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Abstract

The dopamine precursor, levodopa, remains the -gtaddard’ treatmenfior Parkinson’s
diseaseand although it provides superlative efficacy in the early stages of the disease, i
longterm use is limited by thdevelopmenbf severe motor side effeced a significant
abating of therapeutic eéftcy. Therefore, there remains a major unmet cliniesdfor the
development of effective neuroprotective, neurorestorativeeuroreparatory therapiésr

this condition. The relatively selective loss of dopaminergic neurons from the nagedstr
pathway makes Parkinson’s disease an ideal candidateptmative cell therapies wherein
the dopaminergic neurons that are lost in the condition are replaced thawagh cell
transplantation into the brain. To date, this approach has been developed, validated and
clinically-assessed usindopamine neurcnich fetal ventral mesencephalon grafts which
have beerghown to survive and +ianervate the@enervated brain after transplantatiang to
restoremotor_function. However, despite lobgrm symptomatic relief in some patients,
significant limitationsjncluding poorgraft survivaland thempact this has on the number of
fetal donos.requiredhave prevented this therapy bemgrewidely adoptedas a restorative
approach ffer=Parkinson’s diseadajectable biomaterial scaffolds have the potential to
improve thedelivery, engraftment and survival of these grafts in the brain through provision
of a suppertive microenvironment for celladhesion, growttand immune shieldingThis
article will ‘briefly review thedevelopmentof primary cell therapies fobrain repair in
Parkinson$ disease, and witlonsiderthe emerging literature which highlights the potential

of using injectable biomaterial hydrogels in this context.

Introduction
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Cell replacement therapfor neurodegenerative diseaskas emerged from eelatively
simple conceptual framework if the primary pathological feature of a disorder is the
degeneration and subsequent loss of a specific neuronal subtype, then the replacement of
these cells should repair the brain and restore function to thatpatie relatively selective
loss of depaminergic neurons from the substantia nigra makes Parkinson’s disesesa an |
candidate/for cell replacement thergigarnleyet al., 199). To date, cellular brain reg

for Parkinson’s disease has been develays#utissue dissected from tleenbryonicventral
mesencephalofVM) which incorporates the developing dopaminergic neurons from the
substantia_nigra and ventral tegmerasda. As this is the current “gold standard” source of
dopaminergic neurons for brain repair in Parkinson’s disease, this will be the fodus of t
review. However asit will be essential in the future to move towards a more standardised
cell source (sutas neurons derived from pluripotetém cells), the reader is also directed to
thearticle by Malin Parmar and colleagues in this Special I$sua review ofdevelopments

in stemcell-derived dopaminergic neurons for brain repair in Parkinson’s disease.

Cellular brainsrepair for Parkinson’s disease— Preclinical studies

The transplantation of primary dopaminergic neurons began in the 1970s when Bjoérklund and
colleagues transplanted small pieces of tismataining dopaminergic, serotonergic and
noradrenergie=neurongjissected from thdetal rat braininto the cerebral cortex and
hippoampus of unlesioned adult rats. These cells showed good survival after transplantation
with substantial axonal outgrowthat forned extensive fiber patterns within the graft itself

and with adjacent brain tissu@jorklund et al., 1976 Steneviet al., 1976. Then in
unilateral rodent models &farkinson’s tbeasePerlowet al. (1979)transplantedolid tissue
piecesinto the lateral ventricle in contact with the caudat¢éamen, while Bjorklundtt al.
(1980)transplanted tissue pieces to the dorsal cortical cavity overlying the caudateen.

Both studies..noted improvement in amphetenduced rotational behavioand post

mortem analysis revealed survival andimmervation of the lesioned striatum. A setback to
these originalsstudies was the use of pieces of disskedtissuenecessitating the need to
create a_highly vasculaed cavity within the brain, whilalso preverihg the targeting of

deep brain structurg®unnettet al., 198). This led to the generation and use of dissociated
cell suspensions, whichllowed for cell transplantation at multiple sites of the striatum
resulting inmore widespread innervation and better functional recovery in rotational behavior
as well as sensorimotor tegBjorklund et al., 198Q Bjorklund et al., 1983a Schmidtet al.,

1983). Interestingly, it was shown that functional recovery caused by the transiplardat
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fetal tissue was specific teells derived from the dopamuneh VM. This confirmed that the
effects seemwere dependent on dopamine replacement in the striatum aod nohspecific
stimulation by thdetal tissue(Dunnettet al., 1988. From here, the field of cell replacement

therapy in Parkinson’s diseasgpidly expanded.

