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Abstract

Clinical trials using fetal tissue have provided the necessary proof-of-principle evidence that
transplanted dopamine neurons can appropriately integrate into the brain and alleviate motor
symptoms in Parkinson’s disease patients for > 20 years. Pluripotent stem cells (PSCs), are
now being pursued as an alternative cell source, circumventing ethical and availability issues,
given their competent self-renewal and differentiation capabilities. Despite rapid progress in
the field over the past decade, and recent advancement of these cells into clinical trials (Japan

October 2018), we recognise a number of short-comings that require further attention.

Despite the existence of efficient protocols for the directed differentiation of human PSC into
ventral midbrain (VM) progenitors (i.e. cells capable of maturing into dopamine neurons and
amenable to transplantation), a small proportion (10%) of cells in culture remain incorrectly
specified. These cells are capable of significant expansion after transplantation, such that
grafts commonly contain <5% dopamine neurons when examined after many months. These
highly proliferative cells not only present an evident risk of neural overgrowth, but there also
remains little knowledge of the identity these cells become and the impact they may have on

the graft and patient.

For these reasons, strategies have been pursued to improve the purity of donor tissue for
grafting. However, to date, cell sorting approaches, to select for correctly patterned human
PSC-derived cells prior to implantation have been suboptimal. In chapter 3 of the thesis we
employ two human PSC reporter lines to demonstrate that the isolation of vm progenitors,
but not vm precursors, results in viable cell grafts that are more predictable in their
composition, retain integration and functional capacity to restore motor deficits in
Parkinsonian rats, and importantly eliminate highly proliferative cells and populations known

to contribute to graft-induced dyskinesias.

An alternative safeguarding approach for transplantation studies is to employ suicide gene
therapy — targeted at eliminating unwanted cells after transplantation. In Chapter 4, we
employ a human PSC line carrying a suicide gene (thymidine kinase) that can be activated
by administration of a prodrug (ganciclovir), to enable remote killing of proliferating cells
within the transplant. We demonstrate that the timely activation of this ‘suicide switch’ can

prevent excessive expansion of undesirable cells in the graft whilst preserving DA integrity -



yet surprisingly, a small proportion of persistent dividing cells remained. We speculate that
this was a result of suboptimal delivery of ganciclovir caused by insufficient vascularisation

of dopamine grafts.

In a third approach to improve graft outcomes, we address the impact of human PSC-derived
VM progenitor donor age (Chapter 5). Despite historical efforts to understand the impact of
different aged VM fetal tissue on graft survival, dopamine contribution and functional
integration, there remains no comparable assessment of human PSC-derived vm progenitor
age. While the current clinical trial in Japan has elected to use late stage human PSC-derived
VM progenitors, in Chapter 5 we surprisingly show that VM-specified early-stage
progenitors generated the most homogeneous DA grafts, containing a considerably lower
component of unwanted, off-target cells than grafts derived from older progenitors.
Importantly we demonstrated that while this effect was extremely consistent within human
PSC lines, considerable inter-line variability was evident, highlighting the need for rigorous

assessment on a line to line basis, prior to translation.

In summary, the work provided within this thesis provides significant new insight into
strategies to standardize human PSC-derived transplantation for Parkinson’s disease —
importantly addressing the need to consider graft survival, proportion of dopamine neurons
and their function, as well as the critical requirement to eliminate unwanted cell types to

ensure maximal safety.
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Chapter 1.

Introduction

1.1 Cellular Replacement Therapy for Parkinson’s Disease

1.1.1 Parkinson’s Disease

Within the midbrain, dopamine (DA) neurons reside in three anatomically and functionally
distinct compartments; designated as A8, A9 and A10 neurons, that play a role in the
regulation of voluntary movement, emotion and reward (German and Manaye., 1993).
Crucially the A9 DA neurons, found in the pars compacta of the substantia nigra (SNpc), are
responsible for co-ordinating fine motor control, and project via the nigrostriatal pathway
(NSP) to innervate the caudate-putamen in primates, or equivalent striatum in rodents
(Prakash and Wurst, 2006) (Figure 1.1A). Whilst, the A8 and A10 DA neurons, develop in
the retrorubal field (RRF) and ventral tegmental area (VTA) respectively, are responsible for
risk-reward, emotion and cognitive related behaviours, and project via the mesocorticolimbic
system to innervate the ventral striatum and prefrontal cortex (Hegarty et al, 2013, Prakash
and Wurst, 2006).

In Parkinson’s Disease (PD) patients, progressive, and irreversible degeneration of A9
midbrain dopaminergic (mDA) neurons in the SNpc and loss of striatal innervation, leads to
the primary hallmarks of the disease; namely rigidity, tremor at rest, bradykinesia, gait
disturbances and loss of postural reflex (Jenner et al., 1992). These symptoms typically arise
when ~60% SNpc dopaminergic neurons have degenerated (Dauer et al., 2003; Jenner, 1992).
It is worth noting that PD encompasses a widespread of pathologies, not limited to the SNpc,
recognising non-dopaminergic degeneration in other brain areas, that can lead to additional
motor symptoms and a wide myriad of non-motor manifestations (Dickson et al., 2009),
however these non-dopaminergic associated pathologies will not be the main focus of this

thesis.

Currently there are no proven disease-modifying treatments for PD, and management
typically relies on dopaminergic pharmacotherapies (commonly Levodopa, L-dopa) (Stoker
et al., 2018). Whilst effective for symptomatic relief, these medications ultimately depend on

remaining dopaminergic neurons for efficacy and are riddled by adverse side effects related



Introduction

to systemic delivery and non-physiological activation of dopamine receptors (Stoker et al.,
2018). Surgical options, such as deep brain stimulation (DBS), whilst an effective treatment
option for some patients, can also result in troubling adverse effects (Hartmann et al., 2019).
Despite these options successfully managing the motor symptoms of the disease, their waning
efficacy and problematic side effects highlight that there is still significant scope for

improvement.

1.1.2 Cellular replacement therapy

With the clear limitations of currently available therapeutics for patients, attention still
remains on developing a new, more promising therapy for PD. One such option is cell
replacement therapy, whereby dopamine-producing cells can be delivered directly into the
diseased brain, given 1) that the disease-causing motor symptoms are underpinned by a
localised pathological loss of a single defined cell type at relatively low numbers, 2) focal,
controlled delivery of DA can be achieved and 3) proof-of-principle evidence exists for DA

cell replacement strategies in PD patients (Barker et al., 2015).

1.1.3 Pre-clinical dopamine transplantation

The earliest report of transplanting fetal brain cells into the adult central nervous system was
conducted by Thompson in the late 19" century. It was not until 30 years later, after many
attempts, that these embryonic-derived allografts had the capacity to survive, proliferate and
exhibit fibre outgrowths (Dunn, 1917).

Building upon earlier work and focusing on engraftment of a defined cellular population,
Olson and Seiger (1972) transplanted rodent embryonic ventral midbrain/mesencephalic
(VM) tissue (the region of the developing brain containing immature dopamine progenitors
that give rise to mDA neurons), as a whole tissue piece, demonstrating that these embryonic
cells could survive and innervate the surrounding host tissue, which could be enhanced by

co-grafting neurotrophic factors or other tissues (Olson and Seiger, 1972, 1973, 1975).

The excitement that developmental mDA neurons could survive and send projections in a
hostile adult environment, raised the potential for cell replacement therapy (CRT) as a
treatment option for Parkinson’s disease, but assessment of functionality was needed. This
was revolutionised by the now heavily implemented 6-hydroxydopamine (6-OHDA) lesioned

rodent model of PD, first generated by Ungerstedt and colleagues in the late 1960s



Introduction

(Ungerstedt, 1968). 6-OHDA is a catecholamine-selective neurotoxin, that when delivered
directly into the ventral midbrain (i.e. the SNpc) or indirectly into the median forebrain bundle
(an axon bundle containing DA fibre projections from the SNpc), causes selective and
irreversible loss of the DA neurons and forebrain (striatal/caudate putamen) dopaminergic
innervation (Ungerstedt et al., 1968, 1974; Ungerstedt and Arbuthnott 1970). This model of
dopamine depletion, provides a means to investigate restoration of dopaminergic activity at

a functional level after transplantation. For the purpose of studying CRT, the model is
commonly induced unilaterally, creating motor asymmetry that can be restored through graft
integration. Figure 1.1 below provides a schematic and histochemical representation of the
midbrain dopamine system in the rodent brain (Figure 1.1A) and the effect of 60HDA
lesioning (Figure 1.1B).

Utilising this preclinical rodent model of PD, the first breakthrough studies to demonstrate
successful functional replacement by rodent f\VM tissue were conducted by Bjorklund and
Stenevi (1979) and Perlow et al (1979) collectively. These two independent groups, were
able to demonstrate rodent embryonic vm tissue transplanted into the striatum of 6-OHDA-
induced parkinsonian rodents, could directly replace lost cells, elicit neurotransmitter-
specific re-innervation of the host tissue and display robust amelioration of PD-induced motor
deficits (Bjorklund and Stenevi 1979; Perlow et al., 1979). Importantly, behavioural recovery
was directly underpinned by the extent of dopaminergic striatal reinnervation (Bjorklund et
al., 1980). Later refinements to surgical procedures to deliver fVM transplants as a
dissociated cellular suspension, instead of dissected whole tissue pieces, provided more
widespread and extensive re-innervation of the host striatum (Bjorklund et al., 1983). Figure
1.1C provides an example of a dissociated fVM transplant into the 60HDA rodent brain,

noting the capacity to reinnervate the host striatum.

Similar results were attained with human fVM tissue, and additional studies highlighted that
graft-derived DA neurons have the capacity to both receive and make synaptic contact with
the host striatum (Brundin et al., 1988; Clarke et al., 1988). Pre-clinical investigations also
recognised appropriate dissection landmarks, the optimal donor tissue age and a suitable
clinical immunosuppression regime, all collectively essential for clinical translation (Brundin
et al., 1986, 1988; Clarke et al., 1988). Figure 1.1 provides a schematic overview of the
60HDA PD rodent model commonly employed in transplantation studies and the approach

adopted to implant new replacement cells.
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Figure 1.1 Cellular replacement therapy in a preclinical rodent model of

Parkinson’s disease

(A) Dopaminergic neurons lost in Parkinson’s disease, identified by tyrosine hydroxylase
immunoreactivity, reside in the substantia nigra pars compacta and send projections to the striatum forming
the nigrostriatal pathway in the rodent (B) 6-OHDA administration into the median forebrain bundle leads
to irreversible ablation of MDA neurons and subsequent loss of DA fibre terminals in the rodent striatum
(C) Transplanted fVM cells injected ectopically into the striatum survive and re-innervate the host striatum.
6-OHDA,; 6-hydroxydopmaine, mDA; midbrain dopamine, fVM; fetal ventral mesencephalic. Figure
adapted from Parish and Thompson (2014).

1.1.4 Intrastriatal transplantation of VM fetal tissue into PD patients

Promising results from a decade of preclinical studies led to an open-label clinical trial in
Lund, where PD patients were transplanted with human f\VM tissue for the first time (Winkler
et al., 2005). Whilst the initial two-patient study (1987) failed to demonstrate a significant
benefit (mainly attributed to no conclusive evidence of surviving cells), a later re-designed
trial, excitingly improved graft survival and demonstrated a clinical improvement in motor
features and '8F-DOPA PET imaging (Lindvall et al., 1989. 1990). Such excitement, initiated
several other studies to be performed across Europe and the USA. In these cases, the results

were variable, but overall showed a modest improvement (Freed et al., 1992, Figure 1.2).
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Patients eliciting greatest functional benefit, received transplants capable of both spontaneous
and drug-induced dopamine release and restoration of normal dopamine signalling in the
putamen, that fundamentally permitted alleviation of anti-PD medication (Mendez et al.,
2002; Piccini et al., 1999, 2000; Wenning et al., 1997). At the time, this was an extremely
exciting, and important discovery for cell replacement therapy, demonstrating proof-of-
principle evidence that dopamine-rich f\VM tissue can provide both extensive and sustained
functional benefit in patients.

Unfortunately, in the following trials, consistency was not always executed. Two NIH-funded
double-blind clinical studies were embarked on subsequent to the open-labelled trials (Freed
et al., 2001; Olanow et al., 2003), which regrettably failed to reach primary endpoints and
only a subset of patients indicated a marginal functional improvement that was not significant
when compared to anti-PD therapies available at the time (Freed et al., 2001; Olanow et al.,
2003). Integral to this poor success, in part, was the introduction of several new and untested

variables in the design of the trials (see 1.1.5) that impacted negatively on patient results.

Considerably alarming, and surprising from these trials was the recognition of severe off-
phase graft-induced dyskinesias (GIDs) in a proportion of transplanted patients in both of the
NIH-funded trials; 15% (Freed et al., 2001) and 56.5% (Olanow et al., 2003) respectively,
and a significant proportion in Lund that were retrospectively identified (Barker et al., 2016;
Brundin et al., 2010; Hagell et al., 2002). Interestingly, all of these patients had previously

experienced L-dopa induced dyskinesia prior to transplantation (Barker et al., 2016).

Despite, recognition that the NIH-funded trials were designed poorly and clear evidence that
when executed correctly grafts can provide substantial and significant functional benefit
(Winkler et al., 2005), the general consensus at the time was that the trials were a failure, and
as a result there was a significant period of dormancy that halted cell therapy for many years
(Breger and Lane, 2013).
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Figure 1.2 Meta-analysis of fetal dopaminergic transplantation trials and overview of

clinical outcomes

(A) Mean percentage change in UPDRS for all patients in each trial. (UPDRS: unified Parkinson’s disease
rating scale). Shift to the left indicates a functional improvement. (B) Influence of age on patient outcomes.
Halifax: Mendez et al (2002), Lund: Lindvall et al (1990), Colorado/Columbia: Freed et al (2001), Paris:
Peschanski et al (1994) and Tampa: Olanow et al (2003). Figure from Barker et al (2013).

1.1.5 Lessons learnt from clinical trials

Whilst clearly frustrating, the NIH-funded trials did invoke greater scrutiny of the open label
trials, such that retrospective assessment unveiled the optimal conditions for grafting;
inclusive of delivering younger donor tissue as a dissociated cellular suspension without prior
storage for a prolonged period, the need for immunosuppression (~12months), and selection
of younger patients with previous responsiveness to L-dopa (Barker et al., 2013; Lindvall and
Bjorklund 2004; Winkler et al., 2005).

Added to this, exploration into the graft-induced dyskinesia (GID) noted in a significant

proportion of patients in the clinical trials, originally eluded to uneven distribution of grafted



Introduction

DA neurons throughout the striatum (Ma et al., 2002; Carlsson et al., 2006) and/or
unwarranted DA release due to excessive fibre outgrowth (Freed et al., 2001). Although
debated by some, it was later revealed that unintended co-grafting of neighbouring
serotonergic neuroblasts were instead causative of GIDs (Mendez et al., 2005; Piccini et al.,
2005). Contamination within graft preparations resulted from poor/broad tissue dissections
that included hindbrain tissue (inclusive of the raphe nucleus) located caudal to the VM, an
unfortunate occurrence that can be challenging to exclude entirely without compromising the
yield of DA neurons (Barker et al., 2013)

The ability of serotonergic (5HT) neurons to uptake L-dopa and release as DA, albeit in a
dysregulated fashion, is thought to play havoc in fetal grafts. In the absence of auto-regulatory
control, excessive swings in DA levels caused by false neurotransmitter release of DA from
5HT terminals, can induce dyskinesias. However, since only some transplanted patients
developed GIDs despite all transplants likely containing a proportion of 5SHT neurons, this
suggested an additional factor was important, and it was later attributed that the relative
5HT:DA density (>2:1) in the graft was the crucial element for the development of GIDs
(Carlsson et al., 2009; Politis et al., 2011; Garcia et al., 2016).

Further validating for the role of SHT neurons was the marked attenuation of dyskinesia
following systemic administration of the selective serotonin 1A agonist (Busipirone), that is
capable of dampening neurotransmitter release (Politis, 2010). This indicated that excessive
serotonergic hyperinnervation was causative, supported by other preclinical studies (Aldrin-
Kirk et al., 2016; Lane et al., 2006; Politis et al., 2011). Unfortunately, the short-acting effect
of busipirone means it is not a viable treatment option to resolve GIDs and pursuit of longer-
acting serotonin agonists are still a remaining goal, however in the worst cases, patients

received additional neurosurgical interventions, such as DBS (Politis, 2010).

Long term follow up of patients, has demonstrated that substantial and long-term functional
benefit, allowing cessation of medication, can be achieved up to 18 years post-transplantation
(of particular importance in light of the waning efficacy of PD therapies over time)
(Kefalopoulou et al., 2014; Ma et al., 2010). Post-mortem examination, to support this
benefit, has demonstrated evidence of surviving dopamine cells with extensive synaptic
integration within the striatum even after several (24) years (Kordower et al., 1995, 1996;
Hauser et al., 1999; Piccini et al., 1999, 2000) (Figure 1.3). The observation of a single
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patient, losing functional benefit after 14years, despite extensive graft-derived DA
innervation observed at post-mortem 24 years after receiving a transplant (Li et al., 2016)
(Figure 1.3D-1), indicates that neurodegeneration in other areas of the brain can still impact

upon clinical decline even in the presence of a graft.

Of considerable interest to the field, has been the observation of alpha-synuclein-positive
inclusions in grafted dopaminergic neurons, supporting the possibility for pathological spread
from host to transplanted cells (Kordower et al., 2008; Li et al., 2008, 2010, 2016). Whilst
this pathological burden appears to rise over time, the mechanism is not clear, but it is thought
that a ‘prion-like progression’ may be causative (Brundin et al., 2016). This has sparked

great fascination in the research and clinical transplantation community, to better understand

D Non-grafted side E Grafted side

Non gl‘l»

side

Figure 1.3 Extensive graft-derived DA reinnervation of the host putamen is retained
24 years after transplantation in a Parkinson’s disease patient.

Graft-derived DA neurons in the putamen are elaborate and healthy even after 24 years (A-C). Dense
network of TH-positive fibres encompasses the grafted putamen (E), compared to the non-grafted side that
was completely devoid of TH+ fibres (D, G). Extensive dopaminergic innervation was observed both close
(H) and distant (1) to the graft, comparable to an age matched non-PD brain (F). Figure adapted from Li et
al (2016).
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the mechanism behind disease propagation/progression. Importantly, but probably not
surprising given the neurodegenerative nature of this disease, the rate of transmission seems
to be significantly slow, given that only ~1-12% of DA neurons appear to be infected after
12-24years, without any obvious impact on neighbouring healthy DA neurons (Kordower et
al., 2008; Li et al., 2008, 2010, 2016). This phenomenon, at least at this point, does not appear
to be a concerning limitation for CRT.

Such disparity between trial design and execution has stressed that significant attention and
refinement is required to standardise and outline the design for future clinical trials. In light
of this, a EU-funded open-labelled clinical trial (TRANSEURO, NCT01898390) is currently
in progress with completion expected in 2021, inclusive of a 3 year follow-up (Barker, 2014).
This trial will address the major issues outlined from the trials, notably 1) to optimise patient
selection and immunosuppressive regimes, 2) standardise tissue preparation and composition,
3) regulate graft placement and support and 4) identify suitable clinical end-points
(www.transeuro.org.uk) (Barker, 2014). Of note, the single, biggest problem encountered in
the trial so far has been tissue availability and as a result only 11 out of 20 patients have

received transplants (Barker et al., 2019).

As such, considerable ethical and logistical barriers with the use of embryonic tissue,
specifically unsustainability (requiring >3 aborted foetuses per hemisphere grafted) and
difficulties to standardise, limit its use as a mainline therapy for PD (Bye et al., 2012; Olanow
etal. 2003; Winkler et al., 2005). It is hoped TRANSEURO will instead elucidate and resolve
potential pitfalls to pave the way for future stem cell-derived neural transplantation.

1.2. Alternative sources of DA neurons

In acknowledgement of the limitations of fVM tissue, many alternative DA cell sources have
been trialled as donor tissue for transplantation; including adrenal medullar DA cells,
diencephalic DA neurons, retinal pigment epithelium cells, and carotid body cells for
replacement in PD (Figure 1.5) —all with little success, since they failed to resemble authentic
midbrain DA neurons, and more specifically be of A9 phenotype, capable of functionally
integrating into the basal ganglia circuitry in order to restore motor function (Grealish et al.,
2010; Barker, 2014).
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1.2.1 Embryonic development

Necessary for utilising PSCs as a donor cell source in the advancement of CRT for PD is a
concrete understanding of the cascade of events that occur during development of mDA
neurons. It is recognised that these neural developmental events will need recapitulating in
order to generate appropriate VM-like DA progenitor donor cells. The following is a brief
overview of the developmental events involved in specification of mDA neurons in the mouse

and human.

During formation of the neural tube in embryonic development, two key signalling centres
are created that are influential in VM development; the floor plate (FP), which distinguishes
ventral identity (Placzek and Briscoe, 2005) and the isthmic organiser (IsO), that demarcates
the midbrain-hindbrain boundary (Joyner et al., 2000; Rhinn et al., 1998; Wassarman et al.,
1997). The mutual repression of Otx2 and Gbx2 together delineate this boundary (Li &
Joyner, 2001) (Figure 1.4A). These structures both secrete specific patterning molecules
(namely Sonic hedgehog, Shh; Fibroblast growth factor 8, FGF8; and Wnt1) critical for

sufficient induction of mDA neurogenesis (Hynes et al., 1995; Hynes et al., 1995; Ye et al.,
1998, Figure 1.5A, B). Such graded signals act in concert along the rostrocaudal, dorsoventral
and mediolateral axes of the neural tube dictating positional information for the early
specification of ventral midbrain (vm) progenitors (Aguila et al., 2012). Expression of key
transcription factors (LMX1b, PITX3, NURR1, EN1/2) co-ordinate the transition of vm
neural progenitors into committed, post-mitotic MDA neurons (Riddle and Pollock, 2003)
(Figure 1.5 C, D). LMX1b, an LIM-homedomain transcription factor (Simon et al., 2003),
regulates the expression of PITX3 (paired-like homeodomain transcription factor 3), and
promotes survival of mDA neurons. The direct regulation of tyrosine hydroxylase (TH)
expression (the rate limiting enzyme in DA synthesis) by Pitx3, and induction of cell cycle
arrest by Nurrl, collectively promote terminal differentiation of mDA neurons (Maxwell and
Li, 2005; Prakash and Wurst, 2006). Engrailed 1 and 2 (collectively EN1/2) both play a role
in early and late embryogenesis, instrumental in regionalising the developing embryo
(Kornberg 1981, 1985; Waurst et al., 1994), as well as specification of neuronal phenotypes
(Condron et al., 1994; Lundell et al., 1996; Saueressig et al., 1999; Simon et al., 2001).

10
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Figure 1.4 mDA development is regulated by transcription factors and morphogens
(A) Sagittal schematic of an E11.5 mouse brain. Orchestrated expression of Otx2 and Gbx2 dictates the
formation of the isthmic organiser (IsO) that delineates the midbrain-hindbrain boundary. SHH, secreted
by the notochord, specifies the floor plate following high SHH signalling. Collective expression of FGF8,
SHH, Wntb5a and Wnt1 are key for the induction of MDA neurogenesis and define the region that gives rise
to TH+ DA neurons. (B-C) Coronal section of the developing midbrain at E11.5 (indicated by black arrows
in B). (C) Immature mDA progenitors (blue) divide in the ventricular zone and migrate radially across the
intermediate zone (1Z) as post-mitotic neuroblasts, that become TH+ mDA neurons on reaching the
marginal zone (MZ). (D) Panel of transcription factors and morphogens across the entire mDA lineage, of
progenitors (blue), neuroblasts (yellow) and mDA neurons (red). Levels depicted as either low expression
(%) or expressed (+). Figure adapted from Arenas et al (2015).

1.2.2  Pluripotent stem cell differentiation

The most common stem cell sources that have been pursued for DA neuron derivation are
mesenchymal stem cells, induced neurons, expanded precursor cells and pluripotent stem
cells (Figure 1.5) (Shen et al., 2016), with the later most successful and advancing the furthest
to date (Barker, 2014; Lindvall and Kokaia 2009) .

Pluripotent stem cells (PSCs), inclusive of both embryonic (ESC) and induced pluripotent
(iPSCs) have emerged as a promising alternative DA source to fetal tissue for the treatment
of Parkinson’s disease. These cells have the various benefits of sustainability, reduced ethical
issues and capacity to generate numerous highly specialised and fully functional mature cell
types (Evans and Kaufman, 1981). ESCs are derived from the inner cell mass of the

developing embryo, whilst adult somatic cells (e.g. fibroblasts) can be reprogrammed back

11
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Figure 1.5. Cell-based therapies for PD — past and present.

The left hand side indicating cell types previously trialled in PD patients. Only fVM tissue has been shown
to be efficacious, attributed to the ability to give rise to authentic midbrain DA neurons. The right hand
shows potential cell sources that have been tested for their capacity to generate DA neurons. Pluripotent
stem cells (inclusive of embryonic and induced pluripotent) have been successful, with iPSC-derived DA
neurons already in clinical trial testing, efficacy has not been reported yet. Whilst other sources such as
mesenchymal stem cell or expansion of fVM tissue have failed. Figure from Barker et al (2015).

to pluripotency by expression of transcription factors, to form iPSCs (Takahashi and
Yamanaka, 2006).

Following the successful establishment of human ESCs (hESCs) (Thomson, 1998), and
subsequently human iPSCs (hiPSCs) in 2007 (Takahashi and Yamanaka, 2006), there was
considerable excitement to produce a differentiation protocol capable of generating stem cell-
derived mDA neurons. Initial methods focused on spontaneous region-specific differentiation
to a neuroectoderm origin that often adopted co-culture systems (either murine stromal cells
or astrocytes) combined with SHH and FGF8 treatment. The first protocol capable of
generating TH-expressing dopamine neurons was reported by Perrier et al (2004) , that were
subsequently followed by others with similar effects but highly variable patterning
efficiencies (Brederlau et al., 2006; Park et al., 2005; Perrier et al., 2004; Sonntag et al., 2007;
Zeng et al., 2004; Roy et al., 2006; Cooper et al., 2010; Yan et al., 2005; Yang et al., 2008).

Undermining this early progress was evidence of tumour formation following transplantation

12
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that occurred in some instances (Brederlau et al., 2006; Sonntag et al., 2007) and more
importantly the revelation that these DA neurons critically did not express the array of mDA-
specific lineage markers (FOXA2/LMX1A/NURR1/EN1/PITX3/TH) that we now recognise
as indicative of authentic mDA neurons (Zhao et al., 2004). Such observations highlighted
the need for development of advanced protocols that more closely mimicked human

embryonic mDA development.

Critical in this progression was the discovery that mDA neurons are derived from the floor
plate progenitors (rather than of neuroepithelial origin) (Ono et al., 2007; Bonilla et al., 2008).
This lead to the generation of protocols focused on earlier regional patterning of hPSCs,
simultaneously with neutralisation. This refined approach generated successful and highly
efficient formation of authentic mDA neurons, importantly from the correct floor plate
intermediate progenitor population (Kriks et al., 2011), that was reported later by others
(Denham et al., 2012; Fasano et al., 2010; Kirkeby et al., 2013; Niclis et al., 2017a; Xi et al.,
2012). With this important milestone (and rigorous validation in vivo that was subsequently
performed), came the next step to generate good manufacturing practice (GMP)-compliant
clinical grade cells. Efforts in our lab saw the development of an advanced xenogeneic-free,
feeder-free, fully defined protocol, capable of both scalable expansion, and progenitor
cryopreservation prior to transplantation (Niclis et al., 2017a), thereby making significant

headway towards the future generation of GMP-compliant clinical-grade cells.

1.2.3 Engraftment of PSC-derived DA progenitors

Work by us and others have demonstrated that following transplantation, hPSC-derived mDA
neurons show robust graft survival, striatal/caudate putamen innervation and functional
restoration of motor deficits in 60HDA rodents and non-human primate models of PD (Kriks
et al., 2011; Denham et al., 2012; Xi et al., 2012; Kirkeby et al., 2013; Dell’Anno et al.,
2014; Hallett et al., 2015). These cells were also demonstrated to possess equivalent
anatomical integration and efficiency to primary human fetal dopaminergic neurons (Grealish
et al., 2014). Added to this, grafted stem-cell derived mDA neurons displayed a remarkable
capacity for target-specific and extensive circuit integration (Figure 1.6), whilst critically
expressing markers of mature A9 and A10 subtypes, GIRK2 and Calbindin respectively
(Grealish et al., 2015; Niclis et al., 2017b). Importantly, chemogenetic and optogenetic

approaches, have provided conclusive evidence that amelioration of motor deficits by stem-
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cell derived mDA neurons is a direct result of functional synaptic integration (Dell’ Anno et
al., 2014; Steinbeck et al., 2015; Chen et al., 2016).

Despite functional success, an exhaustive comparative analysis of >30 transplant rounds of
hPSC-derived vm progenitors highlighted significant variability in graft outcomes despite a
consistent patterning threshold (>80% FOXA2/LMX1A) applied (Kirkeby et al., 2017).
Analysis of cell batches taken prior to transplantation and correlated to transplant outcome,
demonstrated that grafts with a high DA neuron yield correlated positively with markers
associated with the caudal VM (EN1, SPRY1, WNT1, CNPY1), but surprisingly had no
correlation with many of the commonly associated early vmDA markers (FOXA2, CORIN)
that are typically used as a metric for determining patterning success prior to transplantation.
Such observations highlighted the need for more rigorous pre-grafting assessment (Kirkeby
et al., 2017). Retrospective analysis identified a higher level of rostral VM diencephalic
progenitors within PSC cultures (identified by co-localisation of BARHL1+/PITX2+) that
correlated with a lower DA vyield following transplantation (Kirkeby et al., 2017).

1.2.4 Clinical translation

To improve grafting variability and adapt to full GMP standards for clinical translation,
Kirkeby et al (2017) developed a complete GMP-compliant differentiation protocol that
focused on fine tuning the rostro-caudal patterning of VM progenitors towards a more caudal
mDA fate. Refinement led to an increased expression of markers indicative of a positive graft
outcome, and consequentially reduced the inclusion of diencephalic progenitors. Prior to
grafting, cells were profiled and selected based on low BARHL1/PITX2 and high
EN1T/LMX1A/FOXA2 expression levels. Whilst batch-to-batch reproducibility of
differentiations could be achieved within a cell line, the recognition of extensive variability
in morphogen requirements between hPSC lines has emphasised the need to optimise

protocols for each cell line (Kirkeby et al., 2017).

Whilst disappointing results from the fetal clinical trials significantly derailed the field for
over a decade, it consequentially led to the development of TRANSEURO, a hugely valuable
collaboration, that emphasised the benefits of working more closely together to push
therapeutic approaches (of cell replacement therapy) forward. With stem cell based therapies
closely approaching clinical trials, the stem cell field adopted a similar approach, with a

global initiative (G-force PD) inclusive of the most active multidisciplinary teams. This
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enabled an open discussion between global leaders on potential challenging aspects
envisioned for translation to the clinic and standardisation of trial design, in the hope that
comparisons can be made between trials in the future and mistakes that arose in the fetal trials
can be avoided (Barker et al., 2015).

1.3  Strategies for improving safety and functional outcomes

Despite excitement of improved specification efficiency and graft functionality, protocols
persist to contain a heterogeneous population (with ~10-13% of cells still failing to co-express
the cardinal vm progenitor markers; FOXAZ2 together with LMX1A) prior to transplantation
(Kirkeby et al., 2017; Niclis et al., 2017a). Surprisingly, the identity of these poorly specified
cells and their potential functional impact, has been minimally investigated. This is particular
concerning considering stem cell-derived DA products are already being tested in PD patients
in Japan (CiRA, see press release in Nature news www.nature.com/articles/d41586-018-
07407-9) as well as imminent clinical trials planned by other teams in the coming year
(STEM-PD, NYTEM-PD, Summit for PD trial, Barker et al., 2017).

What is clear, is that even a small fraction of these (non-vm) progenitors within transplanted
material can expand extensively over time to dominate the graft, and significantly impede on
the surrounding striatal tissue (Niclis et al., 2017b). Assessment of a number of studies to
date has revealed grafts contain a significantly low proportion of DA neurons (reports ranging
between 1-5%) (Doi et al., 2014; Kirkeby et al., 2012, 2017; Kriks et al., 2011; Niclis et al.,
2017b; Samata et al., 2016). Added to this, the presence of these incorrectly patterned cells
has been shown to cause significant widespread innervation of non- dopaminergic nuclei
throughout the host brain that encompasses the majority of graft-derived innervation (Niclis
et al., 2017b) (Figure 1.6). The potential consequence of this off-target innervation on

function is currently unclear.

In addition, are the concerns of potential tumour formation or tissue overgrowths by stem-
cell based therapies, that may arise due to undetectable PSCs, residual highly proliferative
progenitors or re-awakened quiescent stem cells. Whilst tumours have not been observed with

improved differentiation protocols (unlike those observed in earlier preclinical studies using
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Figure 1.6 Synaptic integration of grafted cells is widespread, and mainly non-

dopaminergic

(A) Coronal sections of the rodent brain indicating dopaminergic (green) and non-dopaminergic (red)
innervation. (B) Assessment of fibre density demonstrates mDA neurons (green) innervate selectively and
appropriately to developmentally appropriate targets, whilst non-mDA NCAM+ neurons (red) shows
significant and wide-spread targeting across the rostral-caudal axis. Figure from Niclis et al (2017b).

neuroepithelial patterned cells) (Brederlau et al., 2006; Sonntag et al., 2007), the limited life
span of animal models (<9months) has prevented a full investigation into the potential of
tumorigenesis/overgrowth arising after many years, an important consideration for this long-

term therapy.

Persistent heterogeneity within the differentiations and resultant low DA yields within grafts
demands for refinement approaches capable of enriching for mDA neurons whilst eliminating
these unwarranted, poorly specified cell types that may allow for tumorigenesis and neural
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overgrowth, or alternatively may cause off-target motor effect such as those observed
following the inclusion of 5HT neurons within fetal grafts. Such approaches should aim to be
non-invasive and standardised whilst ensuring both safety and scalability without evident
negative impact on differentiated cell types (Freed et al., 2001; Olanow et al., 2003).

1.3.1 Cellular enrichment

For this reason, efforts have been made in the field to selectively isolate correctly specified
cells prior to grafting. Fluorescence-activated cell sorting (FACS) or Magnetic-activated cell
sorting (MACS), targeting intracellular and extracellular proteins respectively, are capable of
separating cellular populations. In the context of dopamine grafts, sorting can be utilised to
select for progenitors with the appropriate mDA phenotype (Pruszak et al., 2007).

Initial efforts to segregate cell populations from differentiated PSC cultures were performed
on rodent cultures, using fluorescent reporter lines under numerous promoters (Sox1, Sox2,
DAT, NSP4) to enrich for progenitors and post-mitotic DA neurons (Chung et al., 2006;
Fukuda et al., 2006; Parmar & Li, 2007; di Porzio et al.,1987; Zhou et al, 2009). While some
of these studies could avert tumour formation they commonly employed markers too broadly
expressed to selectively isolate mDA progenitors/neurons (e.g. Sox1 and Sox2) or were too
late in the differentiation to support isolation and survival after transplantation (e.g. DAT).
Later purification studies implemented vm-specific factors, expressed on DA progenitors and
young DA neuroblasts; inclusive of Hes5, Ngn2, Lmxla, Nurrl, Pitx3. The result was
improved survival and functional outcome following transplantation into the rodent brain
(Ganatetal., 2012; Hedlund et al., 2008; Jonsson et al., 2009; Nefzger et al., 2012; Thompson
et al., 2006).

Despite over a decade of efforts, isolation of VM progenitors from human PSC cultures has
been met with variable success. In a number of studies, candidate markers employed for
selection purposes were too broadly expressed to selectively isolate VM progenitors such as
the pan-neuronal markers CD56/CD29/NCAM (Pruszak et al., 2007), ventral floor plate
marker (Aguila et al., 2014), ventral midbrain floor and basal plate markers Integrin
Associated Protein and LMRTL1 (Lehnen et al., 2017; Samata et al., 2016), as well as ventral
midbrain/hindbrain marker CORIN (Doi et al., 2014). Added to this, some studies conducted
sorting early in the differentiation, requiring periods of extended replating prior to

transplantation with the consequence of less predictive knowledge of the implanted
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Figure 1.7 Isolated human LRTM1+ basal floor plate progenitors generate functional

DA neurons with reduced overgrowth in vivo

(A) Unsorted and LRTM1" cells contain pockets of poorly specified progenitors (NURR1/FOXAZ2") that
are devoid in LRTM1* cultures. (B) Isolation of LRTM1* cells enrich for vm progenitors
(FOXA2*/LMX1A*) in hPSC cultures. (C-E) Engrafted LRTM1* progenitors generate significantly
smaller grafts (D) with greater DA yield (E) compared to unsorted and LRTM1-derived transplants. (F-G).
Grafts derived from LRTM1+ cells maintain function comparable to unsorted cells. Figure adapted from
Samata et al (2016).

population and resultant variability across repeated grafting rounds (Samata et al., 2016).
Alternatively cultures that were sorted as late as day 42 of the differentiation, resulting in
poor graft survival (Doi et al., 2014; Lehnen et al., 2017) or showed no evidence of grafting
(Xiaetal., 2017), the later a consequence of isolation and transplantation of post-mitotic TH+
mDA neurons. Several of these approaches relied on low sorting yields impacting feasibility
of large-scale production of desired progenitors required for human transplants (Doi et al.,
2014, Samata et al., 2016a). Another challenge has been that rodent tissue was initially
employed to identify clinically-applicable cell surface antigens on DA progenitor
populations, yet translation of these approaches were unsuccessful as antibodies failed to
show the same restrictive isolation or immunoreactivity in human cells (Bye et al., 2015;

Gennet et al., 2016; Samata et al., 2016) and our unpublished observations.
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Most advanced in the field has been the effort to isolate leucine-rich repeats and
transmembrane domains 1 (LRTM1)-expressing cells from human PSC-derived VM cultures
(Samata et al., 2016). Transplantation of LRTMZ1+ cells increased the proportion of tyrosine
hydroxylase (TH) expressing DA neurons within rodent grafts, with functional improvements
in motor asymmetry observed as early as 8 weeks after transplantation (of note this is
considerably earlier than other labs) (Figure 1.7). Repeat LRTM1+ grafting however reported
4-fold less TH+ cells within the graft, an effect likely reflecting in vitro variability and

heterogeneity following extended periods of replating after sorting.

As a consequence of these suboptimal and/or variable outcomes, combined with the field’s
desire to rapidly advance to the clinic, there remains a persistent and inherent need to identify
a reliable candidate marker for the enrichment of DA progenitors from human PSC-derived
VM cultures.

1.3.2 Suicide gene therapy

Approaches for safety against potential tumorigenesis that can be implemented after
transplantation have also been explored in preclinical studies. Whilst targeted elimination of
rogue proliferative cells has been demonstrated using gamma ray irradiation (Katsukawa et
al., 2016), this aggressive measure has a multitude of adverse side effects that can be chronic,
in addition to concerns regarding its efficacy. The concept of withdrawing
immunosuppression following adverse effects or overgrowth, alternatively relies on the host
immune system to recognise the grafted cells as foreign (Itakura et al., 2015). However, this
brings its own issues of variability in immunogenicity between patients, and the consequential
loss of the entire graft. Added to this, problems may arise several months after engraftment
at which point these cells may evade the immune system, as indicated by the long-term
(24yrs) survival of grafted cells despite only 12 months of immunosuppression (Li et al.,
2016).

Alternatively, suicide gene therapy, has been suggested to improve the safety of stem cell
transplantation. This is achieved by stable incorporation of a dormant suicide gene, encoding
a protein that results in cell death only when activated by a specific compound. The most
extensively studied suicide system to date is the herpes simplex virus thymidine

kinase/ganciclovir (HSV/TK-GCV) system (Figure 1.8). In this enzyme based system, the
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suicide gene thymidine kinase (TK) is delivered using the herpes simplex virus, rendering the
cell sensitised to the prodrug ganciclovir. TK encodes for an enzyme that catalyses the
phosphorylation of ganciclovir (GCV) into a highly toxic triphosphate derivative (GCV-3P),
that can act as a guanosine analog, to cause termination of DNA replication, in this regard to
specifically eliminate only proliferating cells expressing the TK enzyme (Morgan, 2012; Xiao
etal., 2014).

The concept of suicide gene therapy was first introduced by Moolten and colleagues in the
late 80s. They demonstrated that tumour cells, transfected with the HSV-TK gene could be
sufficiently eliminated both in vitro and in vivo following administration of the pro-drug
(Moolten, 1986; Moolten and Wells, 1990). While initially targeted as a tumorigenic/cancer
therapy, more recently suicide gene therapy has proven to be clinically efficacious in the
practice of allogeneic hematopoietic stem cell transplantation (allo-HSCT) as a therapeutic
option for graft-versus-host-disease (GVHD) (Morgan, 2012). Here, TK-modified donor T
cells were administered to patients, with the safe-guard that GCV can be administered to
selectively mitigate active GVHD (Bonini et al., 1997).
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Figure 1.8 Suicide gene therapy

The prodrug-converting enzyme, thymidine kinase (TK) is delivered using the herpes simplex virus (HSV)
into cell system. Administration of the prodrug, ganciclovir (GCV) is converted to a highly toxic
phosphorylated metabolite by TK, that terminates DNA replication and causes apoptosis. Figure from
Mccormick (2001).
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More recently, others have utilised this technology to deplete the neural stem cell reservoir
and directly modulate adult neurogenesis in transgenic mice models. Following GCV
exposure, transgenic mice with TK expression regulated by either Nestin (Singer et al., 2009;
Youssef et al., 2018) or doublecortin (Jin et al., 2010; Seo et al., 2015; Sun et al., 2012), to
target neural progenitors and neuroblasts respectively, demonstrated a reduction in adult
neurogenesis in the 1% and 3" trimester, but it was only in the first trimester when cells were
highly proliferative that complete elimination of dividing neural stem cells was achieved. It
is thought that NSCs enter a quiescent phase during the third trimester and become less
responsive to GCV (Youssef et al., 2018).

