
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Figure 5.2. Study of the adaptive immune system response to the transplaf@D4* immunostaining. Immunostaining fo€D4* T helper
cells was performed on the striatal sections of A) athymic nude rats and B) cyclosporine immunosuppresseddat$BEDAPSs were
transplantedither alone, with NTFs, in ydrogel or in a NTFenrichedhydrogel Scale bars are 5 mm a@d mm.
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Figure 5.3 Study of the adaptive immune system response to the transplan€D4* immunostaining in cyclosporine suppressed rats.
Immunostaining for CD4 “helper cells was performed on striatal sections of cyclosporine immunosuppressed Bpradgyeats. A) High
magnification photomicrographs showing CD4 positive immunostaining at the site of transplantation. Scale bar represent8).0be
number of brains presenting obvious CD4 positive staining were counted.
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Next, we wanted to assess the presence of @BBs at the site of transplantation: as
expected no positive staining was found in the brain of athymic nud@-rgu$.4A)
while CD8 immunostaining was present in the bgimof individual
immunosuppressed rats at #lé time points and in all the experimental groupig(

5.4B) in line with what observed for CD4mmunostaining.

Higher magnification photographs of CD8mmunostaining in the brains of
cyclosporine suppresd rats are praded in Fig. 5.8. Thenumber of brainshowing
obvious CD8 staining in the striatum wereounted as shown in Fig. B85 CD8"
staining was present #9 rats when cells were transplaneddne,3/9 when given
with NTFs, 2/9 when encapsulated ia plain collagen hydrogel an@/9 when

encapsulated in [dTF-enriched collagen hydrogel.

Taken together, immunohistochemicataining for CD4" and CD8 at the
transplantation site dicated that cyclosporine suppressed raerewnot fully
immunosuppressed and acéll mediated response was occurring in the -peri

transplant area.
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Figure 5.4. Study of the adaptive immune system response to the transplai@D8* immunostaining. Immunostainingor CD8" T killer
cells was performed on the striatal sections of A) athymic nude rats and B) cyclosporine immunosuppressed rats in vidAdPsiR&E
transplantedither alone, with NTFs, in ydrogel or in a NTFenrichedhydragel. Scale bars are 5 mm and 0.5 mm.
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Figure 5.5. Study of the adaptive immune system response to the transplan€ED8* immunostaining in cyclosporine suppressed rats.
Immunostaining foCD8 T-killer cells was performed on striatal sections of cyclosporine immunosuppressed Sprague Dawgiigits.
magnificationphotomicrographs showing COsitive immunostaining at the site of transplantation. Scale bar represents 0.05 mm. B) The
numberof brains presenting obvious C[p8sitive staining were counted.
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5.3.1.2FACS analysisf circulatingT-cells

FACS analysis were condted to assess whether not T-cell populations were
present in the bloodstream of athymic nude rats and cyclosporine immunosuppressed
rats after iPSE@APSs transplantain. For each Icell populationfwo paameters were
assessed: the frequency of circulating cells and the frequency of activated’YCD25

circulating cells.

Firstly, we stained PBMCs isolated from whole blood retrieved from both strains of
rats for Fhelper CD4positive cells. Although we regstered the presence of
circulating CD4 cells in the bloodstream of athymic nude rtitese showed not to be
activated (CD25 as depicted in Fig. 5/&Ai . Furthermore, no significant difference
was observed between the experimental groups after stdtastalysiSCD4": Groups

F@, 327 0.21, P>0.05; CDLD25": Groups kg, 31~ 0.99, P>0.05)in contraswith that
seenfor athymic nude rafsve detected the presence of both circulating (§@24d
activated (CDACD25") T-helper cells in the blood of cyadporine immunosuppressed
rats (Fig. 56B&Bi). However no significant difference was observed between the
experimental groups after statistical analyf€94": Groups kg, 25= 1.29 P>0.05;
CD4'CD25": Groups kg, 27= 0.75, P>0.05).