It is now well established thahe efficacy of cell replacement strategies in Parkinson’s
disease is dependent on 1) the survival and maturation of dopaminergic neurons irt the hos
brain, 2) appropriate axonal outgrowth from the transplanted cells, 3) integration with the
host system, and) restoration of dopamine transmission. Numerous studies have shown that
dopaminergic _neurons from the developing VM can mature and function in the host adult
striatum fallowing transplantatiofAnnett et al., 1997 Brundin et al., 1987 Dowd et al.,

2004 Hahnet al., 2009 Kauhauseret al., 2013 Parishet al., 2008 Torreset al., 2008.
Additionally, electrophysiological and neurochemical studies have shown that grafted
dopaminergic neurons are capable of the synthesis, release and uptake of d{ipasaete

al., 1985 Schmidtet al., 1982 Zetterstromet al., 1986, exerting electrical firing patterns
(Wuertheleetal:, 1981, reinnervating the host striatum and developing egi@fost
synaptic connection@olamet al., 1987 Mahalik et al., 1985. Moreover, dpamine release

from transplanted neurons in the striatum can restore basal dopamine levels towards normal
(Piccini et al41999. Overall, while transplanted dopaminergic neurons are capable of
survival and extensive afferent and efferent connectivity with the host brainsitbe noted

that there_are a number of factors which can affect the efficacy of VM transplantation

including graft survival, placement, neuronal subtype and donor age.

Impact of graft placement

Preliminaryin vivo studies have given significant insight into how the specific placement of
fetal VM_grafts’in the brain can affect the efficacy of transplantation. In the normal
physiologicalseenario, dopaminergic cell bodies reside in the substantiafrognawhich

they extend=long axonal projections along the trajectory of the medial forebrain bundle
(MFB) to.the striatum where dopamine transmission is required. To date, ectopic placement
of grafts in“the_striatum has been favored over homotopic,-igral delivery. This is
because intraigral transplantation is assated with poorer cell survivadnd insufficient
striatal innervation, most likely caused by the absence of guidance cues along iy alrea
developed nigrostriatal pathwdBentlageet al., 1999 and the corresponding presence of
inhibitory factors(Kauhauseret al., 2015 Wictorin et al., 199Q. Early studies showed that
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while dopaminergic neurons survive intigral grafting, they failed to extend axons along
the nigrostriatal pathway or produce any behavioral recd®oyklund et al., 1983l). These
failings were understood to be due to the restrictive host environment and not soref)écti
the celb capacity to grow. Prodaff-principle arose from the mictibansplantation of VM

cells to thewsubstantia nigra ofh§droxydopamine lesioned neonates, where nigrostriatal
reconstruction was observed upon adulthdddkkhah et al., 1995. Moreover, the
transplantation of “bridge” grafts of Schwann cells that stretch from the transplantation site to
the striatum alongside intrgigral VM grafts showedhiat grafted dopamine neurons had the
intrinsic potential to extend axons to the denervated striéBuetknellet al., 1996 Wilby et

al.,, 1999."Xenografting studies have also shown that human VM cells placed into the
substantiasnigra,of henfarkinsonian adult rats could innervate regionghefhost striatum,
alluding to the“concept that this was a result of the outgrowing axons’ failure to recognis
speciesspecific inhibitory factorqlsacsonet al., 1995. Additionally, recentstudies using

VM tissue from GFP transgenic mice leashown a notable pattern of axon growth towards
the striatum, along with the normalisation of rotational behag@aillard et al., 2009
Kauhausemtal2013 Thompsoret al., 2009).

Impact of neuronal subtype

Dopaminergiesneuron subtype is another factor that holds influence over theye&fdavi
transplants. As they are dissected from primary tissue, VM grafts are heterogeneous with
respect to_cell type, with the dopaminergic neurons being just one component. Dog@amine
neurons can be further divided into three major cell groups, A8, A9 and A10, based on the
classification of icerebral monoamine neurons by Dahlstrom and (E9%4) A10 neurons

are phenotypically small round cells that send projections to the cortical and limbic structures
including the amygdala, nucleus accumbens, hippocampus and prefrontal cortex to form the
mesocorticolimbic structure. A9 neurons are phenotylgidatger angular cells that send
projections=predominantly to the dorsolateral striatum to form the nigrostriatal pathway.
While, A8sneurons innervate limbic and striatal structures and provide lo@bvation to

both A9 and"A10 neuron@jorklund et al., 20079. The A9 neurons are the most vulnerable

to degeneration, in Parkinson’s disease, while the A10 neurons are relativelgntesist
disease pathology and are one of the last to deger{Pat@eret al., 1999. Moreover, the