Introduction of the HSV-TK suicide gene system into a pluripotent stem cell line was first
reported by Schuldiner (2003). Here, they demonstrated successful ablation of teratomas
following human PSC grafts in mice. This approach was utilized in further stem cell studies
to a similar effect (Schuldiner, 2003; Jung et al., 2007; Cheng et al., 2012). To date,
approaches to specifically target elimination of pluripotent stem cells have been developed
under numerous pluripotent cell-specific promoters; Oct4 (Hara et al., 2008; Ou et al., 2013)
and Nanog (Rong et al., 2012) or cell-cycle driven promoters; Ki67 (Kotini et al., 2016),
CDK1 (Liang et al., 2018). Although these have been successful in teratoma applications,

their ability to remove defined populations from neural grafts remains an important goal.

Whilst exposure to GCV has been shown to completely ablate proliferating neural epithelial
progenitors in vitro (Kotini et al., 2016; Liang et al., 2018), providing evidence that the HSV-
TK system has the capacity to impact differentiated progeny, efforts implementing suicide
gene therapy in hPSC-derived neural grafts have not been met with such success. Using this
paradigm, Kotini et al (2016) demonstrated successful prevention of continued teratoma
growth, however when hPSC-derived DA grafts were exposed to GCV for the same duration,
no changes in graft volume were observed. This suggested that further work is needed to

investigate if the regime employed for teratoma studies is suitable for neural grafts.

Additional concern for the employment of this technology has been the recognition of
frequent GCV resistance in both iPSC-derived teratomas (Kotini et al., 2016) and human T
lymphocytes (Garin et al., 2001). Resistance to GCV (and/or incomplete ablation) has also
been identified in other suicide systems, such as the inducible caspase-9 suicide gene system
(iCasp9) (Di Stasi et al., 2011; Gargett and Brown, 2014; Wu et al., 2014).
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As the field advances towards the clinic, it will be essential for suicide approaches to
implement additional fail safe features within suicide cell lines to limit emerging resistance.
One such way is to protect a suicide system from inactivation. This has been most recently
demonstrated by our collaborators by expressing the TK gene under the regulation of a
promotor for an essential locus that is required for cell cycle progression, such as CDK1
(Liang et al., 2018). CDK1 is a non-redundant cyclin-depended kinase (CDK) with an
essential role in mitosis (Malumbres, 2014). Thus, mutations at this locus that render the
protein non-functional will stop the transition from G2 to M phase of the cell cycle and
prevent cell division (Malumbres, 2014). This group further validated this safe-cell system
using mathematic modelling to identify the ‘safety cell level’ based on the number of cells
needed for a particular cellular therapy. The safe-cell level (SCL) can be defined as the
number of therapeutic batches in which there is expected to be only one non-safe batch (for
example an SCL of 1,000, would indicate one in a thousand batches would be unsafe) (Liang
et al., 2018).

1.3.3 Refining the optimal transplant age

Developmental age of harvested human and rodent fetal vm tissue for transplantation can
have a significant impact on graft composition and functional outcomes, (Brundin et al.,
2000). Critically, there appears to be a narrow developmental window that f\VM tissue can be
harvested to ensure functional capacity. Several studies have determined that immature
progenitors which remain proliferative, whilst being fully committed to a DA fate, and
isolated prior to the peak of DA neurogenesis, leads to better graft survival, composition and
striatal targeting (Kauhausen et al., 2013, Bye et al., 2012, Seiger and Olson, 1977., Torres
et al., 2007., Torres et al., 2008). By comparison, cells isolated too early (prior to sufficient
neural fate specification) or taken too late during development (i.e. neuroblasts susceptible to
axotomy), have produced sub-optimal results, typically due to poor survival and/or low yield
of DA neurons (Dunnett et al., 1997). Added to this, more recent studies have highlighted
that A9 DA neurons precede the birth of neighbouring A10 DA neurons (Joksimovic et al.,
2009; Blaess et al., 2011; Hayes et al., 2011; Bye et al., 2012), and consequently the
transplantation of younger donor tissue enriches for this necessary A9 population (Bye et al.,
2012). In light of these results, the inherently broad, and often variable, donor ages utilised
in the fetal clinical trials is thought to likely be an important contributing factor to the diverse

clinical outcomes.
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Despite fetal studies reporting a strong influence of vmDA fetal donor cell age on graft
outcomes, there has been relatively limited comparisons of hPSC-derived vmDA grafts at
varying in vitro developmental ages (Kirkeby et al., 2012; Qiu et al., 2017) . Further
confusing the landscape has been the wide range in ages utilised for grafting (ranging from
D16-42) that various groups adopt for transplantation despite several studies sharing similar
differentiation protocols (Doi et al., 2014; Gantner et al., 2020; Kirkeby et al., 2012; Kriks
et al., 2011; de Luzy et al., 2019; Samata et al., 2016; Wakeman et al., 2017). Such
exploration is essential, given the imminent advancement of hPSC-derived DA progenitor
grafts into the clinic and given that terminal maturation in vitro cannot be predictive of graft

outcome.

1.4  Proposed research

As the field makes significant headway towards cell replacement therapy for Parkinson’s
disease it is important to recognise that other essential objectives for clinical translation
remain unanswered. At the forefront, is the need to standardise hPSC-derived DA grafting
outcomes to ensure patient safety and maximise graft functionality. In order to address this
goal, the overarching focus of my research has encapsulated 3 aims that span two broad
concepts (i) employing novel stem cell tools to eliminate unwanted graft-derived cellular
populations that may evoke adverse side effects or overgrowth/tumorigenesis (Aims 1 and
2), and (i) to understand the impact of both in vitro cell age at engraftment and cell line on

graft outcome (Aim 3).

1.4.1  Aims of the thesis
Aim1: To investigate the potential of human ESC reporter lines to selectively isolate vmDA

progenitors/precursors for transplant

Aim 2: To assess the benefits of introducing a suicide gene into the hPSC-derived donor cells

to improve the safety of neural transplants targeted for Parkinson’s Disease

Aim 3: To determine the optimal developmental age of hPSC-derived vm progenitors for

transplantation and assess the reproducibility of grafting between and within cell lines
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Chapter 2.

Materials and Methods

2.1  Human pluripotent stem cell culture

hESC lines H1 (WA-01, WiCell, XY) and H9 (WAO09, WiCell, XX) (Thomson et al., 1998)
and iPSC line RM3.5 (MCRI, XY) (Kao et al., 2016) were maintained on Laminin-521
(5ug/ml, Biolamina) coated T25 flasks, that were pre-coated either at 37°C for 2hrs or
overnight at 4°C. Media (mTeSR1, StemCell Technologies), supplemented with 0.5%
penicillin-streptomycin (Life Technologies), was changed daily. The RM3.5 iPSC line was
also cultured in 5% Knockout Serum Replacement (KSR, Life Technologies). Every 4-5 days
cultures were passaged (at 70-80% confluence) with ReLeSR (StemCell Technologies) to
small clusters of 5-50 cells at 1:10-1:20. All lines were frequently tested for mycoplasma
(MycoAlert detection kit, Lonza), with all results negative. For long-term storage, hPSC were
dissociated into small cell clumps using ReLeSR and resuspended in cryopreservation media
consisting of 60% mTeSR1, 30% KSR and 10% dimethyl sulfoxide (DMSO, Life
Technologies). Cell suspensions were transferred into a freezing container (Mr. Frosty™,
ThermoFisher) stored at -80°C and relocated to LN, for long storage once frozen. For
resuspension into culture, frozen vials were rapidly thawed by a water bath and diluted in
warmed mTeSR1 with the addition of Rock Inhibitor Y-27632 (ROCK:i, Tocris Biosciences)
before replating onto pre-coated T25 flasks. Thawed cells were passaged at least twice before

experimental testing.

LMX1A- and PITX3-GFP hESC lines (H9 background), and CDK1-TK (H1 background)
were generated as previously described (Watmuff et al., 2015; Niclis et al., 2017; Liang et
al., 2018), while the PITX3-GFP hiPSC line was a new cell line generated for experimental
use in Chapter 5 and is described in greater detail below. Reporter lines were employed for
the purification of LMX1A+ mDA progenitors and PITX3+ mDA precursors (Chapter 3), or
to visualise and track transplanted PITX3+ mDA neurons (Chapter 5). The suicide line,

CDK1-TK, was implemented to eliminate dividing cells from grafts (Chapter 4).
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2.2  Generation of PITX3-eGFP hiPSC reporter line
Neon® electroporation of Donor and ZFN plasmids

To generate the new PITX3-GFP hiPSC line, confluent (70-90%) RM3.5 hiPSCs were
harvested as a single-cell suspension using Accutase (SingleCell Technologies) and
resuspended at a concentration of 1.0 x 10" cells/ml in Resuspension Buffer ‘R’ from the
Neon® 100 pl kit (Invitrogen). Subsequent to a brief (5 min) incubation of 1 pg/1.0 x 10°
cells of the PITX3-eGFP-PGK-PURO donor plasmid (originally a gift from Rudolf Jaenisch,
Addgene deposit #31942; http://n2t.net/addgene:31942; RRID:Addgene_3194) from the
PITX3 CompoZr® Targeted integration kit (Sigma) on ice, equimolar ratios of supplied
PITX3 zinc-finger nuclease plasmids (ZFN1 & ZFN2) were added and the sample transferred
to a Neon® (Invitrogen) pipette using the Neon® tip, as per manufacturer’s instructions. The
cell suspension underwent electroporation under the following conditions optimized for
PSCs; 1650V with 10ms pulse width and a pulse number of 3.

Expansion and screening of clones

Following electroporation, the cell suspension was diluted 1:3, 1:6 and 1:9 in mTeSR-1
supplemented with 5% KSR (ThermoFisher) and plated into 6-well plates pre-coated with
Laminin-521. Media was changed after 24hrs with the addition of 0.5-1.0 pg of Puromycin
to select for positive donor plasmid integration. Daily media changes of puromycin continued
for a total of 13days, with large-scale cell death observed in all wells after 24 hours of
exposure. Following ‘puromycin selection’, very small colonies began to form that expanded
into large flat colonies in all wells after 3 days. Colonies (from the 1:9 dilution) were
manually subcultured under a dissection microscope using a 23 needle and pipette, and
replated in mTeSR1 supplemented with Y-27632 into duplicate wells of either 24- or 96-well
plates

Expanded clones (for 6 days) were isolated using Accutase and genomic DNA (gDNA) was
extracted using the ISOLATE Il genomic isolation kit (Bioline). Following extraction
according to manufacturer’s specifications PCR was performed using the Phusion™ high
fidelity RT-PCR kit (ThermoFisher) to confirm insertion at PITX3 locus. Briefly, 20 ng
gDNA (1 ng for vector control), 3% DMSO and all remaining kit reagents were combined
with in-house designed primers amplifying through left homology arm of the donor plasmid.
PCR of these samples was performed using a two-step amplification protocol with the

Veriti™ thermal cycler (ThermoFisher) was programmed for 30 seconds at 98°C for initial
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denaturation, 35 cycles of 10 seconds at 95°C for denaturation, 90 seconds at 72 °C for

extension, and a final extension at 72°C for 10 min.

Following PCR, samples were mixed with 6x TriTrack loading dye (ThermoFisher) and
separated by electrophoresis at 90 V for 45 minutes on a 1% (w/v) agarose gel in 1 x TAE
buffer alongside HyperLadder™1 kb ladder (Bioline) & relevant controls. Gel was visualized
at 340 nm using the UV imaging system (BioDoc-It), clones with successful integrates
displayed bands at 984 bp. In addition, vector-only or human gDNA controls gave rise to

bands at 1350 and 970 bp, respectively.

2.3 Neural differentiation
To initiate differentiation, confluent hPSCs (70-90%) were washed with PBSM¢/Ca

dissociated into a single-cell suspension with accutase, and resuspended in mTeSR1
supplemented with ROCK inhibitor Y-27632 (10uM). Dissociated cells were seeded at an
optimized density (0.225-0.375 x 10%/cm?), determined for each individual cell line, to ensure
100% confluence by the next day. Prior to differentiation, cultures were washed twice with
PBSM9/C% tg eliminate remaining mTeSR1 media and differentiation started approximately
24hrs after seeding. For both protocols (Figure 2.1), dual SMAD inhibition (SB, 10mM;
LDN, 200nM) was utilized from day 0-11 (DO-D11) to induct cells towards a
neuroectodermal origin. For the DA protocol, a serum replacement media (SRM: DMEM/F12
+ GlutaMax, 15% knockout serum replacement, 1% NEAA, 0.2% B-mercaptoethanol, 0.5%
penicillin-streptomycin) that transitioned into a N2 media (DMEM/F12, 1% N2, 1% ITS-A,
1% NEAA, 0.5% penicillin-streptomycin) from D5 was utilised. For forebrain differentiation,
cells were cultured in media consisting of (1:1) DMEM/F12: Neurobasal, 0.5% B27+VitA,
0.5% N2, 0.5% ITS-A, 1% GMAX, 0.5% penicillin streptomycin and 0.1% f-
mercaptoethanol.

To direct cells towards a mDA progenitor phenotype, sonic hedgehog signaling was activated
from D1-D7 (100ng/ml SHH C211 and 2uM purmorphamine, PM) in addition to the canonical
Whnt agonist CHIR99021 from D3-13 (3uM) to promote caudalisation. Media was changed
every 24 hours for the first 7days of the differentiation, to counteract small changes in
morphogen concentration that may impact on patterning efficiencies, and every second day
thereafter. At D11, vm progenitors were cultured in 1:1 DMEM/F12:NBM, 2% B27+VitA,
1% ITS-A, 0.5% GlutaMAX, 0.5% penicillin-streptomycin supplemented with recombinant
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human glial cell-line derived factor (20ng/ml; R&D systems), recombinant brain-derived
neurotrophic factor (20ng/ml, R&D system), transforming growth factor B3 (1 ng/ml;
PeproTech), DAPT (10 uM, Sigma-Aldrich), ascorbic acid (200nM; Sigma-Aldrich) and
dibutyryl cAMP (0.05mM; Tocris Bioscience), subsequently referred to as ‘maturation
media'. hPSCs specified towards a pan-forebrain progenitor fate were supplemented with
FGF2 (20ng/ml) from D11-17. Forebrain neural progenitors were passaged very 5-6 days
from D11 until the day of transplantation. Pan-forebrain progenitors were generated to form
a proliferative neural progenitor pool to spike into VM progenitors at the time of
transplantation — to assess the efficacy of the suicide gene to ablate dividing cells (Chapter
4). To assess the efficiency of the differentiations, in vitro cultures were fixed at defined
endpoints with 4% paraformaldehyde (PFA) in 0.4M Sorensen’s buffer, pH 7.3 for
10minutes. Cultures were subsequently washed with PBS M¢7/¢& and kept in PBS with Sodium
Azide (PBS Azide, 0.02%) at 4°C for long-term storage.

vmDA progenitor mDA
AT neuron

0

O R B S { nom 300V
NBB27
BN SHH + PM LON GDNF + BDNF + TGFB3 + DAPT
| CHIR + AA + dCAMP

Pan forebrain Pan forebrain

progenitor rosettes

N x
! n 17 21 28DIV
s . . . .
>

SB+LDN LDN FGF2

Figure 2.1 Schematic of midbrain DA and pan-forebrain neural differentiation
protocols.

(A) mDA neuron differentiation. Dual-SMAD inhibition (SB, LDN) of hPSCs initiated neuroectodermal
progenitor formation. Generation of floor-plate midbrain progenitors was subsequently achieved by SHH
and PM to ventralise, in combination with caudalisation by the Wnt agonist, CHIR. Progenitors transitioned
into a maturation media (purple) for differentiation into mature DA neurons. (B) Pan-forebrain progenitor
specification. hPSCs exposed to dual smad inhibition formed pan-forebrain progenitors, that were expanded
and matured into rosettes with the addition of FGF2. Abbreviations: Dual smad inhibitors - SB43152 (SB)
and LDN193189 (LDN); Ventralising compounds - Sonic Hedgehog (SHH), purmorphamine (PM);
Caudalising factors - CHIR99021 (CHIR); Dorsalisation factor - fibroblast growth factor (FGF2); Culture
maturation - Glial-cell line derived neurotrophic factor (GDNF), brain-derived neurotrophic factor
(BDNF), transforming growth factor B3 (TGFB3), N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-
phenylglycine t-butyl ester (DAPT), ascorbic acid (AA), dibutyryl cAMP (dCAMP).
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2.4  Fluorescent-activated cellular sorting
For FACS isolation of select populations (Chapter 3), differentiating vm cells were

dissociated to single cells using Accutase (10-20minutes). Collected cell were resuspended
in sorting buffer containing 90% maturation media, 10% KSR, Y-27632 (10uM) and 4’-6-
Diamidino-2-Phenylindole (DAPI, 1ug/ml) at a density of 5-8x10° cells/ml. Cells were
filtered through cell strainer cap (35uM mesh, Falcon) to remove the presence of cell doublets
and/or clusters. Sorting was performed on a MoFlo XDP cell sorter (Beckman Coulter,
MoFIlo) at the Murdoch Children’s Research Institute core facility or a FACS Aria Ill (BD)
using a 100pM nozzle and a sheath pressure between 17-22 psi. A highly restrictive gating
strategy, to exclude doublets and debris based on forward and side-scatter parameters as well
as dead cells using the viability marker DAPI. Background auto-fluorescence was
compensated for by an empty auto fluorescence channel (FL2-580/30), and a parental H9
(non GFP "y sample time-matched in the vm differentiation was employed as a control to
quantify and/or select GFP* and GFP" cells. Single stain, secondary only or unstained controls
were implemented were appropriate. FACS-isolated cell fractions were either (i) replated at
300,000 cells/cm? in 96-well plates and fixed after 6 hours, or passed back through the FACS
machine - both targeted at confirming efficacy of the FACS isolation, or (ii) were resuspended
in maturation media containing Y27632 (10uM) in preparation for transplantation. Flow

cytometric analysis was conducted using FlowJo software.

2.5 Drug-induced ablation of cellular proliferation

Ganciclovir (GCV, Roche) was utilized to ablate dividing cells in culture and/or following
transplantation (Chapter 4), given its ability to bind to DNA as a guanosine analog to cause
cell cycle arrest. GCV was dissolved in sterile phosphate buffered saline (PBS, Life
Technologies) to a final concentration of 10mg/ml. GCV was stored for up to 5 days at 40C,
or at -200C for long-term storage. For ablation of either hPSCs or differentiated VM
progenitors in vitro, cultures were changed daily with fresh media containing GCV at defined
doses (1-50uM). Cells were exposed for a duration of 2-10 days. Following cell
transplantation, intraperitoneal injections of GCV (50-100mg/kg) were administered (once or
twice daily) to 6-hydroxydopamine (6-OHDA) lesioned rats. Animals were injected for a

total of 8 weeks at predetermined intervals after transplantation.
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2.6  Animal and Ethics approval

All animal procedures were conducted in agreement with the Australian National Health and
Medical Research Council’s published Code of Practice for the Use of Animals in Research,
and experiments approved by The Florey Institute of Neuroscience and Mental Health
Animal Ethics committee. Athymic nude mice (BALB/c-Foxn1™/Arc) and rats (CBH™)
were provided by the Animal Resource Centre (Canning Vale, Western Australia). Nude
rodents have a severely under-developed adaptive immune system (due to a mutation in the
Foxnl gene and consequential T-lymphocyte deficiency) which avoided the need for long-
term administration of immunosuppressive drugs in xeno-grafting studies. Both male and
female adult rodents (>8 weeks of age) were used without preference. Animals were group
housed (3-5 per cage) in individually ventilated cages on a 12:12-hour light/dark cycle with
ad libitum access to food and water. All animal procedures were conducted in specific

pathogen-free rooms.

2.7  Stereotaxic surgery

Employing a stereotaxic approach ensured precise and targeted delivery of both toxins and
cells into the rodent brain (see Thompson and Parish, 2013). Under inhalant anaesthetic (2-
5% isoflurane), rodents were placed in a stereotaxic frame to maintain a fixed skull position,
with a nose cone attachment to provide persistent isoflurane administration (1.5-2%)
throughout surgery. Rodents were administered analgesia (3mg/kg, meloxicam) to reduce
post-operative pain, before a single incision was made along the midline of the scalp to expose
the surface of the skull and bregma (an imperative landmark located at the junction between
the occipital and parietal bones). All stereotaxic coordinates were taken relative to the
location of bregma (see Table 2.1, Paxino and Franklin, 2004; Paxino and Watson, 2004).
Delivery of either cells or toxin were administered by a cannula. The injection cannula
consisted of a fine, pulled glass cannula (Harvard Instruments) tightly fitted to a micro-
volume syringe (Hamilton) by a heated sleeve. A small burr hole was drilled in the skull and

the cannula slowly lowered beneath the dura to the desired location (refer to Table 2.1).

A flow rate of 1puL/min was used and the cannula left in place for a few minutes to allow for
complete diffusion and prevent backflow, before slowly withdrawing. The skin surrounding
the midline of the scalp was sutured and antiseptic (lodine solution, Betadine) applied to the

wound site. Animals were checked daily for one week after surgery to monitor recovery.
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Use Deposit Target site AP ML DV Animal Chapter
6-OHDA Single Substantia nigra +3.0 +1.2 -4.2  Mouse 3,5
lesion
Cell transplant ~ Single Striatum +1.0 +2.3 -3.2  Mouse 3,5
6-OHDA Single Medial forebrain -4.4, +1.2 -7.8  Rats 34
lesion bundle
Cell transplant  Single Striatum +0.5 2.5 -4 Rats 34
Cell transplant ~ Multiple Striatum +0.5 -3.0 -35 Rats 4
+0.5 -3.0 -5.0
-0.5 -3.0 -3.5
-0.5 -3.0 -5.0

Table 2.1: Rodent stereotaxic coordinates. Anterior-posterior (AP) and medio-lateral (ML)
coordinates relative to bregma. Dorso-lateral (DV) coordinates relative to the dura surface.

2.7.1 6-hydroxydopamine lesioning

To selectively ablate the host midbrain dopaminergic circuitry on one hemisphere of the
brain, as a model of the dopamine depletion in PD, the catecholamine-selective neurotoxin,
6-hydroxydopamine (6-OHDA, Sigma-Aldrich) was dissolved in sterile saline containing
0.02% ascorbic acid (Sigma), with the solution stored in the dark and on ice for the duration
of the surgery to prevent oxidation. A unilateral stereotaxic injection of 6-OHDA was made
into the right medial forebrain bundle (MFB) for rats (3.5ul, 3.2ug/ul), or directly into the
right substantia nigra for mice (1.5ul, 1.6pg/ul). 6-OHDA induced loss of DA neurons within
the midbrain and consequential denervation of the striatum, as confirmed by TH
immunoreactivity (Figure 2.2). This dopamine depletion induced motor deficits (described in
section 2.8).

Figure 2.2 Unilateral 6-OHDA ablation of midbrain dopaminergic circuitry
Stereotaxic injection of 6-OHDA into the median forebrain bundle leads to irreversible loss of DA neuron
cell bodies in the substantia nigra (B) and subsequent DA fibres and terminals in the striatum (A).
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2.7.2 Cell transplantation

VM progenitors were transplanted into the striatum of rodents at different stages of
differentiation (13, 19, 21, 22, 25, 30 DIV) — dependent on the study. Animals received a
unilateral injection (1pL or 1.5 pL) of cells into the denervated striatum, eight weeks after

lesioning according to the coordinates and details listed in Table 2.2.

Cell type Differentiation age Pre-treatment Transplant Chapter
mDA progenitors/  21DIV (mDA) FACS 100K 3
precursors

Co-transplant: 20DIV (mDA) GCV 135K 4
VM/pan forebrain ~ 25DIV (FB) GCV 15K

progenitors

mDA progenitors/ 13, 19, 22, 25, 30DIV (mDA) - 100K 5
precursors/neurons

Table 2.2: Details of the cellular age, identity, pre-treatment and number transplanted
into 6-OHDA rodents

2.8 Behavioural assessment of amphetamine rotations

Functional impact of unilateral lesioning of the nigrostriatal pathway, and motor rescue by
transplanted mDA neurons can be measured by turning behavior in response to
pharmacological DA stimulation. This amphetamine-based rotation test was assessed in
Chapters 3 and 4. Nude rats received a single intraperitoneal injection of D-amphetamine
sulphate (5mg/kg, Tocris Bioscience) and were habituated for 10 minutes before being placed
in a harness within the rotometer (Accuscan Instruments) - a clear, circular chamber,
employed to facilitate assessment of the number of full (360°) body rotations taken in either
direction. The number of rotations was recorded over a 60-minute. Unilateral lesioning of the
nigrostriatal pathway leads to a deficit on the ipsilateral side (causing preferential turning
behavior towards the side of the lesion). Animals that achieved >5 rotations per min across
two separate testing rounds were included in the study. For any given study, animals ranked
according to their total rotations and evenly stratified across treatment groups. All
behavioural testing of rats was conducted with the experimenter blinded to the treatment

conditions.

2.9 Transcardial perfusion and tissue processing
At desired study endpoints, animals received a lethal intraperitoneal injection of sodium

pentobarbitone (100mg/kg). To ensure rapid and uniform preservation of the brain tissue,
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animals were transcardially perfused with pre-warmed tyrode solution (37°C) followed by
4% paraformaldehyde (PFA). Subsequently, the brain was removed and post-fixed in PFA (2
hours) before being stored in a 20% (w/v) sucrose solution (made up in 0.1M phosphate
buffer) at 4°C. Cryosections of the fixed brains were generated on a freezing microtome
(Leica) on a coronal plane at a thickness of 40uM in a 12 series (1:12). Sections were stored
in a cryoprotectant solution (15% sucrose solution, 30% ethylene glycol, 25% 0.1M PBS and
25% distilled water) in multi-well plates at -20°C.

2.10 Immunohistochemistry

Immunohistochemical analysis was performed on fixed cultures or free-floating coronal

sections for volumetric analysis, cellular characterization or fiber measurements.

2.10.1 Chromagenic immunohistochemistry

Free-floating sections were washed (3x) in PBSM9/®® to ensure removal of residual
cryoprotectant. For chromogenic labelling, the tissue was incubated in PBS containing 3%
H20, and 10% Methanol for 20 minutes to quench endogenous peroxidase activity.
Subsequent to 3x PBSM37C2 washes, sections were incubated overnight at room temperature
with PBSMI7C2 Azide containing 5% donkey serum and 0.3% Triton-X (PADT) and primary
antibody (according to Table 2.3). Tissue sections were agitated by a rocker to ensure
consistent immersion of the sample. After overnight incubation, samples were washed 3x in
PBSM9/C3 and incubated in blocking solution containing 5% donkey serum for one hour to
reduce non-specific protein binding, before a biotinylated secondary antibody (see Table 2.4)
was applied for two hours. After washing, samples were incubated with avidin biotin
peroxidase complex (ABC; Vectastain, Vector Laboratories) for 90 minutes to amplify the
signal. Tissue was washed and then briefly exposed to 3’-3’di-amino-benzidine (0.5mg/ml,
Sigma) for 2-4 minutes, followed by 1% H>O for up to 2mins to catalyse the production of a
brown product and enable visualization of the graft. The tissue was again washed before
mounting on gel slides and left to dry overnight. The slides containing the tissue sections
were dehydrated in graded alcohol washes, cleared using xylene (OilChem) and coverslipped
with DePeX mounting media (BDH Chemicals).

2.10.2 Fluorescent immunohistochemistry
For fluorescent labelling, both fixed cultures and free-floating sections were washed (3x) in

PBSM97Ca and incubated overnight in PADT containing primary antibodies (Table 2.3).

42



Materials and Methods

Antibody Species Dilution Supplier  Catalogue Target
#
SHT Rabbit 1:1000 Immunostar 20080 Serotonergic neurons
Adenomatous polyposis Mouse 1:200 + strep Abcam ab16794 Oligodendrocytes
coli, clone CC1
(APC/CC1)
BARHL1 Rabbit 1:200 Novus NBP1-86513 Ventral
Biologicus diencephalon/midbrain
CALBINDIN-C28K Mouse 1:1000 Swant CB300 DA neuron subtype
ChAT Goat 1:100 Millipore AB144pP Cholinergic neurons
CLAUDIN V Rabbit 1:100 Abcam AB53765 Blood vessel tight junctions
DAPI - 1:5000 Sigma Aldrich D8417 DNA
DBH Mouse 1:5000 Millipore MAB308 Dopamine
DOUBLECORTIN Goat 1:1000 Santa Cruz sc-8066 Dividing neuroblast
FOXA2 Goat 1:200 Santa Cruz Sc-6554 DA progenitor
GFAP Rabbit 1:1000 DAKO Z0334 Astrocytes
GFP Chicken 1:1000 Abcam AB13970
GFP Rabbit 1:20000 Abcam AB290
GIRK2 Rabbit 1:500 + strep  Alomone Labs APC-006 DA neuron subtype
HNA Mouse 1:300 Millipore MAB1281 Human nuclei
KI67 Rabbit 1:1000 ThermoFisher LBVRM-9106-  Proliferative cells
S1
MAP2 Rabbit 1:1000 Millipore AB5622 Mature neuron
NCAM Mouse Santa Cruz sc-106 Neural cells
NESTIN Mouse 1:1000 Millipore MAB1259 Neural progenitors
NEUN Rabbit 1:1500 R&D Systems AB104225 Neurons
NURR1 Rabbit 1:200 Santa Cruz sc-990 DA progenitors
OCT4 Mouse 1:100 Santa Cruz sc-5279 Stem cells
OTX2 Goat 1:500 R&D Systems RDSAF1979 DA progenitors
PAX6 Mouse 1:50 DSHB PAX6-s Dorsal telencephalon
PH3 Rat 1:1000 Abcam, AB10543 Mitosis
PITX2 Sheep 1:200 R&D Systems AF7388 Ventral
diencephalon/midbrain
RECA Mouse 1:5000 Abd Serotec MCA970R Blood vessels
RFP Rabbit 1:1000 Rockland Labs 600-901-379
SOX2 Goat 1:300 R&D Systems AF2018 Neural progenitors
TH Rabbit 1:1000 Pelfreeze P40101-0 DA neurons
TH Sheep 1:800 Pelfreeze P60101-0 DA neurons
TUJl Mouse 1:1000 Promega G712A Neurons

Table 2.3. Primary antibodies — details of concentration, specificity and supplier

Antibody Species Concentration Source
AlexaFluor-488 Rabbit, mouse, goat, sheep, chicken 1:200 Jackson ImmunoResearch
DyL.ight-555 Rabbit, mouse, goat, sheep, chicken 1:200 ThermoFisher
AlexaFluor-647 Rabbit, mouse, goat, sheep, chicken 1:200 Jackson ImmunoResearch
Biotin Rabbit, mouse 1:500 Jackson ImmunoResearch
Streptavidin conjugated Rabbit 1:500 Jackson ImmunoResearch

Table 2.4. Secondary antibodies - details of species, concentration and source.
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Following washes, tissue was blocked for one hour in PADT, and then incubated with
secondary antibodies (all raised in donkey, see Table 2.4) in the dark for two hours. A final
incubation of 4’-6’-diamidino-2-phenylindole (DAPI) for 15 minutes was applied, before
fluorescence stained sections were mounted onto gel slides and coverslipped with fluorescent
mounting media (DAKO).

2.11 Microscopy and Quantification

Brightfield images of chromogenic staining were obtained using a Leica DM6000 upright
microscope. Manual live counting was performed on a Zeiss Axiovert 200 upright
microscope. Fluorescence images were acquired on a Carl Zeiss Axio Observer Z.1 upright,
epifluorescence or a Carl Zeiss LSM 780 confocal microscope. Light intensity, camera and
imaging settings were maintained consistent across all groups for each given analysis. All
quantifications were performed with the experimenter blinded to the treatment conditions (i.e.

the butt of the slides covered). Scale bars have been included in figures as appropriate.

2.11.1 Phenotype characterisation: High power (20x) z-stacked sampled images were
captured to quantify total number of cells either in culture or within the graft. For in vitro
analysis, images were acquired from three technical replicates (each taken from individual
wells) and repeated across three independent culture experiments. For in vivo analysis, field
of view (FOV) images were taken from 2-3 graft sections for each individual animal. DAPI
(in vitro) or human nucleic acid (in vivo) antibodies were used to quantify total cell number,
and proteins of interest were assessed subsequently to determine a relative proportion.
Manual counting was performed with Zen 2 Blue edition (Carl Zeiss) and Photoshop (Adobe)
software. The average density of immunoreactive pixels for each FOV image taken for
individual biological replicate, in addition to technical replicates was averaged to generate a

single value for each assessment e.g. for assessment of TH density of innervation.

2.11.2 Volumetric analysis: The human-specific antibody, NCAM, that specifically reacts
with human graft-derived cells, delineated the boundaries of the graft to enable volumetric
assessment. Brightfield images were captured across the rostral-caudal axis to include all
chromogenic sections (1:12 series) containing human cells. Assessment of the graft area for

each individual image was quantified using Leica application suite software. The sum of these
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values were then corrected to consider series sectioning, and graft volume was estimated

based on Cavalieri’s principle (Rosen and Harry, 1990).

2.11.3 Total GFP and TH quantification: Manual counting of LMX1A-GFP*, PITX3-
GFP* and TH+ cell bodies were conducted from live brightfield images at 20x magnification
on an upright Axiovert (Zeiss) microscope. Cells were marked and quantified on CellP
(Olympus) software. Total cells were adjusted based on serial sectioning (1:12).

2.11.4 DA subtype specification: To quantify A9- or A10- subtype specification, dopamine
(DA) neurons were first identified by either GFP or TH immunoreactivity and assessed for
co-localisation with GIRK2 (G-protein-gated inwardly rectifying K+ channel (subunit 2))
and/or Calbindin. Confocal images of grafts at 1:12 series were captured on a Zeiss LSM780.
GIRK2 was employed as a marker of A9 dopaminergic neurons, located primarily in the
substantia nigra pars compacta (SNpc), whereas Calbindin is expressed on A10 DA neurons
that reside in the ventral tegmental area (VTA). mDA neurons were grouped as either
GIRK2*(A9-like), Calbindin*(A10-like) or GIRK2*/Calbindin* - a population also reflective
of SN DA neurons within the human brain (Reyes et al., 2012). Quantified data was
represented as a percentage of total DA neurons.

2.11.5 TH and GFP optical fibre density measurements: 40x brightfield (10) z-stacked
images were captured and compressed by a Leica DM600 in triplicate. Assessment of fiber
density was sampled at specific regions of interest (dorsolateral striatum, motor cortex, pre-
frontal cortex and perirhinal cortex for dopaminergic targets, as well as the non-dopaminergic
targets - periventricular nucleus and the hippocampi contralateral to the graft). Colour
inverted images were obtained using the ‘colour range’ tool on Photoshop (Adobe) to
quantify the total number of reactive/unreactive pixels. Total fibre innervation was expressed
as a percentage of GFP- or TH-immunoreactive pixels, taken as an average from three

representative images for each brain.

2.12 Statistical analysis

All data was collected in an Excel (Microsoft Office) spreadsheet and are presented as mean
+ SEM. Statistical tests employed were inclusive of one-way ANOVA with Tukey’s multiple
comparisons, student t-tests, two-way ANOVA with Bonferroni correction or Pearson’s

correlation coefficient test. The number of animals/groups are stated in the figure legends
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appropriately. Corrections for multiple comparisons were implemented as appropriate. Alpha
levels of p<0.05 were considered statistically significant with all statistical analysis
performed using GraphPad Prism 8. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.
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3.1 Abstract

Human pluripotent stem cells (hPSC) are a promising resource for the replacement of
degenerated ventral midbrain dopaminergic (vmDA) neurons in Parkinson’s disease. Despite
recent advances in protocols for the in vitro generation of vmDA neurons, the asynchronous
and heterogeneous nature of the differentiations results in transplants of surprisingly low
vmDA neuron purity. As the field advances towards the clinic it will be optimal, if not
essential, to remove poorly specified and potentially proliferative cells from donor
preparations to ensure safety and predictable efficacy. Here, we utilize two novel hPSC
knock-in reporter lines expressing GFP under the LMX1A and PITX3 promoters, to
selectively isolate vm progenitors and DA precursors, respectively. For each cell line,
Unsorted, GFP+ and GFP- cells were transplanted into male or female Parkinsonian rodents.
Only rats receiving Unsorted cells, LMX1A-eGFP+ or PITX3-eGFP- cell grafts showed
improved motor function over 6 months. Post-mortem analysis revealed small grafts from
PITX3-eGFP+ cells, suggesting these DA precursors were not compatible with cell survival
and integration. In contrast, LMX1A-eGFP+ grafts were highly enriched for vmDA neurons,
and importantly excluded expansive proliferative populations and serotonergic neurons.

These LMX1A-eGFP+ progenitor grafts accelerated behavioural recovery and innervated
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developmentally appropriate forebrain targets whilst LMX1A-eGFP- cell grafts failed to
restore motor deficits, supported by increased fibre growth into non-dopaminergic target
nuclei. This is the first study to employ a hPSC-derived reporter line to purify vm progenitors,
resulting in improved safety, predictability of the graft composition, and enhanced motor

function.

3.2 Significance statement

Clinical trials have shown functional integration of transplanted fetal-derived dopamine
progenitors in Parkinson’s disease. Human pluripotent stem cell (hPSC)-derived midbrain
progenitors are now being tested as an alternative cell source, however, despite current
differentiation protocols generating >80% correctly specified cells for implantation, resultant
grafts contain a small fraction of dopamine neurons. Cell sorting approaches, to select for
correctly patterned cells prior to implantation, are being explored — yet has been suboptimal
to date. This study provides the first evidence of using 2 hPSC reporter lines (LMX1A-GFP
and PITX3-GFP) to isolate correctly specified cells for transplantation. We show LMX1A-
GFP+, but not PITX3-GFP+, cell grafts are more predictable - with smaller grafts, enriched
in dopamine neurons, showing appropriate integration and accelerated functional recovery in

Parkinsonian rats.

3.3 Introduction

Clinical studies, employing human fetal tissue enriched with dopaminergic (DA) progenitors,
have provided the necessary evidence that new DA neurons transplanted into the brains of
Parkinson’s disease (PD) patients can functionally integrate and alleviate motor symptoms
for decades (Barker et al., 2013). Poor standardisation procedures, limited tissue availability
and ethical consideration associated with the use of fetal tissue has resulted in a shift towards
the use of human pluripotent stem cells (PSC) to generate donor cells. Despite significant
advancements in ventral mesencephalic differentiation protocols in recent years (Denham et
al., 2012; Kirkeby et al., 2012; Kriks et al., 2011; Niclis et al., 2017), cultures remain
asynchronous and heterogeneous, with even the most advanced current protocols reporting
~10-15% of cells fail to adopt a vm progenitor fate at times amenable to transplantation
(Kirkeby et al., 2017; Niclis et al., 2017). While this appears to represent a relatively high
specification efficiency, upon transplantation studies report low yields of tyrosine

hydroxylase-expressing DA neurons within the grafts (Doi et al, 2014, Kirkeby et al, 2017,
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2017, Kriks et al, 2011, Niclis et al, 2017b, Samata et al, 2016). These observations indicate
significant expansion of other vm progenitors not destined to become DA neurons as well as
proliferation of incorrectly specified non-dopaminergic progenitors in vivo that may also pose
a risk of neural overgrowths/tumours. One also recognises the risk of incorrectly specified
neuronal populations, such as serotonergic neurons within grafts, that may induce dyskinetic
behaviours (Carlsson et al., 2007; Politis et al., 2011).

A key strategy to overcome such conundrums and ensure the reproducible generation of safe
and predictable cell products for clinical translation is to selectively enrich for appropriately
specified vm progenitors prior to transplantation. While a number of rodent studies have
successfully isolated vm progenitors, using reporter mice/cell lines and antibodies targeted
against extracellular proteins - employing both fluorescent activated cell sorting (FACS) as
well as magnetic beads (MACS) (Fukuda et al., 2006; Thompson et al., 2006; Hedlund et al.,
2008; Jonsson et al., 2009; Ganat et al., 2012; Nefzger et al., 2012; Bye et al., 2015), isolation
from human PSC cultures has been met with variable success. In part, this has been due to
breadth of expression of the transgene/protein, timing of expression of the gene/protein and
hence progenitor isolation occurring weeks prior to transplantation, and/or suboptimal
specificity (or availability) of antibodies for human cells (Aguila et al., 2014; Doi et al., 2014;
Samata et al., 2016; Lehnen et al., 2017).

With the field rapidly advancing to the clinic (Barker et al., 2017), there is a persistent and
inherent need to identify a reliable candidate marker for the enrichment of DA progenitors
from human PSC-derived vm cultures. Here we assessed the capacity to isolate vm
progenitors and DA precursors based upon two cardinal genes involved in vmDA
development — LMX1A, an early vm determinant (Yan et al., 2005; Andersson et al., 2006)
and PITX3, a gene required for the post mitotic maturation of DA (Smidt et al., 2004). Both
genes have been used to isolate vm progenitors/precursors from mouse ESC cultures
(Hedlund et al., 2008; Nefzger et al., 2012). We demonstrate that following FACS isolation
and transplantation LMX1A-eGFP+ progenitors, but not PITX3-eGFP+ DA precursor cells,
resulted in a higher density of TH+ DA neurons within grafts, appropriate target innervation
and consequential improved motor function, whilst critically eliminating proliferative and

serotonergic populations from the grafts.
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3.4 Materials and Methods

3.4.1 Human ESC culture and differentiation

Human ESC H9 reporter lines, LMX1A-eGFP and PITX3-eGFP, were cultured and
differentiated under xeno-free conditions as previously described (Niclis et al., 2017a). In
brief, cells were cultured on Laminin-521 (10pg/ml; BioLamina) and exposed to dual SMAD
inhibition (SB431542, 10uM, 0-5 days in vitro, DIV, R&D systems; and LDN193189,
200nM, 0-11DIV, Stemgent) to promote neuralisation. Regionalisation to a ventral midbrain
floor plate identity was achieved by exposure to Sonic hedgehog C25I1 (100ng/ml; R&D
systems) and Purmorphamine (2uM; Stemgent) from day 1-7DI1V, in addition to Wnt agonist,
CHIR 99021 (3uM; Stemgent, 3-13DIV). From 11DIV, cells were cultured in a ‘maturation
media’ consisting of NBB27 supplemented with GDNF (20ng/ml; R&D systems), BDNF
(20ng/ml, R&D system), TGFB3 (1 ng/ml; PeproTech), DAPT (10 uM, Sigma-Aldrich),
ascorbic acid (200nM; Sigma-Aldrich) and dibutyryl cAMP (0.05mM; Tocris Bioscience).