The presence aictivated CD4T-helper cells in the blood of cyclosporine suppressed
rats confirmed thatcyclosporinetreated Sprague Dawley rats were not fully

immunosuppressed at the time of transplantation.
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Figure 5.6 Study of the adaptive immune system response to the transplant:
circulating and activated Thelper cells by FACS analysis FACS analysis for
circulating (CD4) and activated (CD£D25") T-helpercells was performedn the
PBMCs isolated from the bloodf A) athymic nude ratsand B) cyclosporine
immunosuppressed rats in whiiPSCDAPs were transplantedtleer alone, with
NTFs, in ahydragel or in a NTFenrichedhydrogel. Data represent individual data
points, are expressed asean + SEM and were analysed by-oveey ANOVA.

PBMCs isolated from rat blood were also stained for DSitive T-killer cells. We

found low levels of both circulating (CDBand activated (CD&D25") cellsin the

blood of athymimude rats as shown in Figure B&Ai . After statistical analysis,mn
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differences were found between the g®(PD8": Groups k, s2= 0.10, P>0.05;
CD8'CD25": Groups ks, 32=0.25, P>0.05)n parallel, wealsoanalysed PBMCs from
the blood of cyclosporine immunosuppressed, idtectingcirculating (CD8) and
low levels of activated (CD8CD25) T killer cells as shown in Fig. 5B&Bi.
Interestingly the frequency of circulating (CDBT Kkiller cells wasreducedwhen
IPSGDAPs wereencapsulated in a NFénriched hydrogetompared to when iPSC
DAPs werdransplanted alon@€D8": Groups ks, 27= 4.37, **P<0.01). No differences
were found in the frequency of activated (CDB®25") T-killer cells between the
groups (CD8CD25": Groups kg, 2= 2.04 P>0.05).

In this case, iller cells showed low levels of activation both athymic nude rats
and cyclosporine suppressed rats. However, cyclosporine suppressed rats showed
higher level of circulating CD&ositive cellsoverall while athymic nude rats had

lower levels ofcirculating T-killer cells.
Taken together, resultsoim FACS analyses for CD4and CD8 suggested that

Sprague Dawley rats were not fully immunosuppressed at the time ofDRBE

transplantation in the brains.
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Figure 5.7. Study of the adaptive immune system response to the transplant:
circulating and activated T-killer cells by FACS analysis. FACS analysis for
circulating (CD8) and activated (CD&€D25") T-killer cells was performedn the
PBMCs isolated from the bloodf A) athymic nude rats andB) cyclosporine
immunosuppressed rats in whiiPSCGDAPs were transplantedtieer alone, with
NTFs, in ahydragel or in a NTFenrichedhydrogel. Data represent individual data
points, are expressed as mean + SEM and were analyseddway ANOVA and
T u k eppsbhec
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5.3.2 Innate immune system response tthe transplant

The innate immune systenreaction after transplantation of iPSBDAPs with or
without neurotrophinsand with or without the collagen hydrogalas assessed in
termsof microgliosis (OX%42 marker) and astrocytosis (GFAP markaenhe striatal
sections at the site ofatrsdantation by immunostaining. AdditionallfFACS analysis

were conducted to assess whether or not NK cell populations were present in the
bloodstream of athymic nude rats and cyclosporine immunosuppressed rats after iPSC
DAPs transplantation.

5.3.2.1Microgliosis

Firstly, the microgliotic responsevia OX-42 staining was studied ande found
positive immunostainingit all the time pointposttransplantatiorin the brais of
athymic nude rats (§i 5.87). Similarly, microgliosis wasalso present in all
transplanted groups at the early time points in thenda cyclosporine suppressed
rats(Fig. 5.8).
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Figure 5.8 Study of the microgliotic response at Day 1, Day 4 and Day 7 post iPSIAPs transplantation: qualitative assessment.
Immunostainingfor microglia (OX-42 staining)was performed on the striatal sections of A) athymic nude rats and B) cyclosporine
immunosuppressed rats in whiiPSCDAPs were transplantedtieer alone, with NTFs, in aydragel or in a NTFenrichedhydragel. Scale

bars are 2 mm, 0.5 mm and 0.2 mm.
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