A9 component of VM grafts have been found to be the most important for functional
recovery due to their exceptional ability to target the dorsolateral striatum which is involved

in movement(Grealishet al., 2010), highlighting the importance of a subtype ratio that is
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favorable to A9 neuronQuantification of DA neuronal subtypes expressing A9 and A10
marker proteins (G proteingated inwardly rectifying potassium channel (Girk2) and
calcium binding protein (calbdin), respectively) shows that ints&riatal VM grafts are
comprised of 66¥0% A9 neurons and 3@0% A10 neurongBye et al., 2019. Interestingly,

it was found=that A9 neurons precede the birth of A10 neurons and as a result the use of
younger embryonic donor tissue generated grafts which were composed of ~75% A9 neurons
(Bye et al!, 2012. Furthermore, recergtudieshave demonstrated thaf9 neurons from
younger embryonic donor tissue are more responsive to environmental cues at the
transplantation. site when adopting a dopaminergic phenotype during differentiatien post
grafting (Fjedoroveet al., 2017 Kauhausert al., 2013).

Impact of donor ‘age

As highlighted above, embryonic donor age is of particular importance in VM
transplantation. The VM must be collected during a specific time frame of neurogenesis to
allow for the level of maturity required for commitment to a dopaminergic neuron gpenot
while also aveiding significant axonal outgrowth prior to tissue dissociation (a&ctigsat

this stage 'will.sever the axons and kill the neurons). Early erpets established the upper
limits of' donor age for VM cell suspensions to be embryonic day (B)p1®at)(Brundin et

al., 1985 and.in'more recent years the conventional donor age has become E14 (vafisas it
perceived tocoincide with peak dopamine neurogene@tegarty et al., 2013. More
recently, the influence of donor age on graft efficacy has received heightenest.ifterees

and colleagues investigated the yield of dopaminergic neurons fronsin&i@al grafts of

VM dissected at E11, E12, E1IB14 and E15, and found that the E12 preparations yielded
the highest dopaminergic neurons #bhl that of the E14 preparatidiorreset al., 2007%.

The authors hypothesised that the enhanced survival with this younger donor age may be a
result of trophic’support from the attached meningeal layer, a component that isilgrdina
removed InEl4 preparations. Moreover, a recent study showed that the addition of
meningeal=eells from young donors with VM preparations enhanced both the survival and

axonal outgrowth of dopaminergic neuroSeKnaeet al., 2015).

Cellular brain repair for Parkinson’s disease— Clinical studies
The positive results found the earlypre<linical studies led to a swift movement to clinical
trials, with the first open label clinical trial taking place less than 10 years after dopaminergi

neurons from VM grafts were first shown to be suitable for transplantation. Thelifirsal
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trials were carried out in the 1980s, firstly by Madrazo and colleagues in Md#axrazoet

al., 1988 and then by Lindvall and colleagues in Swedeimdvall et al., 1989. In both
studies, 2 patients received an irgteatal transplantation of human VM tissue from1¥

and 810 week old embryos, respectively. While Madrazo and colleagues reported dramatic
motor improvements, particularly in the disappearance of rigidity and dyskinesdyalli

and colleagues noted minimal clinical improvement. This lead to refinementggitad
technique 'such as a reduction in the diameter of implantation device and areirncriees
number ofyimplantation sites. As a result, in a subsequent study, Lindvall and colleagues
reported a_significant reduction in the rigidity and bradykinesia of two patiests a
marked decrease in the patients-tfi phenomenon(Lindvall et al., 1990. Moreover,
longterm follow up showed that the grafted VM cells were capable of surviving and exerting
functional benéfit 3 years after transplantatiomdvall et al., 1994. This led to several
subsequent open label trials which reported significammrovementsin UPDRS scores,
quality of life_ and levodopa requiremerfBrundinet al., 200Q Freedet al., 1992 Hauseret

al., 1999 Peschansket al., 1994 Spenceret al., 1992 Wenninget al., 1997. Importantly,

these positivesresults were associated with an increaseoindhpa uptake, as measured by
['®F]-DOPApositron emission topography (PET) which is widely used as a measure of graft
viability "(Pic€ifi'et al., 2005. Likewise, the binding of*fC]-raclopride, a B receptor
antagonist, showed that the transplanted grafts restojesdeptor occupancy to normal
levels. Encouragingly, the grafts’ capacity to release dogaoan be maintained for at least

a decade, despite their exposure to the ongoing disease prog(&sscomi et al., 1999.
Furthermore, shotterm (18 and 19 monthg)Kordoweret al., 1998 Kordoweret al., 1995

and longterm (14 yearsjMendezet al., 2009 post mortem analysis has shown that grafted
dopamirergic_neurons can survive the procurement and transplantation process, are capable
of reinnervating the denervated striatum and can form -grdfbst synapsesMoreover,
Kefalopoulouet.al. (2014) recently reported on the long term (18 years after teariapibn)
sympbmatic-relief in two patientalong with their discontinuation of any aftarkinsonian