3.4.2  Fluorescence-activated cell sorting
At 21 DIV, cultures rich in vm progenitor/precursors were dissociated in Accutase

(Innovative Cell Technologies) to a single-cell suspension and resuspended into a sorting
buffer containing 90% maturation media, 10% knockout serum replacement, and ROCK
inhibitor Y-27632 (10uM, Tocris Bioscience) to a final density of 5-8x10° cells/ml. Cells
were filtered through cell strainer caps (35uM mesh, Falcon) to remove the presence of cell
doublets and clusters. Sorting was performed on a MoFlo cell sorter (Beckman Coulter,
MoFlo) or FACS Aria 111 using a 100-uM nozzle, sheath pressure of 17-22 psi. A fraction of
cells were passed through the cell sorter, without selection, forming the Unsorted group,
whilst eGFP+ and eGFP- cells were isolated using a highly restrictive gating strategy to
exclude doublets and debris based on forward and side-scatter parameters, as well as dead
cells using the viability marker 4’-6-Diamidino-2-Phenylindole (DAPI). Background auto-
fluorescence was compensated for by an empty auto fluorescence channel (FL2-580/30), and
a H9 parental cell line at the same stage of differentiation was used as a GFP- control (data
not shown). FACS-isolated cell fractions were either (i) replated at 300,000 cells/cm2 in 96-
well plates, (ii) passed back through the FACS machine, (both targeted at confirming efficacy
of the FACS isolation), or (iii) resuspended in maturation media containing ROCK inhibitor
(Y27632, 10uM, Sigma) at 100,000 cells/uL and stored on ice until the time of

transplantation. Flow cytometric analysis was conducted using FlowJo software.
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3.4.3 6-hydroxydopamine lesioning and cell transplantation

All animal procedures were conducted in agreement with the Australian National Health and
Medical Research Council’s published Code of Practice for the Use of Animals in Research,
and experiments approved by The Florey Institute of Neuroscience and Mental Health
Animal Ethics committee. Animals (of either sex) were group housed on a 12:12-hour
light/dark cycle with ad libitum access to food and water. Surgeries were performed on
athymic nude rats and nude mice under 2% isoflurane anaesthesia. Unilateral 6-
hydroxydopamine (6-OHDA\) lesions of the rat medial forebrain bundle (3.5ul, 3.2ug/ul) or
mouse substantia nigra pars compacta (1.5ul, 1.6 pg/ul) were performed to ablate the host
midbrain dopamine pathways, as previously described (Kauhausen et al., 2013, Niclis et al.,
2017a).

Six weeks after lesioning, animals received a unilateral injection of either human PSC-
derived LMX1a-eGFP vm progenitors or PITX3-eGFP DA precursors into the denervated
striatum. For each cell line, grafts were of Unsorted, GFP+, or GFP- progenitors (1pl;
100,000 cells/ul). Stereotaxic co-ordinates were as follows in rats: 0.5mm anterior, 2.5mm
lateral to Bregma and 4.0mm below the dura surface, and in mice: 0.5mm anterior, 2.5mm
lateral, 4.0mm ventral), as previously described (Kauhausen et al., 2013, Niclis et al., 2017b).

See Figure 3.1 for study design overview.

3.4.4 Behavioural testing

Rotational asymmetry, following intraperitoneal administration of pD-amphetamine sulphate
(3.5mg/kg, Tocris Bioscience), was assessed 4 weeks after 60HDA lesioning. Only animals
capable of >300 rotations in 60 minutes, confirmed on 2 independent tests/rat, were included
in the study. Behavioural testing was repeated at 16, 20 and 24 weeks after cell grafting to

assess the functional integration of the transplants.

3.4.5 Immunocytochemistry

In vitro cultures were fixed with 4% paraformaldehyde at day 21, or at 6 hours after FACS
and in vitro re-plating. Rats and mice were Killed by an overdose of sodium pentobarbitone
(100mg/kg), and transcardially perfused with Tyrode solution followed by 4%

paraformaldehyde. Brains were coronally sectioned (40um; 12 series) on a freezing
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microtome (Leica). Immunohistochemistry was performed in accordance to previously
described methods (Somaa et al., 2017). Primary antibodies and dilutions were as follows:
4’ 6-diamidino-2-phenylindole (DAPI, 1:5000; Sigma Aldrich), rabbit anti-OTX2 (1:4000;
Millipore), goat anti-FOXAZ2 (1:200; Santa Cruz), chicken anti-GFP (1:1,000; Abcam), rabbit
anti-GFP (1:20,000; Abcam), sheep anti-tyrosine hydroxylase (TH, 1:800, Pelfreeze), rabbit
anti-TH (1:1,000; Pelfreeze), rabbit anti-BARHL1 (1:300, Novus Biologicus), sheep anti-
PITX2 (1:500, R&D Systems), mouse anti-neural cell adhesion molecule (NCAM, 1:500;
Santa Cruz), rabbit anti-NeuN (1:100; R&D Systems), mouse anti-GAD67 (1:100, Millipore),
goat anti-choline acetyltransferase (ChAT, 1:100, Millipore), mouse anti-dopamine-b-
hydroxylase (DBH, 1:5000, Millipore, MAB308), rabbit anti-glial fibrillary acidic protein
(GFAP, 1:500, DAKO), mouse anti-adenomatous polyposis coli, clone CC1 (APC, 1:100,
Abcam), mouse anti-rat endothelial cell antigen-1 (RECAL, 1:500, Serotec), rabbit anti-
Claudin V (1:200, Abcam) rabbit anti-GIRK2 (1:500; Alomone Labs), mouse anti-calbindin
(1:1,000; Swant Biotech), rabbit anti-KI167 (1:1,000; ThermoFisher), goat anti-doublecortin
(DCX, 1:1,000; Santa Cruz), mouse anti-human nuclear antigen (HNA, 1:300; Millipore) and
rabbit anti-5HT (1:1000; Immunostar). Secondary antibodies for direct detection were used
ata dilution of 1:200—DyL.ight 488, 549 or 649 conjugated donkey anti-mouse, anti-chicken,
anti-rabbit, anti-goat or anti-sheep (Jackson ImmunoResearch).

3.4.6 Microscopy and Quantification

Fluorescence images were captured using a Zeiss Axio Observer Z.1 epifluorescence or Zeiss
LSM 780 Confocal Microscope, while bright and dark field images were obtained using a
Leica DM6000 microscope. Grafts were delineated based upon PSA-NCAM expression and
volume estimated using the Cavalieri’s principle. Total number of human nuclear antigen
(HNA+), green fluorescent protein (GFP+), tyrosine hydroxylase (TH+), serotonergic
(5HT+) and proliferative (KI67+) cells were counted from images captured at 20X
magnification. To quantify GIRK2+ and CALBINDIN+ cells within the grafts, dopamine
neurons were first identified based upon TH immunoreactivity from acquired confocal
images. The density of TH and NCAM labelled fibres were assessed at predetermined sites
within known dopaminergic (dorsolateral striatum and cortex) and non-dopaminergic
(periventricular thalamic nucleus and fimbria of the contralateral hippocampus) target nuclei,

from compressed z-stacked images. Images were analysed using ImageJ software.
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3.4.7 Experimental Design and Statistical Analysis

All behaviour testing and histological assessments were performed with the researcher
blinded to the experimental group. A total of 48 female athymic nude rats (CBHrnu) and 13
nude mice (BALB/c-Foxn1™/Arc) were transplanted from two independent differentiations into
rats and subsequently mice, with n=3-8 animals per group. All data are presented as mean +
SEM. Statistical tests employed (inclusive of one-way ANOVA, two-way ANOVA and
student t-tests), as well as number of animals/group for each analysis are stated in figure
legends. Alpha levels of p<0.05 were considered significant with all statistical analysis
performed using GraphPad Prism. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.

3.5 Results

3.5.1 Isolation of vm progenitor/precursors from LMX1A-eGFP and PITX3-eGFP
human ESC-lines

Enhanced GFP reporter human ESC lines for the early vm progenitor gene LMX1A and later
DA precursor gene PITX3 (Figure 3.1A-C), were differentiated according to the recently
developed, and clinically relevant, xenogeneic-free protocol (Niclis et al., 2017a). At the time
corresponding to the FACS isolation of progenitors for transplantation, 21 days in vitro
(DIV), the efficiency of the differentiating cultures could be confirmed in both stem cell lines
by the co-expression of the forebrain-midbrain marker OTX2 and basal plate marker, FOXA2
(Figure 3.1D, E, J, K), accounting for >85% of all cells. At this time, the LMX1A-eGFP
reporter line revealed that a significant proportion of the cultures also co-expressed LMX1A
(i.e. GFP+, >70%), as previously described (Niclis et al., 2017a), with few maturing TH+
cells emerging (Figure 3.1F-1). In contrast, PITX3 expression, visible by GFP
immunocytochemistry in the differentiated PITX3-e ESC cultures, showed sparse expression
(<2%) that tightly overlapped with TH (Figure 3.1L-O). Importantly, we showed low
proportions of BARHL1 and PITX2 immunoreactive cells, indicative of off-target,
developmentally adjacent subthalamic progenitors (Kee et al., 2017), within differentiating
LMX1A-GFP (Figure 3.1P) and PITX3-GFP (data not shown) cell lines.

FACS analysis of the LMX1A-GFP and PITX3-GFP cells from differentiating cultures
revealed 70.2% and 1.2% of cells, respectively, expressed GFP (Figure 3.1R, V). Efficiency

53



Isolation of LMX1A ventral midbrain progenitors

of the sorting was confirmed by re-analysis of the isolated fractions by flow cytometry, as

well as re-plating of the sorted fractions, and cytochemistry at 6 hours after seeding (Figure
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Figure 3.1. In vitro differentiation and purification of vm progenitors/precursors using
LMX1A-eGFP and PITX3-eGFP human embryonic stem cell reporter lines

(A-B) Schematic coronal and sagittal views of the developing embryo depicting expression patterns of two
key vmDA determinant transcription factors, (A) LMX1A and, (B) PITX3. eGFP was expressed under the
promotor for these two transgenes within H9 hESC lines for the purpose of cell sorting. (C) Schematic
detailing the differentiation, isolation and transplantation of cells derived from LMX1A-eGFP and PITX3-
eGFP hESC reporter lines, and the experimental timeline for in vivo procedures. (D-G, J-M) Validation of
efficient VM differentiation by co-expression of OTX2, FOXA2 and eGFP, demonstrated robust
specification of vm progenitors by 21DIV. (I, O) Maturing dopamine neurons present within the culture at
21DIV tightly overlapped with eGFP expression. (P) Low proportion of PITX2+ and BARHL1+ cells
confirmed cultures were not of unintended subthalamic identity. (Q) Immunohistochemical labelling of
LMX1A-GFP+ progenitors, 6hours after sorting and replating, showing co-expression of cardinal vmDA
progenitor markers OTX2, FOXA2 and LMX1A-GFP. (R, V) Flow cytometric plots indicating the gating
for enrichment of eGFP+ and eGFP- populations within differentiating cultures at 21DIV. Successful
isolation of specified populations (Unsorted, GFP+ and GFP-) from the (S-U) LMX1A-eGFP, and (W-Y)
PITX3-eGFP hPSC line was confirmed by replating of cells and immunohistochemical staining for GFP
and DAPI. Abbreviations: DIV, days in vitro; eGFP, enhanced green fluorescent protein; hESC, human
embryonic stem cells. Scale bar: (D-O, S-U, W-Y), 200uM, (I’-I"’, O’-0”), 20um.
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3.1Q, S-U, W-Y). Within the LMX1A-eGFP positive (LMX1A-GFP+) fraction, >99.2% of
cells expressed GFP, with all GFP cells confirmed to co-express cardinal vm progenitor
markers OTX2 and FOXAZ2 (data not shown). Within the re-plated LMX1A-eGFP negative
fraction (LMX1A-GFP-), 10% of cells were GFP+, a likely reflection of ongoing,
asynchronous maturation of the cultures during the period of both sorting and replating
(Figure 3.1U). Assessment of the sorted PITX3-eGFP cell line confirmed >95% of the
replated cells from the positive fraction expressed GFP (Figure 3.1V), whilst GFP+ cells

within the negative fraction were extremely rare (Figure 3.1Y).

3.5.2 Transplanted LMX1a-GFP+ progenitors, but not PITX3-GFP+ DA precursors,
restore functional deficits in Parkinsonian rats

All rats included in the study showed an amphetamine-induced rotational asymmetry >5
rotations/min, prior to transplantation, that persisted over 26 weeks as a stable motor deficit
in ungrafted animals (Figure 3.2A, F). As anticipated, and in alignment with human PSC-
derived vm progenitor grafts by us and others (Kriks et al., 2011; Kirkeby et al., 2012, 2017,
Doi et al., 2014, Samata et al., 2016, Niclis et al., 2017a, b), transplants of unsorted cells,
from both LMX1a-GFP and PITX3-GFP cell lines, resulted in near complete recovery of
rotational asymmetry by 24 weeks. Grafts of LMX1A-GFP+ progenitors also showed
accelerated, complete recovery, evident at 20weeks. Interestingly, PITX3-GFP- but not

PITX3-GFP+ cell grafts showed improvements in motor asymmetry at 6 months.

Post-mortem analysis showed viable grafts, identified by human PSA-NCAM, in all rats 6
months after implantation, (Figure 3.2B-D, G-I). Volumetric analysis revealed that LMX1A-
GFP+ grafts were significantly smaller than both Unsorted and LMX1A-GFP- cell grafts
(3.9mm3 + 1.0, 8.9mm?3 + 0.9, 10.7mm?® + 1.7, respectively). Grafts of Unsorted PITX3-GFP
cells were, not surprisingly, comparable to the Unsorted LMX1a-GFP cells (9.9mm?®+ 1.1),
with PITX3-GFP- also of similar size (9.3mm?3 + 1.5), Figure 3.2E, J. Most evident was the
reduced size of the PITX3-GFP+ cell grafts (0.3 + 0.1 mm®). Recognising that midbrain DA
progenitors exit the cell cycle and become post-mitotic at a similar time to the onset of PITX3
expression during vm development, combined with knowledge that post-mitotic neuroblasts
poorly survive transplantation, we speculated that these factors contributed to the small graft
size observed. GFP labelling of these grafts confirmed low numbers of PITX3-GFP+ cells,

and whilst showing a higher density of GFP+ cells (data not shown), TH+ DA neurons were
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Figure 3.2. LMX1la-eGFP+ progenitors, but not PITX3-eGFP+ precursors, show
engraftment and amelioration of behavioural deficits in 6-OHDA lesioned rats

(A) Transplantation of LMX1A-eGFP+ progenitors (green) resulted in an accelerated correction of
rotational asymmetry in 60HDA athymic rats, compared to grafts of Unsorted (blue) and eGFP- vm
progenitors (red), Two-way ANOVA with Dunnett correction for multiple comparisons relative to 6-
OHDA, Group, Fes)=9.131, p <0.0001, n=6-8/group). (B-D) Human specific neural cell adhesion protein
(NCAM) enables visualisation of the LMX1A progenitor grafts within the host striatum. (E) Quantitative
assessment of LMX1A-eGFP progenitor grafts highlighting the smaller size of grafts derived from eGFP+
progenitors, (One-way ANOVA with Tukey’s post-hoc testing, F,14 = 9.8, p = 0.0022, n=6-8/group). (F)
Grafting of PITX3-eGFP- and Unsorted, but not PITX3-eGFP+ cells, corrected gross motor deficits in
60HDA rats, Two-way ANOVA, F 1200 = 3.188, p = 0.0263, n=6-8/group). (G-1) Coronal sections of the
rat brain showing large viable grafts 6months after transplantation of Unsorted and PITX-eGFP- cells.
PITX3-eGFP+ DA precursors showed poor survival and engraftment following transplantation, (J)
confirmed by significantly reduced graft volume, (One-way ANOVA, F¢ 16 = 30.61, p = <0.0001, n=6-
8/group). All data represents Mean + SEM. Scale bar: (B-D, G-1), 1mm.

notably sparse (591 + 84, n=8), highlighting the lack of suitability of this reporter to isolate

and enrich DA progenitor/precursors for the purpose of transplantation.

3.5.3 Transplantation of LMX1a-GFP+ vm progenitors enriches for DA neurons that
are capable of innervating developmentally appropriate targets in the host brain

Reflective of the smaller size of LMX1A+ transplants (Figure 3.2E), these grafts contained
significantly fewer (HNA+) cells compared to both Unsorted or LMX1A-GFP- cell grafts
(Figure 3.3A). Assessment of GFP staining confirmed the efficiency of the sorting, with
LMX1A-GFP+ progenitor grafts showing enrichment of GFP+ cells; both total GFP+ cells
(Unsorted: 162,159 + 14,703; LMX1A-GFP+: 225,700 + 48,832; LMX1A-GFP-: 19,523 +
5,937) and proportion, (Figure 3.3B, E-G). Similar to in vitro observations, transplants of
LMX1A-GFP- progenitors resulted in grafts containing pockets of GFP+ cells (Figure 3.3G),
likely reflective of the asynchronous maturation of younger progenitors adopting an LMX1a+

fate after the time of sorting and implantation.
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Figure 3.3. Transplants of LMX1A-eGFP+ progenitors result in discrete,
homogeneous grafts with enriched density of dopaminergic neurons of maintained
A9/A10 subtype specification

(A) Quantitative assessments of transplants revealed significantly fewer HNA+ cells (One-way ANOVA,
Fe14 = 9.445, p = 0.0025, n=6-8/group), and (B) enrichment of GFP expressing cells within grafts of
LMX1A-GFP+ progenitors, compared to both Unsorted and LMX1A-GFP-, (One-way ANOVA, F(13) =
42.15, p = <0.0001, n=6-8/group). (C) While TH+ cell number did not differ from Unsorted progenitor
grafts, (One-way ANOVA, F,12 = 8.445, p = 0.0051, n=6-8/group), (D) TH density was significantly
elevated within LMX1A-GFP+ progenitor grafts, in comparison to transplants of Unsorted and LMX1A-
GFP- cells, (One-way ANOVA, F(12 = 19.68, p = 0.0002, n=6-8/group). (E) Representative overview of
Unsorted, (F) LMX1A-GFP+, and (G) LMX1A-GFP- grafts showing GFP expression. (H-J)
Photomicrograph showing the distribution and density of TH+ cells within grafts derived from Unsorted,
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LMX1A-GFP+ and LMX1A-GFP- progenitors. (H’, H”) Note the heterogeneity in TH cell density seen in
Unsorted grafts, (I°, I”) by comparison to the dense homogeneous distribution observed in LMX1A-GFP+
grafts. (J) Transplants of LMX1A-GFP- progenitors showed few TH+ cells scattered throughout the
transplant. (K-M) Representative images of Unsorted (K), LMX1A-GFP+ (L) and LMX1A-GFP- (M)
progenitors 6hours after sorting and replating showing the co-expression of GFP with TH. Note that while
TH+GFP+ cells numbers were low in all replated cultures, reflective of the stage of differentiation (21DIV),
the LMX1A-GFP- cultures showed a high proportion of TH+GFP- cells (white arrow heads), indicative of
an earlier born, non-vm, dopaminergic or adrenergic/noradrenergic cell population. (N) Representative
images showing the co-expression of TH together with GIRK2 and/or CALBINDIN, indicative of A9- and
Al0-like specification. (O) Quantification of TH+ neurons that showed co-expression of GIRK2 and/or
CALBINDIN, confirmed that transplanted LMX1A-GFP+ progenitors retained their propensity to form
mature vm DA neurons of both A9- and A10-phenotype. (P) Isolation of LMX1A-GFP+ cells resulted in
grafts significantly enriched with NeuN+ neurons, compared to unsorted VM progenitor grafts, (Unpaired
t test, t = 7.76 df = 4, p = 0.0015, n=3-4/group). (Q-R) Representative photomicrographs of NeuN
immunolabelled neurons within an Unsorted and GFP+ graft. (S) The proportion of APC+ mature
oligodendrocytes were significantly reduced in LMX1A-GFP+ grafts (unpaired t test, t =5.32, df = 4, p =
0.006, n=3-4/group), while the relative contribution of GFAP+ astrocytes remained unchanged (unpaired t
test, n=3-4/group). All data represents Mean + SEM, Scale bars: (E-G, H-J), Imm, (H’-J”), 50um, (N).
*p<0.05, **p<0.01, ***p<0.001.

As previously reported (Grealish et al., 2014, Niclis et al., 2017b), >85% TH+ cells in all
grafts showed expression of the A9 and/or A10 proteins, GIRK2 and Calbindin, respectively,
with no significant difference between any of the transplant groups (Figure 3.3K,L). In
alignment with post-mortem assessment of the human midbrain (Reyes et al., 2012), the
majority of TH+ cells co-expressed GIRK2, alone or together with Calbindin, whilst few

TH+ neurons expressed only Calbindin+.

Necessary for the functional efficiency of vm DA grafts is their capacity to send afferent
projections to the host striatum. In accordance with the similar numbers of TH neurons,
LMX1A+ grafts showed comparable density of innervation of the dorsal striatum and
cortex to grafts of Unsorted progenitors (Figure3.4A-D). In contrast, LMX1A-GFP-
progenitor grafts poorly innervated these motor-function associated nuclei (Figure 3.4A, B,
E), rather showing increased connectivity with non-dopaminergic target nuclei, inclusive of

the periventricular thalamic nucleus (PVN) and hippocampus (Figure 3.4F-L).

Whilst we confirmed a low proportion of STN progenitors within our cultures prior to
transplantation (a rostral vm population known to express LMX1A) (Kee et al., 2017),
residing within the appropriately specified, more caudal, domain of the developing vm are
other non-dopaminergic LMX1A-expressing progenitors. With <9% of the GFP+ cells
expressing TH within GFP+ progenitor grafts (or 19%, as a proportion of total implanted

cells), we sort to perform a more detailed assessment of the composition of these grafts —
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Figure 3.4. Grafts containing LMX1A- cells preferentially innervate non-dopaminergic
targets.

(A) Quantitative assessment of TH+ fibre density in the dorsal caudate putamen (dCPU, One-way ANOVA,
F10=32.77, p=<0.0001, n=4-6/group), (B) and cortex, inclusive of the motor cortex (M.CTX), perirhinal
cortex (Peri.CTX) and pre-frontal cortex (PFC). (C-E) High power images illustrating the increased density
of TH+ fibres in the striatum of Unsorted and LMX1A-GFP+ cell grafts compared to grafts derived from
LMX1A-GFP- progenitors. (F) Quantification of human NCAM+ fiber density in the periventricular
thalamic nucleus (PVTN, One-way ANOVA, F(,13 = 16.75, p = 0.0003, n=4-6/group) and fimbria of the
contralateral hippocampus (HP, One-way ANOVA, F,13) = 4.308, p = 0.0367, n=4-6/group) from grafted
animals. (G-1) Representative photomicrographs showing increased density of NCAM+ fibers within the
PVTN and, (J-L) HP in animals transplanted with LMX1A-GFP- progenitors, compared to grafts of
Unsorted or LMX1A-GFP+ cells, demonstrative of off-target innervation. Data presented as mean £ SEM,
Scale bars: (C-E) 50um, (G-I, J-L) 200uM, (G’-I’, J°-L’) 20um. (N) 50um.

focusing on neural specification. All neural lineages were present within the transplants with
>55% of HNA+ cells co-expressing the postmitotic neuronal marker NeuN within the GFP+
progenitor grafts, significantly greater than unsorted cell grafts (Figure 3.3P-R). In contrast,
sorting reduced the contribution of APC+ mature oligodendrocytes (Figure 3.3S), and no
change was observed in the density of GFAP+ astrocytes (Figure 3.3T). More detailed
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assessment of neuronal subpopulations revealed that DBH+, ChAT+ and GAD67+ cells were
noticeably rare within the GFP+ grafts (data not shown), suggesting that the many neurons
present appeared to adopt a mature neurotransmitter identity. Staining against vascular
proteins targeted to the host (RECAL) verses broader/non-species specific (Claudin V),
revealed that the sparse density of vessels within the grafts were of host, and not graft, origin
(data not shown). Whilst quantitative assessment of GFAP+ astrocytes was not feasible (due
to the dense network of staining and inability to resolve graft from host cells with certainty),
there was at least some evidence of HNA+ cells failing to adopt any of the three neural
lineages. Such observations reflect our incomplete knowledge of the lineage trajectories of
the LMX1A+/FOXA2+/OTX2+ progenitor, and whilst recently recognised as having the
capacity to give rise to mature astrocytes in vitro (Holmgvist et al., 2015), other populations

may remain to be identified.

3.5.4 Isolation of LMX1A-GFP+ progenitors reduces proliferating cell populations
and eliminates serotonergic neurons from human PSC-derived vm grafts

Reflective of the general efficiency of the in vitro differentiation of the human PSC LMX1A-
GFP cell line, and the in vivo maturation of the implanted progenitors, no gross neural
overgrowths or tumors were observed in any grafted animals after 26 weeks. The increase in
total cells, from 100,000 implanted cells to a total of 836,883 + 54,083 cells within the
implantation. Whilst the majority of cells adopted a post-mitotic fate, a small dividing
population remained present at 26 weeks, identified by doublecortin and K167 staining within
Unsorted and LMX1A-GFP- progenitor grafts. Supportive of the smaller graft volumes
observed, transplants of LMX1A-GFP+ progenitors contained significantly fewer dividing
cells, (0.18% + 0.01% KI67+/HNA+), (Figure 3.5A-D).

Finally, we assessed grafts for the presence of SHT+ serotonergic neurons, a population
known to contribute to the development of graft-induced dyskinesias (GID) in preclinical and
clinical studies (Carlsson et al., 2007; Politis et al., 2011). Transplants of LMX1A-GFP+
progenitors eliminated serotonergic neurons, with just 2 grafts containing a single 5HT
immunoreactive neuron, compared to the significantly higher numbers observed in both
Unsorted (7,346 + 1,382) and LMX1A-GFP- (2,168 + 359) grafts, and consequently also the
proportion of serotonergic to dopaminergic neurons, (DA:5HT, Figure 3.5E-I), a recognised
contributing factor in the incidence of induced dyskinesias (Garcia et al., 2011; Politis et al.,
2011).
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Figure 3.5. Transplantation of LMX1A-GFP+ progenitors reduces the presence of
proliferating cells, and eliminates incorrectly specified serotonergic neurons within
grafts

(A-C) Immunohistochemical labelling of transplants with human nuclear antigen (HNA, blue),
doublecortin (DCX, red), KI67 (green) illustrating the reduction in proliferative progenitors at 6months
within transplants derived from LMX1A-GFP+. (D) Quantification of Ki67+ cells within the LMX1A-
eGFP cell grafts, One-way ANOVA, Fpe = 8.248, p = 0.019, n=4-6/group. (E-G) Representative
photomicrographs showing dopaminergic (TH+, green), serotonergic (5HT+, red) and HNA
immunolabeling within transplants of Unsorted GFP+ and GFP- progenitor grafts. (H) Quantification of
5HT+ cells (One-way ANOVA, F,13 = 17.26, p = 0.0003, n=4-6/group), and, (1) ratio of dopaminergic to
serotonergic (DA:5HT) neurons within the transplants (One-way ANOVA, Fe11) = 57.19, p = <0.0001,
n=4-6/group), confirmed the near complete elimination of the dyskinetic-contributing cell population from
grafts derived from LMX1A-GFP+ progenitors. Data represents Mean + SEM. Scale bars: (A-C, E-G),
50um, (A’-C’, E’-G’), 20um.
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Demonstrating the utility and reproducibility of sorting for LMX1A-expressing progenitors,
we repeated FACS isolation and transplantation into 60HDA lesioned athymic mice. Again,
we showed smaller grafts with enrichment for both GFP and TH neurons (Figure 3.6A-I).
TH+ DA neuronal density within the grafts was surprisingly similar to the rats; with
significant increases in density (and homogeneity) observed in the LMX1A-GFP+, compared
to Unsorted and LMX1A-GFP- grafts (Figure 3.6F, ). No 5HT neurons were observed in
grafts of LMX1A-GFP+ progenitors (Figure 3.6J-L).
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Figure 3.6. Transplantation of LMX1A-GFP+ progenitors shows high reproducibility
across repeated rodent transplantation studies.

Photomicrographs showing GFP immunohistochemical labelling of representative grafts in the mouse brain
following transplantation of (A) Unsorted, (B) LMX1A-GFP+ and (C) LMX1A-GFP- progenitors. (D)
Volumetric assessment revealed that LMX1A-GFP+ cells form discrete grafts that were significantly
smaller than LMX1A-GFP- grafts, One-way ANOVA, Fp10) = 4.544, p = 0.0395, n=4-5/group. (E-G)
Photomontages of representative grafts in mice illustrating TH+ (red) and HNA+ (blue) labelling, and (F*)
demonstrating the enrichment of dopaminergic neurons within LMX1A-GFP+ transplants. (H)
Quantification of total TH+ cells (Rats: One-way ANOVA, F(,12) = 8.445, p = 0.0051, n=4-6/group; Mice:
One-way ANOVA, Fp 15 = 7.566, p = 0.0053, n=4-5/group), and (I) TH cell density (Rats: One-way
ANOVA, Fp12 = 19.68, p = 0.0002, n=4-6/group; Mice: One-way ANOVA, F9 = 18.91, p = 0.0006,
n=4-5/group) within grafts derived from Unsorted, LMX1A-GFP+ and LMX1A-GFP- progenitors and
transplanted into mice (open bars) and rats (closed bars). (J) Quantification of 5SHT+ cells within LMX1A
progenitor grafts in mice (One-way ANOVA, Feg = 9.816, p = 0.0055, n=4-5/group), showing
reproducible elimination of serotonergic neurons (as seen also in transplants in rats). (K-L) High power
images highlighting the elimination of 5HT neurons in LMX1A-GFP+ grafts. Data presented as Mean +
SEM. Scale bars (A-C) 1mm, (E-G) 500um, (E’-F?) 20um, (K-L) 50um.
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3.6  Discussion

Heterogeneity in graft composition following the implantation of hPSC-derived vm
progenitors presents ongoing concerns for the safety and functional predictability of these
cells for future clinical application in Parkinson’s Disease. For these reasons, efforts to
improve the homogeneity of the donor preparation, and thereby graft compositions are of
significant importance. In this study we developed two GFP-expressing reporter lines,
LMX1A-GFP and PITX3-GFP, to enable the selective isolation of correctly specified vm
progenitors/precursors from differentiating human pluripotent stem cell cultures, at differing
developmental stages. We demonstrate that transplants of LMX1A-GFP expressing
progenitors result in discrete grafts with increased density of DA neurons and greater, target-
appropriate innervation, resulting in accelerated functional recovery of motor symptoms,
compared to Unsorted progenitor grafts. In contrast, transplants of PITX3-GFP+ cells
resulted in notably small grafts with low TH+ DA neuron yields. Whilst PITX3-GFP
populations have been successfully isolated from mouse ESC cultures (Hedlund et al., 2008;
Ganat et al., 2012), the present findings are in accordance with fetal tissue grafting studies
using PITX3-GFP embryos; recognising the vulnerability of this post-mitotic population to
shear trauma during periods of culture detachment/dissociation, FACS and implantation
(Jonsson et al., 2009). Such findings highlight the need to identify a developmentally relevant
differentiation stage of hPSC-derived vm progenitors that are sufficiently specified and also
amenable for grafting, as has been achieved for rodent and human fetal tissue (Freeman et
al., 1995; Torres et al., 2007; Bye et al., 2012), as well as mouse PSCs (Ganat et al., 2012).

In addition to the significance of enriching for DA neurons within grafts is the concomitant
capacity to eliminate poorly specified and high proliferative populations that may lead to
overgrowth or graft-induced dyskinesias. Whilst incorrectly specified cells are in the minority
in vitro, due to advances in hPSC neuronal differentiation protocols (Kriks et al., 2011, Niclis
et al., 2017a), these populations have a propensity for expansion following implantation
and/or can impart negative effects on transplant function. On average, studies have reported
a yield of 5-6% TH+ DA cells in the grafts per 100,000 cells implanted (Kriks et al., 2011,
Kirkeby et al., 2012, 2017; Doi et al., 2014, Samata et al., 2016b, Niclis et al., 2017b). This
yield however is notably lower when expressed as a proportion of the total number of cells
within the graft, given the proliferation of the vm progenitors following implantation (Samata
etal., 2016a, Niclis et al., 2017b). The impact of the incorrectly specified cells has been most

evidently demonstrated by Niclis et al., where despite >85% correctly specified vm DA
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progenitors present in culture (confirmed by FOXA2/OTX2/LMX1A co-expression) and
maintained expression in the majority of cells observed 4weeks post-implantation, by 28
weeks graft volume increased 20-fold with no increase in TH+ cell numbers (Niclis et al.,
2017a, b). Also recognising this challenge, Kirkeby et al., describe the lack of predictability
of grafting outcomes across many (>30) human PSC vm differentiations, despite consistent
(>80% FOXA2/0TX2+) in vitro specification of the progenitors prior to transplantation
(Kirkeby et al., 2017). In the present study, the discrete size of LMX1A-GFP+ grafts, lack of
proliferating cells, and increased proportion of TH+ DA neurons observed at 6 months, is a
significant improvement and a stark contrast to grafts of the LMX1A-GFP- populations.
Together these results highlight the dramatic impact of eliminating poorly specified and/or

proliferating cells and underline the necessity for vm progenitor enrichment prior to grafting.

The benefit of eliminating poorly specified neural progenitors can be further appreciated in
the context of recent work highlighting the level of off-target innervation made by human
PSC-derived vm progenitor grafts (Niclis et al., 2017b). While earlier studies were unable to
specifically track the relative contribution of dopaminergic and non-dopaminergic
innervation from the graft into the host brain, Niclis et al., made use of the PITX3-eGFP
reporter line to demonstrate that the dopaminergic neurons within the grafts innervated
developmentally appropriate host targets, inclusive of the striatum and cortex. However, the
vast majority of graft-derived fibre outgrowth was non-dopaminergic, resulting in extensive
axonal growth through permissive white matter tracts and significant innervation of off-target
nuclei. Supporting these findings, here we demonstrate that the dopamine-enriched LMX1A-
GFP+ vm progenitor grafts maintain preferential innervation of appropriate dopaminergic
target nuclei with low level innervation of other nuclei. In contrast, LMX1A-GFP- grafts
show enhanced innervation of target nuclei that typically have low midbrain dopaminergic
innervation, such as the thalamus and hippocampus which carry unknown consequences, as

well as low level dopaminergic innervation of the appropriate forebrain targets.

Elimination of serotonergic neurons, a population of cells that have been shown to contribute
to graft-induced dyskinesias in both pre-clinical and clinical studies is an additional requisite
in the refinement of human PSC grafting targeted for Parkinson’s disease therapy (Carlsson
et al., 2007; Politis et al., 2011). These undesirable neurons, generated in the ventral basal
plate of the rostral hindbrain, reside outside the region of expression of LMX1A (see figure

3.1B, Mishima et al., 2009; Kirkeby et al., 2012), in contrast to other target genes, such as
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FolR1 and Corin that have been employed to enrich for DA progenitors (Doi et al., 2014;
Gennet et al., 2016). Here we demonstrate the capacity to eliminate 5SHT+ serotonin cells
from within LMX1A-GFP+ progenitor grafts, in both rat and mouse grafting studies. Of note,
the significant reduction in 5SHT+ neurons observed in grafts of LMX1A-GFP- progenitors,
in comparison to the Unsorted cell grafts, reflects the stringency of the FACS gating
employed within the study (Figure 3.1R), with an estimated 23% of cells excluded from both
the GFP+ or GFP- pool.

The importance of cell sorting approaches for clinical applications is by no means a new
concept. Most evidently demonstrated, and clinically translated, has been the purification of
haematopoietic stem cells from blood for the treatment of, for example, some blood-related
cancers and autoimmune diseases. Preclinical studies focused on the isolation of vm
progenitors from differentiating human PSC cultures is also not novel in the context of
improving the safety and predictability of transplants for PD. While a number of rodent
studies successfully isolated vm progenitors, using fluorescent activated cell sorting (FACS)
or magnetic beads, targeting intracellular and extracellular proteins, respectively (Fukuda et
al., 2006; Thompson et al., 2006; Hedlund et al., 2008; Jonsson et al., 2009; Nefzger et al.,
2012; Bye et al., 2015), isolation from human PSC cultures has been met with variable

Success.

In a number of studies, candidate markers employed for selection purposes have been
recognised as too broad in their expression to selectively isolate VM progenitors - such as the
pan-neuronal marker CD56/NCAM (Pruszak et al., 2007), ventral floorplate marker FOXA2
(Aguila et al., 2014), ventral midbrain floor and basal plate markers Integrin Associated
Protein and LMRT1 (Samata et al., 2016a; Lehnen et al., 2017), as well as ventral
midbrain/hindbrain marker CORIN (Doi et al., 2014). Studies also conducted sorting early
in the differentiation (due to timing of expression of the selectable protein) and required
extended periods of replating prior to transplantation (Doi et al., 2014, Samata et al., 2016b;
Lehnen et al., 2017). Such replating steps undermine initial purification and may introduce
downstream variability in cell composition at the time of grafting, and have been shown to
result in poor TH+ survival (Doi et al., 2014). Alternatively, cultures were sorted late in the

vm differentiation yet were not grafted (Xia et al., 2017).
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With the rapid advancement of human PSC-derived DA progenitor grafts towards the clinic,
cell sorting studies have increasingly focused on the identification of cell surface proteins, to
avoid reporter cell lines. A key challenge here has been the poor translation of findings from
rodent to human — with several studies employing rodent tissue to identify clinically-
applicable cell surface antigens on DA progenitor populations, yet translation of these
approaches showed limited success as antibodies failed to show the same restrictive isolation
or immunoreactivity in human cells (Bye et al., 2015; Gennet et al., 2016, Samata et al.,
2016b), and our unpublished observations. The narrowing attention to cell surface markers
for selection has to some degree distracted from the primary goals of demonstrating the full

potential of vm DA progenitor enrichment, and the safety goals.

Focused on these tasks of safety, predictability and reproducibility, here we present the first
evidence of using a fluorescent transgene to isolate and engraft hPSC-derived vm progenitors
with superior outcomes to cell-surface based purification strategies. Whilst we do not claim
LMXZ1A as the optimal target gene (recognising expression within other non-dopaminergic
vm progenitors), this work provides the important impetus for sorting using a human targeted
gene. Moving forward, the recent work by Kirkeby et al, (2017) may provide new insight
into additional and/or superior sorting candidates — having recently identified genes
(including ETV5, EN1, SPRY1, WNT1 and CNPY1) expressed during vm differentiation
that are predictive of positive DA graft outcomes. Interestingly, several genes commonly used
to monitor DA differentiation (that have been employed in sorting studies e.g. FOXA2 and
CORIN), have shown poor correlates with graft outcomes (Kirkeby et al., 2017). While our
selected transgene, LMX1A, was shown to correlate positively with DA density in grafts
(Kirkeby et al, 2017), the emphasis remains that additional markers are also likely needed.
At this point the field is now left to ponder the risk-to-benefit ratio of taking GFP cell lines
into the clinic, noting that GFP transgenes have previously been employed in tracing and
targeted gene therapy clinical trials (clinicaltrials.gov) or the necessity of identifying a cell

surface target.
In summary, improved pre-clinical sorting strategies may enable the identification of novel

protein, epigenetic or transcriptomic identifiers that underpin positive DA transplantation

outcomes and therefore, inform further clinically relevant interventions.
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gene improves the standardization and safety of neural
transplants for Parkinson’s disease

Isabelle R. de Luzy!, Kevin Law!, Jennifer Hollands!, Lachlan H. Thompson®, Andras
Nagy?®?, Clare L. Parish’.

LFlorey Institute of Neuroscience and Mental Health, The University of Melbourne, Australia.
2 Australian Regenerative Medicine Institute, Monash University, Melbourne, Victoria, Australia.
3 Lunenfeld-Tanenbaum Research Institute, Mount Sinai Hospital, Toronto, Ontario, Canada.

4.1 Abstract

Human pluripotent stem cells (hPSCs) provide a valuable resource for regenerative
medicine including their potential for cell transplantation. However, the presence of rogue
proliferative cells within transplants presents a risk for tissue overgrowth and potential
tumorigenesis. Here we utilised a hPSC line carrying a transcriptional link between the
suicide gene, herpes simplex virus thymidine kinase (HSV-TK), and an essential cell
division gene (CDK1), thereby presenting a suicide system targeting dividing cells yet
protected against transgene inactivation, and could be employed to improve the safety of
neural transplantation for Parkinson’s disease. These CDK1-TK hPSCs were capable of
robust ventral midbrain specification and formed healthy neural grafts upon
transplantation. Early activation of the suicide gene, by ganciclovir (GCV) administration,
resulted in significantly smaller grafts, without affecting the total number or subtype
specification of dopamine neurons, their capacity to innervate the host striatum or ability
to restore motor deficits in Parkinsonian rats. Importantly the proportion of other, non-
dopaminergic neurons, of unknown functional influence, were significantly reduced.
Delayed ganciclovir treatment, 5 months after grafting, had no effect on graft size or
composition but significantly reduced proliferative cell number. In both paradigms,
residual proliferative cells remained — a likely consequence of the suboptimal
vascularisation of these neural grafts and thereby ability to deliver GCV. Combined, we
present important preclinical findings for the capacity of the FailSafe suicide system to
improve both the standardisation and safety of PSC-derived vm grafts for PD, as well as
address safety concerns associated with PSC, thereby providing a valuable resource for

clinical translation.
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4.2 Introduction

Clinical trials have demonstrated the capacity of new dopamine (DA) neurons to
structurally and functionally integrate into the brains of Parkinson’s disease (PD) patients.
More recent years have seen monumental efforts focused on using human PSCs as an
ethical, sustainable and standardised alternative to fetal donor tissue for grafting. Current
advanced protocols generate correctly specified ventral midbrain (VM) progenitors from
hPSCs, with an estimated 90% efficiency (Kirkeby et al., 2017a, Niclis et al., 2017a).
Surprisingly, despite this efficacy, transplantation studies using these progenitors report
low yields of DA neurons within the grafts (Gantner et al., 2020; Kirkeby et al., 2012,
2017a; Kriks et al., 2011; de Luzy et al., 2019; Niclis et al., 2017a; Samata et al., 2016),
with even the best case examples reporting just 50%. Such observations indicate that the
10% of incorrectly specified cells in culture undergo expansive proliferation following
transplantation (de Luzy et al., 2019; Niclis et al., 2017b; Samata et al., 2016), with little
knowledge of the impact these cells may have on graft function or potential risk of ongoing

growth.

Cell sorting approaches, to eliminate unwanted and highly proliferative cell types prior to
transplantation, have demonstrated varying success, yet fail to safeguard against post-
transplantation adverse events such as activation of quiescent stem cells within grafts
and/or tissue overgrowths that may appear with time. Post-transplantation fail-safe
approaches, such as suicide gene therapies, have emerged as an alternative therapeutic
option. Several approaches now exist, including inducible caspase-9 (iCas9), cytosine
deaminase/5-fluorocytine and herpes simplex virus thymidine kinase (HSV-TK) (Di Stasi
et al., 2011), with the later system most widely studied and utilised to date. The HSV-TK
system, activated by the prodrug ganciclovir (GCV), and targeted at eliminating
proliferating cells, has successfully been demonstrated to prevent teratoma growth utilizing
either pluripotent cell-specific promoters to drive the suicide gene, such as Oct4 (Hara et
al., 2008; Ou et al., 2013) and Nanog (Rong et al., 2012), or cell cycle-dependent driven
promoters, including Ki67 (Tieng et al., 2016) or CDK1 (Liang et al., 2018), to target all
proliferating cells. Efforts to eliminate proliferating progenitors from within lineage
specified cultures and/or transplants have also been explored, with the greatest success
observed clinically in the selective elimination of modified donor T lymphocytes in
allogeneic hematopoietic stem cell transplants following development of graft-versus-host
disease (Bonini et al., 1997; Morgan, 2012). Ablation of hPSC-derived neural progenitor
cells (NPC) has also been achievable in vitro (Tieng et al., 2016; Liang et al., 2018),
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however efforts to eliminate NPCs and impact graft size have largely failed when
employing a similar GCV regime to that employed for elimination of PSC-derived
teratomas (Tieng et al., 2016). A plausible explanation for these findings, and recognised
shortcoming of suicide gene therapy is the risk of silencing or downregulation of the
transgene and/or homologous recombination events that have been identified in PSC
cultures and teratomas (Kotini et al., 2016; Liang et al., 2018; Tieng et al., 2016).

To circumvent this risk, we recently engineered a hPSC line incorporating a transcriptional
link between the suicide gene and a cell division locus that is essential for cells to divide or
survive. Here, HSV-TK expression was driven homozygously by the CDK1 promoter
(noting the critical role for CDK1 in G2 to M phase progression during cell cycle that
cannot be compensated by other CDKSs) (Liang et al., 2018). We sort to examine the
capacity of this fail-safe system to improve the safety of neural transplants targeted for
Parkinson’s disease. We demonstrate that early GCV administration resulted in
significantly smaller grafts at 6 months, yet maintained their full complement of DA
neurons, DA innervation, and capacity to restore motor function in Parkinsonian rats, whilst
importantly eliminating unwanted off-target neuronal populations. Unsurprisingly, delayed
delivery of GCV failed to influence graft volume or neuronal composition, yet reduced the

proportion of proliferating cells.

4.3 Materials and Methods

4.3.1 Cell culture, differentiation and ablation

The H1 human embryonic stem cell line, expressing a HSV-TK under the CDK1 promoter
(and subsequently referred to as the FailSafe hPSC line), was cultured and differentiated
on Laminin-521 (5ug/ml, Biolamina) under xenogeneic-free culture conditions, as
previously described (Niclis et al., 2017). To initiate differentiation, all cells were exposed
to dual-SMAD inhibition using SB431542, (10uM, R&D Systems, 0-5 days, D) and
LDN193189 (100-200nM, 0-11D, Stemgent) to generate neuroectodermal progenitors. To
generate ventral midbrain progenitors suitable for transplantation, cells were subsequently
ventralised using Sonic hedgehog C25I11 (100ng/ml; R&D systems) and Purmorphamine
(2uM; Stemgent) from 1-7D, in addition to caudalisation by the canonical WNT agonist
CHIR 99021 (3uM; Stemgent, 3-13D). At 11D, cells were transitioned into ‘maturation
media’ consisting of NBB27 supplemented with GDNF (20ng/ml; R&D systems), BDNF
(20 ng/ml; R&D Systems), TGFB3 (1ng/ml; PeproTech), DAPT (10uM; Sigma-Aldrich),
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ascorbic acid (200 nM; Sigma-Aldrich), and dibutyryl cAMP (0.05 mM; Tocris
Bioscience). In the absence of ventralising and caudalising cues, differentiating cultures
generated forebrain neural progenitor cells following exposure to the dorsalising
morphogen FGF2 (20ng/ml) from 11-17D, (subsequently referred to as NPCs).

For in vitro ablation of proliferative PSCs or VM neural progenitors, cells were exposed to
ganciclovir (GCV, 1-50uM, Roche) for variable durations (2-10D). Medium (+ GCV) was
changed daily. For transplantation, day 20 VM and day 28 NPC cultures were dissociated
in Accutase (Innovative cell technologies) and resuspended into maturation media
supplemented with ROCK inhibitor (Y27632, 10uM, Sigma-Aldrich) at 150,000 cells/ul.
Prior to transplantation, VM cells were spiked with pan-NPCs at a ratio of 10:1 (90% VM,

10% NPC). Dissociated cells were stored on ice until the time of implantation.

4.3.2 Surgical procedures

All animal procedures were performed in agreement with the Australian National Health
and Medical Research Council’s (NHMRC) published Code of Practice for the Use of
Animals in Research, and approval granted by The Florey Institute of Neuroscience and
Mental Health Animal Ethics committee. Animals (of either sex) were group housed on a
12:12-hour light/dark cycle with ad libitum access to food and water. Surgeries were
performed on athymic (CBH™) nude rats under 2-5% isoflurane anaesthesia. The host
midbrain dopaminergic circuitry was unilaterally ablated by stereotaxic injection of 6-
hydroxydopamine (6-OHDA, 3.5ul, 3.2ug/ul) into the rat medial forebrain bundle, using
previously described methods (Niclis et al., 2017b). At 8weeks after 6-OHDA lesioning
animals received unilateral cell grafts (1.5uL, 100,000 cells/pl), at the following stereotaxic

coordinates: 0.5mm anterior, 2.5mm lateral to bregma and 4.0mm below the dura surface.

Daily intraperitoneal injections (i.p.) of GCV (50mg/kg) were administered to a subset of
animals from either 5-13wks (‘early GCV’) or from 14-21wks (‘late GCV’) after
transplantation. In a second cohort of rats, targeted at optimising GCV delivery, animals
received GCV (50-100mg/kg) either once or twice daily, from 2-10wks or from 5-13wks.

Animals were injected for a total of 8 weeks in both studies.
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4.3.3 Behavioural Analysis

Intraperitoneal administration of D-amphetamine sulfate (3.5mg/kg, Tocris Biosciences)
was conducted 4 weeks after 6-OHDA lesioning to assess motor deficits in unilateral
lesioned rats by rotational asymmetry testing. Only animals that reached a set criterion of
>5rotations per minute were included in this study. To assess functional integration of
transplanted cells, behavioural testing was repeated at the end of the study (24wks). Animal
groups were as follows: (i) Lesion only (subsequently referred to as ‘Lesion’), (ii) Lesion
+ GCV (referred to as ‘GCV?), (ii) VM+NPC cell graft (‘Cells’), (iii) Cells + GCV from 5-
13 wks (Cells + early GCV), (iv) Cells + GCV from 14-21wks (Cells + late GCV). For
behavioural studies, group sizes were 12-15 rats, while assessments of histology only (e.g.

for assessment of grafts at earlier time points and optimisation of the GCV

dosage/administration) involved group sizes of 5-6 rats.

Antibody name  Species Concentration Supplier Catalogue #

BARHL1 Rabbit ~ 1:200 Novus NBP1-86513
Biologicus

Calbindin Mouse  1:1000 Swant CB300

Adenomatous Mouse  1:200 Abcam ab16794

polyposis  coli

(APC)

ChAT Goat 1:100 Millipore

DAPI - 1:5000 Sigma Aldrich D8417

FOXAZ2 Goat 1:200 Santa Cruz sc-6554

GFAP Rabbit ~ 1:1000 DAKO

GFP Chicken 1:1000 Abcam AB13970

GIRK?2 Rabbit ~ 1:500 + strep Alomone Labs APC-006

HNA Mouse  1:300 Millipore MAB1281

K167 Rabbit  1:1000 ThermoFisher LBVRM-9106-S1

NeuN Rabbit  1:1500 R&D Systems

NESTIN Mouse  1:1000 Millipore MAB1259

OCT4 Mouse  1:100 Santa Cruz sc-5279

0oTX2 Goat 1:500 R&D Systems RDSAF1979

PAX6 Mouse  1:50 DSHB NA

PH3 Rat 1:1000 Abcam, AB10543

PITX2 Sheep 1:200 R&D Systems AF7388

PSA-NCAM Mouse  1:500 Santa Cruz sc-106

RECA Mouse  1:5000 Abd Serotec MCA970R

RFP Rabbit ~ 1:1000 Rockland Labs 600-901-379

SOX2 Goat 1:300 R&D Systems AF2018

TH Rabbit  1:1000 Pel-freeze P40101-0

Table. 4.1 List of primary antibodies
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4.3.4 Tissue processing and Histochemistry

For confirmation of appropriate in vitro specification of neural progenitors, cultures were
fixed using paraformaldehyde (PFA, 4%, 10mins) at varying timepoints during the
differentiation (0, 8, 11, 16, 19, 25D). For assessment of graft survival, differentiation and
integration, animals were killed by an overdose of sodium pentobarbitone (100mg/kg) at 5,
10 or 24wks after transplantation and transcardially perfused with 4% PFA. Brains were
cryosectioned (40uM; 12 series) on a freezing microtome. Immunohistochemical analysis
of fixed cultures or brain sections was performed as described previously(Somaa et al.,
2017). Primary antibodies and dilutions can be found in Table. 1. Secondary antibodies
were used at a dilution of 1:200 (Dylight 488-, 549, or 649-conjugated donkey anti-mouse,
anti-chicken, anti-rabbit, anti-goat, anti-sheep and anti-strep sourced from Jackson

ImmunoResearch Laboratories).

4.3.5 Microscopy and Quantification

Brightfield imaging of chromogenic staining was performed using a Leica Microscope
DM6000 microscope. Fluorescent images were obtained on a Carl Zeiss Axio Observer
Z.1 epifluorescence or Carl Zeiss LSM780 confocal microscope. Images captured at 20x
were used to quantify total number of DAPI+, OTX2+, FOXA2+, PITX2+, HNA+, KI67+
and RECA+ cells either in culture or within the graft. PSA-NCAM expression was used to
delineate the graft boundaries and estimate graft volume according to Cavalieri’s principle.
Quantification of TH+ cell bodies was performed on live images. Assessment of GIRK2+
and Calbindin+ cells within the grafts were quantified based on co-localisation with TH+

dopamine neurons from acquired confocal images.

4.3.6 Statistical Analysis

All behavioural testing and histological quantification were conducted by researchers
blinded to experimental groups. All data is presented as mean = SEM. Statistical tests
employed (one-way ANOVA, two-way ANOVA, Student’s t tests), and number of
animals/groups for each assessment are stated in the figure legends. All statistical analyses
were performed using GraphPad Prism and alpha levels of p<0.05 were considered
significant (*p<0.05, **p<0.01, ***p<0.001).
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4.4 Results
4.4.1 Directed differentiation of FailSafe hPSCs and assessment of suicide system
efficacy

Prior to transplantation we tested the capacity of the FailSafe hPSC line to generate VM
progenitors suitable for transplantation and assessed the efficacy of the suicide system in
vitro. FailSafe cells competently differentiated to vm progenitors, confirmed by the high
proportion of cells co-expressing OTX2+ and FOXA2+ (81.5 + 5.0%) at day 11 of
differentiation (Figure. 4.1A, D), with minimal contamination of off-target diencephalic
progenitors (Figure. 4.1B, <5%, BARHL1+ PITX2+). Whilst progenitors were isolated for
transplantation at day 20 of differentiation, parallel cultures were extended to day 25 to
confirm their capacity to generate tyrosine hydroxylase (TH+) expressing DA neurons
(30.1 £ 0.6%, Figure. 4.1C, D) with comparable efficiency to previous studies (Niclis et
al., 2017a, Kriks et al., 2011).

To determine the capability of the FailSafe system to ablate proliferative vm progenitors,
and identify the optimal timing to initiate suicide in vitro, we tracked proliferation during
the differentiation. As expected we observed a progressive decrease in proliferation over
time (DO: 98.4 £ 1.2%, D8: 64.2 + 3.2%, D12: 50.2 £ 2.0%, D16: 35.9 + 3.3%, D20: 11.3
+ 1.0%, D25: 3.0 £ 0.5%, Figure. 4.2A-C,), noting >10% of cells at the time of grafting

PITX2 BARHL1.DAPI

Figure 4.1. Efficient differentiation into midbrain DA neurons from a novel failsafe
suicide cell line

(A-B) Competent differentiation of failsafe CDK1-TK hESC into vm progenitors was confirmed by high
co-expression of OTX2, FOXA2 by 11DIV (A) and low contamination of subthalamic progenitors
(PITX2+ and BARHL1+ cells). (C) Competent differentiation of vm progenitors into TH+ DA neuron
at 25DIV (C). (D) Quantification of the co-expression of key cardinal vm markers; OTX2, FOXA2 and
TH confirmed efficient vm differentiation at 11 and 25 DIV.
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remained proliferative. We elected to activate the suicide gene at a time when cells were
sufficiently patterned into vm progenitors, with a high proportion of dividing cells, whilst
also comprising a sufficient number of post-mitotic cells to enable additional assessment
of patterned into vm progenitors, with a high proportion of dividing cells, whilst also
comprising a sufficient number of post-mitotic cells to enable additional assessment of
potential toxicity of the prodrug. Consequently, cultures were exposed to GCV from day 9
of differentiation. Despite the fact we competently eliminated all PSCs in parallel
undifferentiated cultures, only partial ablation (~50%) of proliferating vm progenitors
could be achieved within the same time period, suggestive that VM progenitors may require
a longer period of exposure (Figure. 4.2D). Such observation may, in part, explain why
GCV regimes used to ablate teratomas failed to influence/reduce graft size following
transplantation of vm progenitors by others (Tieng et al., 2016).We therefore looked to
prolong the duration of GCV administration. Complete elimination of all KI67+ (and
PH3+) progenitors in culture could be achieved following exposure for 10 days (Fig. 4.2E-
H), with the majority of remaining cells expressing TH, indicative of post-mitotic

dopaminergic neurons (Figure. 4.21-J).

4.4.2 Tracking the proliferation and maturation of vm progenitor grafts to identify

the optimal age to administer ganciclovir

Previously we reported an >9-fold increase in the volume of VM progenitor grafts from 6
weeks to 24 weeks after implantation (Niclis et al., 2017b). Such observation suggested the
presence of persistent proliferative progenitors in vivo and the need to better understand the
growth Kinetics of the grafts in order to optimally remove highly proliferative cells whilst
minimally affecting the number of functioning dopamine neurons. We therefore examined
graft volume and proliferation over the course of 6 months, as well as the timing at which

DA progenitors became post-mitotic.

Grafts showed a significant, exponential volumetric expansion over time (5wks: 0.4 + 0.1
mm3, 10wks: 1.1 £ 0.2 mm3, 24wks: 3.5 £ 0.4 mm3; Figure. 4.3A-C, G). Ki67
immunolabeling highlighted a large pool of proliferative cells were present at early periods
after transplantation (5wks: 9306 + 1997, 10wks: 4672 *+ 629), that steadily decreased in
proportion by 24weeks (1807 + 230 KI167+/mm?, Figure 4.3D-G). Interestingly, the total
number of DA neurons remained unchanged from 5 to 24weeks (Figure, 4.3H, 5wks: 4752
+ 708, 10wks: 4635 + 1080, 24: 5294 + 467), resulting in a significant decrease in
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Figure 4.2. In vitro proliferation and elimination of stem cell-derived VM progenitors
from a novel failsafe suicide cell line

(A-C) Immunohistochemical labelling of KI67 (A) and PH3 (B) tracked proliferation during the
differentiation of PSC into dopamine neurons (25 DIV) and indicated a progressive decline over time
(C). (D) Addition of GCV (10uM) in culture to either PSCs (red) or PSC-derived vm progenitors (blue)
suggested a prolonged exposure (>5days) is required to achieve complete elimination of all Ki67+
progenitors. (E) Prolonged exposure to GCV significant decrease in surviving progenitors. (F)
Quantification of K167+ cells following GCV exposure (closed blue bars) confirmed successful
elimination of all dividing VM progenitors after 10 DIV. (G-H) Immunostaining of cultures for K167
(blue) and PH3 (red) in the absence (G) or presence (H) of GCV (I-J) Co-labelling of K167 and TH
indicated that some cells remaining after sustained in vitro GCV exposure (10DIV) were post-mitotic
dopaminergic neurons (Ki67/TH"). Note the healthy morphology and fibre outgrowth of the TH neurons
even in the presence of GCV (J°). Abbreviations: PSCs; pluripotent stem cells, VM; ventral midbrain,
DIV; days in vitro, TH; tyrosine hydroxylase, GCV; ganciclovir

dopaminergic cell density due to the continued expansion of the graft size (5wks: 15000 +
1763 TH+/mm?3, 10wks: 4251 + 414, 24wks: 1524 + 83, Figure. 4.31). As the full
complement of DA neurons were present by 5wks, graft expansion observed beyond this

time was a result of poorly specified progenitors not destined to become DA neurons.
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Figure 4.3. Tracking expansion of VM progenitors and birth of DA neurons after

engraftment

(A-C) Coronal sections of the rat brain immunolabelled for human-specific NCAM demonstrates relative
graft expansion between 5 (A), 10 (B) and 24wks (C). (D-F) Immunohistochemical labelling of
transplants with HNA (red) and Ki67 (green). (D’-F’, G) Quantitative assessment of all groups
highlighted significant overgrowth throughout the study, but by 24wks the proportion of proliferating
cells was significantly reduced. (H-1) Quantification of TH+ cells confirmed all dopaminergic neurons
are born by 5wks (H), with a significant reduction in dopaminergic density over time as a result of
continued graft expansion (I). Abbreviations: NCAM; neural cell adhesion molecule, wks; weeks, HNA,;
human nucleic acid

4.4.3 Early exposure to ganciclovir prevents expansion of non-DA proliferative
progenitors whilst conserving DA graft composition and functionality

With knowledge of the graft kinetics, we next set out to assess the ability to suicide
proliferative cells in a PSC-derived neural graft (Figure. 4.4A). Animals receiving 6-
OHDA lesions were tested for amphetamine-induced motor asymmetry and only animals
showing > 6 rotations/min were included in the study. With the current high efficiency of
VM differentiation protocols, we purposefully spiked the donor cells with a pool of
proliferative forebrain neural progenitors (PAX6+SOX2+), previously demonstrated to
possess tumorigenic potential (data not shown), in order to test the capacity of the FailSafe
system to eliminate dividing neural progenitors and ensure maximal safety. Such an
approach was adopted as the research and clinical community continues to debate the

necessity of sorting and suicide approaches for VM grafting in PD. We argue that such
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suicide tools are advantageous as a safe-guarding approach, to protect against

unforeseeable adverse events that may arise in patients.

The specification of the HSV-TK into a forebrain neural progenitor identity was confirmed
by the co-expression of OTX2+/PAX6+/SOX2+/NESTIN+, in addition to the absence of
the ventral marker FOXA2 (Supplementary 4.1A-B). At 5 weeks after grafting, the
presence of both vm progenitors and forebrain NPCs was confirmed by presence or absence
of cells expressing FOXAZ2, respectively (Supplementary 4.1C-E). To prevent elimination
of vm progenitors destined to become DA neurons, ganciclovir treatment commenced after
5wks post-transplantation. In light of previous findings demonstrating no effect on graft
size after 2 weeks of GCV in animals receiving HSV-TK vm progenitor grafts (Tieng et
al., 2016), as well as the prolonged treatment required to eliminate proliferating vm
progenitors in vitro (Fig. 4.2D), we elected to expose animals to GCV for an extended
duration (8wks) (Figure. 4.4A).

At 24 weeks after grafting, rotational testing was repeated in all animals, with a significant
improvement in motor function observed only in grafted animals, irrespective of exposure
to GCV (Figure 4.4B, green and blue lines), indicating that GCV had no detrimental effect
on the functional DA unit of the graft. Post-mortem assessment revealed surviving grafts
in all animals (visualised by the presence of human-specific PSA-NCAM staining) (Figure
4.4C-D). Grafts in the presence of GCV, however, were significantly smaller in volume
(Cells: 3.5 + 0.4 mm?; Cells+GCV: 2.5 + 0.2 mm?), contained fewer cells (Control: 577,226
+ 70,530 HNA+, GCV: 306,451 + 33,365 HNA+ cells), and showed a significant reduction
in cell density (Figure. 4.41-M).

Despite concerns of pro-apoptotic proteins being released and influencing neighbouring
cells following suicide-induced cell death within the graft, we observed no significant
difference in the number of surviving TH+ DA neurons (Cells: 5304 + 643; Cells+GCV:
4627 + 612, Figure. 4.4E-G), supporting the comparable improvement in functional
recovery observed in untreated and GCV-treated graft animals. As a result of the
significant reduction in graft volume, density of DA neurons within GCV treated grafts
were significantly increased and notably more homogeneous than grafts in the absence of
GCV (Cells: 5304 + 643/mm?, Cells + GCV: 4626 +612, Figure 4.4E’-F>*, H). Importantly,
exposure to GCV had no impact on A9/A10 subtype specification within the graft (Figure
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Figure 4.4. Early exposure to GCV prevents expansion of neural progenitors with no
toxic effect on dopaminergic function

(A) Schematic overview of study design inclusive of behavioural testing, cell transplantation and GCV
injections. (B) All grafted animals showed restoration of amphetamine-induced rotational asymmetry at
24wks, irrespective of GCV exposure. (C-D) NCAM coronal sections surviving grafts in both groups.
(E-F) Photomicrographs showing distribution and density of TH+ cells within grafts in the presence or
absence of GCV. (G) Exposure to GCV had no effect on TH+ cell number within the graft. (E’-F’, H)
Significant increase in dopaminergic density following GCV exposure. (I-K) Graphs highlighting that
delayed GCV delivery generated significantly smaller grafts in volume (1), total cell number (J) with a
significant decrease in density of graft-derived cells (K). (L-M) Representative images of HNA+ labelled
cells in grafted animals (+GCV). (N) Quantitative assessment of TH+ fiber density in the dorsal caudate
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putamen. (O-P) High power images illustrate maintained innervation of TH+ fibres in the striatum of
animals exposed to GCV. (Q) Representative photomicrograph to show the co-expression of TH together
with GIRK2 and/or calbindin, indicative of A9- and A10 midbrain dopaminergic subtypes. (R)
Assessment of TH co-labelling with GIRK and/or calbindin confirmed that GCV grafts retained the
capacity to form mature vm dopaminergic neurons of both A9 and A10 phenotypes.

4.4Q-R), or the ability of DA neurons to appropriately innervate striatal targets (Cells:
47.3£ 6.7%, Cells + GCV: 44.7 + 5.3%) (Figure. 4.4N-P).

Recent transcriptomic and histochemical studies of mature dopaminergic grafts have
highlighted their heterogeneous composition including not only other neuronal and neural
populations but also non-neural cell types, despite implanting vm progenitors of high purity
(~90%) (Bye et al., 2019; Tiklova et al., 2019). We therefore investigated whether GCV
treatment may preferentially impact a specific progenitor population and/or influence the

neural specification of the grafts. We observed an overall trend of increased neuronal
specification within grafts exposed to GCV (Cells: 35 £ 0.04%; Cells + GCV: 42 + 0.04%,
Figure 4.5A), indicating that the relative contribution from non-neuronal fates was reduced.

While TH cell number was unchanged across the graft groups (Figure 4.4G), we observed
a significant decrease in total NeuN+ cells in GCV-treated grafts (Cells: 201422 + 27880,
Cells + GCV: 128242 + 15300), indicating that GCV treatment could reduce the relative
contribution of unwanted, non-DA neurons (Figure 4.5B-D). Further profiling, to reveal
the identity of the unwanted neuronal populations eliminated by GCV, showed few and
unchanged proportions of cholinergic neurons (data not shown). A reduction in both
oligodendrocytes (CC1+), and density of astrocytes (GFAP+) was also observed in GCV-
treated grafts (Fig. 4.5E-1). These present findings, in conjunction with prior transcriptomic
analysis that highlighted an absence of other neuronal (GABAergic, glutamatergic,
serotonergic) and neural populations in immature grafts (5 wks) but present at the mature
stages (6 months) (Bye et al., 2019), suggests the contribution from other neural and
neuronal populations within the graft are born after DA neurons and therefore susceptible

to GCV in the present treatment regime.

Surprisingly, the present GCV regime (‘early’ administered from 5-13 weeks post-
transplantation) had no impact on the small pool of proliferative cells (~1% KI67+ cells)
remaining at 24 wks (Figure 4.5J-L). Whilst this may suggest the presence of a quiescent
stem cell/progenitor population that emerged after GCV treatment ceased, we were able to
confirm that at least a proportion of the K167+ cells remaining within the grafts were of

host (HNA-), and not graft (HNA+) origin, and in some cases, were found in close
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proximity, or localised, to host blood vessels (Figure 4.5M), as previously observed in long

term neural grafts (Somaa et al., 2017).

4.4.4 Late delivery of ganciclovir has no impact on graft size and composition but

reduces the residual proliferative progenitor pool

Potential inclusion of undetectable tumorigenic cells within donor cells remains a realistic
concern for the clinical application of hPSCs and highlights the need for strategies that can
be initiated should adverse events arise to ensure patient safety. Others have demonstrated
the capacity of suicide systems to protect patients from rogue grafts, by complete
elimination of all grafted cells (using an alternative suicide system) (ltakura et al., 2017),
yet they consequentially lose all therapeutic benefit intended from the cell transplant. We
therefore looked to examine the capacity of the FailSafe suicide system to be employed in

this capacity - targeting elimination of quiescent, residual proliferative cells.
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Figure 4.5. Failsafe suicide system does not preferentially eliminate specific neural
populations

(A-B) Quantitative assessment of proportion and total neurons (NeuN+) in grafted animals. (C-D, C’-
D”) Photomicrographs illustrate a significant reduction in the proportion of NeuN-immunolabelled
neurons (blue) only in the presence of GCV. (E-F) The proportion of CC1+ oligodendrocytes were
unaffected by GCV, but total number was reduced. (G) Relative contribution of GFAP+ astrocytes
remained unchanged. (H-I) Representative images immunolabelled with GFAP. (J) No change in small
residual pool of proliferative cells remaining at 24wks. HNA (green), Ki67 (blue). (K-L). High power
image showing K167+ proliferative cells in close proximity to host (RECA+) blood vessels (M).
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To achieve this, in a parallel cohort of 60HDA lesioned and grafted animals we delivered
GCV from 14-22wks (Fig.4.6A). As anticipated, grafts in the presence and absence of
GCV showed comparable reductions in amphetamine-induced rotational asymmetry at
24weeks (data not shown). Histological assessments again showed viable grafts in all
animals and as expected, late GCV treatment had no effect on graft volume (Fig.4.6B-D),
cell number (Fig. 4.6E), or density (Figure 4.6F), suggesting the majority of graft growth
occurs by 14wks. Delayed exposure of the graft to GCV, however, significantly reduced
the number and density of proliferative cells (Cells: 1807 + 230 KI67/mm?3, Cells+GCV:
1211 + 221 Ki67+/mm?3) (Figure. 4.6G-J).
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Figure 4.6. Late GCV delivery significantly reduces the number of residual
proliferative cells but has no effect on graft size

(A) Schematic detailing the transplantation of cells derived from CDK1-TK suicide line and the
experimental timeline for in vivo procedures. (B-C) Human specific NCAM enables visualization of
grafted cells in striatum. (D-E) No difference in total volume or cell number were observed following
late delivery of GCV. (G-H) Representative photomicrographs of KI67-immunolabelled proliferative
cells within grafts. (G’-H’, I-J) Grafts receiving GCV were significantly reduced in total number and
density of proliferative (Ki67+) cells.
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445 Modifying ganciclovir administration to target residual proliferating
progenitors within neural grafts

The presence of residual graft-derived proliferative cells within grafts after prolonged
GCV, initiated either early or late after transplantation, raised questions regarding the
efficiency of the prodrug delivery to graft. We therefore sort to assess the impact of altering
the mode of GCV treatment (by pre-treatment of cells in vitro 48hrs prior to grafting) or by
modifying the frequency (once or twice daily) and/or dose of GCV. Pre-treatment of neural
progenitors with GCV in vitro prior to transplantation resulted in significantly smaller
grafts with a reduced number and density of K167+ proliferative cells (Figure 4.7A-B, K-
L), yet showed poor survival of TH+ DA neurons (Figure 4.7M), suggesting that many of
the correctly specified progenitors, destined to become DA neurons were likely ablated.
Such observations align with fetal tissue studies showing the critical importance of donor
age, and the requirement of mitotic cells at the time of implantation for optimal graft
survival, and high DA neuron yields (Bye et al., 2012; Freeman et al., 1995; Torres et al.,
2007).

The observation of continued cell growth in GCV-treated cultures during the first few days
of treatment in both PSCs (~2days) and NPCs (~3days) (Tieng et al., 2016), suggested a
potential delayed activation of the HSV-TK suicide system. We therefore tested this theory
in vivo and treated grafts with GCV at an earlier stage, commencing 2 weeks after
transplantation. Similarly, to pre-treatment in vitro, we found that earlier treatment also
caused a negative impact on the DA population (Figure 4.7M), and failed to sufficiently
ablate all residual proliferative cells (Figure 4.7L).

With observations that higher doses of GCV were required to ablate vm progenitors in vitro
(data not shown), we sort to assess the impact of increasing the daily dose of GCV
(100mg/kg) or frequency of administration (twice daily, noting the short S-phase of neural
progenitors compared to PSCs). This also had minimal benefit. While graft size was
reduced in both cases (Figure 4.7E-F, K), and TH cell counts remained unchanged for the
high GCV dose (yet reduced for the twice daily administration), comparable to 50mg/kg
GCV daily (Figure 4.3K), persistent K167 cells still remained (Figure 4.7L).
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Figure 4.7. Alterations to timing, frequency and dosing of GCV failed to eliminate all

proliferating cells

(A-H) Representative photomicrograph of grafted cells delivered either as single (A-F) or multiple
deposits (G-H) labelled by human specific nucleic acid (HNA) demonstrates relative graft size in the
presence or absence of GCV. (1) Cells delivered as multiple deposits allow for significantly greater blood
vessel infiltration compared to single deposit grafts, but still remains inferior to the host vasculature. (1)
Representative images depicting the relative density of RECA+ blood vessels in either single or multiple
deposit grafts or host striatal tissue. (K-M) Graphs depicting total volume (K) proportion of proliferative
cells (L) and total surviving DA neurons (M).

In light of failed success of altering the GCV administration, we questioned whether the
problem of removing residual progenitors was due to the vascular supply of the grafts,
acknowledging also the solid neural tissue generated from the progenitor grafts. We
therefore examined the extent of the vascular network within the grafts. RECAL and
Claudin immunolabeling, to identify host and graft-derived vasculature, respectively,
revealed minimal blood vessel formation within young grafts (5 and 10 weeks post-
transplantation), that showed modest evidence of increasing in density/maturation, but
remained significantly less than the host brain (5wk old graft: 3.2 £ 0.0%, 10wks: 3.03 £
0.0%, 24wks: 6.83 + 0.1%, host brain: 20.93 + 0.1%, Supplementary 4.2A-E, also observed
in Appendix 3). Note within the grafts, no evidence of graft-derived (Claudin+) blood

vessels could be observed (data not shown). This poor vasculature supply, and thereby
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influence on the capacity to deliver GCV may, in part, explain the presence of proliferative

cells within neural grafts.

In assessment of the vascular supply and proliferative cells within the neural grafts, we
observed a homogenous distribution of Ki67 progenitors within the graft core, yet notably
fewer at the graft-host border (Figure 4.3D-F). We therefore speculated whether an
increased contact with host vasculature at the graft periphery may aide in GCV delivery
within these unvascularised regions. We therefore sought to assess the influence of
making multiple small deposits of vm progenitors, to increase the contact between the
grafted cells and the host vasculature. Multiple site grafting enhanced survival of DA
neurons (as previously reported in fetal studies, Bjorklund et al, 1983, Figure 4.7M), and
additionally promoted further infiltration of host blood vessels, yet remained notably
inferior to the density of vasculature observed within the host striatal tissue (Figure 4.71-J,
Supplementary 4.2A”, D) and importantly failed to provided further benefit in response to
GCV over single deposit grafts (Figure 4.7K).

4.5 Discussion

In the present study we employed a suicide system to improve the safety of hPSC-derived
neural transplants for PD. Utilising a transcriptional link between the suicide gene and a
cell cycle essential gene, CDK1, as well as homozygous targeting, ensured the FailSafe
system circumvented the risks associated with gene silencing or diploid loss of
heterozygosity. We demonstrated that prolonged activation of the suicide system from (5)
weeks after cell implantation had no negative impact on the functional capacity of the graft
to restore motor function, yet generated significantly smaller grafts (~50% reduction in cell
number), that were enriched for dopaminergic neurons and maintained targeted DA
innervation capacity. In contrast, late GCV treatment from (14) weeks failed to impact on
graft size yet significantly reduced the proportion of graft-derived proliferative cells.
Collectively we demonstrate the benefits of the suicide-based system to improve the safety

and composition of hPSC-derived neural transplants for PD.

The early activation of the suicide gene, intentionally after the identified post-mitotic birth
of the DA neurons within the graft, reduced the expansion of poorly specified progenitors
within the grafts. Supporting this was the maintained composite of TH+ cells within smaller
grafts (resulting in increased DA density) and the overall reduction in NeuN+ neurons,

indicating that the relative contribution of other, non-dopaminergic neuronal populations
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was reduced. Such findings are of critical importance as the field remains largely unaware
of the impact other neuronal, and non-neuronal populations, may have on graft function.
Evidence does however exist for the detrimental impact of one cell type within vm
progenitor grafts, with both preclinical and clinical studies providing evidence for 5HT+
serotonergic neurons contributing to graft induced dyskinesias (Carlsson et al., 2007;
Hagell et al., 2002; Mendez et al., 2005; Politis, 2010).

Whilst smaller grafts were observed, and of maintained DA functionality, the presence of
residual proliferative cells at 24 weeks after grafting raised concerns surrounding efficiency
of the suicide system in the current context. With GCV administration ceased at 13 weeks,
it is plausible that these cells reflect quiescent stem cells, activated after the termination of
the prodrug, and suggests that periodic GCV treatment after transplantation (rather than a
single prolonged period) may be required to target such populations. However, when
animals were examined acutely after termination of GCV delivery (i.e. those animals
receiving ‘late’ delivery of the prodrug from 14-22weeks), persistent proliferative cells,
albeit reduced in number, remained in the grafts. In addition, unlike the early GCV
treatment, these animals were not exposed to a prolonged GCV ‘wash-out’ period to assess
whether quiescent stem cell populations may appear at more protracted stages after

cessation of treatment.

Such observations lead one to questions the rigor of GCV delivery — both mode of delivery,
dose and frequency. To date most stem cell-based studies employing suicide systems to
ablate grafts implant PSC, providing evidence that drug activation of the systems can
eliminate teratomas. Here we report the resistance of vm neural progenitors to apoptosis in
vitro, by comparison to PSCs in culture, suggesting that ablation of teratomas may in fact
be ‘easier’ than lineage restricted progenitors. In support of our work and others, total cell
cycle length of pluripotent stem cells is significantly shorter (estimated 13-16hrs for human
cells) with cells spending proportionally longer time in the DNA replication S-phase (the
cell cycle phase when GCV incorporated into the DNA) (Becker et al., 2006; Calder et al.,
2013; Filipczyk et al., 2007; Neganova et al., 2009), by comparison to fate restricted
progenitors, whereby cycle length is longer (ranging from 25-30hours for neuronal
progenitors), with proportionally less time spent in S-phase (our observations) (Calegari
et al., 2005; Arai et al., 2011). Our present in vitro work highlighted that significantly
longer, and higher doses, were required to ablate neural progenitors, compared to the PSCs.

For the in vivo translation of this work, we therefore prolonged the duration of GCV to

89



Suicide transgene activation improves stem cell graft safety

8weeks (compared to commonly employed 1-2weeks applied in teratoma studies). We also
increased the frequency of delivery, in hope of targeting the shorter S-phase within a longer
cell cycle, yet with limited improvement. Additional efforts to increase the GCV
concentration, noted the in vitro requirement for a 5-fold increased dose to ablate VM
progenitors compared to PSC. Similar dose escalation in vivo to 100mg/kg twice daily (our
unpublished observations) could not be achieved as this resulted in systemic adverse health
in animals that resulted in their euthanasia. Such observations have been noted in other
studies administering GCV at 100mg/kg by continuous infusion (Singer et al., 2009) and
at 150-300 mg/kg/day (Smee et al., 1992). Whilst this is a common FDA approved drug
used in the treatment of HSV and CMV without toxicity, animal studies typically utilise
doses far higher than those conducted in routine treatments (5mg/kg/24hr). As a result, this
approach demonstrates proof of principle in vivo evidence of GCV-induced cell ablation

but at higher doses this may not be translatable for clinical purposes.

Despite extensive efforts focused on improved GCV penetration, all grafts still contained
dividing cells. Whilst a proportion of these were determined to be of host origin, the identity
of the remaining proliferative cells derived from the graft is still unknown, but previous
work suggests a proportion could be associated with blood vessel formation (as seen for

neural grafts, Somaa et al., 2017).

One is left to also question whether the ability of the drug to reach the graft contributes to
the present findings and whether approaches to enhance the vascular network of these
neural grafts may improve contact between proliferative cells in the grafts and GCV.
Exploration into approaches designed to promote blood brain barrier permeability, such as
RMP-7 or through use of redox targeting, have been shown to improve the efficacy of
ablation in teratomas (Brewster et al., 1994; LeMay et al., 1998). However, the extremely
short (minutes) half-life of RMP-7 raises challenges, since sustained delivery or an

extended half-life will likely be required for sufficient efficacy.

Such hurdles with the HSV-TK/GCYV suicide approach identified in this study, as well as
potential immunogenicity of the TK transgene and adverse effects associated with long
term administration of GCV (Itakura et al., 2017), raises interest in alternative suicide
systems that may be more appropriate for lineage restricted grafts such as the present vm
progenitor grafts. For example, reduced immunogenicity and considerably shorter time

requirement to eliminate PSCs (up to 24hrs) in the iCas9 system are both valuable and
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attractive features for in vivo studies (Yagyu et al., 2015). This approach offers the
possibility for a more targeted approach, in this regard to protect a specific population
within the graft, whilst eliminating all remaining cells. Additionally, since we observe
significant overgrowth by grafted cells even at initial stages, such engineering to protect
specific populations, would allow even earlier commencement of GCV (<5wks) that may
lead to more effective prevention of graft expansion, without impacting the dopaminergic
population, that could not be prevented in this study when GCV was administered before
5wks.