medications

The successof the opéabel trials led to thanitiation of two doubleblind, placebe
controlled triag in the early 200QsThe first,by Freed and colleagu€2001),included 40

patierts between the age of 34 and 75 years with a mean disease duration of 14 years. They
were randomly assigned to receive bilaterally either a fetal cell transplantation (tissue from

two embryos/side, each between 7 and 8 weeks of age) or sham surgery. No
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immunosuppression was given pre or pogératively, and followup continued for 12
months postransplantation. The primary outcome was a subjectivereetirt global rating

of clinical improvement at 12 months post transplantation. Altholff)-DOPA PET and

post mortem analysis confirmed the survival and growth of transplanted grafts, the study
failed torreachvits primary endpoint, with no significant difference found & tdPDRS
scores between the treatment and placebo groups. However, significant improvement in
“off” state UPDRS and motor scores were found in transplant patients below 8®mjege.

Of concern 5 of 33 patients who received a transplant (including those from the sham group
who elected to have the surgery after the study) develdysidnesias within the first year.
These dyskinesias persisted after the reduction or cessation of dopamineligatiore and

are now known as graibtduced dyskinesias (GH). Subsequent peelinical, as well as
retrospective clinical assessmerdf patient transplants, indicatedhat the presence of
serotonergic neurons within the donor preparatiGmsonsequence of pdbroad tissue
dissectionand isolation of hindbrain nucleijs well as uneven striatedinnervationby the

grafts werelikely responble for the observed GlQCarlssonet al., 2007 Carlssonet al.,

2006 Hagellet.al., 2002. The second placelmntrolled trial included 34 patients between

the ages of,30.and 75 years of &¢éanowet al., 2003. Patients were randomly assigned to
receivebilaterally either a fetal cell transplantation (from one or four embryos/side, each
between 6 _to=9 weeks) or sham surgery. All patients received immunosuppregsion wi
cyclosporine 2 weeks p@peratively and up to 6 months pagteratively. The primary
outcome measure was a significant difference in the “off” state UPDRS score from baseline
to the final24-monthvisit. Again, the primary endpoint was not achieved, although there was
a trend towards improved motor scores in patients who received a 4 embryo transplant.
Stratification based on disease severity, also showed significant improvement in motor scores
in less severe patients who received 4 embryo transplants. Patients also showed significant
motor improvement at 6 and 9 months giwahsplant with deterioration afterwards, which
may be a resultof the cessation of immunosuppresBash mortem analysis did show good
survival ofsdepaminergic neurons andimeervation of the striatum, while PET analysis
revealed_increases in ftodopa uptake. However, worryingly, within a year GIDs were
found in severalgrafted patients, similar to the previous findings of Freed and Colleagues
(Freedet al., 200). Further to this, numerous post mortem reports (>10 years post
transplant) have shown that a number of dopaminergic neurons grafted into the
putamen of Parkinson’s disease patients displayLewy body pathology that is
indistinguishable from those seen in the host braifChu et al., 2019 Kordower et al.,
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20083 Kordower et al., 2008h Li et al., 2008 Li et al., 2010, highlighting that disease
progression continuesin the face of transplantation, a process that could have

detrimental effects tothe long term efficacy of grafted cells

The results'ofithese trials raised cons@ver theefficacy andsafety of fetal VM transplants

in Parkinson’s disease, and while the reasons behind the negative outcomes and GiDs rema
unknown, “patient section, tissue preparation, tissue placement, immunosuppression and
follow-up time are all thought to be contribgifactors. The best resuftem these placebo
controlled trials, were found in patients with lower disease severity (rated by UPDRS scores)
and good ‘levodopa response-pnsplantation, suggesting that disease severity is a factor
that couldraffect the ficacy of transplantation. Additionally,atge variations in tissue
preparations were seen between the studies. Eted(2001) delivered a lower volume of
tissue that had been stored for 4 weeks prior to transplant, while Oletnalv (2003)
delivered larger quantities of tissue that was only stored for 2 days prior tolénainsphe

long storage of tissue prior to transplant may have been deleterious taresfals which

could be further'affected by the lower quantity of tissue delivered. Further to this,atmnor
(range of 89 weeks) and tissue composition (strands vs. piece)ther factors that could

have affected graft efficacy Freedet al. (2001) also implemented a new trajectory to the
striatum which®may have affected cell distributidrhe breach of the blodadrain-barrier

(BBB) during surgery and the subsequent addition of a cell transplant are both faators th
can instigate a host immune response, therefore the decision to implerzmw@ al.,

2003) or not (Freedt al., 2003)an immunosuppressive regimen may have affected graft
survival. The degision to stop immune suppression after 6 months@iahewet al. (2003)

study is notable because up until this point, grafted patients had improved at a rate similar to
that seen 'in the open label studies. The deterioration after cessation of immunosuppression
could be_explained by a delayed immune response that compromisetérnongurvival.
Concern als@oseover the decision to base the primary outcome on results found at just one
year. Openslabel studies had shown that gnaficed recovery can take monthsytars to
develop. Asfollowup of the Olanowet al. (2003) study at 2 and 4 years pdsinsplant
showed significant improvements in UPDRS motor scores and flurodopa uptake. Moreove
the increase in flurodopa uptake over the course of the study correlates with theé clinica
outcome Ma et al., 2010).