With hPSC rapidly advancing to the clinic for PD, careful consideration for the utility and
safety of hPSCs is required. As we embark on these trials, safety is of the upmost
importance not only for a given patient but for the breadth of application of these cells in
other trials and for other diseases. Poor regulation and assessment of fetal tissue trials in
PD through the 1980s and 1990s created highly variable outcomes and degrees of
catastrophe for both the research and clinical community. Local regulatory bodies, such as
the FDA, are demanding vast numbers of animals to be grafted with a given cell batch prior
to its clinical use, as well as extensive QC focused on cell proliferation, indicating that the
concern for tissue overgrowth-associated risks remain evident (Kirkeby et al., 2017b;
Studer, 2017). It is therefore of upmost importance that caution is taken when moving this

alternative donor cell forward for CRT in PD.
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Supplementary Figures

| EI ,‘\:

Supplementary 4.1. Characterisation of pan forebrain progenitors and relative

contribution to graft composition

(A) Differentiation of CDK1-TK hPSCs patterned towards a forebrain identity was confirmed by co-
expression of PAX6, OTX2 and SOX2, with absence of FOXA2. (C) Assessment of 5wk grafts
confirmed presence of pan forebrain (FOXAZ2-) and vm (FOXAZ2+) progenitors.
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Supplementary 4.2. Poor graft vascularization may partially explain limitations of
HSV-TK failsafe suicide system

(A-C) Representative images immunolabelled for DAPI (blue) and RECA (white), to illustrate host-
derived RECA+ blood vessels. (F) A dramatic reduction in the density of blood vessels (RECA+) was
observed in the graft compared to the host striatal tissue.
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5.1 Abstract

Developmental age of donor fetal tissue has a significant impact on neural transplantation
outcomes, yet has been minimally explored in relation to human pluripotent stem cells
(hPSC)-derived neural transplants. Given the more recent emergence of human pluripotent
stem cell (hPSC)-derived ventral midbrain dopaminergic (vmDA) progenitors into clinical
application for Parkinson’s Disease, we sought to shed light on the influence of neural
progenitor age on graft survival, composition and integration. To address this, we examined
the impact of transplanting hPSC-derived vmDA progenitors at varying days of in vitro
differentiation (between day 13-30) into a mouse model of the disease, comparing two cell
lines across multiple differentiations. Both cell lines were constructed to contain an eGFP
reporter under the control of the endogenous promoter PITX3 (with one being an induced
pluripotent stem cell and the other an embryonic stem cell line), to enable inter- and intra-
line comparisons and specific tracking of crucial graft-derived vmDA neurons in vitro and
in vivo. Post-mortem analysis at 6 months revealed small grafts from both lines transplanted
with D13 and D30 progenitors, while grafts derived from D19, D22 and D25 cells were
larger yet contained a higher number and proportion of non-dopaminergic cells. Grafts of
D13 progenitors not only contained the highest proportion of vmDA neurons, that
displayed enhanced vmDA subtype specification, but also the greatest fraction of GIRK2-
expressing A9-like neurons, the vmDA subpopulation critical for motor function.
Furthermore, these young progenitor grafts innervated developmentally relevant vmDA
targets. Interestingly, despite highly reproducible differentiations and grafting outcome at
an intra-line level, grafts of hiPSC-derived D13 progenitors showed a 6-fold greater density
of vmDA neurons compared to hESC-derived grafts of the same progenitor age. These

findings show that the age of hPSC-derived vmDA progenitors at the time of implantation
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has a direct impact on graft survival, vmDA composition and maturation, and that careful
consideration of inter-line variation is valuable prior to clinical translation into human

patients.

5.2 Introduction

Dopamine (DA) pharmacotherapy remains the mainstay treatment for Parkinson’s disease
(PD) patients, yet adverse effects and waning efficacy, in part related to systemic drug
delivery and ongoing disease progression, highlight the need for alternative therapeutic
approaches. Clinical trials have demonstrated that targeted transplantation of replacement
DA neurons, isolated from fetal tissue, are capable of functional integration and prolonged
relief of motor symptoms in PD patients (Barker et al., 2013). Despite this proof of
principle, issues associated with the use of fetal tissue, including poor standardisation,

limited availability and ethical concerns hinder the broader applicability of this approach.

More recently, human pluripotent stem cells (hPSC), inclusive of both embryonic (ESC)
and induced pluripotent stem cells (iPSC), have been recognised as an alternative donor
source — with refined protocols now capable of appropriately fate restricting these cells into
ventral midbrain (VM) dopamine progenitors/neurons (Kriks et al., 2011; Kirkeby et al.,
2012; Xi et al., 2012, Niclis et al., 2017a). Despite efficient in vitro specification, with
>80% of cells appropriately fate restricted at the time of implantation, the overall
proportion of DA neurons within the graft remains low. Likely underpinning this is the
poor survival of DA progenitors during cell preparation and immediately after
implantation, as has been reported for fetal tissue (Castilho et al, 2000; Olanow et al, 1996),
as well as the inclusion of a seemingly low proportion of highly expansive non-mDA
progenitors within the donor cells (de Luzy et al., 2019).

Interestingly, several studies using fetal tissue have demonstrated that maturity of donor
cells at the time of grafting can have a significant impact on graft composition and
functional outcomes. More specifically, it has been recognised that donor tissue isolated
prior to, rather than at the peak phase of DA neurogenesis produces larger grafts with
more DA neurons as a result of increased survival and proliferation of DA neuroblasts at
the time of implantation (Bye et al., 2012; Freeman et al., 1995; Gates et al., 2006;
Torres, et al., 2007).

Added to this, more recent studies have highlighted that the A9 DA neurons (a

subpopulation of VM DA neurons critical for motor function) precede the birth of
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neighbouring A10 DA neurons (Blaess et al., 2006; Bye et al., 2012; Joksimovic et al.,
2009), and consequently the transplantation of younger donor tissue enriches for this
necessary A9 population (Bye et al., 2012; Kauhausen et al., 2013).

Surprisingly, there has been relatively limited comparison of PSC-derived DA progenitor
age and graft outcomes, despite reports of vm donor cells ranging from day 16 to day 42 of
differentiations across studies (Doi et al., 2014; Gantner et al., 2020; Kirkeby et al., 2012;
Kriks et al., 2011; de Luzy et al., 2019; Samata et al., 2016; Wakeman et al., 2017). Unlike
fetal tissue, the heightened risk of tumorigenesis and overgrowth associated with
engraftment of younger progenitors that may be incompletely patterned or retain
pluripotency needs to be considered. As such, direct hPSC-derived vm progenitor age
comparisons are required to determine if differences in age of tissue employed by different
groups is restricted by development and/or due to inter-line (and/or inter-differentiation)

variability.

In order to address these questions, we engineered a hiPSC expressing enhanced green
fluorescent protein (GFP) under the PITX3 promotor (hiPSC PITX3-eGFP), in
combination with our previously reported hESC PITX3-eGFP reporter (Niclis et al, 2017a,
2017b, Gantner et al, 2020), to specifically track the DA compliment of grafts and assess
the impact of vm progenitor age on graft outcomes, across cell lines and repeated
differentiations. Using this approach, we demonstrate that both donor age and cell line had
a significant impact on graft survival, plasticity and composition. We showed that younger
donor cells generated smaller grafts that were significantly enriched for DA neurons, with
the smallest inclusion of non-DA cells, that was consistent over multiple differentiations

and grafting rounds.

5.3 Materials and Methods

5.3.1 Maintenance of human PSC culture

Human ESC lines H9 with PITX3-eGFP knockin (hESC PITX3-eGFP (Watmuff et al.,
2015), and our newly generated integration-free human induced pluripotent stem cells
(hiPSC) line RM3.5 PITX-eGFP knockin (hiPSC PITX3-eGFP, described below), were
cultured in xenogeneic free conditions. Both lines were confirmed to be karotypically
normal and frequently tested for absence of mycoplasma (MycoAlert detection kit, Lonza).

hPSCs were cultured on Laminin-521 (5ug/ml, BioLamina), in mTeSR-1 (StemCell
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Technologies) supplemented with 0.5% Penicillin-Streptomycin. hiPSCs were maintained
with an additional 5% KSR (ThermoFisher). Media was changed daily and RelLeSR
(StemCell Technologies) used to passage every 4-6 days. Cultures were maintained at 37°C
with 5% COs.

5.3.2 Generation of hiPSC PITX3-eGFP reporter line

Neon® electroporation of Donor and ZFN plasmids

Single cells were isolated by Accutase (Innovative Cell Technologies) at ~80% confluency
and resuspended at a concentration of 1.0 x 107 cells/ml in resuspension buffer (Neon®
100 pl Kit, Invitrogen). Addition of 1 pg/1.0 x 10° cells of PITX3-eGFP-PGK-PURO donor
plasmid (originally a gift from Rudolf Jaenisch, Addgene deposit #31942;
http://n2t.net/addgene:31942; RRID:Addgene_3194, Supplementary Figure 5.1A) from
the PITX3 CompoZr® Targeted integration kit (Sigma) was incubated for a short (5min)
period. Following incubation, equimolar ratios of PITX3 zinc-finger nuclease plasmids
(ZFN1 & ZFN2) were added (Supplementary Figure 5.1A) and the sample transferred to
the Neon® (Invitrogen) pipette using the Neon® tip. Cells were electroporated under
optimised conditions (1650 V with 10 ms pulse width and a pulse number of 3) and replated
in hPSC media (at 1:3, 1:6, 1:9 dilutions).

Expansion and screening of clones

Puromycin (0.5-1.0ug) was added for ~11days to select for successful donor plasmid
integration. Treated colonies (from 1:9 dilution) were manually dissected and expanded for
6 days. Following expansion, cells were isolated and genomic DNA (gDNA) was extracted
using the ISOLATE Il genomic isolation kit (Bioline). Insertion of construct at PITX3 locus
was confirmed by Phusion™ high fidelity RT-PCR kit (ThermoFisher). In brief, 20 ng
gDNA (1 ng for vector control), 3% DMSO and all remaining kit reagents were combined
with in-house designed primers (Supplementary Figure 5.1A) amplifying through the left
homology arm of the donor plasmid. cDNA samples were run on a two-step amplification
protocol with the Veriti™ thermal cycler (ThermoFisher) programmed for 30 seconds at
98°C for initial denaturation, 35 cycles of 10 seconds at 95°C for denaturation, 90 seconds
at 72 °C for extension, and a final extension at 72°C for 10 min. PCR samples were mixed
with 6x TriTrack loading dye (ThermoFisher) and electrophoretically separated at 90 V for
45 minutes on a 1% (w/v) agarose gel in 1 x TAE buffer alongside HyperLadder™1 kb

ladder (Bioline) and relevant controls. The gel was visualized at 340 nm using the UV
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imaging system (BioDoc-I1t). Successful integrated clones displayed bands at 984 bp, whilst
vector-only or human gDNA controls gave rise to bands at 1350 and 970 bp, respectively.
Several clones were identified for correct targeting at the PITX3 locus (see Supplementary
Figure 5.1B), with clones #22 and #23 selected (due to highest expression) for expansion

and differentiation to confirm PITX3-mediated eGFP expression (Figure 5.1G).

5.3.3 hPSC differentiation

The two human PITX3-eGFP reporter cell lines (ESC and iPSC) were differentiated in
xeno-free conditions as previously reported with minor modifications (Kirkeby et al., 2017,
Niclis et al., 2017a) (Figure 5.1C) . In brief, human PSC were seeded onto Laminin-521 in
neural basal N2B27 media and exposed to dual SMAD inhibition (SB431542, 10uM, 0-5
days invitro, DIV, R&D systems; and LDN193189, 200nM, 0-11DIV, Stemgent) to initiate
neural induction. To pattern cells towards a ventral midbrain phenotype, sonic hedgehog
C2511 (100ng/ml; R&D systems) and Purmorphamine (2uM; Stemgent) were
supplemented into the media for ventralisation from day 1-7DIV, in addition to the
caudalizing Wnt agonist, CHIR 99021 (2.5uM; Stemgent, 2-13DIV). From 11DIV, cells
were matured in the presence of glial-derived neurotrophic factor (GDNF, 20ng/ml; R&D
systems), brain-derived neurotrophic factor (BDNF, 20ng/ml, R&D systems), recombinant
human transforming growth factor type 3 (TGFp3, 1 ng/ml; PeproTech), DAPT (10 uM,
Sigma-Aldrich), ascorbic acid (200nM; Sigma-Aldrich) and dibutyryl cAMP (0.05mM,;
Tocris) until desired endpoint. At 13, 19, 21, 25 and 30D1V, differentiating cultures were
dissociated in accutase and resuspended in maturation media containing ROCK inhibitor
(Y-27632, 10uM, Sigma) at a density of 100,000 cells/uL. Isolated cells were stored on ice

until the time of transplantation.

5.3.4 6-hydroxydopamine lesioning and cell transplantation

All animal procedures adhered to the Australian National Health and Medical Research
Council’s published Code of Practice for the Use of Animals in Research, and experiments
approved by The Florey Institute of Neuroscience and Mental Health Animal Ethics
committee. Animals were group housed on a 12:12-hour light/dark cycle with ad libitum
access to food and water. Surgeries were performed on 77 athymic nude mice (BALB/c-
Foxn1™/Arc) under 2-5% isoflurane anaesthesia. A single unilateral stereotaxic injection
of 6-hydroxydopamine (60HDA, 1.5ul, 1.6 ng/ul) was made into the right substantia nigra
(co-ordinates: 3.0mm posterior, 1.2mm lateral to bregma, and 4.2mm below the dura

surface) to ablate the host midbrain dopamine pathway, as previously described(Kauhausen
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et al., 2013). At 3weeks after 60HDA lesioning, animals received a unilateral injection of
either PITX3-eGFP hiPSC- or hESC-derived VM cells (1uL/) into the right striatum (co-
ordinates: 1.0mm anterior and 2.1mm lateral, relative to bregma, and 3.0mm below the

dura surface). For each cell line, grafts were isolated from 13, 19, 22, 25, 30 DIV cultures.

5.3.5 Tissue processing and Immunohistochemistry

In vitro cultures were fixed (4% paraformaldehyde, 10mins) following each transplantation
timepoint (13, 19, 21, 25, 30DIV). For histological examination of graft composition and
integration, mice received an overdose of sodium pentobarbitone (100mg/kg), followed by
transcardial perfusion with Tyrode solution and subsequently 4% paraformaldehyde.
Brains were cryosectioned on a coronal plane (40uM; 12 series) using a freezing microtome
(Leica). Immunohistochemistry was achieved following previously described methods
(Somaa et al., 2017), using the following primary antibodies and dilutions shown in

Supplementary table 5.1.

Antibody Species Company Dilution
BARHL1 Rabbit Novus Biologicals; NBP1-86513 1:200
CALBINDIN Mouse Swant Biotech; CB300 1:1000
FOXA2 Goat Santa Cruz; sc-6554 1:200
GFP Rabbit Abcam; AB290 1:20,000
GFP Chicken Abcam; AB13970 1:1000
GIRK2 Rabbit Alomone Labs; APC-006 1:500
HNA Mouse Millipore; MAB1281 1:300
K167 Rabbit ThermoFisher; LBVRM-9106-31 1:1000
MAP2B Rabbit Millipore; AB5622 1:1000
NCAM Mouse Clone Eric-1, Santa Cruz; sc-106 1:500
NESTIN Mouse Millipore; MAB1259 1:1000
NURR1 Rabbit Santa Cruz, sc-990 1:200
OCT4 Mouse Santa Cruz; sc-5279 1:100
OTX2 Rabbit Millipore; AB9566 1:3000
PITX2 Sheep R&D systems, AF7388 1:200
SOX2 Goat R&D systems; 1:300
TH Rabbit Pelfreeze: P40101-0 1:1000
TH Sheep Pelfreeze: P60101-0 1:800

Table 5.1. Primary antibodies — species, company and dilution
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5.3.6 Microscopy and Quantification

Bright and dark field images were obtained using a Leica DM6000 microscope, while
fluorescence images were captured using a Zeiss Observer Z.1 upright epifluorescence or
Zeiss LSM 780 confocal microscope. PSA-NCAM expression was used to delineate the
graft and volume was estimated using the Cavalieri’s Principle. Images (20x magnification)
were captured to quantify total number of human nuclear antigen (HNA+), floor plate
(FOXAZ2+) progenitors, green fluorescent protein (GFP+), tyrosine hydroxylase (TH+),
and proliferative (K167+) cells. GIRK+ and CALBINDIN+ cells within the grafts were
quantified from confocal-acquired images. For GIRK and Calbindin quantifications,
dopamine neurons were first identified by GFP immunoreactivity and data represented as
a percentage of total dopamine neurons.

For fibre density measurements, 10 z-stack sections were captured and compressed. All
areas were captured in triplicate with conserved settings. Assessment of fiber density was
sampled in the dorsolateral striatum of mice (1.0mm anterior and 2.4mm lateral from
bregma, and 2.8mm below the surface of the dura, according to the mouse brain atlas
(Paxinos and Watson, 2004). Colour inverted images were obtained using the ‘colour
range’ tool on Photoshop (Adobe) to isolate GFP+ labelled fibres. Total fibre innervation
is expressed as a percentage of immunoreactive pixels. All images were taken in triplicate

with conserved settings.

5.3.7 Statistical Analysis

All data are presented as mean + SEM. Statistical tests employed (inclusive of one-way
ANOVA, student t-tests, and pearson’s correlation coefficients) are stated in figure legends.
Alpha levels of p<0.05 were considered significant with all statistical analysis performed
using GraphPad Prism. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.

5.4 Results

5.4.1 Characterisation of novel hiPSC PITX3-GFP reporter line to identify and

track dopaminergic neurons

To assess and compare the composition and integration of DA neurons within hPSC-
derived vm grafts we employed an existing PITX3-eGFP hESC reporter line, and
engineered a new, comparable hiPSC line carrying the same PITX3-eGFP construct -

noting the restrictive expression of PITX3 within midbrain DA neurons in the developing
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Figure 5.1. Generation and characterisation of a novel PITX3-eGFP hiPSC reporter
line to enable competent identification and mapping of midbrain dopamine neurons

(A) Monoallelic insertion of eGFP at the PITX3 locus into the RM3.5 human induced pluripotent stem
cell line. (B) Illustration depicting PITX3 expression domains in the developing embryo. (C) Protocol
for differentiation of human PSCs into neural progenitors with ventral midbrain identity under defined,
xenogeneic-free conditions. (D-E) Differentiated PITX3-eGFP hiPSC express high levels of markers
associated with ventral floorplate/forebrain identity (OTX2, FOXA2 NURR1) with minimal
contamination of off-target rostral/diencephalic progenitor populations, indicated by low numbers of
PITX2+ and BARHL1+ cells at day 14. (G) Differentiation into mature vm dopaminergic neurons was
confirmed by co-localisation of PITX3-eGFP, TH and FOXAZ2 at day 25 (F’). (H) Efficient specification
and differentiation of PITX3-eGFP hiPSCs into mature dopaminergic neurons (one-way ANOVA with
Tukey’s post hoc test, n=3). Abbreviations: eGFP, enhanced green fluorescent protein; PSC, pluripotent
stem cell; TH, tyrosine hydroxylase; hiPSC, human induced pluripotent stem cells. Data is represented
as mean = SEM.

mammalian embryo (Figure 5.1B) (Smidt et al., 2004). To engineer the new line, a zinc
finger nuclease pair together with a targeting vector was employed to introduce an eGFP-
puromycin cassette into RM3.5 hiPSCs at exon 1 of the endogenous PITX3 locus (Figure
5.1C). Insertion of the construct at the PITX3 locus was confirmed by RT-PCR kit
(Supplementary Figure 5.1B). Upon confirmation of correct targeting and integration of
the transgene, the new PITX3-eGFP hiPSC line was assessed for its capacity to efficiently

differentiate into vm progenitors, with comparable efficiency to PITX3-eGFP H9 hESCs.

Cells were differentiated towards a VM fate according to a clinically-relevant xeno-free
differentiation protocol (Figure 5.1C) (Niclis et al., 2017a). We confirmed appropriate and
efficient specification by expression of key cardinal vmDA progenitor markers; FOXA2
(94.8% + 0.9), OTX2 (91.65% + 0.6) and NURR1 (45.25% =+ 4.4), (Figure 5.1D-E, H),
while importantly showing sparse expression of contaminating diencephalic progenitors
(PITX2+/BARHL1+) (Figure 5.1F). These VM progenitors competently maturated into
midbrain DA neurons, verified by expression of GFP and TH (GFP: 44.89% * 2.4, TH:
23.56% + 0.6, Figure 5.1G) at D25, which was consistent between multiple differentiations
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for both the hiPSC (n=3, Figure 5.1H) and hESC (Niclis et al., 2017a) PITX3-eGFP

reporter lines.

5.4.2 Temporal expression of key developmental markers indicates cellular
maturity at the time of implantation

Prior to grafting, we tracked the progressive maturity of differentiating vm progenitors,
to gain greater insight into the identity of the implanted cells. Multiple independent
differentiations were performed using the two PITX3-eGFP reporter cell lines to confirm
reproducibility within a cell line, and assess variability or consistency between lines. Cells
were examined in vitro at time points in the differentiation corresponding to the intended
donor ages for transplantation and spanning much of the progenitor ages employed in other
studies (Figure 5.2A) (Doi et al., 2014; Gantner et al., 2020; Kirkeby et al., 2012, 2017;
Kriks et al., 2011; de Luzy et al., 2019; Samata et al., 2016). The youngest progenitor age
examined was 13 days in vitro (D13), considered the most immature progenitor cell
employed for grafting to date (Kirkeby et al., 2012), and representing the end of the
patterning phase of the differentiation i.e. removal of morphogens and initiation of cellular
maturation. Cells were additionally examined at D19, D22 and D25 - the most routinely

adopted progenitor age for grafting, and finally D30.

Introduction of factors to promote cellular maturation, caused a rapid and early elimination
of OCT4+ PSCs and progressive decrease in the proportion of neural (SOX2*) progenitors,
with few remaining by D30 (Figure 5.2B-H). These progenitors differentiated into mature
neurons (visualised by expression of MAP2B), that were observed in cultures from D19
(Figure 5.2C-G, Supplementary 5.2A-B). With continued differentiation, both an increase
in the number and length of neurites could be detected (Figure 5.2D’-F’, Supplementary
Figure 5.2G’-T’) that became highly arborized by D30 (Figure 5.2G’, Supplementary 5.2J°).
Presence of these neurite extensions, and consequential axotomy that occurs during the
dissociation of cells prior to transplantation, has been demonstrated to negatively impact
upon survival of implanted DA neurons, isolated from fetal tissue (Brundin et al., 2000),
and remains a mindful consideration for these more mature progenitor transplants. Despite
this, both cell lines maintained consistent progenitor specification, with a small proportion
of PITX3-GFP dopaminergic neuroblasts present at D19 (Figure.2J, Supplementary 5.2B).
Concomitant generation of DA neurons was observed continually over the subsequent days

in culture, up to D30. (Figure 5.2K-M, Supplementary Figure 5.2C-E,
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Figure 5.2. Assessment of cellular maturity prior to transplantation

(A) Schematic depicting morphology of differentiated cells at respective implantation ages (B-M)
Photomicrographs to highlight the relative maturity of differentiated cells prior to engraftment, by
expression of markers indicative of neural progenitors (SOX2+) and mature neurons (GFP+, MAP2+)
(D13, D19, D22, D25 and D30). (D’-G’) Note the observable increase in length of neurite extension
from D19 to D30 (D’-G”). Abbreviations: hESC, human embryonic stem cells.

Niclis et al., 2017a; Niclis et al., 2017b). Importantly, no OCT4+ cells were present in the
cultures from any transplant stage assessed (Figure 5.2C-G).

5.4.3 Developmental age at the time of transplantation influences graft size and
proportion of dopamine neurons

We next sought to examine the impact of differing progenitor age on graft composition and
integration in 60HDA mice, comparing the 2 PITX3-eGFP PSC lines. At 24 weeks post-
transplantation, all animals showed viable grafts, as revealed by human-specific NCAM
reactivity (Figure 5.3A-B). Volumetric assessment revealed grafts derived from the
youngest (D13) and oldest (D30) progenitors were smallest in size, while intermediate age
cells were significantly larger (Figure 5.3C). Commensurate with graft volume was the
number of HNA+ cells within grafts for all groups (Figure 5.3D). Interestingly, whilst
growth trends were similar between the 2 PSC lines (i.e. showing a binomial distribution),
hESC-derived grafts were remarkably larger than hiPSC grafts for each donor progenitor
age (Figure 5.3C-D). Importantly, no evidence of aberrant growth was observed at any graft
age, indicating unlikely contamination of undifferentiated PSCs or insufficiently patterned
progenitors, that has previously been a concern with delivery of younger differentiated cells
(D13, Figure 5.3A-B).
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Figure 5.3. Developmental maturity at time of implantation influences graft size
(A-B) Coronal sections of the rat brain for individual representative animals for both PITX3-eGFP
hiPSC (A) and hESC (B) lines at respective implantation ages. Surviving grafts can be visualised by
human-specific NCAM expression. (C-D) Graphs highlighting that implantation age had a significant
effect on graft volume (C) and survival of HNA+ cells (D). Abbreviations: NCAM, neural cell adhesion
molecule; HNA, human nucleic acid. Data is represented as mean £ SEM.

Next we assessed the dopaminergic contribution of the grafts. As previously reported for
the PITX3-GFP ESC line (Niclis et al., 2017), the validity of PITX3-eGFP as an accurate
marker of DA neurons was confirmed by co-expression with the rate-limiting enzyme in
DA synthesis, TH), with ~95% of cells showing TH+ and GFP+ within grafts derived from
the PITX3-GFP iPSC line (Supplementary Figure 5.3). While the largest of the hiPSC-
derived grafts (D22) showed the highest number of GFP+ DA neurons (23,050 + 3,022,
Figure 5.4A, C), surprisingly of the hESC-derived transplants the relatively small D13
grafts had the most GFP+ DA neurons (11,156 + 2,600, Figure 5.4B, E). For both cell lines,
D30 progenitor grafts yielded the least DA neurons. The differences in yield of DA neurons
between progenitor engraftment age, was likely reflected by the proportion of post-mitotic
dopaminergic neuroblasts/neurons observed in culture prior to transplantation, which have
previously been reported to survive poorly following implantation (Figure 5.2C, K-M,
Figure 5.4C, E, Supplementary Figure 5.2B-E, Brundin et al., 2000; Jonsson et al., 2009;
de Luzy et al., 2019; Xia et al., 2017).

With the observed variability in DA vyields across the cell lines and donor ages, we
subsequently assessed the relative contribution of DA neurons in these grafts. Surprisingly,

despite the highest number of DA neurons expressed in intermediate-stage hiPSC-derived
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Figure 5.4. Younger progenitor grafts have the highest dopaminergic density across
independent cell lines

(A-B) Photomicrographs depicting the distribution and density of GFP* dopaminergic neurons and fibre
innervation within grafted animals. Note the dense homogenous network of GFP* cells present in D13
grafts, in comparison to the heterogeneous distribution (particularly within the graft core) present in later
developmental aged grafts. Graphs illustrating the total yield of (PITX3-GFP*) vmDA neurons within
hiPSC (C) and hESC-derived (E) grafts at respective transplant ages. (D, F) Younger in vitro aged grafts
had a significant increase in the proportion of GFP* vmDA neurons for both cell lines (D, hiPSC; F,
hESC). Abbreviations: D, day. mean £ SEM. as mean + SEM.
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grafts (D22), we found that both cell lines had the greatest density of dopamine neurons
within transplants generated from the youngest progenitors (D13), with a steady decrease
in proportion of DA neurons within increasing donor age. Comparison of the two lines
revealed a 5-fold increase in the density of GFP+ DA neurons in hiPSC-derived (hiPSC:
39.85% + 0.06) compared to hESC-derived grafts (hESC: 6.3% + 0.01 Figure 5.4D, F),
highlighting the between line variability often noted in hPSC studies.

5.4.4 Subtype acquisition and fiber outgrowth of grafted dopaminergic neurons is
influenced by donor cell age at implantation

Fetal grafting studies have demonstrated that donor age can influence the subtype
specification of grafted dopaminergic neurons (Bye et al., 2012). We found that grafts of
all hPSC-derived donor ages had the capacity for DA neurons to adopt either an A9 or A10
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Figure 5.5. A9/A10 phenotype acquisition of grafted DA neurons and their
innervation capacity is dependent on the age of the hPSC-derived progenitors at the
time of implantation

(A) Representative photomicrographs showing GIRK and/or Calbindin (CALB) co-localised within
GFP+ vmDA neurons in a D13 hiPSC-derived transplant. (B-C) Quantification of GFP+ neurons that
showed co-expression of GIRK2 and/or Calbindin, confirmed both PITX3-eGFP hiPSC (B) and hESC
(C) lines possessed the capacity to form mature vm DA neurons of both A9- and A10-like phenotypes
(one-way ANOV A with Tukey’s post hoc, n=3-4). Note the proportion of immature vmDA neurons (i.e.
those failing to co-express GIRK2 and/or CALB, green bar) was reduced in younger in vitro age cell
grafts. (D-E) Quantification of GFP+ fiber density within the dorsal-lateral striatum of 6-OHDA lesioned
mice, transplanted with (D) hiPSC- or, (E) hESC-derived vm progenitors. (F-G) High power
representatives illustrate a significant increase in density of GFP+ fibers in PITX3-eGFP hiPSC-derived
grafts (F) compared to hESC-derived grafts (G). (H) Quantitative assessment of transplants revealed a
significant positive correlation between striatal innervation and total GFP+ dopaminergic neurons
(Pearson’s correlation coefficient, n=24-27). r corresponds to correlation coefficient. Abbreviations:
GFP, green fluorescent protein; human induced pluripotent stem cell, hiPSC; human embryonic stem
cell, hESC; ventral midbrain, vm; 60HDA, 6-hydroxydopamine. Data is represented as mean + SEM.

phenotype, but younger donor grafts displayed the greatest DA maturation (i.e. GFP+ cells
adopting GIRK and /or Calbindin co-expression) (Figure 5.5A-C). Whilst younger donor
cells had a greater capacity for subtype acquisition, no bias towards either an A9 or A10
identity, unlike fetal studies that have observed an enrichment of A9 neurons in younger
grafts (Bye et al., 2012; Somaa et al., 2015). Interestingly, not only were hiPSC-derived
D13 grafts more enriched for DA neurons compared to hESC grafts, they also displayed a
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higher capacity for DA maturation, with the smallest proportion of DA neurons lacking
GIRK and/or Calbindin expression (hESC: 17.26 £ 0.03, hiPSC: 11.01 + 0.02, Figure 5.5B-
C).

Integration of grafted DA neurons into the host tissue was assessed using GFP innervation
density within the dorsolateral striatum, the target region for the A9 DA neurons
responsible for motor function. Unsurprisingly, grafts containing the highest number of DA
neurons showed the highest striatal innervation (D22 hiPSC: 74.55% =+ 0.02, D13
hESC:30.28% = 0.09, percentage immunoreactive pixels within field of view), and
similarly grafts containing the least DA cells (D30 for both cell lines), had the poorest
innervation, (Figure 5.5D-G). Regression analysis for the two cell lines highlighted a
significant positive correlation between the total number of DA neurons and relative striatal
innervation (hiPSC: r>=0.64, p=0.0039, hESC: r?>=0.76, p=<0.0001, Figure 5.5H).

5.4.5 Younger donor cells show greatest enrichment of VM dopaminergic neurons
while simultaneously reducing the contribution of poorly specified cells

Recent studies are increasingly recognising the high proportion of non-DA neurons within
vm progenitor grafts, cells that may present risks associated with overgrowth, unwanted
side effects such as those caused by 5HT neurons, or remain of unknown influence to graft
and host functions (Bye et al., 2019; de Luzy et al., 2019; Niclis et al., 2017b). As such
there is an increasing need to remain aware of the relative proportion of other cell types
within grafts to ensure safety. We therefore assessed the contribution of non-DA (GFP-)
cells and those showing evident off-target specification (e.g. FOXA2-) within the grafts.
Consistent with previous results, grafts of younger PITX3-iPSC vm progenitors displayed
the most superior results, expressing the lowest proportion of non-DA neurons (60.3 +£5.9%
GFP-), yet stable proportion of off-target cells (56.2 + 6.9% FOXAZ2-), compared to older
(D30) donor grafts (89.0 £ 1.5% GFP- and 57.0 + 1.9% FOXAZ2-), Figure 5.6A-E, K, L.
Conversely, the hESC-derived progenitor grafts showed a stable high proportion of GFP-
cells (>93%), yet increasing proportion of off-target (FOXAZ2-) cells with increasing donor
cell age, Figure 5.6F-J, O-P. For all grafts, irrespective of donor age or cell line of origin,
the majority of the poorly specified (FOXAZ2-), undesirable cells were found within the

graft core, consistent with findings in fetal studies.
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Figure 5.6. Younger in vitro age progenitors generate grafts with greater vm
progenitor fate

(A-J) Photomontages to show relative expression of floor plate (FOXA2+) and mature dopamine (TH+)
markers within grafted populations for all transplant groups. Grafts derived from D13 cells show minimal
contamination of non-vm cells compared to other transplant groups, indicated by both a reduced humber
and proportion of GFP- and FOXA2- cells for both hiPSC (K-L) and hESC (O-P) lines. (M, Q) A small
proportion of proliferative (HNA+Ki67+) cells remain in grafted populations. (N, R) Quantification of
total HNA+/KI167+ cells in grafted populations for hiPSC (N) and hESC (R) lines. One-way ANOVA
with Tukey’s post hoc, n=4-6. Data is represented as mean + SEM.
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Within the non-DA and off-target populations, of greatest concern is the presence of rogue
proliferative cells that may continue to divide long-term — this is of particular trepidation
with delivery of notably early-stage progenitors (D13). Surprisingly, however, at 6 months

after transplantation few dividing cells (<2%) remained present within the grafts, with no

differences observed between donor cell age, or across lines (Figure 5.6M-N, Q-R).

5.4.6 Grafting outcome is reproducible across independent differentiations
In light of the present observations from hESC and hiPSC progenitor grafts, we questioned

whether discrepancies were a consequence of the different cells lines used and/or variability
in the in vitro differentiations prior to grating. To address this, we performed repeat grafting

from 2 independent differentiations. Recognising the poor outcomes obtained from older
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Figure 5.7. Reproducibility across repeated experiments demonstrates robustness of
hiPSC PITX3-eGFP reporter line

(A-C) Schematic panel depicting representative GFP images of D13, D19 and D22 hiPSC grafts across
three repeated grafting rounds. Images are inclusive of 3 sections from an individual representative
animal across rostral-caudal axis. (D) Graphs highlighting that repeated transplants show similar trends
in respect to (D) graft volume, (E) proportion of GFP+ neurons and (F) striatal reinnervation (one-way
ANOVA with Sidak’s post hoc, n=4-6). Data is represented as mean + SEM.

grafts (for both hESC and hiPSC lines), as well as the superior grafting outcome in hiPSC
grafts, we focused only on the younger donor ages (D13, 19, 22) from the hiPSC line.

Cells were again transplanted at specified donor ages into 6-OHDA mice and histologically
assessed at 6 months. All animals had surviving grafts (as observed by GFP) (Figure 5.7A-
C). Consistent with the previous study, we were able to reproduce comparable trends in
graft outcomes between donor ages, across the repeated grafting experiments. That is,
younger (D13) grafts remained the smallest (Figure 5.6D) with the greatest proportion of
GFP+ neurons (Figure 5.7E), and maintained innervation (Figure 5.7F), while older (D22)
donor cell grafts were largest, with the smallest fraction of GFP+ neurons. Collectively,
these results confirmed that younger donor cells lead to the most optimal grafting outcome,

and was consistent across differentiations and grafting rounds.

5.5 Discussion

Engraftment of hPSC-differentiated vm cells at different developmental stages had a
significant impact on graft outcome. We found that cells differentiated between 13 and 30

days were all sufficiently specified and amenable to transplantation, but younger cells

112



Impact of donor age on transplantation

generated grafts with the greatest DA neuron density. Older grafts (derived from cells
cultured for more than 22days) had significantly lower numbers of DA neurons, which was
likely due to the poor survival of post-mitotic neurons present in culture at the time of
transplantation. These results highlight the importance of assessing cellular identity and
maturity prior to transplantation, as a guide to determine the most suitable transplantation
ages for each individual cell line. Surprisingly, while the same number of correctly
specified progenitors (>95% OTX2/FOXA2 co-expression) were implanted into all
animals, the number of unwanted off-target cells present at 6months was variable and found
to be lowest in younger grafts. These observations lead one to question whether ongoing
culturing, prior to implantation ‘primes’ poorly specified cells for in vivo expansion, while

younger progenitors more rapidly adopt a post-mitotic fate.

The recognition of younger donor grafts producing the most optimal grafting outcome has
also been seen for fetal studies (Torres et al., 2007; Bye et al., 2012; Kauhausen et al.,
2013). Despite similarities between the two donor cell sources, we also identified several
differences. Here we describe that younger PSC-derived vm progenitors (i.e. D13) produce
the smallest grafts, while fetal tissue studies report significantly larger grafts from younger
donor ages (Freeman et al., 1995; Gates et al., 2006; Torres et al., 2007; Bye et al., 2012;
Kauhausen et al., 2013), suggesting a potential difference in survival between fetal-derived
and human PSC-derived vm progenitors following implantation. This finding may also be
confounded by the highly expansive non-DA progenitor pool not typically present in fetal
grafts. Additionally, the preferential enrichment of A9 DA neurons (the population of cells
integral for motor recovery) seen with transplantation of younger tissue derived from fetal
ventral midbrain (f\VM), was not observed for PSC-derived grafts. Instead, younger in vitro
progenitor PSC-derived grafts, had an enrichment of both A9 and A10 DA neurons. As a
consequence, younger in vitro age grafts had a smaller proportion of DA neurons that failed
to acquire a A9/A10 phenotype, indicating an increased capacity for DA maturation. This
effect on maturation did not appear to influence striatal reinnervation. Further studies will
be required to determine whether this increase in A9/A10 fate acquisition (a measure of
DA maturation) also influences the functionality of these grafts and their capacity to restore

motor deficits.

To assess if differences in donor age were consistent between differentiations, we
implanted cells from a further two independent differentiations and grafting rounds.

Excitingly, younger donor grafts demonstrated superior outcomes across all rounds. Whilst
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being significantly smaller than grafts derived from older progenitors, these grafts
consistently demonstrated the highest dopaminergic enrichment. This indicated that
outcomes from each cell line can be maintained confidently. Such reproducible findings
regarding donor age, as well as reproducibility within a cell line, will help guide future
transplant approaches, as well as aid in the selection of cell surface markers at the
appropriate developmental age.

Lacking in the field has been a direct comparison between hPSC lines in their ability to
form dopaminergic grafts. In this study, we compared hPSC from either an ESC or iPSC
background. Both PSC lines competently differentiated (with similar in vitro efficacy) and
successfully engrafted into 6-OHDA mice. Grafts displayed a similar trend between grafting
ages with respect to total graft volume, DA cell density, A9/A10 DA subtype specification
and striatal innervation. Interestingly, groups that contained the highest number of
dopaminergic neurons were significantly different between cell lines. Furthermore,
irrespective of delivering the same number of progenitors (100,000 cells) for both hPSC
lines, actual cell numbers were diverse. These results highlight the importance of
characterising cells in vivo on a line-to-line basis, but also suggests further efforts may be
required to standardise differentiation protocols. Investigation into the state of pluripotency
between individual lines may underpin these differences, such that some lines represent a
more ‘primed’ state than others. If this is indeed the case, efforts to revert hPSCs to a
common naive state, prior to commencement of differentiation, may improve
reproducibility across cell lines, as has been demonstrated for mouse PSCs (Alsanie et al.,
2017; Ghimire et al., 2018).

Current consensus in the field has focused on delivering v progenitors at an ‘intermediate
stage’ of differentiated — corresponding to a time after completion of neuralisation and
morphogen patterning yet prior to the birth of post-mitotic DA neuroblasts. The results of
the present study, however, suggest younger progenitor grafts are more appropriate. Before
further consideration of younger grafts, rigorous pre-clinical assessment will be required to
confirm these donor cells have the capacity for DA release and restoration of motor
function in a PD model comparative to conventional approaches (Kriks et al., 2011;
Kirkeby et al., 2017; Gantner et al, 2020). Added to this, more extensive assessment of
graft composition by employing, for example, xenograft transcriptional profiling
techniques (Bye et al., 2019, Appendix 2) will be required, as well as an understanding of
the relative contribution of both DA and non-DA graft innervation/integration, to confirm

the presence/absence of unknown cells within grafts that may halt translation. With the
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rapid advancement of hPSC-derived mDA late-stage progenitors into the clinic (and the
first Parkinson’s disease patients already receiving transplants in Japan in late 2018, see
press release in Nature news www.nature.com/articles/d41586-018-07407-9), these
findings are particularly relevant and raises interest to consider if we are in fact moving
into the clinic with the most suitable donor age for transplantation into Parkinson’s disease

patients.
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5.9 Supplementary Figures

A PITX3 locus
5" [—‘> X 3

Donor plasmid

LHA-Exon1 eGFP RHA-Exon 1
+
3 5
mss Intronic PITX3 region === Left homology arm for Exon 1
s Exonic PITX3 region === Right homology arm for Exon 1
X Site of ZFN activity === Full coding sequence of eGFP
————-- >
! 5
’
Primer # Primer Name Direction Sequence (5'-3')
1 hPITX3 Left arm genomic Sense TGTCCTAAGGAGAATGGGTAACAGACA
2 hPITX3 Left arm G-V Sense TGATTGGCTGAGGACCATGTATGAG
3 hPITX3 Left arm eGFP i ACACGCTGAACTTGTGGCCGTTTA
4 hPITX3 Left arm G-V Antisense | GCTCTGGAGGCGAGAGAAGACACAG

Amplicon Size (bp) Primer C J Notes
970 1 3 Found in any human gDNA- Test for primer (1)
780 2 4 Found only in plasmid -Test for primer (4)
984 1 4 Correctly targeted clone

Supplementary Figure 5.1. Generation of hiPSC PITX3-eGFP reporter
(A) Schematic of ZFN plasmids and PITX3 donor vector, and specifically designed primers to amplify

the left homology arm of the donor plasmid. (B) RT-PCR bands identified clones with correct construct
integration at the PITX3 locus
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Supplementary Figure 5.2. Cellular maturity prior to engraftment in hESC-derived
cultures

(A-J) Expression of GFP (green) and MAP2 (blue) during differentiation indicates relative cellular
maturity and proportion of vmDA neurons at the time of implantation for the hESC reporter. Note the
increased number and length of neurites at later stages of differentiation, with a significant proportion
already present at D19 (G’-J°).
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A PITX3-iPSC

ES

Supplementary Figure 5.3. Grafts derived from the hiPSC PITX3-eGFP reporter line
show high specificity to the rate-limiting enzyme in DA synthesis

(A) Photomontages of a 6 month hiPSC-derived graft demonstrating that the PITX3-eGFP reporter
tightly overlaps with TH+ dopamine neurons.
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Chapter 6.