Cellular brain repair for Parkinson’s disease— Potential of biomaterials
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One of the major issues that has limited the efficacy of fetal VM grafts since the initial
pioneering studies began ~40 years ago, is the poor survival and engraftment of the
dopaminergic neurons after transplantation in to the brain. The clinical andinical
experiences gained so far have all reported poor survival of dopaminergic neurons after
transplantationestimated at less than 20%ee reviews Castilho et al.(2000) Olanowet

al., (1996).This extremely poor survival results in the need for multiple fetal donors per
transplant, thus further exacerbating the ethical concerns over the use of tissue from elective

abortions.

It was previously assumed that cell death in VM grafts was predominantly necrotic occurring
as a result’of cell insult during the tissue dissection and transplantation process. However,
while some necrotic cell death does occur, the large extent of el teVVM grafts occurs
postiransplantation through apoptosis and is predominantly driven by external factoes in t
cells’ environment rather than a physiologic ing@astilhoet al., 2000 Mahalik et al.,

1994 Schierleet al., 1999 Sortwellet al., 200Q Zawadaet al., 200]). Apoptotic cell death is
triggered at.various points of the transplantation process by factors sucldemdjment

from the extracellular matriduring tissue dissectiofiReddiget al., 2005, 2) shearing of the

cells upon delivery, via fine cannulasnto the hostparenchymaRarker et al., 1995, 3)
immediate grewth factor deprivation upon transplantation into the adult str{&@alher et

al., 1999) and4) the recruitment of host neunmmune cells to the grafDuanet al., 1995.

Each of these stages provides an intervention point at which graft survival could be
improved.Consequently, a number of studies explored the benefit chpoptotic agents

such as caspase inhibitors/lazaroids and JNK inhibfttagissonet al., 2002 Rawalet al.,

2007 Schierleet al., 1999, as well as presurvival proteins inclusive of glial-derived
neurotrophic factor (GDNF) and Neurturin, which have shown to be advantageous to
dopaminergic.néuron survival, at the stages of cell preparation, implantation and/or
integration"="see revew Deierborg et al. (2008).More recently howevedata has begun to
emerge whichzshows that injectable biomaterial scaffolds, suichsds forming hydrogels,

have the petential to improve the engraftment and survival of these grafts in the brain through
provision of ‘a supportive microenvironment for cell adhesion, growth and protection from the
host immune respons€hus,since cell death iprimary dopaminergic cell grafts occurs over

a number of distinct stages throughout the whole transplantation process, for teti@ma
scaffold to be advantageous to the delivery, survival and efficacy of cell replacement efforts

it should be capable df) providing a supportive environment for cell adhesion, 2) providing
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a reservoir for localised and sustained growth factor deliveamg 3) creating a physical
barrier between the transplanted cells and the host maunane cell§Fig. 1).

Cell-matrix adhesion

Prior to transplantation, embryonic tissue must be collected, dissected soclades] into a

cell suspension. Even with the clean and efficient dissection of VM tissue, mechanical
destruction caused by celluldetachmenfrom the extracellular matriguring dissociation
removes the normal cathatrix interactions and cell death can enfMearchionini et al.,

2003 Reddiget.al., 2009. This process, known as anoikis, was first termed by Frisch and
Francs when they showed that the loss of integratmeltrix interactions is a major trigger

of apoptotic cell deatliFrischet al., 1999. Hence, the delivery of cells in a biomaterial
matrix to whichthey can adhere may provide them with the necessary support needed both
during and after/transplantatidndeed, studieshave shown that the attachment oheural

cells to biomaterialsscaffolds(particularly compressive biosynthetic materials)prior to
transplantation can provide cells with an adherent surface throughout the
transplantationgprocess, therefore redumg the detrimental effects of anoikison cell
survival (Bedueret al., 2015 Jgamadzeet al., 2012 Moriarty et al., 201&&b; Moriarty

et al., 2017 Newland et al., 2015).

Growth factor provision

Fetal cell replacement therapy in Parkinson’s disease invtiieesemoval of dopaminergic
neurons from the VM of the developing embryo and subsequent transplamtditmre adult
striatum. As the| trophic activity of the brain and in particular, the striatum, is known to
decrease with agéLing et al., 2000, these cells araemoved from a trophidch
environmeniat the height of neurogenesis and placed theodepletedtriatum.As a result,
transplanted&lls undergo trophic withdrawal, being deprivediod factors norméfl present
throughouttarget innervation and developmgatbeliovich et al., 2007. Indeed, numerous
studies suggest that the critical tipeint in which 8890% of dopaminergic neurons die is
the first 4.dag posttransplantationand that it is not until after this point that dopaminergic
neuron survival is stabilise(Barkeret al., 1996 Emgardet al., 1999 Rawal et al., 2007,
Sortwell et al., 2001 Sortwellet al., 200Q. The incorporation of growth factors, such as
brain-derived growth factor (BDNF), Neurotrophin-3 (NT-3), Neurotrophin-4/5 (NT-
4/5), growth/differentiation factor 5 (GDF5) and GDNF, have been investigated for their

potential to improve dopaminergic cell transplantation strategies(Clayton et al., 2007
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Fenget al., 1999 Hyman et al., 1994 Jaumotte et al., 2014 Lin et al., 1993. While they
have all shown to improve dopamine neuron survival in VM cultures, GDNFas been
established asan extremely potent neurotrophic factor, significantly improving cell
survival and efficacy (Apostolideset al., 1998 Chaturvedi et al., 2003 Denget al., 2013
Redmond et=ali, 2013 Rosenblad et al., 1996 Yurek et al., 2009. However, the
encapsulation of cells in a growth factoaded biomaterial mat has the potential tturther
enhance cell survival and efficacy by providing the transplanted cells withsiedakite
specfic and prolonged access to growth factap®n transplantation and the period of target

innervation.

Hydrogelssdfrom'a variety of sources, both natural and synthetic, have shown to successfully
deliver trophic™factors to the brain in a s#gecific, controlled and sustained manner
(Chierchiaet al., 2017 Fonet al., 2014 Li et al., 201§. Further to the enhanced delivery of
GDNF in injectable hydrogeld-onet al., 2019, many approaches have investigated the use
of hollow microparticles to achieve sustained GDNF release from a single administration
(Agbayet al«:2014 Garbayoet al., 2016 GarciaCaballeroet al., 2017 Lampeet al., 201).
Moreover, the delivery of GDNF containing microspheres in an injectable fibrin hydrogel
enhanced the length of GDNF releamesitu to 2 weeks compared to 3 days with “free”
GDNF (Woodetal., 2013. Similarly, hydrogels have also been successfully used to enhance
cellular ‘'delivery(Aguadoet al., 2012 Ballios et al., 2015 Daset al., 2016 Freudenbergt

al., 2009._Threerecent studies have highlighted the potential of injectable hydrogels to
improve dopaminergic cell replacement strategies. First, in the studWdyg and
colleagues a GDNFfunctionalised composite polydlactic acid)/xyloglucan hydroge)
where GDNF was blended into and/or covalently attached to thecaffold, was shown to
enhance Survival of, and striatal-ilmmervation from, transplanted mouse VM grafts in
Parkinsonian..mice(Wang et al., 2019. Second, Adil and colleagues showed that a
heparin/RGD*functionalised hyaluronic acid hydrogel could improve the survival of
transplanted=human embryonic stem -cigfived dopaminergic neuroifddil et al., 2017.
Finally, Meriartyet al. (2017 2018b) demonstratebat encapsulating VM grafts in a GDNF
loaded collagen._hydrogel resulted in dramatic increase in the survival dbpaminergic
neurons and that theorrelated with enhanced striatalimmervation and restoration of motor

function in hemi-Parkinsonian rats.

Immune shielding
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Experimental studies have shown that the injection of exogenous cells into the brain evokes
an elevated host immune respo(Barkeret al., 1996 Duanet al., 1997 Duanet al., 1993
Hudsonet al., 1994 Shinodaet al., 1995. Additionally, in line with the prominentell death

seen immediatelypost-transplatation, microglial activation, lymphocyte infiltration and
major histoeompatibility complex (MHC) expression all increased over the first 4 days post
transplantationfuanet al., 1995. Moreover, thammune response may intensify oigne

as the immune cells in the brain are not stationary and inactive, but rather provide a
continuous inflammatory respong8hinodaet al., 1995. Post mortem analysisfrom the
doubleblind, placebecontrolled clinicaltrials, as well as an earlier studigtectegorominent
activatedmicroglid stainingaround the graft sit@Freedet al., 2001 Kordoweret al., 1997
Olanowet al'., 2003. This immune response against the transplanted cells may have hindered
their survival 'and consequently had an effect on their clingffitacy. This seems
increasinglypossible in the Olanowt al. trial where deterioration of clinical benebiegan

after the withdrawal of immunosuppressi@lanow et al., 2003. Thus, encapsulatiorof

cells within_a supportive biomaterial matrix may protect the transplanted cells from the
hostile host.envirament by forming a physical barrier between the transplanted cellba

host neurammune cells. Indeed, Hobaat al. (2013)and Moriartyet al. (2017)have both
demonstrated a dramatic reduction in the recruitment and proliferation of microglia and

astrocytes around intrastriatal cell grafts when encapsulated in a cdilatyegel.