Discussion

Stem cells hold significant promise as a tool for regenerative therapy. Since the successful
isolation and maintenance of PSCs (Thomson et al., 1998), great efforts have been made to
generate neural subtypes from PSCs with high specificity, that in the future may have the
potential to restore functional deficits in a number of neurodegenerative diseases and neural

traumas.

6.1 Employment of lineage-restricted reporter cell lines for aiding
isolation and tracing of dopamine populations

Fluorescent reporter cell lines have made a remarkable contribution to advancing our
understanding of stem cells and development. Such tools provide a means to accurately

detect, isolate and track specific cellular populations.

Traditional antibody staining for the identification of midbrain floor plate progenitors within
PSC-derived cultures has heavily relied on co-expression of the fore/midbrain marker OTX2,
in combination with the basal/floor plate marker FOXA2, however this combination is still
inclusive of basal plate progenitors present in vm cultures and transplants. Competent
identification of midbrain floor plate progenitors can be achieved with the addition of
LMX1A, a more restrictive floor plate marker (Kirkeby et al., 2012; Kriks et al., 2012), which
has allowed more rigorous assessment of successful and unsuccessful in vitro differentiations
and grafting (Niclis et al., 2017).

In chapter 3, we explored the capacity to utilise this gene (LMX1A) as a sorting marker to
improve DA grafting. Utilising the LMX1A-GFP reporter line to isolate mDA progenitors,
we demonstrated the capacity to reduce the overgrowth and proliferation of unwanted cell
populations, as well as completely eliminate serotonergic neurons (a neuronal population
known to underpin graft-induced dyskinesias) (Politis, 2010; Politis et al., 2011). Such
refinement also significantly enriched the proportion of DA neurons. These enriched grafts
displayed preferential innervation of appropriate dopaminergic targets (namely the

dorsolateral striatum) and importantly restored motor function. Whilst, LMX1A- cell grafts
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contained few DA neurons, most evident from these grafts was their surprising preferential
off-target innervation of non-DA targets (including the periventricular nucleus and
contralateral hippocampi). The potential impact of such innervation at these non-DA targets
for patients is currently unknown. The collective results presented in chapter 3 highlight a
significant refinement and improvement upon existing transplantation approaches that have
been adopted for the present clinical trial, and highlights the stability and robustness of
LMX1A+ isolated mDA progenitors for transplantation.

In an additional sorting approach, we employed an alternative reporter line, targeting the
PITX3 locus, to isolate DA precursors for the enrichment of dopamine grafts, given its high
selectivity for authentic mDA neurons (Chapter 3). While grafts of LMX1A-GFP+ vm
progenitors generated healthy grafts, FACS-isolated PITX3+ DA precursors were not
amenable for transplantation, indicating along with other studies, that the developmental-age
of selected marker/s for purification and engraftment should be considered (Jonsson et al.,
2009; Xia et al., 2017). Another consideration is the absence of supportive cells in the
PITX3+ grafts, that are typically observed in unsorted grafts and identified in the
LMX1A+grafts (Chapter 3). Although these supportive cells were shown to be redundant for
transplantation of rodent DA neurons (Thompson et al., 2006; Jonsson et al., 2009), they may
be required for successful engraftment of human cells. Interestingly, this effect did not
translate in vitro. Isolated PITX3+ precursors survived replating after sorting with no impact
on survival, and were maintained in culture for up to 40 days in vitro (DIV), suggesting that
isolated precursors appear to be most vulnerable to shear trauma during transplantation, in
combination to their implantation into the adult brain — an environment devoid of appropriate
morphogen and pro-survival proteins typical of the developing brain (that is achievable, to

some extent, in sustained in vitro cultures).

Another key example highlighting the importance and utility of reporter lines in this field has
stemmed from recent work examining the dopaminergic innervation of the host tissue by
hPSC-derived vm progenitors. Previous efforts to assess the capacity of these progenitors to
functionally integrate has focused on assessments using human specific antibodies such as
the neural cell adhesion molecule (NCAM) (Kriks et al., 2011; Kirkeby et al., 2012; Grealish
et al.,, 2014), as the commonly employed dopamine-identifying antibody, tyrosine
hydroxylase (TH) failed to discriminate between graft and host dopamine cells and fibres.

However, such an approach, focused on NCAM, failed to highlight the relative contribution
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and extent of non-dopaminergic innervation. Alternatively, the engineering of a PITX3-GFP
hPSC reporter line has enabled highly specific assessment of the total dopamine contribution
in the graft, and pattern of innervation, whilst simultaneously highlighting how extensive the
non-DA contribution was (i.e. NCAM+GFP- fibres). Alarming to the field using this
approach, was the identification of extremely widespread innervation throughout the rostral-
caudal axis of the brain, that was mainly non-dopaminergic (Niclis et al., 2017b). This
observation, further supports the precedent for strategies, such as cellular sorting, to minimise

unwanted cell/neuronal populations.

Reporter lines are an invaluable tool for preclinical research, but their utility in a clinical
setting remains questionable (Brazelton and Blau, 2005; Ansari et al., 2016). Observations of
GFP-induced immunogenicity and cytotoxicity in both rodent and non-human primate
models have been observed, thereby raises concern of utility (Ansari et al., 2016; Re et al.,
2004). However, despite this, GFP reporters employed in clinical trials have met Phase |
safety requirements in the context of viral immunotherapy, resulting in advancement to Phase
2 testing (Gaudinski et al., 2018, see NCT02759588 or NCT02840487 at clinicaltrials.gov).
Other fluorescent analogs (CFP, YFP) require further exploration, particularly as early
results suggest they may have reduced cytotoxicity (Taghizadeh and Sherley, 2008; Ansari
et al., 2016). This leaves the field to ponder on the risk of potential cytotoxicity and immune
modulation using GFP reporter lines, balanced with the benefit of removing unsafe cell types.
Regardless, the knowledge gained from reporter lines in preclinical studies, will

fundamentally aid in the selection of cell surface antigens, for future clinical applications.

6.2 Suicide transgene activation improves stem cell graft safety

Whilst cellular sorting has significantly advanced the field forward in regards to generating
more homogenous grafts, as well as minimising other cellular populations that may pose risks
to patients, there remain safety issues associated with the implantation of hPSC-derived
progenitors. Most evident is the risk of ‘rogue’ cells evading the sorting procedure (noting
our work in Chapter 3 reported a 1% risk of non-GFP cells being included within the GFP+
fraction). With this in mind, alternative approaches such as suicide gene therapy that offer
further protection to eliminate rogue proliferative populations that may present following

transplantation have been pursued.
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In Chapter 4 we demonstrate that prolonged activation of the suicide gene (by GCV
administration for 8weeks, commencing 6weeks after transplantation) was sufficient to
reduce graft overgrowth/proliferation (a 50% reduction in cell number), with no toxicity to
DA neurons, resulting in a significant enrichment of mDA neurons and maintained efficacy
for restoring motor deficits in PD rats. Within these grafts, however, remained residual
proliferative cells that may or may not pose a long-term risk. Interestingly, the delayed
delivery of GCV (commencing 14 weeks after grafting and sustained for 8weeks) had no
impact on graft size, but was capable of significantly reducing the residual proliferative
progenitor pool. However, unlike the early GCV treatment, these animals were not exposed
to a prolonged GCV ‘wash-out’ period to assess whether quiescent stem cell populations may

appear at more protracted stages after cessation of treatment.

In both instances, the persistent presence of proliferative cells after either early or late
delivery of GCV, suggested grafts may not be receiving adequate exposure to the drug. To
address this problem, we tested the impact of modulating GCV treatment in a second cohort
of animals. Increased exposure to GCV (by modulation of concentration or frequency) had
minimal additional benefit that was not significantly different to the original study. It was
only when cells were treated to GCV prior to transplantation that grafts were significantly
smaller, but in this case contained few dopaminergic neurons, indicative that this treatment
resulted in the transplantation of a precursor population too mature for the physical trauma of
implantations, previously described for fetal tissue grafts and our own observation of the
developmental age of the hPSC-derived vm cells for grafting (Chapter 5)

Despite a conscientious effort to promote delivery of GCV, all grafts still contained
proliferative cells, suggesting that this system is currently not a safety tool but instead can be
used to refine overgrowth and improve the purity of the grafts, by elimination of a proportion

of progenitors that result in enlarged grafts.

It was interesting that the effect seen in hPSC-derived teratomas (i.e. total elimination of
dividing cells) was not observed in our study. However, it is crucial to recognise the intrinsic
developmental differences in cell cycle between proliferative cell types. Differentiated neural
progenitors have a significantly longer cell cycle, with a shortened S-phase (the phase in
which GCV elicits its effect) relative to PSC (Calegari et al., 2005; Lange and Calegari, 2010;
Arai et al., 2011; Turrero Garcia et al., 2016). Therefore, the time-period that GCV-induced
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ablation is effective in neural progenitors is notably shorter and less frequent. Additionally,
grafts exhibited inferior graft vascularisation in comparison to the well-vascularised host
(also observed in other work from our lab, Appendix 2), and unlike self-vascularising PSC-
derived teratomas (Zhang et al., 2008) . Further study will be necessary to illuminate the ideal
duration and dose of GCV, as well as vascular network, for competent elimination of all

proliferative cells within a neural graft.

6.3 Optimal developmental age for transplantation

Many lessons learnt from preclinical and clinical fetal tissue grafting for Parkinson’s disease
have impacted the field of hPSC-derived transplantation. Surprisingly, however, the impact
of donor age, despite being extensively explored for fetal tissue (Brundin et al., 2000; Bye et
al., 2012; Freeman et al., 1995; Gates et al., 2006; Torres et al., 2007), has not translated or
been documented for hPSC-derived progenitors. As a result, this has caused considerable
discrepancies in age of donor cells transplanted between different laboratories. To understand
the impact of donor age on stem cell grafts, we transplanted differentiated ventral midbrain
cells at a series of points during the differentiation, spanning the ages currently adopted by
different groups (de Luzy et al., 2019; Doi et al., 2014; Gantner et al., 2020; Kirkeby et al.,
2012; Kriks et al., 2011; Samata et al., 2016; Wakeman et al., 2017).

While current consensus in the field heavily focuses on the transplantation of late-stage
progenitors (and is the choice for the current clinical trials underway in Japan, commenced
in October 2018), we surprisingly found over three separate grafting rounds that fully-
specified early-stage progenitors (isolated at day 13 of the differentiation) generated the most
homogeneous DA grafts. Unlike younger grafts, older progenitors generated grafts with poor
DA specification, containing a considerably higher component of unwanted, off-target cells.
We recommend that future studies transplanting younger VM progenitors should involve the
implantation of a higher number of cells to determine the full capacity of these VM DA
enriched transplants to functionally integrate and restore motor deficits in PD models. In the
context of clinical application, this suggests that further assessment is needed to determine if
younger grafts are in fact superior to late-stage progenitors. Key to this will be rigorous
assessment of functionality, DA release, synaptic integration and graft composition. Such
findings will be informative for other transplanted neural cell types such as replacement of

medium spiny neurons for Huntington’s Disease or cortical neurons for stroke.
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Whilst we observed consistency within cell lines, different PSC lines showed considerable
inter-line variability, particularly for total number of DA neurons. Similarly, recognised
differences in morphogen gradient requirements for in vitro differentiation between PSC lines
has been observed by others (Kirkeby et al., 2017a), and collectively these highlight the

imperative need to assess each line on an individual basis.

6.4 Clinical implications and future directions

Within just 7 years of generating bona fide ventral midbrain dopaminergic neurons from
human PSCs (Kriks et al., 2011), the first Parkinson’s Disease patient has been transplanted
with hPSC-derived mDA progenitors (Jun Takahashi’s team, Kyoto University, Oct 2018 —
for press release in Nature news, see https://www.nature.com/articles/d41586-018-07407-9),
with two other teams planning to commence trials in 2020 (Kirkeby et al., 2017b; Studer,
2017). Despite the excitement, there remains concerns within the research community that

these trials may have advanced prematurely.

One recognises that significant progress has been made in recent years to translate stem-cell
derived DA progenitors into the clinic, with many of the hurdles already met (Kirkeby et al.,
2017b; Studer, 2017). Current teams embarking on clinical trials have opted to use either
hESC- or hiPSC-derived cell products. The obvious advantage of hiPSCs is their ability to
avoid ethical and immunogenicity issues, however the requirement to generate a single line
per patient (i.e. patient-derived) brings about its own drawbacks given the need to
comprehensively test multiple cell lines, the increased risk of genetic and epigenetic
abnormalities and potential inclusion of disease-carrying mutations, which can be avoided

with a hESC approach.

In more recent years and fundamental for translation, work by others and in our lab, have
made headway towards the development of full current GMP (cGMP)-compliant protocols
that can competently generate highly efficient and reproducible authentic mDA neurons
(Kirkeby et al., 2017a; Niclis et al., 2017a; Studer, 2017), that are now capable of engraftment
and functionality (Kirkeby et al., 2017b; Studer, 2017).
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Added to this, of importance will be generation of large-scale cell banks of cryopreserved
mDA cells. These banks will provide a means to transplant animal models to confirm safety,
survival and functionality of grafted cells, as well as conduct QC assays and sterility testing,
before transplanting the same cells into the patient(s). Evidence of successful
cryopreservation has been observed for both mDA progenitors and neurons (Drummond et
al., 2020; Kirkeby et al., 2017b; Niclis et al., 2017a; Studer, 2017; Wakeman et al., 2017),
with appropriate pre-clinical scalability, sterility and efficacy testing already performed
(Kirkeby et al., 2017b; Studer, 2017). Importantly, batch-to-batch reproducibility of
differentiations could be demonstrated within an individual cell line (Kirkeby et al., 2017a;
Studer, 2017), as well as consistency across multiple cell lines, the later however highlighted
significant variability in patterning requirements between lines, that could be overcome by
optimising morphogen gradients (Kirkeby et al., 2017a). The benefits of significant
expansion during the differentiation means a low starting number of ~1 million PSCs can
generate a remarkably high yield of vm progenitors (~300 million vm progenitors in 7 x T175
flasks), indicating that only minimal scalability is likely to be required (Kirkeby et al.,
2017b). Kirkeby et al (2017a) state that cryopreservation of progenitors from a single
differentiation, should provide sufficient cells for both Phase 1/1l of the STEM-PD planned
clinical trials, as well as all pre-clinical testing requirements. An important consideration to
avoid potential risks associated with batch-batch variations that may arise. A final
consideration prior to clinical translation, will be toxicity, biodistribution and extensive safety
testing of the proposed cell product. Added to this, standardisation of an immunosuppression

regime for hESC-derived cell transplants will be require to minimise graft rejection.

Although these advancements are significant, several concerns still remain, notably graft
safety, but also survival and inferior innervation. The most evident remains the low
proportion of functional dopamine neurons present within vm progenitor grafts. As reviewed
by Niclis et al (2017a), across the majority of preclinical studies to date, almost 95% of the
grafts remain non-dopaminergic. Lacking in the field until more recently has been a full
characterisation of the grafts, to determine the composition of these undefined cells that
occupy 95% of total grafted cells. In parallel work, within the Parish laboratory we developed
a method to rapidly and efficiently transcriptionally profile xenogeneic transplants. This
methodological approach, reliant on identifying transcript differences between graft and host
species, has enabled us to examine the full composition of LMX1A+ grafts (derived

according to Chapter 3). While we had previously reported these LMX1A+ grafts eliminated
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5HT neurons (Chapter 3), profiling identified the presence of other neuronal populations
(Gabaergic/Glutamatergic) as well as high proportions of other neural (oligodendrocyte and

astrocyte) populations (Bye et al., 2019, Appendix 2).

Whilst this is a valuable new tool that will enable the field to understand the overall
composition of graft, it fails to provide information on the relative proportions each
population makes to the graft (since it assesses total RNA levels and is unable to distinguish
high expression in few cells from low expression across many cells). Complimenting this
technique is the recent work of Malin Parmar’s group that has performed single cell profiling
of both fetal and stem cell-derived vm grafts (Tiklova et al., 2019). This has been highly
informative yet is exceedingly laborious, costly and requires a high level of skill. Added to
this, is the considerably lower neuronal content (<10%) observed in the sScRNA-seq analysis
(Tiklova et al., 2019) compared to immunohistochemical analysis, likely reflecting a
limitation of this technique that RNA may not be optimally collected from these mature cells
and as a result biases towards younger progenitors. Nevertheless, these two techniques
provide a very complimentary set of tools for the field to move forward to a greater

understanding of graft composition.

Assessment at the single cell level allowed identification of a novel population of cells,
identified as vascular leptomeningeal cells (vLMCs), and found to be unique to PSC-derived
VM grafts (Tiklova et al., 2019). Presence of VvLMCs in stem-cell derived grafts have
subsequently been observed across several PSC lines (Tiklova et al., 2019). These cells were
identified in close proximity to blood vessels, suggesting a potential role in graft
vascularisation. Interestingly fetal studies, have elucidated that meningeal cells present within
fetal donor material, known to secrete a variety of trophins, were beneficial and promoted
both differentiation and synaptic integration of dopamine neurons (Somaa et al., 2015).
Whether the vVLMCs found in hPSC-derived grafts will behave in the same manner is
currently unknown. Of interest, the presence of this cell type in LMX1A-enriched grafts was
minimal in comparison (Bye et al., 2019, Appendix 2). Such disparity may be explained by

differences in differentiation protocols and/or cell lines.
Whilst the Parmar group and others have recognised that fetal grafts are heterogeneous,
containing a mixture of neuronal cell types (DA, 5HT, GABA, encephalin and substance P-

containing neurons), and that DA neurons are a small contribution (Bolam et al., 1987,
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Dunnett et al., 1988; Mahalik & Clayton, 1991; Thompson et al., 2008), the recognised
differences between fetal and ESC grafts (particularly the obvious lack of pluripotent cells
and VLMC:s in fetal grafts), mean it is difficult to draw comparisons from the fetal clinical
trials in regard to cellular behaviour and safety. As such, these two techniques have provided
a warning to consider if these other cell types identified within the graft will elicit negative
side effects for patients. Of note, in addition to the well-observed modulatory effects of
serotonergic neurons (Freed et al., 2001; Hagell et al., 2002; Olanow et al., 2003),
GABAEergic precursors have been linked to behavioural recovery in the 6-OHDA model,
indicating that other non-DA populations may also play a role in recovery (Martinez-cerdefio
et al., 2014). In summary, these new techniques highlight the vast array of other cell types
present in these vm progenitor grafts, even when enrichment approaches are adopted such as

isolation of LMX1a+ progenitors.

With this in mind, pursuit of more restrictive sorting candidates will be critical for optimal
clinical translation. The proneural gene Neurogenin 2 (Ngn2), the orphan nuclear receptor
Nurrl and engrailed-1 (EN1), all with greater restriction within the VM and critical for DA
development, represent obvious candidates. Demonstrative of plausible success, Ngn2-mDA
precursors isolated from Ngn2-GFP expressing mice, have been shown to be both
transplantable and give rise to a significantly greater proportion of mDA neurons, that were
importantly devoid of serotonergic neurons (Bye et al., 2015; Thompson et al., 2006).The
authors suggest these isolated cells resembled Nurrl-expressing precursors, which have been
recognised in mouse studies to be of an optimal age and expression domain to enrich
transplants (Ganat et al., 2012). Future efforts will be required to determine if effects seen in
fetal tissue will translate utilising Ngn2, Nurrl and/or EN1 reporters on the more

heterogeneous and asynchronous PSC-derived differentiations.

Cell surface candidate are highly attractive for clinical translation since they avoid risks of
immunogenicity and cytotoxicity associated with fluorescent reporters. Despite early hopes
of the cell surface marker Alcam, a marker of floor plate basal progenitors, in its ability to
significantly enrich DA neurons in rodent fetal grafts (Bye et al., 2015), this approach failed
to translate to human PSC, due to expression also at the pluripotent stage (our unpublished
findings). More recently, LRTM1, indicative of floor plate basal midbrain progenitors, has
shown significant promise, being the most restrictive cell surface marker identified so far,

with capacity to increase DA yield within hPSC-derived vm grafts (Samata et al., 2016).
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However, failure to reproduce results competently, likely due to the early sorting and
subsequent sub-culturing required for several days prior to transplantation is of concern.
Furthermore, in comparison to LMX1A which is restricted to the floor plate, LRTML1 is
expressed in both floor and basal plate regions (Samata et al., 2016), the potential

consequence of this wider expression has not been extensively investigated.

Difficulties translating results observed in fetal (Bye et al., 2019) and mESC studies (Gennet
et al, 2016) to hPSC-derived transplants, suggests identification of markers at the hPSC level
may be more appropriate. More recently, an exhaustive comparison of PSC-derived DA
grafts across >30 different grafting rounds has identified several markers (EN1, SPRY1,
WNT1, CNPY1, ETV5), indicative of a positive DA outcome (Kirkeby et al., 2017) that may
be potential sorting candidates to consider for future studies.

Identification of novel cell surface proteins superior to current approaches still remains an
important goal. Isolation of potentially more restrictive populations using reporters, such as
those mentioned previously, could potentially be screened to identify new cell surface
markers. Critical to the success of cellular sorting will be selection of markers that are
restricted to the mDA population, as well as expressed early enough to survive
transplantation. Whilst focus remains on cell surface markers for clinical translation, the risk
of residual antibodies attached to the cell surface may bring about its own issue of

immunogenicity.

In Chapter 4, we observed the capacity of the HSV-TK system to improve graft outcomes by
reducing overall graft size without impact on the dopaminergic population and their
functional capacity to restore motor deficits. However, we also observed the limitation of this
system in its failure to completely ablate all proliferative cells within the grafts and thereby
not providing the necessary safety. We acknowledged that vm progenitor grafts show poor
vascularisation that may underpin suboptimal delivery of the suicide-activating drug GCV.
To address this, one future approach may be to co-transplant additional cells and/or delivery
of factors to promote vascularisation. Sustained delivery of vascular maturing proteins, such
as BDNF, VEGF or EPO, may be of benefit to achieve this goal. Of interest, the neurotrophic
factor BDNF, in addition to promoting graft survival, neuronal maturation and plasticity, has
more recently been shown to play a role in promoting graft vascularisation for neural grafts

in the stroke infarcted brain (Nisbet et al., 2018). Additionally, agents that permeabilise the
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blood brain barrier (BBB) may further improve penetration of the suicide-activating drug into
the brain parenchyma. RMP-7 (Labradimil), a synthetic bradykinin analog, has shown benefit
in PSC-derived teratoma approaches, but its applicability for neural grafts is more complex
due to an extremely short half-life of the drug (Brewster et al., 1994; May et al., 1998). For
efficacy, infusion would be required to prevent rapid restoration of the BBB, that can happen
within 2-5minutes after cessation of RMP-7 (Emerich et al., 2001). With no, or very limited
graft-derived vasculature present within DA grafts (Tiklova et al., 2019), and minimal
infiltration of host blood vessels (Appendix 4), engraftment of supportive hPSC-derived
endothelial cells for blood vessel formation may be essential and preferential over other

strategies discussed above.

Alternatively, other suicide systems may have superior outcomes to our employed HSV-
TK/GCV approach for vm grafting. The iCas9 system is already available and shown to be
efficacious for tackling tumorigenesis in PSC applications (Kojima et al., 2019; Yagyu et al.,
2015) . This approach offers targeted suicide of all grafted cells, however could be considered
with additional engineering targeted at simultaneously protecting mDA progenitors (i.e. by
excision of the iCas9 within EN1 or NURRL1 expressing cells), this could be employed for
refinement, as well as safety. Since the progenitor pool is protected here, and therefore no
concerns of eliminating mDA neurons, there is an opportunity for earlier treatment in vivo or
pre-treatment in vitro following expression of the targeted gene. Less explored suicide
systems, such as the CD/5-fluorocytosine system or monoclonal antibody-mediated

approaches, may also be interesting avenues to pursue for future studies (Jones et al., 2014).

In the final results chapter, we focused on identifying the optimal maturation stage of the
differentiating hPSC-derived vm progenitors/precursors for transplantation (Chapter 5).
These results highlighted the importance of characterising cells in vivo on a line-to-line basis,
but suggests further efforts may be required to standardise differentiation protocols, as well
as determine if these differences arise at the pluripotent level. Understanding of the true
‘stemness’ of individual PSC lines, and whether certain lines are more primed than others, or
have different epigenetic profiles, is currently lacking. With more insight, this may indicate
that all PSC lines may need to be reverted to an equivalent naive starting point prior to
differentiation, to improve and standardise pattering efficiencies, as has been shown by us

and others through exposure to the inhibitor cocktails (2i) for mESCs (Alsanie et al., 2017,
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Appendix 1; Ghimire et al., 2018) and (5i) for hPSCs (Lee et al., 2017), that may

fundamentally aid in standardising grafting outcomes.

Despite significant headway in the field of transplantation for PD, engraftment of grafted
hPSC-derived DA neurons remains relatively poor and connectivity inferior to their human
VM fetal counterparts (Grealish et al., 2014). This is likely a result of the adult brain being a
notably less permissive environment than in development with many developmental cues
either downregulated or absent. Such observations suggest that efforts to restore the physical
and trophic environment may be advantageous to promote survival, differentiation and axonal
connectivity of grafted mDA neurons. Extensive pre-clinical and clinical studies have
demonstrated that glial cell line-derived neurotrophic factor (GDNF) plays a significant role
in survival, plasticity and metabolism of DA neurons, with benefits more recently observed
in our lab by over-expressing GDNF in DA-rich fetal VM grafts (Kauhausen et al, 2013).
Most recently the team has advanced on this work, now exploring the benefit of GDNF on
human PSC-derived vm progenitor grafts. Due to the results observed in Chapter 3, we were
able to utilise LMX1A+ purified hPSC-derived grafts as a platform to assess the effect of

modulating the external environment by GDNF.

Similar to fetal studies, targeted viral delivery of GDNF not only promoted survival and
functional recovery but also influenced plasticity of grafted mDA neurons in LMX1A+ grafts
(according to Chapter 3) (Gantner et al., 2020). Intriguingly, this synaptic benefit was found
to be time-dependent. Whilst early delivery of GDNF, prior to implanting the vm progenitors,
promoted graft survival, it impeded on their capacity of the DA neurons to innervate the host
tissue, with these cells preferentially self-innervating the graft. In contrast, when GDNF
delivery was delayed, with viral delivery of AAV-GDNF administered several weeks after
transplantation, there was no impact on cell survival, but rather caused extensive DA
plasticity and innervation of the host, increased dopamine metabolism and consequently
motor function (Gantner et al., 2020) These combined findings suggest that a bi-phasic
approach may be more appropriate, whereby GDNF can be acutely delivered to promote
survival upon engraftment, and later re-activated to modulate axonal plasticity at a time when
the DA neurons have already extended axon outside of the graft core. To achieve this a more
sophisticated delivery approach is required, such as an inducible system that allows for
controlled time and dose-dependent GDNF release, such as that recently described by Clive
Svendsen’ group (Akhtar et al., 2018).
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Several other growth and guidance cues, such as Netrinl, Sema3F and EphrinA proteins, are
known modulators of synaptic DA plasticity (Van den Heuvel & Pasterkamp., 2008). Within
our team, we have additionally described the benefit of delivering SDF1, by inclusion of
meninges in the donor material, as well as Wnt5a to promote DA graft plasticity, with SDF1
also reported to increase the relative proportion of A9 DA neurons within fetal grafts (Parish
et al., 2008; Somaa et al., 2015). It remains to be determined whether these proteins also
influence hPSC-derived DA progenitor grafts.

While extensive attention has been paid to understanding the plasticity of mDA neurons in
development (Van den Heuvel and Pasterkamp, 2008), and to a lesser extent, fetal tissue
grafts, seemingly little attention has been paid to the role the extracellular matrix (ECM) plays
in the maturity and function of mDA neurons. Previously thought of as merely an anchorage
for cells, more recent years have recognised that the ECM provides signalling cues to cells to
also influence their proliferation, differentiation and plasticity (Theocharidis et al., 2014),
inclusive of mDA neurons (Zhang et al., 2017). In light of this, we have looked to more
closely recapitulate this environment for our grafted vm progenitors by engineering scaffolds
to mimic the laminin signalling typical of the brains ECM. These hydrogel-based scaffold
were designed not only to provide a trophic and physical support for the donor cells, but also
with the added bonus of protection against shear forces during in vivo delivery, and
subsequent integration into the host brain. These scaffolds can also be used as a vehicle to
sustain and localize protein delivery over weeks to months. Utilising these scaffolds to
encapsulate GDNF together with isolated LMX1A+ progenitors (according to Chapter 3), we
were able to increase the survival of grafted mDA neurons and enhance both graft plasticity
(by enriching the A9 DA population) and DA synapse formation (Appendix 4). Collectively,
these led to restoration of motor function (Appendix 4).

This new work focused on the potential utility of bioengineered scaffolds to improve graft
outcomes opens many new avenues for consideration, such as the capacity to use these
hydrogels to deliver other proteins, inclusive of pro-survival cues. Factors such as rho kinase
inhibitors (ROCK:I), which are routinely used for expanding PSCs (Watanabe et al., 2007),
as well as caspase inhibitors (QVD) and JNK inhibitors (SP600125) could be interesting
candidates that already provided benefit in both pluripotent and fetal applications (Claassen
et al., 2009; Emre et al., 2010; Hossini et al., 2016; Rawal et al., 2007).
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A remaining evident consideration for human PSC-derived grafting is the issue of graft
rejection. Immunogenicity of hESC-derived grafts means that patients would need to be
exposed to immunosuppression transiently for at least 12 months to prevent allograft
rejection, which comes with a raft of side effects and complications. In an ideal world, one
would generate iPSCs from a patient for the purpose of autologous grafting, however, in
reality the variability between lines would mean comprehensive optimisation, validation,
safety and QC testing bringing about significant technical, regulatory and financial
challenges. Regulatory issues such as increased risk of genetic and epigenetic abnormalities
with generation of iPSCs, has recently led to the premature suspension of the first-in-human
clinical trials utilising patient-derived RPE cells to treat macular degeneration (Garber, 2015).
Added to this is the consideration of using a patient’s own cells which likely carry disease-
contributing genes, and thus the heightened susceptibility these cells may have to
neurodegeneration. Rest assured, retrospective assessment of fetal grafting has reported that
while some evidence of disease transmission can occur from the adult/aged host into grafted
cells, the proportion of these cells carrying pathological hallmarks of PD remains low
(Kordower et al., 2008; Li et al., 2008, 2010, 2016). Overall, the field has come to recognise
that the future of human PSC grafting for PD will most likely involve allogeneic grafting
(cells from one individual, ESC or IPSC of origin, implanted into another). With this comes

the need to consider the immunological challenge.

Development of strategies that avert the need for immunosuppressant agents are therefore
desirable. Donor-recipient matching has been suggested, whereby cell banks of hiPSC lines
can be generated from donors with the most common human leukocyte antigen (HLA)
profiles. Whilst HLA matching has eluded to the potential for improved engraftment in both
retinal or dopaminergic transplants (the later showing benefit over the conventional
immunosuppressant agent tacrolimus) (Morizane et al., 2017), other attempts have not been
met with such success, despite applying similar matching criteria (Badin et al., 2019). Added
to this, the considerable number of lines still required to cover the majority of the population
brings its own issues as discussed for autologous grafting, as well as failure to serve rare

donors, collectively make this approach challenging.

As a result, several labs have pursued alternative means to evade the immune response whilst

importantly focused on minimising the number of lines required for population coverage.
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Utilising modern genetic engineering/editing techniques, cloaked hPSC lines with enhanced
immunocompatibility have emerged and shown promise in evading the immune response
(Deuse et al., 2019; Gornalusse et al., 2017; Han et al., 2019; Harding et al., 2019; Xu et al.,
2019). Excitingly, and important for clinical translation, is the potential for a generic line
capable of global coverage, that may be achievable with this approach. In addition to the
several other benefits discussed previously, scaffold-based hydrogels may also restrict
migration of host immune cells, as has been seen with fetal studies (Moriarty et al., 2017).
Interestingly, this phenomenon was not observed when assessed at later stages in hPSC-
derived grafts, but immunogenicity at earlier stages is yet to be determined (Appendix 4).
However, these approaches collectively raise their own safety issues, given the ability of
grafted cells to evade immune surveillance. This may become problematic if unwanted effects
arise in the graft, and suggests an in vivo safe-guard such as suicide gene therapy (discussed

in Chapter 4), may be required as a preventative measure.

It is currently an extremely exciting time for stem cell therapy, with the potential to make a
huge impact to the lives of Parkinson’s disease patients. Whilst this past decade has seen
significant progress towards delivering PSC-derived vm progenitors for therapy, it is
important to recognise the remaining hurdles that still require attention. This thesis has
focused on shedding light on these less commonly reported limitations and explored several
solutions to implement or consider for future dopamine grafting studies and clinical trials to

improve grafting outcomes.
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Pluripotent stem cells (PSCs) are a valuable tool for interrogating development, disease modelling, drug
discovery and transplantation. Despite the burgeoned capability to fate restrict human PSCs to specific
neural lineages, comparative protocols for mouse PSCs have not similarly advanced. Mouse protocols
fail to recapitulate neural development, consequently yielding highly heterogeneous populations,

yet mouse PSCs remain a valuable scientific tool as differentiation is rapid, cost effective and an
extensive repertoire of transgenic lines provides an invaluable resource for understanding biology.
Here we developed protocols for neural fate restriction of mouse PSCs, using knowledge of embryonic
development and recent progress with human equivalents. These methodologies rely upon naive
ground-state PSCs temporarily transitioning through LIF-responsive stage prior to neural induction
and rapid exposure to regional morphogens. Neural subtypes generated included those of the dorsal
forebrain, ventral forebrain, ventral midbrain and hindbrain. This rapid specification, without feeder
layers or embryoid-body formation, resulted in high proportions of correctly specified progenitors

and neurons with robust reproducibility. These generated neural progenitors/neurons will provide a
valuable resource to further understand development, as well disorders affecting specific neuronal
subpopulations.

Murine pluripotent stem cells (mPSCs) are a powerful research tool to study development, establish in vitro
disease models, and facilitate advances in transplantation and drug screens, targeted at neural repair. Since their
initial isolation more than three decades ago', mouse embryonic stem cells (mESCs) have been widely used for
these aforementioned purposes, however limitations associated with variability and heterogeneity of differenti-
ation protocols have hampered progress.

A key limitation inherrant in early protocols is the reliance on co-culture with stromal cell lines to promote
neural induction?®. Although co-culture protocols demonstrate moderate neuralization, variable differentiation
efficiencies are unavoidable due to batch-to-batch variation in feeder secreted factors including immunogenic
proteins, growth factors and extracellular matrix ligands. While feeder-free neural differentiation alternatives
have been developed, they rely on the spontaneous differentiation properties of mESCs in 3-dimensional embyoid
bodies (EBs) or 2D cultures, which are inherently variable*®. Specifically, spontaneous differentiation results in
contamination with non-neuronal derivatives and/or generates highly heterogeneous cultures. Thus, new proto-
cols to derive specific neural populations under defined culture conditions are warranted.

Studies of fetal CNS development have identified key morphogens involved in the formation of specific brain
regions, such as the ventralizing factor sonic hedgehog (SHH) and caudalizing proteins fibroblast growth factor 8
(FGF8) and Wnt1’. Significant advancements in the differentiation of human PSCs into restricted neural lineages
has come with the early administration of these factors concurrently during neuralization®™!!, resulting in highly
homogenous neural populations that accurately reflect not only CNS regions but also lineage subtypes.

A final consideration is the pluripotent state of the cells at the commencement of differentiation. Two states of
mESCs have been described- (i) Serum and LIF (S/L)-dependent ESCs which reflect a more unstable pluripotent
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state of the pre-implantation blastocyst’s inner cell mass (and most widely employed in ESC studies), and (ii)
naive mESCs, also refered to as ‘ground-state’ stem cells, that represent a stable pre-implantation stage'?. Naive
state cells are obtained by culturing mESCs in a defined medium (2i) that contains MEK and GSK38 inhibitors
to maintain this ground state and block differentiation signals'®. These naive mESCs have numerous advantages
over S/L-responsive mESC that are cultured in batch-variable serum-based medium, including greater morpho-
logical homogeneity, enriched expression of pluripotential transcription factors and reduced levels of lineage
-specific transcripts'#-'7. In this regard, naive mESC are likely to improve the efficiency and reproducibility of
differentiation.

For the first time, we successfully induced neural differentiation of naive mESCs and compared derivatives to
S/L-dependent mESC counterparts. Subsequently, we utilized naive pluripotent stem cells (PSCs), and advances
in hPSC differentiation techniques, to establish methods to derive four region-specific (dorsal forebrain, ventral
forebrain, ventral midbrain and hindbrain) neural populations. Of these regions, the ventral forebrain was further
divided into rostral and caudal subpopulation, inclusive of ganglionic eminence and hypothalamic-like progen-
itors, respectively. These (5) novel protocols importantly rely on the early patterning and specification of PSCs
using targeted morphogens and small signaling molecules delivered within the first days of neural induction.
Extensive cytochemical, cell sorting and transcriptional profiling of the cells confirmed regional specification of
resultant progenitors and neurons.

Experimental Procedures

Maintenance of PSCs. The mouse ESC lines, E14TG2a (ATCC, USA), and our generated reporter lines
(Lmx1la-eGFP and Pitx3-eGFP,'®1, as well as the fibroblast-derived induced pluripotent stem cells (IPSCs) line,
M2RttA/OKSM, were maintained undifferentiated in either: (i) a basic leukemia inhibitory factor (LIF) medium
including serum, or (ii) serum-free 2i medium. Basic LIF medium consisted of Knockout DMEM, 15% fetal
bovine serum (FBS, Sigma- Aldrich), 1x penicillin/streptomycin (P/S), 1x glutamax, 1x non-essential amino acids
(NEAA), 0.11 mM beta-mercaptoethanol and 2000 IU/ml LIF (Millipore). 2i medium consisted of DMEM/F12,
1x N2 supplement, 1x B27-vitamin A, 1x P/S, 1x glutamax, 1x NEAA, 0.11 mM beta-mercaptoethanol, 2000 IU/
ml LIE, 1 uM MEK inhibitor PD0325901 (Stemgent) and 3 uM GSK3 inhibitor CHIR9902 (Stemgent). All PSC
were maintained on gelatinized 35 mm dishes under feeder-free conditions. Cells were passaged every second day
using accutase (STEMCELL Technologies), for ground state PSC, and 0.025% trypsin-EDTA for S/L-dependent
PSC. All reagents were purchased from GIBCO unless stated otherwise.

PSC differentiation. Naive PSCs or S/L-dependent PSCs (subsequently refered to as S/L PSCs) were seeded
on 0.1% (v/v) gelatinized 48 well plates at a density of 5.0 x 10° cells per well and incubated overnight in LIF basic
medium prior to differentiation. A combination of serum replacement medium (SRM) and N2 medium, supple-
mented with 200nM LDN193189 (Tocris), were used for early patterning stage under gradient conditions, (day0:
100% SRM; day1: 75%SRM:25%N2; day2: 50%SRM:50%N2; day3: 25%SRM:75%N2). SRM consisted of Knockout
DMEM, Ix P/S, 1x glutamax, 1x NEAA, 0.11 mM beta-mercaptoethanol and 15% knockout serum. N2 medium
components included DMEM/F12, 1x P/S, 1x glutamax, 1x NEAA, 0.11 mM beta-mercaptoethanol, 1x ITS-A
supplement and 1x N2 supplement. This SRM/N2 gradient media was subsequently refered to as ‘Patterning
media. For medial ganglionic eminence differentiation, cells were additionally cultured in a ‘ventralizing media’
from day 6-10, consisting of DMEM/F12, 1x P/S, 1x glutamax, 1x NEAA, 0.11 mM beta-mercaptoethanol, 1x
ITS-A, 1x N2 supplement and 1x B27+ vitaminA supplement. Finally, N2B27 medium was utilized for the mat-
uration stage. ‘Maturation medium’ consisted of 1:1 mixture of DMEM/F12 and Neurobasal medium, 1x P/S,
1x glutamax, 1x NEAA, 0.11 mM beta-mercaptoethanol, 1x ITS-A, 1x N2 supplement and 1x B27+ vitamin A
supplement.

Dorsal forebrain differentiation protocol.  For the duration of early patterning (day 0-7), culture media was sup-
plemented with LDN193189 (200 nM, Tocris), with FGF2 (20 ng/ml, Peprotech) added to the media from day 2.
Note media was changed daily from day 0-7. Cells were switched to ‘maturation medium’ consisting of: N2B27
supplemented with glial cell-derived neurotrophic factor (GDNE, 30 ng/ml, R&D), brain-derived neurotrophic
factor (BDNE, 30 ng/ml, R&D), ascorbic acid (AA, 0.2mM, Sigma-Aldrich) and the ~-secretase/Notch inhibitor
DAPT (10 uM, Tocris) from day 7-14, with media replaced every 2 days, Fig. 3A.

Ventral mesodiencephalic differentiation protocol. ~Ventralization from the default dorsal forebrain phenotype
was achieved by modulation of the Shh signaling pathway using Shh recombinant protein (C24I1, 200 ng/ml)
from day 1-7 of PSC patterning®. This supplementation of the media was employed firstly to demonstrate broad
neural ventralization of the PSC (resulting in a ‘ventral mesodiencephalic’ population), and was compared to
dorsal forbrain and hindbrain regions. Refinement of this ‘ventral mesodiencephalic’ protocol, through the timely
delivery of factors to modulate ventralisation (Shh and Wnt) and caudalization (Wnt and FGF8), resulted in more
restricted VF fates including rostral VF populations reflective of the ganglionic eminences, a more caudal VF
populations inclusive of ‘hypothalamic -like’ neurons and finally a ventral midbrain population. These refined VF
and VM protocols are detailed below.