Cellular brain repair for Parkinson’s disease— Which biomaterial to use?

Repairing the damaged brain can be a daunting taskegattadvances in tissue engineering
and cellbased therapieare bringing us closerto clinical transléon. The diversity and
adaptability _of biomaterial scaffolds makes them an attractive strategy for neural cell
replacementtherapy Qrive et al., 2009, however, any material used for inrtreanial
delivery shouldexhibit a number of desirable characteristi®sch materials shouldl) be
capable of-relatively nemvasive delivery 2)be biomimetic in order toencourage cell
survival andhestintegration, 3 not themselves elicit an exaggerated host immune reaction
that can _instigate neuroinflammation around the transplantatiolsie, structurally stable

for prolongedyperiodsn situ and where appropriatbiodegrade without leaving any
undesirabldoreign remnants5) be modifiable in relation to adhesion molecules, pore size,
molecular charge, surface tgpaphy and functionalisation, 5) be atmxic to any cellular

components of brain tissue tite encapsulated cells and 6) be capable of controlled and
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sustained devery of therapeutic factors (based on Orieteal., (2009) and Wang et al.,
(2012)).

Injectable hydrogels as a biomaterial scaffold

The large range of available biomaterials coupled with their high adaptdedig to the
generation of application specific teaals, making biomaterials a very attractive avenue in
the field of cellbased therapie@im et al., 2012. Biomaterials can be characterised under
two main subtypes, natural materials or synthetic matefidsural materials are derige
from biological,sources including, chitosan, alginate, methylcellulose, loyelnr fibrin and
collagen. The advantages of their use stems from their nadigalin the biological system.
Many contain endogenous binding sites that allow for naturaladélesion(Heino et al.,
2009) while their biologicalsourceminimises the activationf the host immune response
(Manoet al., 200%). In comparisongynthetic materials are chemically manufactured and can
therefore be more readily manipulated and standardisgdlf et al., 2009. Indeed, many
biomaterials that use natural materials, such asalginate, fibrin or collagen, as their
primary framework are often crosslinked with synthetic polymers, such agolymer
polyethylene ‘glycol (PEG), giving rise to a new class of biosynthetic materials which
possess the biolgical properties of the protein and the mechanical stability afforded by
the chemical.erosslinking(Delgadoet al., 2019. It is of upmost importancehen choosing

a biomaterial, whether it be from a natursyntheticor biosynthetic origin, to take their
individual _chaactristics into consideration, aproperties such as adhesion potential,
degradability, shapeore size, hydrophilicitarnd deliverypotentialwill render themsuitable

or unsuitable for specific applications.

In relation‘tothe CNS, injectable hydrogels are the most widely investigated promising
biomaterial scaffold for the delivery of therapeutic agents #rdcells to the brain in
regenerative~therapig8urdick et al., 2016. Hydrogels are thredimensional networkef
hydrophilie=poelymers which can be chemically crosslinked to form insoluble polymer
matrices(Hoffman, 2002. The ability of hydrogels to forrmn situ in response to temperature
and pH changes. makes them injectable, an extremely attractive property which allows for
their relatively norAnvasive intracranial delivery(Pakulskaet al., 2019. Furthermore,
hydrogels can be chemicallgrosslinked to alter their physical properties to specific
applicationsindeed, he degree of chemical crosslinking used can directly affectetred of

gelation (strength ah situ formation),porous structure andegradation@rury et al., 2003.
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The alteration of a hydrodgsl paous structure allows for control over nutrient infusion to
encapsulated cellandtherapeutic factor diffusion to surrounding tissese et al., 2019,

while simultaneouslyminimising host immune cell infiltration.Additionally, by using
biomaterials thatindergo natural degradation, they will eventually be eliminated from the
body, while“the“degree @hemical crosslinkingised can control the hydrogealsgradation

rate and therefordts persistencein situ (Davidenko et al., 2015). Depending on their
biological source, hydrogels may naturally support cell adhesion or be manipulated to support
cell attachment through the addition of adhesion facfideyselet al., 2003. Moreover,
growth factors,can be added to further support cell survival and function after transplantation
(Burdick et'al., 2016 with studies now demonstrating the capacity to temporally control the
release of" multiple growth factors simultaneously or sequentially, dependent on the

requirement ofthe host and/or inplanted cells (Bruggezhah, 2016).

Injectable collagen hydrogels

Forming 2030% of the bog's protein componentthe collagen familyis the bog’s most
abundant pretein groypnaking collagen one of the most investigated natoi@haterials
(Khan et al,; 2013. There are many distinct types of collagen found throughout the body,
however, 90% of collagen in the human body is tydelénriksenet al., 2019. Type 1
collagen can.be extracted with edsem animal tissues includingendons and skint is a
fibrous proteincomposed of three polypeptide chains (a subunits) that are wound together
using hydrogen bonds to forna triple helix struture (Bhattacharjeeet al., 2005. The
transition of collagen from a liquid @solid statethrough the structural change of the triple
helix to highly compacted coilas a result ophysiological conditios such as temperature
and pH, makes it an attractive biomaterial for CNfelivery (Sargeantet al., 20139.
Furthermore, thign situ gelation makes collagen hydrogelsiéeal delivery scaffold for both

trophic and.cellular regenerative therapies

While collagen®is capable of naturally forming a hydrogelsitu, its weak mechanical
propertiesamake it highly susceptible to rapid ddgt@nin the brain In an effort to better
control the™mechanical stability ofollagen the use of synthetic polymers to form
biosynthetic hydrogels thapossessthe biological properties of the protein and the
mechanical stability affordebly the chemial crosslinkinghas been investigatd®elgadoet

al., 2015 Sargeantt al., 2019. The synthetic polymePEGis hydrophilic, nortoxic, non-
immunogenic Yeroneseet al., 2005 and mportantly,alreadyFDA approved for a number
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of clinical applicationgAlconcel et al., 201). Furthermore, he chemical crosknking of
collagen with PEG has shown to improve the mechanical stability, degradatiomdate a
protein diffusion from these biosynthetic hydrogels, whileo maintaining the proteins
biological function(Doillon et al., 1994 Leeet al., 200Q Sargeantt al., 2012 Weberet al.,
2009). Thusthe abilityof crosslinked collagen hydrogels to mimic the extracellulaatnx,
while also‘having control ovehe strength of gelation, rate of degradation and diffusion of
encapsulated factors makdéisem an extremely attractive biomaterial scaffold for cell

replacement therapies.

Keeping with this, collagen biomateridisve alreadyeen approvetbr use in a variety of
applications including drug delivery, wound repair, buareatment dentistry ad bone
reconstructionBlumeet al., 2011 Chajraet al., 2008 Chattopadhyawt al., 2014 El-Chaar,

2016 Helaryet ali, 2010 Khanet al., 2013 ParenteatBareil et al., 201Q Patinoet al., 2002
Solish, 201D and could therefore be relatively easily adoptedeuoral applications. While

the intracranial use of collagen hydrogels has been looked at to a lesser Extieanet al.
(2013) and.Meriartyet al. (2017 20180 haverecentlydemonstrated the efficacy ®EG
crosslinked, collagen hydrogefor brain repair in Parkinson’s diseasehus, given the
clinically biocompatible, immunoprotective asdpportive properties of collagen hydrogels,
they hold immense potential to improve the survival and efficacy of dopaminergic cell
replacement therapies in Parkinson’s disedsdéen together, this literature highlights the
potential of biomaterial hydrogel scaffolds to improve the outcome of reparative cell
therapies for Parkinsondisease. Moving towards a clinical therapy, the use of biomaterial
scaffolds from natural polymers, namely collagen, offers significantiatabgity owing to it
already being_approved for use in a variety of clinical applicat{@majraet al., 2008
Chattopadhyawt al., 2014 Patinoet al., 2002 Solish, 2010)

Conclusion

As cell therapies for Parkinson’s disease and other neurodegenerative digooypess
towards_the*clinicjt is of increasing importance to address strategies to ensure maximal
survival, integration and functional efficacy of the newly implanted tidsuthis regard,tiis

clear that evidence is mounting that supports the potential of biomaterfalds&b enhance
brain repair for Parkinson’s disease. Further work remains to be carried identify the

ideal biomimetic scaffold, and determine opirstrategies téunctionali® these matricies

targeted at supporting cell transplant for neural repair
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Figure legénd

Fig. 1. Therapeutic concept of biomaterials for brain repair in Parkinson’sdisease.
Encapsulation of transplanted dopaminergic neurons in adgiated neurotrophic factor
(GDNF)}funetienalised collagen hydrogel could improve brain repair in Parkinson’s disease
through a number of different mechanisms. These include provision of 1) a physicabscaff

for cell adhesion during intracerebral delivery and engraftment, 2) a local reservoir for GDNF
at the implantation site, and 3) a protective barrier against the host immune response. Taken
from Moriarty et al. (2018a).
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