Caudal ventral forebrain differentiation protocol. ~For caudal ventral forebrain (cVF) specification, inclusive of
hypothalamic-like neural progenitors/neurons, the patterning medium was supplemented with LDN193189
(200 nM, Tocris), SHH (24CII) (200 ng/ml, R&D) and the smoothened receptor agonist purmorphamine (2 uM,
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PM) (Stemgent) from day 1-7. From day 3-7, FGF2 (20 ng/ml) was added to the media. On day 7-14, cells were
transitioned to maturation medium, Fig. 4A.

Rostral Ventral forebrain differentiation protocol. ~ For rostral ventral forebrain (rVF) specification, including gan-
glionic eminence-like progenitors/neurons, patterning medium was supplemented with LDN193189 (200 nM),
and early ventralisation controlled using the Wnt signaling antagonist XAV939 (2 uM, Tocris) from day 0-5.
At day 6, medium was supplemented with Shh (200 ng/ml), and PM (2 uM), and changed at day 7 and 9. The
medium was switched to maturation medium from day 10-14, with media changes every 2 days, Fig. 5A.

Ventral midbrain differentiation protocol.  For ventral midbrain specification, SHH (200 ng/ml), PM (2 uM) and
FGF8 (25 ng/ml) were added to the patterning media from day 1-7, and further supplemented with CHIR9902
(0.3uM) from day 2-7, as well as FGF2 (20 ng/ml) on day 3-7. From day 7-14 cells were cultured in maturation
medium, Fig. 6A.

Hindbrain differentiation protocol. For hindbrain specification, S/L-dependent mouse PSC were cultured in
patterning media supplemented with SHH (200 ng/ml) from day 0, with PM (2uM) and FGF8 (25 ng/ml) added
from day 1. On day 2, CHIR99021 (1.5uM) was added to the media as well as FGF2 (20 ng/ml) at day 3. Media
was changed daily from day 0-5. On day 7, differentiated cells were changed into maturation medium, with
medium changes every second day until day 14, Fig. 7A.

Immunocytochemistry and Quantification. Day 0 (undifferentiated PSCs) and day 7, 11 or 14 differen-
tiated cells were fixed and immunostained, using previously described methods*'. See Supplementary table 1 for
primary antibodies. Secondary antibodies, generated in donkey and conjugated to Alexa Flour 488, 555 and 649
were used at 1:200 (Jackson Immunoresearch). 4’,6-diamidino-2-phenylindole (DAPI, SigmaAldrich) nuclear
counterstain (1:2000) was used to visualize cells in culture. All the images were captured using a fluorescence
microscope (Zeiss Axio Observer Z1).

Quantification of TH+/FoxA2+ and TH+/Pitx3+ (GFP) immunoreactive cells within caudal ventral fore-
brain and ventral midbrain cultures at day14, established from naive mESC and iPSC, were performed to differen-
tiate between the dopaminergic neurons generated within these two culture conditions. Using a 20x objective, ten
fields of views from three technical, and performed on at least 3 biological replicates were counted. Quantification
was performed using Zen Blue software (Zeiss).

Flow cytometry. Intracellular staining was performed using BD transcription factors staining kit (BD),
according to the manufacturer instructions with modifications. In brief, cells (1 x 10%/tube) were incubated with
BD Horizon fixable viability dye450 (1:1000) diluted in PBS (4 °C, 25 min). Cells were rinsed in PBS, resuspended
in fixation buffer (4°C, 45 min), and washed with ice-cold permeabilization/washing buffer. Fixed cells were
incubated with primary antibodies (see supplementary table 1), diluted in permeabilization/washing buffer,
overnight at 4 °C. The following day, cells were washed in permeabilization/washing buffer and incubated in
secondary antibody (anti mouse-APC,1:500, Santa Cruz), for 45 minutes. After 3x washes in permeabilization
buffer, cells were resuspended in ice-cold 500ul running flow buffer consisting of 1% bovine serum albumin
(BSA) (Sigma-Aldrich) and 0.5mM EDTA (Sigma-Aldrich) diluted in PBS. Flow cytometry analysis was per-
formed using Beckman-Coulter CyAn analyzer (Beckman-Coulter), Summit 4.3 software (Beckman-Coulter)
and Flowlogic software (Inivai technologies). Single cells were gated based on forward-side scatter profiles and
dead cells excluded using violet Horizon viability dye (data not shown). Undifferentiated ESCs were used as a
negative control to set gates.

Quantitative real-time PCR. Total RNA was extracted at day 0, 7 and 14 using Trizol (Ambion). RNA
was converted to cDNA and subsequently analyzed using quantitative real-time PCR (qPCR), using previously
described methods?, to show the expression of 7 pluripotency-related genes (Nanog, Sox2, Oct4, Rex1, Bmp7,
Wnt7a and Id1) as well as the temporal expression of numerous regionally specified neural-related genes (Pax6,
Emx2, Nkx2.1, Gsx2, Otp, Nhih2, TH, Enl, Nurrl, Lmxla, Zicl and Hoxal). More detailed analysis, to further
confirm GE differentiaton, was performed at days 0, 10 and 14, and included the following genes: Nkx2.1, Gsx2,
Lhx2, Olig2, DIx2 and Gad67. See Supplementary Table 2 for primer sequences.

Student t-tests and One-way ANOVAs were performed where appropriate to identify differences within the
data, with significance set at p < 0.05.

Results
Improved neural differentiation from naive mESCs. S/L-dependent mESCs (cultured in serum and
LIF medium®) and naive mESCs (cultured in 2i medium'?), were first examined by immunocytochemistry to
confirm robust expression of cardinal pluripotent transcription factors, Oct4 and Sox2 (Fig. 1A,B). Consistent
with this observation, quantitative PCR revealed similar high levels of expression for the pluripotency genes
Oct4, Sox2, Nanog and Rex1 in both S/L-dependent and naive mESC cultures (Fig. 1C). Further, flow cytometry
quantification could not statistically distinguish the two mESC populations, with >98% of cells immunoreactive
for Oct4 (Fig. 1G,G’). While naive ground state and S/L-dependent PSC displayed similarities in their expression
of pluripotent genes, recent studies have recognized transcriptional differences between these two pluripotent
staged cell populations®. In concerrence, we show significantly elevated expression of Wnt7a and Id1, as well as a
down regulation of Bmp7, in our S/L-dependent mESCs compared to naive mESCs, Fig. 1D.

S/L-dependent and naive mESCs were directed towards a neural fate by antagonism of Smad signaling, sim-
ilar to that widely employed for monolayer-based differentiation cultures of human PSC, Figure 1E,E’?. This
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Figure 1. Ground state naive mESC, compared to serum/LIF-dependent mESC, improve neural specification.
S/L-dependent and naive mESC, labeled with (Ai,Bi) DAPI, show indistinguishable and high expression

of pluripotency transcription factors (Aii,Bii) Oct4 and, (Aiii,Biii) Sox2 prior to differentiation. (Aiv,Biv)
Merge images. (C) Transcriptional profiling confirmed expression of pluripotency genes in undifferentiated
naive and S/L-dependent mESCs. Data represents change in gene expression levels in S/L-dependent mESC
(bars), compared to naive cultures (normalized to 1, dotted line). (D) Reflective of differences in pluripotency
states, S/L-dependent mESCs showed elevated Wnt7a and 1d1, as well as downregulation of Bmp?7 expression,
compared to naive mESC. (E) Schematic depicting the effect of LIF and/or 2i initiated neural differentiation
from S/L-dependent verses naive mESC. (E”) Transient exposure of naive PSC to LIF resulted in improved
neural specification, and elimination of PSC upon differentiation. (F) Flow cytometry plots show high viability
of differentiated S/L-dependent mESC at day?7, (Fi) yet poor survival of naive mESC differentiation from 2i
media, (Eii) an effect that could be circumvented by transient culturing in LIF media. Flow cytometry plots for
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(G) Oct4, (I) Nestin, (K) Pax6 and (M) FoxA2 in undifferentiated and day 7 differentiated cultures. Comparative
quantitative analysis of FACS plots for S/L-dependent mESC and naive mESCs at day?7 after differentiation
for (H) Oct4, (J) Nestin, (L) Pax6 and (N) FoxA2. Upon differentiation, naive ESC cultures showed reduced
proportions of contaminating Oct4+ PSC, elevated neuralization (Nestin+) and appropriate default dorsal
forebrain specification, as indicated by reduced FoxA2+ and elevated Pax6+ cells in culture. Representative
images of (O,S) Oct4, (P,T) Nestin, (Q,U) Pax6 and (R,V) FoxA2 immunostaining from primed and naive
mESCs differentiated under neural conditions for 7days. Note the absence of both Oct4+ PSCs and FoxA2
off-target ventral neural progenitors, as well as expansive Nestin+- and Pax6+ NPC in cultures derived from
naive mESC, compared to S/L-dependent mESC. Data (n = 4) represents mean £ SEM, Students t-test. Scale
bars: A-B=100 um, O-V =50um. *p < 0.05, **p < 0.01, ***p < 0.001. mESC: mouse embryonic stem cell;
NPC: Neural pluripotent stem cells; PSC: pluripotent stem cells; S/L: Serum and LIE.

minimalist default differentiation system produced a heterogeneous population of cell types from S/L-dependent
mESCs following 7 days of differentiation, including Nestin immunoreactive cells indicative of NPCs (454 19.3%,
Fig. IT”],P), some of which possessed a dorsal forebrain identity as shown by expression of the dorsal marker
Pax6 (11.7 £ 6.5%, Fig. 1K”,L,Q), or a ventral identity determined by expression of the floor-plate marker FoxA2
(11+3.6%, Fig. IM”N,R).

Differentiation of naive mESCs under the same conditions was significantly compromised by excessive cell
death and limited NPC fate acquisition (Fig. 1E,F’). We speculated these complications arose from directing
naive pluripotent cells into a neural fate immediately. To circumvent this, 2i cultured naive mESCs were subjected
to a 24-hour incubation in LIF-primed media prior to Smad inhibitor exposure (Fig. 1E”) to mimic the gradu-
ated transition that occurs during embryonic development from the pre-implantation (naive pluripotency) to
post-implantation stage, and then to germ layer restriction.

Indeed, differentiated naive mESCs that incorporated a LIF-primed transition showed high viability (>86%,
Fig. 1F”), efficiently neuralized (77 = 4.6% Nestin expression, Fig. 1I”)]) and generated a homogenous popula-
tion of NPCs (Fig. 1T). Although the increase in Nestin expression in naive-LIF-differentiated cultures was not
significant compared to differentiation of S/L-dependent cultures (Fig. 1]), patterning from a naive state was
drastically less variable (Fig. 1P,T), and contained extremely few OCT4-positive cells (0.3 +0.3% vs 13+4.7%
Oct4+, Fig. 1G”,G”H,0,S). Furthermore, naive-LIF-differentiated cultures acquired a more reproducible and
restricted phenotype, with Pax6 expressed in 55+ 9.8% of day 7 cultures (Fig. 1IK”,L,U), and the absence of
off-target floor-plate progenitors marked by FoxA2 (Fig. IM”)N,V). These results demonstrate for the first time
a feeder-free monolayer directed differentiation platform for the robust production of NPCs from naive mESCs.

It is important to note that neuralization via Smad inhibition was achieved by blocking only one of two major
Smad families. Specifically, the BMP inhibitor LDN193189 was used to block Smads 1/5/8 while the TGF-{3 path-
way, that regulates Smad 2/3 signaling and is typically co-inhibited in human neural differentiations, was not
modulated. This was due to our observation that Smad 2/3 inhibition (using SB431542) prevented naive mESC
exiting from their pluripotent state, with cells showing maintained Oct4 expression (data not shown) - a finding
that supports previous studies describing the necessity for Smad 2/3 suppression in the maintenance of ground
state identity®*.

Bi-directional regional neural specification. In light of the improved reproducibility and homogenic-
ity of neural induction from naive, compared to S/L-dependent, mESC cutlures we next assessed the capacity
for ground state cells to be redirected along developmental dorso-ventral and rostro-caudal axes using a range
of small molecules and morphogens to mimic in vivo embryonic signals and obtain dorsal forebrain, ventral
mesodiencephalic and hindbrain cultures (Fig. 2). Naive mESCs differentiated in basal Smad inhibition condi-
tions (LDN193189 from day 0-7) resulted in the ‘default’ acquisition a dorsal forebrain identity with progeni-
tors expressing the forebrain-midbrain marker Otx2, dorsal transcription factor Pax6, as well as absence of the
ventral marker, FoxA2, and hindbrain marker, Zicl (Fig. 2D-K). Ventralization from this dorsal phenotype was
achieved with the addition of Shh (day 1-7), causing a predicted loss of Pax6 expression, upregulation of FoxA2,
and maintenance of Otx2 identity (Fig. 2L-O). In the absence of caudalising cues, the resultant population was
a heterogeneous pool of both ventral diencephalic and ventral mesencephalic progenitors, here termed ‘ventral
mesodiencephalic; Fig. 2L-O.

The addition of high concentrations of the GSK3f inhibitor and potent caudalizing small molecule CHIR9902
(day 2-7), as well as FGF8, was sufficient to push culture identity beyond the isthmic organizer, resulting in
the generation of hindbrain NPCs, as determined by upregulation of Zicl and surpression of Otx2 expression
(Fig. 2P-S). Each of these regionally patterned populations (dorsal, ventral and caudalized) were further modu-
lated, matured and characterized in subsequent Figs (3-8).

Naive PSC differentiated to dorsal forebrain neurons. Confirming the dorsal forebrain progenitor
identity seen by immunocytochemistry (Otx2+, Pax6+, Nestin+-, Figs 2H-I and 3C,D), we observed elevated
transcript levels of Pax6 and the cortical lineage marker Emx2?, by day 7 (Fig. 3B). These progenitors were driven
to a post-mitotic fate by the removal of NPC morphogens and growth factors (LDN193189 and FGF2), in con-
junction with the addition of the Notch pathway small molecule inhibitor DAPT?, and pro-neuronal survival
trophins including BDNFE, GDNF and Ascorbic Acid (Fig. 3A). Following 4 days of maturation (day 11), the
emergence of the neuronal cytoskeletal protein TUJ1, with the intermediate cortical progenitor marker Tbr2,
were seen (Fig. 3E). These results mirror cortical developmental where transient Tbr2 expression follows Pax6
expression before radial glial cells commit to specific laminar layers?”. With extended culturing in maturation
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Figure 2. Modulation of bi-directional morphogen gradients generates regionally specified neural progenitors.
Developing embryo schematics illustrating morphogen gradients (grey shading) and the utilized protein/
small moleulces (red) employed to modulate (A) Shh, (B) Wnts and (C) FGF8. Schematic illustrations of

the embryo (sagittal plane) depicting expression of key transcription factors (D) Otx2, (E) Pax6, (F) FoxA2
and (G) Zicl, used to identify rostral forebrain-midbrain, dorsal forebrain, ventral, and caudal hindbrain
progenitors, respectively. (H-K) Representative photomicrographs of naive mESC differentiated under default
neural conditions to generate dorsal forebrain progenitors, expressing Otx2 and Pax6, but lacking FoxA2

and Zicl expression. (L-O) Naive mESC differentiated towards ventralised mesodiencephalic and (P-S)
hindbrain progenitor fates, showing appropriate Otx2, Pax6, FoxA2 and Zicl expression indicative of regional

specification. Scale bar =50 um.
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conditions, increased numbers of Tuj1+ post-mitotic neurons were observed and co-expressed the mature cor-
tical laminar layer markers Tbrl (Fig. 3F) and Ctip2 (Fig. 3G). Importantly, we were able to demonstrate the
ability to robustly reproduce these findings, also differentiating naive ground state iPSCs to a dorsal forebrain fate

(Supplementary Figure 1).

Naive PSC differentiated to ventral forebrain neurons. While modulation of the Shh signaling was
shown to impact default dorsal forebrain identity of PSC, resulting in acquisition of ventral neural tube fate
(Fig. 2), minimal assessment of the directed differentiation and resultant progenitors/neurons was performed.
Here we importantly demonstrate that ventralized cultures maintained the robust downregulation of Oct4 and
upregulation of the NPC identity marker Nestin (Fig. 4B,C,F). As anticipated, ventral signals induced the loss
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Figure 3. Naive mESC, differentiated to a dorsal forebrain fate, show appropriate regional and temporal
specification (A) Neural differentiation protocol detailing morphogens and small molecules employed to
generate dorsal forebrain progenitors and neurons from naive PSCs. (B) Quantification of transcriptional
expression of dorsal forebrain indicative genes Pax6 and Emx2 in undifferentiated (day 0, black bar) and day

7 differentiated cultures (white bar). (C,D) Representative micrographs depicting expression of Nestin, Otx2
and Pax6 in dorsal forebrain progenitors at day7. (E) Maturing dorsal forebrain neurons, expressing Tuj1, show
transient Tbr2 expression at day 11, and mature dorsal forebrain markers inclusive of (F) Tbr1 and (G) Ctip2 by
day 14. Images show culture overviews, while inserts show immunocytochemical labeling at the resolution of
individual cells. Data (n =4) represented as mean + SEM, Students t-test. Scale bar =100 um. ***p < 0.001.

of dorsal (Pax6) identity (Fig. 4D,EG) and significant upregulation of the ventral neural tube marker FoxA2
(67.3 £2.2%, Fig. 4E,F). The ventral forebrain is the site of hypothalamus formation, and indeed hypothalamic
transcripts Nhlh2 and Otp were significantly up-regulated under these conditions?®?, suggesting the adoption of
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a diencephalic fate (Fig. 4G). By maturating ventral forebrain NPCs, TUJ1 post-mitotic neurons arose through-
out cultures with significant GABA expression (Fig. 4I), further supporting hypothalamic-like identity. While
numerous FoxA2 and TH + cells were observed by day 14, these populations showed minimal overlap, reflective
of VF hypothalamic dopaminergic neurons (as opposed to FoxA2 + /TH + dopamine neurons that reside in the
adjacent VM) (Fig. 4] and Supplementary Figure 2),%.

Interestingly, these ventral forebrain cultures did not express transcription factors Nkx2.1 or Olig2 (data not
shown), in vivo markers of the adjacent developing ganglionic eminence, GE. Early developmental studies have
demonstrated that inhibition of Wnt/beta-catenin signaling is important for the up-regulation of key GE tran-
scription factors such as DIx2, Mash1 and Gsx2, and suppression of pallial markers such as Emx23!. Thus, we
theorized the addition of a Wnt inhibiting small molecule (XAV939) may induce the generation of GE iden-
tity. Indeed, in response to XAV, efficient Nestin+4 and Otx2+ forebrain NPCs were observed (Supplementary
Figure 3) in conjunction with broad expression of Nkx2.1 and Olig2 (Fig. 5B, Supplementary Figure 4), suggestive
of a GE phenotype.

Continued maturation promoted widespread co-expression of TUJ1 and GABA (Fig. 5C,D and Supplementary
Figure 4) that may represent lateral ganglionic eminence (LGE)-derived striatal neurons or MGE-derived
interneurons. This former population can be identified by the co-expression of DARPP32+/CTIP2+ (that
were not present within these cultures, Fig. 5L), and the latter, MGE neurons, confirmed by co-expression of
GABA+/NKX2.14+ and NKX2.1+/OLIG2+ (Fig. 5D-E, Supplementary Figure 4). Validating these findings,
transcript assessment showed significant upregulationof a raft of MGE-related NPC genes including Nkx2.1,
Gsx2, Lhx6, Olig2 and DIx2 (Fig. 5F-]), (Corbin et al., 2000) and upregulation with maturation of Gad67, an
enzyme important in GABA synthesis for GE neurons (Fig. 5K). Of interest, in the development of this rVF pro-
tocol we have observed that earlier ventralisation of the cultures (though the administration of Shh+ PM from
day 3-7) resulted in cells co-expressing DARPP32+ CTIP24 GAD67+ (Fig. 5M) and comparatively low Nkx2.1
transcript compared to the “GE/MGE-like” populations (Fig. 5F, grey line), suggestive of a possible “LGE-like”
fate (Fig. 5M). Taken together, this data indicates GE-like NPCs and neurons from ground state mPSC.

Naive PSC differentiated to ventral midbrain neurons. During embryonic development, the isthmic
organizer, at the midbrain-hindbrain boundary, secretes FGF8 and Wnts to instruct the formation of the mesen-
cephalon®, Fig. 2B,C, including important populations of dopaminergic neurons. To generate ventral midbrain
(VM) NPCs, our caudal ventral forebrain protocol was supplemented with FGF8 (25 ng/ml) and the Wnt agonist
CHIR9902 (0.3 uM). This was seen to maintain cultures rich in NPC (81 4-4.3% Nestin+, Fig. 6C), that expressed
appropriately high levels of regional identity proteins FoxA2 (70 = 3.5%, Fig. 6E,FH) and the forebrain-midbrain
marker Otx2 (Fig. 6H,I). Further, these cultures upregulated essential VM dopaminergic transcripts Lmxla,
Nurrl and Enl (Fig 6G)*. To further confirm aVM identity of these NPCs we utilized a mESC reporter line for
Lmxla (Lmxla-eGFP); a transcription factor expressed in the roof plate and throughout the developing floor
plate. In combination with Otx2 and FoxA?2, the mesendiencephalic floor plate can be distinguished from roof-
plate NPCs and ventral hindbrain, and was seen in differentiating cultures derived from naive mESCs (Fig. 6I).

Ongoing maturation of the cultures to day 14, resulted in the presence of many tyrosine hydroxylase (TH - the
rate-limiting enzyme in dopamine synthesis) expressing neurons (Fig. 6],K). To differentiate between dopamin-
ergic neurons of the caudal ventral forebrain and the ventral midbrain, we quantified TH+/FoxA2+ neurons (a
population restricted to VM dopaminergic neurons). Under VM differentiation conditions, the majority (>75%)
of TH+ neurons co-expressed FoxA2 (Fig. 6],L and Supplementary Figure 5). VM dopamine neurons were char-
acterized further using both the Lmx1la-eGFP and Pitx3-eGFP knockin reporter line that mark bona fide VM
DAs*. In terminally differentiated cultures neurons co-expressing TH, Lmx1a and FoxA2 were observed (Fig. 6]),
with the majority of TH+ neurons (69 +10.4%) co-expressing Pitx3-GFP (Fig. 6K,M). By comparison, ventral
forebrain differentiation of the Pitx3-eGFP mESC reporter line saw significantly less TH+/FoxA2+ (28 4+ 4%,
Fig. 6L), and Pitx3-GFP+/TH+ co-expressing neurons (22 £ 6%, Fig. 6N), both likely off-target populations
within the VF differentiations, yet overall importantly highlight the capacity to direct naive mPSC into ventral
diencephalic or mesencephalic dopaminergic populations.

Naive PSC differentiated to ventral hindbrain neurons.  Upon successful generation of VM progen-
itors and neurons, we finally questioned whether stronger activation of the canonical Wnt pathway would be
sufficient to driving NPCs beyond the isthmus and adopt a more caudal, hindbrain phenotype. Indeed, 5-fold
higher CHIR9902 concentrations (1.5 uM), in conjunction with Shh signaling, resulted in high yields of neural
progenitors (79.3 4 6.8% Nestin+), that lacked rostral (Otx2, Fig. 71iii) and dorsal (Pax6, Fig. 7D,F) identity
markers, and showed appropriate ventralization (54.7 + 11.5% FoxA2+, Fig. 7E,E]) at day 7. More specifically,
day 7 cultures showed upregulated transcript levels of two key hindbrain genes, Hoxal, crucial for the early
patterning of the rhombencephalon®* and Zic1, a key regulator of progenitor proliferation during early cere-
bellar development®®, Fig. 7G,H. Following maturation, immunocytochemical analysis at day 14 revealed the
presence of numerous 5-HT+ serotonergic neurons, a population enriched throughout the hindbrain®, (Fig. 7],
Supplementary Figure 6) as well as hindbrain Islet1+ motor neurons (Fig. 7K, Supplementary Figure 6),%. Taken
together, these observation strongtly indiciate ventral hindbrain NPC generation from naive PSC under these
ventro-caudalizing conditions.

In support of the capacity for these 5 described protocols to generate neural progenitors and neurons with
relatively restricted regional identity, we compared transcript levels for genes known to be expressed within these
areas in embryonic development, and their absence (or appropriately comparative levels) from other fate specified
populations. Given the ‘default’ generation of dorsal forebrain progenitors/neurons upon Smad-induced neural-
isation of PSC, gene expression within ventral and caudalised populations was compared to this DF population.
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Figure 4. Naive mESCs differentiated to a caudal ventral forebrain fate, show appropriate regional and
temporal specification. (A) Neural differentiation protocol, detailing morphogen and small molecules
employed, to generate ventral forebrain progenitors and neurons from naive PSC. (B-E) Flow cytometry

plots at day 7 and, (F) quantitative analysis at 0 and 7 for Oct4, Nestin, Pax6 and FoxA2, showing appropriate
downregulaton of pluripotent (Oct4) and dorsal (Pax6) markers together with upregulation of neural (Nestin)
and ventral (FoxA2) protein expression. (G) Transcriptional downregulation of Pax6 together with the
upregulation of Nhlh2 and OTP suggested these cultures included neural progenitors of a ventral hypothalamic
fate. (H) Representative photomicrographs depicting expression of Nestin, Otx2 and FoxA2 in ventral forebrain
progenitors at day7. (I) Maturation of cultures resulted in the generation of GABA+ TUJ+ neurons, as well as
FoxA2+ and TH+ neurons (showing low co-localisation), suggestive of hypothalamic neurons. Data (n=3)
represents mean & SEM, Students t-test. Scale bar =100 um. *p < 0.05, **¥p < 0.001.

As such, we demonstrated the dorsal forebrain gene, Pax6, was significantly downregulated in all 4 other neural
populations (Fig. 8A). Ganglinic eminence genes, Nkx2.1 and Gsx2, were strongly expressed only in rostral ven-
tral forebrain cultures (Fig. 8B,C). Within caudal ventral forebrain, inclusive of hypothalamic progenitors, Nhih2
was notably increased, and significantly elevated compared to more caudal VM and HB populations (Fig. 8D).
Nhlh2 however was also shown to be upregulated within the adjacent rostral VF (GE-like) cells, expression that
may be explained by its known identity within subependymal neural progenitors. Reflective of in vivo neural
development and the localization of dopaminergic subpopulations, Lmx1a and TH gene expression were elevated
in caudal ventral forebrain (cVF) and VM progenitors and lowly expressed in more rostral (DF, ¢VF) and caudal
(hindbrain) cultures (Fig. 8E,F). Finally, the rhombencephalic related genes Hoxal and Zicl were only upregu-
lated in HB cultures (Fig. 8G,H).
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Figure 5. Naive mESCs differentiate to rostral ventral forebrain/GE progenitors and mature GABAergic
neurons. (A) Schematic of the neural differentiation protocol, detailing morphogen and small molecules
employed, to generate medial ganglionic eminence progenitors and neurons from naive PSCs. (B)
Immunocytochemistry images highlighting the expression of key GE transcription factors Nkx2.1 and Olig2
within young post-mitotic cell at day 10 of differentiation. (C) mESCs differentiated to GE-specific neurons
widely expressed TUJ1 and GABA, (D) with many GABA + neurons co-expressing Nkx2.1, indicative of MGE
interneurons. (E) Numerous post-mitotic TUJ1+4 neurons co-expressed the MGE markers Nkx2.1 and Olig2
by day 14. Note images (B-E) show cultures overviews, illustrating the largely homogeneous nature of the
differentiations, while inserts (Bi’-Ev’) show immunocytochemical labeling at the resolution of individual cells.
Numerous GE-related genes showed appropriate temporal expression, including the transient upregulation

of (F) Nkx2.1 and (G) Gsx2 as well as maintained, elevated expression of (H) Lhx6, (I) Olig2 and (J) Dix2. (K)
Gad67 was significantly upregulated by GE-like progenitors at day 10, with expression peaking at day 14 in
mature neurons. Dashed grey line in (F) represents Nkx2.1 expression in “LGE-like” cultures, induced by earlier
ventralization. (L) Reflective of an ‘MGE-like’ fate, rostral VF cultures appropriately expressed GAD67, but not
CTIP2 or DARPP32. (L) In contrast, earlier ventralization of these VF progenitors resulted in cultures showing
high expression of DARPP32, CTIP2 and GAD67, suggestive of a possible ‘LGE-like fate. Scale bar =100 um.
Data (n = 3) represented as mean £ SD. One-way ANOVA with Tukey post-hoc test. *p < 0.05, ¥*p < 0.01,
*#*%p < 0.001. MGE: medial ganglionic eminience; LGE: laternal ganglionic eminence.
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Significance Statement. Mouse pluripotent stem cells (PSC) provide a valuable tools in research as differ-
entiation is rapid, cost effective and an extensive repertoire of transgenic lines contribute in our understanding
of biology. However, protocols for directed differentiation of these cells has been inferior to their human coun-
terparts. Here we demonstrate enhanced efficiency of neural differentiation by commencement from a naiive
pluripotent ground-state, compared to a conventionally employed serum-dependent PSCs. Subsequently we
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Figure 6. Naive mESC differentiated to a ventral midbrain fate, show appropriate regional and temporal
specification. (A) Schematic of the neural differentiation protocol, detailing morphogen and small molecules
employed, to generate ventral midbrain progenitors and neurons from naive PSC. (B-E) Flow cytometry plots
at day 7 and, (F) quantitative analysis at day 0 and 7 for Oct4, Nestin, Pax6 and FoxA2, showing appropriate
downregulaton of pluripotent (Oct4) and dorsal (Pax6) markers together with upregulation of neural (Nestin)
and ventral (FoxA2) expression. (G) Transcriptional expression of ventral midbrain genes Lmx1a, Nurrl and
Enl. (H) Representative photomicrographs depicting expression of Nestin, Otx2 and FoxA2 in VM progenitors
at day7. (I) Employment of an Lmx1la-GFP reporter line demonstrated high co-expression with Otx2 and
FoxA2, indicative of ventral mesencephalic progenitors. (J) By day 14, these progenitors matured into VM
dopaminergic neurons co-expressing the hallmark proteins Lmx1a, TH and FoxA2. (K) Representative images
depicting Pitx3-GFP and TH expression within mature cultures, confirming ventral midbrain dopaminergic
fate. (L) Quantification of % TH/FoxA2 neurons from VM (white) and ventral forebrain (black bars) cultures.
Elevated proportions of TH+ FoxA2+ co-expressing neurons confirmed a VM dopaminergic phenotype, while
FoxA2+ TH+ cells within VF cultures were indicative of off-target populations. (M) Quantification of TH+ /
Pitx3-GFP+ neurons within ventral forebrain and ventral midbrain cultures at day 14, using the Pitx3-GFP
reporter mESC line, confirmed the generation of bona fide VM dopaminergic neurons within VM cultures.
Data represents mean £ SEM, n = 3, Students t-test. Scale bar =100 um. **p < 0.01, ***p < 0.001.
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Figure 7. Naive mESCs differentiated to a ventral hindbrain fate, show appropriate regional and temporal
specification. (A) Schematic of the neural differentiation protocol, illustrating morphogen and small
molecules employed, to generate ventral hindbrain progenitors and neurons from naive PSCs. (B-E) Flow
cytometry plots at day 7 and, (F) quantitative analysis at 0 and 7 for Oct4, Nestin, FoxA2 and Pax6, showing
appropriate downregulaton of pluripotent (Oct4) and dorsal (Pax6) markers together with upregulation of
neural (Nestin) and ventral (FoxA2) expression. (G) Transcriptional expression of hindbrain genes Hoxal
and Zicl. (H) Representative photomicrographs depicting expression of DAPI, Nestin and Zic1 in hindbrain
progenitors at day 7. (I) Ventral hindbrain specification of progenitors was confirmed by the presence of
ventral marker FoxA2 and absence of mesodiencephalic protein Otx2. (J) By day 14, hindbrain specified
cultures contained serotinergic neurons immunoreactive for TUJ1 and 5HT, as well as (K) Islet1+ TUJ1+
neurons, indicative of motor neurons. Data represents mean + SEM, (n = 3), Students t-test. Scale bar =100

um. **p <0.01, ***p < 0.001.
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Figure 8. Transcriptional profiling of regionally distinct neural progenitor populations from mESC, and
overview of differentiation. Transcriptional profiling of five neural progenitor populations, derived from naive,
ground state mESC, assessing key patterning and regionally localised genes including (A) Pax6, (B) Nkx2.1,

(C) Gsx2, (D) Nhlh2, (E) Lmxla, (F) TH, (G) Hoxal and (H) Zicl. Upregulation of select genes within given
populations confirmed specificity of the differentiations. (I) Schematic overview illustrating the “priming” of
ground state pluripotent stem cells (blue shading), to promote homogeneneous neuralisation (pink) of mouse
PSC. Subsequent patterning (orange) and maturation of cells (green), through the time and dose-dependent
administration of morphogens and small molecules, resulted in the generation of regionally distinct neuronal
populations including those of the dorsal forebrain (DF)/cortex, rostral and caudal ventral forebrain (rVE c¢VF),
ventral midbrain (VM) and hindbrain (HB).

establish novel protocols, involving early morphogen patterning of monolayer, feeder-free naive PSC, resulting
in the efficient generation of region-specific (dorsal forebrain, ventral forebrain, ventral midbrain and hindbrain)
progenitors and neurons. These resultant populations will be valuble in understanding neural development, as
well as disorders affecting specific neuronal populations.
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Discussion

Previous studies have described the generation of region-specific neural subtypes from Serum/LIF-dependent
mESCs?*>%8, While these protocols have provided means to study neural development and transplantation ther-
apies, several limitations are associated with these protocols - namely the variability between differentiations
and heterogeneity of derived cultures. Underlying these variables is the reliance on either stromal cell co-culture
that introduces a variable milieu of patterning signals, the use of spontaneous embryoid bodies for uncontrolled
default differentiation and/or failures to replicate developmental sequences appropriately.

By comparison, neural differentiation strategies for human PSC have advanced significantly, with numer-
ous studies generating largely homogenous cultures of specific regional neural subtypes under rapid patterning
methodologies®!!. While these human protocols are invaluable to the field, rodent counterparts nevertheless
remain an important biological tool that in comparison possess malleable genomes and undergo rapid embryonic
development. These traits facilitate cost and time effective investigations into mammalian development as well as
intra-species cell transplantation studies.

We report here the development of a feeder-free directed neural differentiation system for mESCs and iPSCs
along dorso-ventral and rostro-caudal axes that aligns mPSC differentiation closely with human PSC counter-
parts. By mimicking in vitro the rapid temporal signaling gradients of rodent development an array of neural
lineages from the dorsal forebrain, ventral forebrain, ventral midbrain and hindbrain were formed within 14
days, Fig. 8K.

Furthermore, we describe for the first time the use of naive mPSC as a starting material for neural differ-
entiation, resulting in differentiated cultures of improved homogeneity and eliminated contaminant pluripo-
tent cells (Fig. 1). Interestingly the employment of naive mPSC required precise recapitulation of developmental
sequences, involving the transition of naive cells (reflective of pre-implantation) temporarily to a more primed
(post-implantation) state, by exposure to LIF, prior to the initiation of differentiation. The use of naive mPSC
likely underlies the robust fate restriction reported here, as recent studies evaluating naive and serum-dependent
mESC have demonstrated that the former are intrinsically homogeneous at transcriptomic and epigenomic levels,
while the later express a range of lineage-specific genes likely to interfere with differentiation'*'”.

Additional to the use of naive stem cells, early patterning of mPSC reflective of embryonic development was
imperative for restricted neural fate specification. Smad inhibition at the onset of differentiation forced neu-
ral specification towards the default dorsal forebrain lineage, reflected by the generation of Pax6+, Tbr2+,
Emx2+ NPCs, and mirroring human PSC protocols. Following initial patterning and a week of maturation in
neurotrophic factors and notch inhibitors, to induce a transition to post-mitotic neurons, dorsal forebrain progen-
itors differentiated into mature neurons that expressed anticipated cortical layer markers, such as Tbr1 and Ctip2.
Previous mPSC protocols have reported the use of small molecule antagonists of the Sonic Hedgehog pathway
to promote cortical specification from serum/LIF-dependent mESCs>*. Our study found Shh inhibition was not
required as evidenced by limited expression of the ventral floor-plate marker Foxa2 cells within the cultures and
enrichment of dorsal cortical markers. Initiating differentiation from naive mESC, as opposed to S/L-dependent
mESCs, may underlie the improved patterning outcomes, despite a reduction in administered extrinsic signals.

Conversely, Shh agonists (Purmorphamine and recombinant Shh) were required from day 1 of differentiation
to ventralize NPCs, resulting in the acquistation of a hypothalamic identity, as seen by expression of Nhlh2 and
O1p*. Of note, ventralized NPCs did not express ganglionic eminence markers such as Nkx2.1 and Olig2, sug-
gesting that the Shh and puromorphomine concentrations used maximally activated the Shh pathway to produce
the most ventral structures of the developing rostral neural tube. Following maturation, ventral forebrain NPCs
developed into GABAergic neurons, a population present in the adult hypothalamus, in addition to FoxA2-TH+
dopaminergic neurons***!. Interstingly, the addition of early Wnt inhibition, to reduce the extent of floorplate
ventralization of the progenitors, we were able to direct cells to adopt a GE identity. These GE-like progenitors
were positive for both Nkx2.1 and Olig2 and continued to develop into GABAergic neurons, a neuronal popula-
tion that arises in the GE during ventral telencephalic development.

Differentiation to the ventral midbrain was also acheived from naive mPSCs with the addition of caudalization
cues supplied by FGF8 and the GSK3b inhibitor CHIR9902. This sequence of immediate neuralization, ventral-
ization and rostrocaudal positioning closely mirrors hPSC protocols for VM differentiation®!*?!. Post-mitotic
neurons were obtained rapidly, within 14 days of differentiation, and confirmed to be bona fide ventral midbrain
dopamine neurons based on Lmx1a and Pitx3 expression (using our knock-in reporter line) as well as FoxA2, in
addition to gene transcripts for Enl, Nurrl and Lmxla.

Finally, ventral hindbrain specification was attained by increased caudalisation of NPCs, using amplified canon-
ical Wnt activation. Resultant NPCs showed evidence of hindbrain identity based upon the presence of Zicl and
lack of Otx2 immunoreactivity in conjunction with motor (Islet1) and serotonergic (5-HT) neuronal markers***".

Demonstrative of the efficiency of these new protocols was the relative lack of off-target cells within each pop-
ulations. Genes known from in vivo neural development to be to be expressed within select progenitor/neuronal
populations were largely restricted within our cultures, such that dorsal identity gene Pax6 was only expressed
in dorsal forebrain cultures, yet rhombencephalic genes, Hoxal and Zicl, were only expressed in hindbrain cul-
tures. While the combination of restricted transcriptional gene expression as well as protein expression (and
often protein co-localisation) enabled confirmation of the presence of restricted neuronal populations in some
instances, we recognize that the efficiency of these differentiation protocols still contains variability, and one that
is higher than comparative human PSC protocols. At one extreme >75% of naive mESC, differentiated along a
VM lineage, adopted a VM DA fate (quantitatively confirmed by TH+ Pitx3+ colocalisation) yet VF cultures
were decidedly more heterogeneous (including both GABA+, TH+ FoxA2— and TH+ FoxA2+ neurons), prov-
ing challenging for defintive confirmation of neuronal identity from adjacent populations. We speculate that this,
in part, is a likely consequence of the rapid differentiation of mouse PSCs compared to human counterparts that
allows less time to orchestrate regional patterning and terminal signals. As such, more extensive transcriptional,
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histochemical, biochemical and functional/electrophysiological profiling studies will be required in order to con-
firm the true efficiency of each of these described protocols.

In summary, using naive mPSC, we describe the robust regional specification of PSC through the early

manipulation of rostro-caudal and dorso-ventral morphogen gradients. These protocols, and resultant neuronal
populations, may provide important tools for understanding mammalian neural development, aide in our under-
standing of brain-related disorders and assist in the development of new targeted therapies including cell replace-
ment therapy.
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SUMMARY

Human pluripotent stem cells are a valuable resource for transplantation, yet our ability to profile xenografts is largely limited to low-
throughput immunohistochemical analysis by difficulties in readily isolating grafts for transcriptomic and/or proteomic profiling.
Here, we present a simple methodology utilizing differences in the RNA sequence between species to discriminate xenograft from
host gene expression (using qPCR or RNA sequencing [RNA-seq]). To demonstrate the approach, we assessed grafts of undifferentiated
human stem cells and neural progenitors in the rodent brain. Xenograft-specific QPCR provided sensitive detection of proliferative cells,
and identified germ layer markers and appropriate neural maturation genes across the graft types. Xenograft-specific RNA-seq enabled
profiling of the complete transcriptome and an unbiased characterization of graft composition. Such xenograft-specific profiling will
be crucial for pre-clinical characterization of grafts and batch-testing of therapeutic cell preparations to ensure safety and functional pre-

dictability prior to translation.

INTRODUCTION

Since the derivation of human pluripotent stem cell (hPSC)
lines, there has been great hope and anticipation for the use
of these cells and their derivatives in regenerative medi-
cine. One of the most anticipated applications is their
restricted fate specification to defined cellular populations
for the purpose of transplantation, aimed at treating acute
and chronic disorders. Some of the most advanced exam-
ples are hPSC-derived islet cells for the treatment of dia-
betes, retinal pigment epithelia for application in visual
impairment conditions, and dopamine neurons for the
replacement of those cells lost to Parkinson’s disease (PD)
(Trounson and McDonald, 2015).

Prior to clinical translation of hPSC-derived cells, it will
be imperative that graft composition is well defined to
ensure safety and functional predictability. The signifi-
cance of understanding graft composition is perhaps
most evidently demonstrated in hPSC-derived dopamine
(DA) progenitor transplantation studies in PD models.
Despite significant advancements in differentiation proto-
cols resulting in high yields of correctly specified progeni-
tors for grafting (Kirkeby et al., 2012; Kriks et al., 2011;
Niclis et al., 2017b), following protracted graft analysis
(>6 months) only a fraction of the transplant is composed
of mature DA neurons (Doi et al., 2014; Kirkeby et al., 2012,
2017; Kriks et al., 2011; Niclis et al., 2017a; Samata et al.,
2016). Such outcomes suggest that the small proportion
of poorly specified cells present in the cultures subse-
quently expands following transplantation to dominate
the graft. Histochemical assessment has been able to

confirm that these grafts are predominantly “neural” in
origin and of an appropriate regional identity (Kriks et al.,
2011; Samata et al., 2016); however, due to limited anti-
body availability to selectively assess the human cells, as
well as not knowing what to specifically look for, the iden-
tity of much of these grafts remains unknown. This raises
the concern of what impact these cells may have on graft
function as well as on the host.

Transcriptionally profiling grafts has been hindered by
the inability to selectively isolate the graft, which is inter-
dispersed with the host tissue. When the graft can be
clearly identified, (e.g., grafts of reporter stem cell lines),
careful laser-capture microdissection can reduce the level
of contaminating host cells. However, laser-capture-based
approaches are labor intensive, require meticulous tissue
processing to maintain RNA quality, and are associated
with low RNA yields. An alternative approach is isolating
the grafted cells by tissue dissociation and applying fluores-
cent or magnetic cell-sorting strategies. This approach re-
lies on the dissociation of post-mitotic cells and can result
in poor survival. Single-cell genomic profiling of cells
within the graft has also increasingly been employed to
assess molecular and cellular diversity within defined pop-
ulations (Etzrodt et al., 2014; La Manno et al., 2016; Tang
et al., 2010). While providing an accurate assessment of
the cell identity within the graft, such approaches are
also onerous and sample just a fraction of the graft.

Circumventing these challenges, we develop here a
method that employs a selective detection process to
discriminate graft transcripts within a mixed graft-host tis-
sue pool. This simple approach relies on identifying RNA
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sequence differences between the host and graft species to
design species-specific primers for the purpose of real-time
qPCR, and similarly recognizing species-specific reads for
RNA sequencing (RNA-seq). The utility and rigor of these
techniques are demonstrated by comparing different trans-
plant populations of human cells in the rodent brain.

RESULTS

Design and Validation of Xenograft-Specific Primers
for Real-Time qPCR

To identify xenograft-specific sequences using qPCR, we
designed primers targeting regions of dissimilarity be-
tween the two species (Figure 1A). Specifically, primers tar-
geted an RNA sequence containing a minimum of 5-bp
mismatches between xenograft and host, or two mis-
matches within the 5 bp at the 3’ end of the primer
(e.g., Ki67 and LMX1A forward primers) (Figure 1B). To
confirm the specificity of the primers for xenograft tran-
script, we tested primers with in vitro pools of mouse or hu-
man cells known to express the target genes. A total of 30
primers were designed and tested (Figure 1B). Primer spec-
ificity for xenograft transcripts (over mouse) ranged from
500 to 1.0 x 10’ times greater, with a median specify of
174,000 (Figure 1C). Using an arbitrary cutoff of 1,000
times (1,000x) greater specificity for the human pool
compared with mouse, primers for 97% of genes (29/30)
were deemed as specific.

With success at designing species-specific primers, as
validated in vitro, next the feasibility of this approach in vivo
was determined, targeted at confirming the ability to
discriminate between xenograft and host transcripts. To
achieve this, we analyzed transplants of human stem cells
in the striatum of immune-compromised athymic mice us-
ing qPCR. The specificity of the primers for xenograft RNA
were confirmed in vivo by measuring the ability to detect
the expression of four constitutively expressed genes in
grafted tissue compared with ungrafted tissue (i.e., mouse
striatal tissue containing no xenograft) (Figure 1D). The
four primers tested specifically detected xenograft tran-
scripts in vivo, with expression in the grafted host greater
than the host-only tissue for PSMB4 (10,349 x), MTHFD
(769x), CHAMP2A (2,775x%), and HPRT1 (1,726 X).

To access the capacity of species-specific primers to pro-
vide a readout of graft size, we implanted a known number
of neural progenitors (10,000, 30,000, 100,000, or 300,000
cells) into the rodent brain and assessed the expression
levels of housekeeping genes after 2 weeks. A xenograft-
specific primer for a housekeeping gene was used to assess
graft size, while a host-specific primer enabled assessment
of the amount of host tissue present within the isolated tis-
sue. Expressed as a proportion of total RNA, xenograft RNA
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constituted 0.8% + 0.60% (10,000 cells), 6.5% + 2.48%
(30,000 cells), 12.8% = 1.78% (100,000 cells), or 18.1% =
3.31% (300,000 cells) of the RNA population (Figure 1E).
The estimate of xenograft RNA showed a tight and signifi-
cant correlation with the number of cells transplanted (r* =
0.78), demonstrating the utility of the method to rapidly
estimate graft size.

Characterization of Xenografts Using Species-Specific
Real-Time qPCR

To demonstrate and validate the utility of species-specific
transcriptional profiling of xenografts, we compared RNA
from three distinct xenografts: (1) grafts derived from un-
differentiated PSCs, anticipated to contain proliferative
populations and cells from all three germ layers after
1 month in situ (subsequently referred to as the “undiffer-
entiated” grafts); (2) transplants of ventral midbrain (VM)
neural progenitors, analyzed 1 month after implantation
and anticipated to show characteristic signatures of
immature neuronal progenitor neurons (subsequently
referred to as “immature neuronal” grafts); and (3) grafts
of VM neural progenitors, allowed to mature for 5 months
in situ into neuronal populations inclusive of dopamine
neurons (denoted “mature neuronal” grafts). In parallel,
tissue was collected from separate animals for immunohis-
tochemistry to provide verification of the gene-expression
results.

Using an antibody specific for human cells (human nu-
clear antigen [HNA]) that enabled delineation of the graft,
size and cell number were determined. Grafts of undiffer-
entiated cells were large and expansive (7.0 + 3.5 mm?® con-
taining 2.03 x 10° + 0.43 x 10° cells), while immature
neuronal grafts were small (0.43 + 0.07 mm?® with 0.49 x
10° = 0.11 x 10° cells), and of moderate size following
ongoing maturation (mature neuronal grafts: 2.4 =+
0.25 mm? containing 1.51 x 10° + 0.31 x 10°cells) (Figures
2A-2D). Transcriptional estimation of graft size, by xeno-
graft-specific QPCR, measured the proportion of xenograft
RNA at 33.0% = 8.9% in the undifferentiated grafts,
1.8% + 0.4% in the immature neuronal grafts, and
9.2% + 0.9% in the mature neuronal grafts (Figure 2E),
reflective of graft sizes determined histologically.

Necessary for the safe clinical translation of cell trans-
plantation is the removal of proliferative cells prior to
implantation, or their reduction to low levels shortly
thereafter. Hence, in an effort to characterize graft compo-
sition, the expression of the proliferative gene Ki67 was as-
sessed. A large population of Ki67*/HNA™ dividing cells
were identified in the undifferentiated grafts (9.5% =
1.0%) that was significantly reduced in immature neuronal
grafts (0.74% + 0.16%) and reduced further in the mature
neuronal grafts (0.28% + 0.06%) (Figures 2A-2C and 2F).
Xenograft-specific gene expression (expressed relative to
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Figure 1. Design and Validation of Xenograft-Specific Primers for Real-Time qPCR

(A) Schematic of the experimental paradigm. hPSC-derived cells were transplanted into the rodent brain. Tissue containing both trans-
planted cells and host tissue was dissected, and the RNA isolated to produce a mixed-species RNA pool. Xenograft gene expression was
discriminated from the host using species-specific primers for gPCR, or by RNA-seq to profile the entire genome.

(B) Table of human xenograft-specific primers designed for the present study. Nucleotide bases shown in red correspond to mismatches
between the human and mouse RNA sequence, and underlined bases represent the presence of insertions or deletions.

(C) Graph of the specificity of xenograft-specific primers for human transcript relative to rodent host transcript in vitro showing an average
specificity of 5,000 times that of the host (also represented numerically as “fold specificity” in B). An arbitrary cutoff of 1,000-fold (gray
line) represents an ideal specificity threshold, with 96% of primers designed in this study exceeding this threshold.

(D) In vivo specificity of xenograft-specific primers for four constitutively expressed transcripts, showing an average specificity of ~4,000
times greater in the transplanted compared with untransplanted host.

(E) Estimation of xenograft size using a xenograft-specific primer, PSMB4, showed a significant correlation (r* = 0.78) with actual number
of cells implanted into the host.

Data in (D) and (E) represent mean + SEM, n = 4 grafts/group.

the undifferentiated grafts) showed that Ki67 expression corresponding closely to the cell counts, and highlighting
in the immature grafts was reduced to 0.11 + 0.02-fold, the capacity for xenograft-specific qPCR to detect rare cell
and to 0.05 + 0.01-fold in mature grafts (Figure 2G), populations.
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The capacity of the technique to detect different cellular
populations within a graft was demonstrated using primers
targeted against genes restricted to defined germ layers
(endoderm, mesoderm, and ectoderm) (Tsankov et al.,
2015; D’Antonio et al., 2017). Unsurprisingly, endoderm
(AFP and GATA6) and mesoderm (Brachyury and
Collagen2A type 1, COL2A1) genes were lowly expressed
in the immature and mature neuronal grafts (Figures 2H-
2K). In contrast, expression of the ectoderm marker neural
cell adhesion marker (NCAM) was elevated in the imma-
ture and mature neuronal grafts (2.25 + 0.39 and 1.58 +
0.38, respectively) (Figure 2L). The neuroectodermal stem
cell marker, Nestin, expressed in the immature neuronal
grafts, was reduced in the mature graft, reflective of down-
regulation of the gene during neuronal maturation as
observed in development (Wiese et al., 2004) (Figure 2M)
and confirmed by Nestin immunohistochemistry (Figures
2N-2Q). Greater differences in neuroectodermal gene
expression between the undifferentiated and neuronal
fate-restricted grafts (immature neuronal and mature
neuronal) were not observed, largely due to the preferential
default neural fate acquisition of PSCs (Munoz-Sanjuan
and Brivanlou, 2002).

Next, the sensitivity of the approach to detect more sub-
tle changes present between immature neuronal and
mature neuronal grafts was assessed. Immunohistochem-
istry against GFP (to identify the LMX1A-GFP* cells) and
TH (tyrosine hydroxylase) identified immature VM neural
progenitors and mature dopaminergic neurons, respec-
tively (Figures 3A-3C). Counts revealed that 21% =+ 4% of
cells in the undifferentiated grafts expressed GFP, a propor-
tion that was enriched in the immature neuronal grafts
(82% + 1%) and maintained in the mature neuronal grafts
(76% = 4%) (Figure 3D). Xenograft-specific gene expression
showed that LMX1A was increased 32.7 + 1.7-fold in the
immature neuronal grafts, and reduced 17.2 + 2.3-fold in
the mature neuronal grafts (Figure 3E), commensurate
with the cell counts and in accordance with the previously

described downregulation of the gene in maturing
midbrain dopamine neurons during development. Counts
of the mature dopaminergic marker TH identified 0.3% +
0.04% cells in the undifferentiated grafts (TH*/HNA™),
significantly increased in the immature neuronal grafts
(4.4% = 1.5%), and further increased in the mature
neuronal grafts (7.2% =+ 0.9%) (Figure 3F). Xenograft-spe-
cific gene-expression analysis supported the increase in
TH with expression 8- and 12-fold greater in the immature
and mature neuronal grafts, respectively, compared with
those of undifferentiated cells (Figure 3G).

To demonstrate the utility of the approach to rapidly and
comprehensively profile graft composition, we assessed
nine additional genes anticipated to be expressed predom-
inantly in neural specified grafts. Four genes expressed
within VM neural progenitors included the midbrain-
hindbrain restrictive gene Engrailed-1 (EN1), forebrain-
midbrain gene OTX2, dopaminergic precursor Nurrl
(NR4A2), and pro-survival gene PITX3 (Figures 3H-3K).
As expected, in comparison with undifferentiated grafts,
upregulation of OTX2 (3-fold) and NR4A2 (16-fold)
were observed in the immature neuronal grafts (rich in
dopaminergic progenitors) but not the more mature (dopa-
minergic neuronal) grafts, reflective of the transient expres-
sion of these genes in embryonic development (Niclis et al.,
2017b). PITX3 was upregulated in both the immature and
mature neuronal grafts compared with the undifferenti-
ated grafts. Surprisingly, EN1 was downregulated in the
neuronal grafts, a result that likely reflects its many roles
in early development inclusive of embryonic segmentation
and limb formation. The five mature neuronal genes
examined included G-protein-regulated inward-rectifier
potassium channel 2 (GIRK2/KCNJ6) and Calbindin-1
(CALB1), markers of mature midbrain dopamine neuron
subpopulations; dopamine transporter (DAT/SLC6A3)
and vesicular monoamine transporter 2 (VMAT2/
SLC18A2), both responsible for dopamine recycling;
and vesicle-associated membrane protein Synaptobrevin

Figure 2. In Vivo Validation of a Xenograft Profile Using Species-Specific gPCR

(A-C) Representative micrograph depicting a graft of undifferentiated hPSCs 1 month after implantation (A), an immature neuronal graft
at 1 month (B), and a mature neuronal graft at 5 months (C). Human nuclear antigen (HNA) labeled all human donor cells within the host,
while Ki67 labeled proliferative cells.

(D and E) Quantification of HNA™ cells within the grafts (D) closely mirrored the proportion of human-specific transcript (as a percentage of
total transcript) (E).

(F and G) Quantification of Ki67* proliferative cells, significantly elevated in grafts of undifferentiated hPSC (F), reflected RNA transcript
levels of the gene (G).

(H-M) Trilineage specification of cells within grafts of undifferentiated hPSCs was demonstrated by high transcript expression of endoderm
(AFP, GATA6), mesoderm (BRACHYURY, COL2A1), and ectoderm (NCAM, NESTIN) genes. Appropriately, neural progenitor grafts (immature
and mature neuronal grafts) contained only neuroectodermal gene expression.

(N-P) Representative images of NESTIN-immunoreactive cells.

(Q) Comparative levels of Nestin transcript were validated by the proportion of the graft showing NESTIN immunoreactivity.

Data in (D-G), (H-M), and (Q) represent mean + SEM, one-way ANOVA, n = 5 grafts/group. Scale bars, 500 um (A-C, N-P) and 100 pm
(A'-C").
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Figure 3. Validation of Midbrain Dopaminergic Identity of Xenografts Using qPCR

(A-C) Representative images from an undifferentiated hPSC (A), immature neuronal (B), and mature neuronal (C) graft depicting
immunohistochemical expression of the early VM progenitor protein LMX1A (using an LMX1A-GFP reporter cell line) and mature dopamine
neuron protein tyrosine hydroxylase (TH).

(D and E) Neural specification of the cells prior to transplantation (to a VM dopaminergic identity) (D) resulted in a significant increase in
LMX1A-labeled cells that could be validated by species-specific LMX1A expression (E).

(F and G) Similarly, TH cell counts significantly increased within ongoing maturation of the neuronal grafts (F) compared with undif-
ferentiated cell grafts (G), results that were validated by TH qPCR.

(legend continued on next page)
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2 (SYNB/VAMP2), a mature presynaptic protein (Figures
3L-3P). Both GIRK2Z and CALB1 were significantly
increased in the immature and mature neuronal grafts.
Not surprisingly, synaptic protein and transmitter associ-
ated genes DAT (49-fold), VMAT, and SYB2 showed signif-
icantly elevated expression in mature neuronal grafts
compared with undifferentiated and immature neuronal
grafts. The increased synaptic integration of the mature
neuronal grafts was supported by increased histochemical
labeling for human synaptophysin in mature (Figure 3R)
compared with immature neuronal grafts (Figure 3Q).

Unbiased Characterization of Xenograft Composition
and Identification of Transcriptional Changes Using
RNA-Seq

Expanding on our species-specific transcript profiling
approach, we sought to demonstrate the capacity for
high throughput gene expression profiling using RNA-
seq. Unlike qPCR, RNA-seq enables unbiased characteriza-
tion of graft composition, confirming both known/antici-
pated gene expression and the presence of previously
unidentifiable cell populations. RNA-seq can also provide
new insight into gene expression, including recognition
of mechanistic pathways contributing to graft function.
Mixed-species ¢cDNA libraries were prepared from the
three graft types and subjected to paired-end, 75-bp
sequencing to a target depth of approximately 20 million
human reads (using the estimation of percentage xeno-
graft RNA described in Figure 2E). A rapid and computa-
tionally efficient analysis pipeline was then established
and implemented on the freely available Galaxy platform
to make it accessible without specialist bioinformatics
infrastructure or expertise. Reads were first mapped
against the human genome, with only concordant (suc-
cessfully aligned) reads subsequently mapped to the
mouse genome. To minimize the risk of incorrectly speci-
fied reads, we adopted a high-stringency approach
whereby all human reads found to also map to the mouse
genome were discarded. The retained reads were desig-
nated as unique to the human genome, and therefore
originated from the xenograft. An average of 94.4% =+
1.5% of reads were identified as unique to the human
genome under these criteria across the three graft groups
(Figure 4A). An average of 5.6% =+ 1.5% of reads aligned
to both human and mouse genome and were therefore
discarded from analysis. These discarded reads mapped

to 327 genes (defined as having an average of >10 reads)
and showed no enrichment for any gene ontology cate-
gory or pathway. Visual analysis of the ten most highly ex-
pressed genes from this list (Figures S2A-S2H) showed that
the reads did not provide broad coverage across genes,
aligning only to isolated fragments in both exonic and in-
tergenic regions. The reads did not map preferentially to
highly conserved regions or repeat elements, and dis-
played profiles consistent with originating from mouse
RNA (significant mismatches to human genome, not over-
lapping with human-specific reads).

Taking advantage of the variation in graft size across
the experimental groups, an estimate of the percentage
of xenograft RNA required in the host tissue to provide
a sufficient level of unique reads for analysis was assessed.
Samples in which human RNA constituted just 2.5% of
the total RNA (human RNA + mouse RNA) provided
86% reads unique to the human transcript using our
high-stringency approach. This specificity increased
exponentially such that with 6.7% human RNA, greater
than 95% of the reads was classified as uniquely human,
while grafts containing 35% human RNA yielded 99%
unique reads (Figure 4B). Overall these results demon-
strate that the analysis pipeline provided an efficient
yield of species-specific reads from within a graft-host
pool of tissue/RNA, including when the graft size was
limited.

To determine whether the identified xenograft-specific
reads were consistent with xenograft gene expression, we
assembled transcripts for analysis. Examination of the
global gene-expression profile by principal component
analysis showed that the grafts clustered tightly as three
distinct populations corresponding to the three grafted
cell types (Figure 4C). A dissimilarity matrix and unsuper-
vised clustering also showed the highest similarity between
the replicates of each group, with immature neuronal and
mature neuronal grafts the most closely related graft types
(Figure 4D). Combined, these findings show that at a global
expression level the xenograft-specific RNA-seq provided a
highly specific expression profile consistent with the ex-
pected graft relationships.

To demonstrate the ability to use RNA-seq data to
investigate known and unknown genes, we conducted
xenograft-specific differential expression analysis (Fig-
ure 4E). A total of 11,010 differentially expressed
genes were identified between the undifferentiated and

(H-P) Graft expression of early VM neural progenitor transgenes as revealed by species-specific gPCR primers for EN1 (H), 0TX2 (I), NURR1
(J), PITX3 (K), as well as mature dopaminergic neuronal genes GIRK2 (L), CALB (M), DAT (N), VMAT (0), and SYNB (P).
(Q and R) Immunohistochemical labeling against TH (green) and human synaptophysin (hSYP, magenta) in immature (Q) and mature (R)

neuronal grafts.

Data in (D-G) and (H-P) represent mean + SEM, one-way ANOVA, n = 5 grafts/group. Scale bars, 500 um (A-C), 200 um (A and ('), and

50 um (A”, C”, C"”, Q, and R).
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immature neuronal grafts (Table S1) and 12,449 genes be-
tween the undifferentiated and mature neuronal grafts
(Table S2). Enriched gene ontology categories between
undifferentiated and immature neuronal grafts identified
upregulation of genes associated with synaptic signaling,
axonal plasticity, and neural development, while RNA
expression/processing and regulation of cell-cycle genes
were downregulated (Figure 4F). Analysis of genes at
this comparison identified 233 transcription factors
potentially involved in the development of mature dopa-
minergic populations (Table S3), and 751 genes coding
for axon guidance cues and receptors (Table S$4),
including several associated with the classical axon guid-
ance superfamilies (Figure S3A). Many of the identified
guidance cues have previously been implicated in dopa-
mine axonal plasticity in rodents, but not yet in humans.
These results provide an expansive list of targets for the
potential modulation of cell populations or axon growth
and plasticity in the maturation and integration of
neuronal grafts.

The utility of the RNA-seq data to provide an unbiased
characterization of the xenograft composition was first
confirmed by assessment of known genes. Reflective of
qPCR observations, Ki67 was highly expressed in the undif-
ferentiated grafts (Figure 2G). Two additional pro-prolifera-
tion genes, DNA replication licensing factor MCM2 and
proliferative cell nuclear antigen, were similarly upregu-
lated (Figure 4G). Expression of three markers of an
endodermal, mesodermal, and ectodermal lineage were
all shown to be highly expressed in the undifferentiated

cell group. In accordance with qPCR findings, endodermal
and mesodermal genes were downregulated in the imma-
ture and mature neuronal grafts, while ectodermal markers
remained expressed or were downregulated with ongoing
graft maturation, reflective of neural development. Further
validating the approach, numerous vascular-associated
genes, such as essential hematopoietic transcription factor
TAL1 and vasculogenesis gene FLT1, were upregulated in
the undifferentiated PSC grafts (i.e., teratomas) but not
neural progenitor grafts, and could be validated by qPCR
(Figure S4).

Genes of known association with dopamine develop-
ment and function showed increased expression in
immature and mature neuronal grafts compared with the
undifferentiated. Expression levels were represented as a
heatmap (Figure 4H) and graphed as fold change for each
of the comparisons between the graft types (Figure 4I).
Markers of dopamine progenitors NEUROG2, FOXA2,
OTX2, and LMX1A were most highly expressed in the
immature neuronal grafts. NR4A2, PITX3, TH, and DRD2
were maintained at high levels in the both immature
and mature neuronal grafts, while the mature genes
GCH1, MAOA, SNCA (a-synuclein), VMAT2/SLC18A2,
and DAT1/SLC6A3 were expressed most highly in the
mature neuronal grafts. Confirming graft maturation, syn-
aptic markers SNAP25 (Synaptosome Associated Protein
25), Synaptobrevin2 (SYNB/VAMP2), and SYP (Synapto-
physin) were all significantly upregulated in the immature
neuronal grafts, with even greater fold changes in the
mature neuronal grafts (Figure 41I).

Figure 4. Unbiased Characterization of Xenograft Composition and Identification of Transcriptional Changes Using RNA-Seq
(A) Graph showing that 94.4% of the RNA-seq reads were uniquely mapped to the human genome (xenograft-specific) compared with 5.6%

mapping to both human and host (ambiguous origin).

(B) Graph of the percentage of xenograft-specific reads compared with the size of the xenograft, showing that xenografts contributing
>2.5% of the total RNA provide greater than 86% uniquely identified xenograft reads.
(C) Principal component analysis comparing the global gene-expression profile of each xenograft revealed the samples clustered into three

distinct groups corresponding to the three graft types.

(D) A dissimilarity matrix of the global RNA profile correlation and unsupervised clustering showed the highest similarity between the

replicates of each group.
(E) Heatmap of xenograft-specific gene expression.

(F) Graph of enriched gene ontology categories between undifferentiated and immature neuronal grafts.
(G) Heatmap of markers of germ layer lineages across the different graft types.
(H and I) Heatmap (H) and fold change (I) in gene expression for early and late VM dopaminergic neuron markers across the three graft

types.

(J) Heatmap of non-dopaminergic neural cell type markers across the three graft types.
(K) Real-time gPCR verification of the expression of astrocyte (GFAP, EAAT1) and oligodendrocyte (OLIG1, MBP) genes.

(Land M) Representative immunohistochemistry (L) confirmed the presence of astrocytes and oligodendrocytes in the mature grafts. RNA-
seq (M) identified a number of previously unidentified genes expressed in the mature neuronal grafts that could be verified by gPCR
(SEMA5A, IGSF8, NLGN3).

(N) Immunohistochemical staining against NLGN3 (green) and human-specific NCAM confirmed the presence of this plasticity-associated
gene within the mature neuronal grafts.

Data represent mean + SEM, one-way ANOVA. (A-J) n = 3 grafts/group, (K and M) n = 5 grafts/group. Scale bars, 50 pm (L and N) and
250 um (N).
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With less than 5% of VM neural progenitor grafts
consisting of dopamine neurons, and yet little knowledge
of the identity of the remaining >95% of cells, the
dataset was screened for markers of other neural (non-
dopaminergic) cell populations in the three grafted cell
groups (Figure 4J). GABAergic (GAD1, VGAT/SLC32Al,
GAT-1/SLC6A1) and glutamatergic (GLS, EAAT2/SLC1A2,
VGlut2/SLC17A6) related genes were found to be expressed
in the mature neuronal grafts, suggestive of the presence
of these neuronal populations, while low expression of
serotoninergic (TPH2, FEV, SERT/SLC6A4), cholinergic
(ChAT, VAChT/SLC18A3, Ch/TSLC5A7), and noradren-
ergic (DBH) relative to undifferentiated grafts inferred
that few of these neuronal populations were present within
midbrain-differentiated grafts. Strikingly, non-neuronal
cell types showed unexpectedly high expression within
mature grafts, including astrocyte-associated genes GFAP,
GLAST/SCL1A3, and ALDH1L1 as well as oligodendrocyte
genes OLIG1, OLIG2, and MBP (Figure 4]). Xenograft-spe-
cific qPCR profiling and immunohistochemistry for the
astrocyte markers GFAP and EAAT1/SLC1A3 as well as
oligodendrocyte markers OLIG1 and MBP confirmed the
presence of these cell populations in the mature grafts (Fig-
ures 4K and 4L). Retrospective assessment of matured VM
progenitor grafts from four previous grafting studies per-
formed in the laboratory validated and confirmed the sig-
nificant proportions of these glial populations within grafts
(data not shown). The identification of non-target cell
types in the mature grafts demonstrates the utility of using
xenograft-specific profiling to screen a broad range of
phenotypic markers and cell populations.

Finally, the dataset was utilized to detect unique candi-
date genes that may participate in the maturation and plas-
ticity of human PSC-derived VM progenitor grafts. We
identified and examined three genes that show signifi-
cantly elevated expression within the mature neuronal
graft: SEMASa (Semaphorin 5A), IGSF8 (Immunoglobulin
superfamily member 8), and NGLN3 (Neuroligin 3). Each
of these genes were confirmed by qPCR (Figure 4M) and
NGLN3 further validated by immunohistochemistry,
showing punctate expression throughout the graft and
evident along graft-derived axonal fibers (Figures 4N and
4N’). A lack of reliable commercially available antibodies
against Semaphorin A5 and IGSF8 prevented confirmation
of expression at the protein level. These findings provide
the first efforts and evidence for identifying the true
composition of VM neural progenitor grafts and highlight
the utility for this transcriptional profiling methodology in
understanding graft composition. In the present context,
the identification of new genes involved in graft matura-
tion may present candidate proteins for manipulation in
the future, targeted at promoting graft plasticity, integra-
tion, and function.
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DISCUSSION

Here, we describe an approach to transcriptionally profile
xenografts by discriminating the graft species RNA from
host. The technique is designed to allow standardization
and characterization of graft composition. The method is
simple to implement, requires minimal experience, and is
highly reproducible. The rapid design of primers and large
quantity of RNA generated allows a greatly enhanced
number of genes to be measured in a relatively short time
frame, enabling a more thorough characterization of grafts
inclusive of proteins/genes that are currently difficult to
discriminate. When combined with RNA-seq, the tech-
nique provides an unbiased means to screen graft composi-
tion, investigate key questions pertaining to their function,
and provide insight into strategies to enhance grafting
outcomes.

Within this study we demonstrated the utility of this
technique by analyzing three distinct human grafts within
the rodent brain: grafts derived from undifferentiated
hPSCs, grafts of immature neural progenitors, and grafts
of neural progenitors left to mature in situ over several
months. Xenograft-specific QPCR and RNA-seq were both
demonstrated to accurately and efficiency discriminate
xenograft gene expression from host. In addition, to
cross-validate these qPCR and RNA-seq outcomes, we
confirmed findings by immunohistochemistry, where anti-
bodies were available, with quantification across the three
methodologies generating highly correlated results.

Validated both in vitro and in vivo, the specificity of
xenograft-specific (human) qPCR primers designed for
the 30 genes examined in the present study showed
1,000- to >1,000,000-fold increased expression over the
mouse host. As such, the technique allowed the presence
of a xenograft to be confirmed and provided an estimate
of the graft size. The proportion of xenograft RNA in indi-
vidual pools of both graft and host tissue correlated with
pre-determined cell numbers, while cell counts in experi-
mental groups quantified in parallel using immunohisto-
chemistry also closely matched these estimates, as did
the proportion of xenograft RNA estimated by RNA-seq.
The technique was also able to accurately detect both
large- and small-scale changes in graft cell populations,
such as the expression of germ layer lineage-specific
markers in undifferentiated cell grafts, compared with
the more subtle changes between immature and mature
neuronal grafts.

A Kkey advantage of this transcriptional profiling
approach is the ease of tissue and RNA isolation, allowing
standardization across laboratories and by separate
operators. Here, grafts were placed into the striatum as it
provided an easily identifiable structure for gross tissue
dissection, yet gratfs could be transplanted in any location.
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Following gross tissue dissection, RNA was readily isolated
using a standard column-based protocol. The large amount
of tissue ensured that the RNA extraction was robust
against the effects of RNA loss or degradation and allowed
the RNA quality and quantity to be analyzed using the
commonly available nanodrop spectrophotometer. The
mixed-species RNA population could then be directly
interrogated with PCR or RNA-seq, making the process
easily achievable for most laboratories without necessary
expertise in microdissection, single-cell sorting, or RNA
handling. To make the RNA-seq analysis methods em-
ployed here accessible without specialist bioinformatics
experience or infrastructure, we implemented the analysis
pipeline in the freely available Galaxy web platform (www.
usegalaxy.org/), which provides point-and-click access to
all the required bioinformatics tools (Afgan et al., 2018).

Analysis of graft composition is often hindered by the
availability of reliable antibodies, or the presence of a pro-
tein of interest in both the graft and host tissue, thereby
preventing the ability to discriminate the graft. This latter
challenge is especially relevant when cells migrate and
intersperse within host tissues or, in the context of neural
transplants, when axons innervating regions distal to the
site of implantation cannot be accurately separated. Xeno-
graft-specific QPCR can readily detect any gene of interest
in a graft, irrespective of the expression in the host or local-
ization of the cell within surrounding tissues. As evidence,
here we successfully designed primers against NURR1/
NR4A2, EN1, and PITX3, examples where antibodies are un-
available or unreliable. Primers were also designed against
genes expressed in both the graft and host tissue for which
human-specific antibodies are not available, including
broadly expressed neural (Nestin and GFAP), dopamine-spe-
cific (TH, DAT1/SLC6A3 and VMAT2/SLC18A2), and synap-
tic genes (SYB2/VAMP2). Added to this was the ability to
detect rare events within transplants, such as proliferative
Ki67 cells. Importantly, validity of the species-specific
gPCR technique was demonstrated by similarities in gene-
expression levels and cell counts within the grafts.

The inability to easily apply high-throughput gene or
protein analysis to xenografts has been a major impedi-
ment to understanding graft integration and to identifying
targets to enhance survival, maturation, and plasticity that
may affect overall graft function. Xenograft-specific RNA-
seq provides an easily accessible tool for the interrogation
of the entire transcriptome of the transplant, allowing the
investigation of previously unknown genes and pathways
active in the graft. Importantly, the RNA-seq data also
contain host-specific reads, thereby providing the means
to examine interactions between the host tissue and the
xenograft. Here, we have described the ability of xeno-
graft-specific profiling to characterize graft composition.
The ability to measure all the expressed genes in the graft

allows an unbiased assessment and the ability to rapidly
screen a range of cell phenotypes. No prior assumptions
are required (as with antibody selection or qPCR primer
design). The capture of all genes allows an expanded exam-
ination of markers, providing a thorough analysis of the
target cell populations. The advantage of an unbiased and
thorough coverage of phenotypic markers was exemplified
here by the surprising expression of astrocyte and oligoden-
drocyte transcripts within grafts derived from fluorescence-
activated cell sorting (FACS)-sorted VM neural progenitors.
The presence of these cell types predominantly in mature
grafts highlights the importance of long-term transplanta-
tion to accurately access the efficiency of differentiation
protocols. The presence of small pools of poorly specified
cells can expand to become a significant component of
the graft at therapeutically relevant time frames, yet are
not easily detected in vitro. These cell types are difficult to
detect using conventional approaches, as host astrocyte
and oligodendrocyte cells can migrate to infiltrate the graft
and can only be directly detected using transgenic re-
porters. As the use of transgenic reporters is not feasible
in a clinical setting, xenograft-specific profiling may pre-
sent the only approach for pre-clinical testing of cell-differ-
entiation protocols and cell batch verification prior to
transplantation in patients. This is especially relevant in
light of the two recently commenced clinical trials (Cyra-
noski, 2018; Barker et al., 2017) that adopt similar differen-
tiation protocols to the one used here for the generation of
midbrain dopamine neurons in the treatment of PD.
Finally, we demonstrated the utility of the species-specific
RNA-seq approach in identifying previously unidentified
genes within grafts. Here, we identified the expression of
Nlgn3, SemaSA, and IGSF8 within mature neuronal grafts
(compared with immature). These proteins have previously
been implicated in axonal and synaptic plasticity (Bariselli
etal., 2018; Kantor et al., 2004) or shown to be expressed on
dopaminergic progenitors (Bye et al., 2015), but their roles
in dopaminergic graft maturation remains to be explored.
With previous work showing that hPSC-derived dopamine
neurons show inferior plasticity to grafts derived from fetal
tissue, identification of such genes may present new targets
for modulating axonal growth and graft integration.
While we highlight the many benefits of whole tissue
xenograft-specific transcriptomics, we also acknowledge
the limitations. Unlike in single-cell sequencing, the tran-
script levels of individual cells are not captured individually.
This restricts the classification of complex cell populations
in the graft, with the xenograft-specific expression profile
reflecting expression over the entire graft and unable to
identify how many cells express a given gene or the level
of expression within each cell. The approaches described
here are thus highly complementary. One also recognizes
that while RNA-seq profiling of the grafts is highly sensitive
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and informative, it can also be expensive, especially when
attempting to detect low numbers of grafted cells.

In summary, we describe an alternative approach to
profiling xenografts. While demonstrated in the context
of PSC-derived dopamine grafts for cell therapy in PD,
this technique holds promise for profiling all xenografts,
both within and outside the brain.

EXPERIMENTAL PROCEDURES

Cell Culture, Differentiation, and Sorting

Mouse RNA, containing mixed cell populations, inclusive of naive
PSCs through to maturing cells from all germline lineages (ecto-,
meso-, and endoderm), was obtained by pooling together undiffer-
entiated mouse PSCs (E14TG2a obtained from ATCC, USA), whole
mouse embryos (embryonic day 9.5 [E9.5] and E12.5), and
maturing VM progenitors isolated from E10.5, E12.5, E14.5, and
postnatal day 1 pups.

Human RNA, containing mixed cell populations, was generated
by pooling undifferentiated human PSCs together with embryoid
bodies (consisting of all germ layers), and varying maturation
stages of VM neural progenitors and mature dopamine neurons
(derived from differentiated human embryonic stem cells, as
described below).

The H9 human embryonic stem cell line, expressing a green fluo-
rescent reporter under the LMX1A promoter (H9 LMX1A-GFP),
was cultured as previously described (Niclis et al., 2017b). Mainte-
nance of pluripotency, prior to transplantation, was confirmed by
morphology and the co-expression of OCT4 and SOX2 (Figures
S1A-S1D). Undifferentiated hPSCs for transplantation were iso-
lated by Accutase treatment and resuspended at 10,000 cells/uL.

To obtain a pool of purified neural progenitors of known origin,
we differentiated PSCs to a VM fate as previously described (Niclis
etal., 2017b), with correctly specified cells isolated by FACS for the
GFP reporter gene, LMX1A. At 21 days in vitro, differentiating cul-
tures were dissociated in Accutase to a single-cell suspension and
FACS performed on a MoFlo cell sorter (Beckman Coulter). The
generation of neural progenitors (of VM identity) was verified
by co-expression of OTX2, FOXA2, and LMX1A (LMX1A-GFP")
(Figures STE-S1I). As previously described, >95% of GFP* cells co-
expressed the ventral floorplate marker FOXA2 and forebrain-
midbrain marker OTX2 (Niclis et al.,, 2017b), indicating that
isolation of this GFP fraction (>80% of cells, Figure S1J) could
enrich for correctly specified VM progenitors from the heteroge-
neous differentiated cultures by FACS. The FACS-isolated cell frac-
tion was resuspended at 100,000 cells/pL in maturation medium
and stored on ice until the time of implantation.

Cell Transplantation

All animal procedures were approved by The Florey Institute of
Neuroscience and Mental Health Animal Ethics committee. Sur-
geries were performed on 30 athymic (Foxnlnu) nude mice under
2% isofluorane anesthesia. One microliter of cells was stereotaxi-
cally injected into the brains at the following coordinates, relative
to bregma, as previously described (Kauhausen et al., 2013):
0.5 mm anterior, 2.1 mm lateral, and 3.2 mm below the surface
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of the dura. Transplant groups (n = 10/group) included: (1) undif-
ferentiated hPSCs implanted for a period of 1 month; (2) VM
progenitors, implanted for 1 month; and (3) VM progenitors, im-
planted for 6 months.

Tissue Processing and Histochemistry

After the prescribed period of graft survival (1 or 6 months), a sub-
set of animals (n = 5/group) were killed by an overdose of sodium
pentobarbitone (100 mg/kg), and transcardially perfused with 4%
paraformaldehyde and cryosectioned. Immunohistochemistry
was performed on fixed cell cultures or brain sections as previously
described (Somaa et al., 2017). Primary antibodies and dilutions
were as follows: 4’,6-diamidino-2-phenylindole (DAPI, 1 pg/mL;
Sigma Aldrich), goat anti-FOXA2 (1:200; Santa Cruz Biotech-
nology), chicken anti-GFP (1:1,000; Abcam), rabbit anti-GFAP
(1:800; DAKO), mouse anti-HNA (1:300; Millipore), rabbit anti-
Ki67 (1:1,000; Thermo Fisher), mouse anti-NESTIN (1:200; Milli-
pore), mouse anti-Neuroligin 3 (Nlgn3, 1:100; Synaptic Systems),
mouse anti-OCT4 (1:100; Santa Cruz), rabbit anti-Oligl (1:200;
Millipore), rabbit anti-OTX2 (1:4,000; Millipore), mouse anti-
PSA-NCAM (1:200; Santa Cruz), goat anti-SOX2 (1:200; R&D),
mouse anti-synaptophysin (hSYP, 1:1,000; Enzo Life Sciences),
sheep anti-TH (1:800; Pelfreeze), rabbit anti-TH (1:1,000; Pel-
freeze). For quantification of HNA*, Ki67*, GFP*, and TH" cells, im-
ages were captured at 20X magnification using a Zeiss Axio
Observer Z.1 epifluorescence microscope. The density of Nestin
labeling (percentage of immunoreactive pixels) was assessed
from captured images and analyzed using Image] software.

RNA Isolation and Real-Time qPCR

The remaining animals (n = 5/group) were killed, the brains
removed, and the striatum (containing the transplant) dissected
from surrounding tissues and snap frozen. Tissue was homoge-
nized using a TissueLyser LT (Qiagen) and total RNA extracted us-
ing the RNeasy Mini Kit (Qiagen). RNA yield and integrity were
assessed using a Nanodrop One spectrophotometer (ThermoFisher
Scientific) and confirmed using a Qubit (Thermo Fisher Scientific)
and Tapestation (Agilent). The RNA was analyzed by qPCR or RNA-
seq (Figure 1A).

Species-specific primers were designed using Primer3 (Unter-
gasser et al., 2012), aimed at containing a minimum of 5-bp mis-
matches between graft and host, or two mismatches in the 5 bp
at the 3’ end between species. Primers were targeted manually to
regions of dissimilarity (identified by blasting paralog genes) or us-
ing Primer-BLAST and selecting both the xenograft and host spe-
cies (Homo sapiens and Mus musculus, respectively in the present
context) under organism in the “Primer Pair Specificity Checking
Parameters.” This identified primers specific only to the xenograft
species (i.e., human). All xenograft-specific primers used in this
study are listed in Figure 1B. Lineage-specific genes were selected
from established markers used in the characterization of embryoid
bodies (Tsankov et al., 2015; D’Antonio et al., 2017), and genes
associated with vascular/endothelial cell differentiation identified
from the MGI Gene Ontology Browser and Park et al. (2013). Genes
were selected for confirmation with xenograft-specific qPCR based
on showing highly significant upregulation in undifferentiated/
teratoma grafts compared with neural progenitor grafts.
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First-strand reverse transcription of 500 ng of RNA into cDNA
was conducted using the SuperScript VILO cDNA Synthesis Kit (In-
vitrogen) according to the manufacturer’s recommendations. Real-
time qPCR was carried out on 25 ng of cDNA using the SYBR
GreenER qPCR SuperMix Universal (Invitrogen) and run on a
Rotor-Gene 6000 (Qiagen). To control for the size of the xenograft,
we identified a xenograft-specific reference (housekeeping) gene.
PSMB4, MTHFD1, CHAMP2A, and HPRT1 were tested and
PSMB4 selected as the optimal housekeeping gene due to its high
specificity and stable expression across the three graft types (Fig-
ure S1K). All qPCR data were analyzed using the AACt method
(Pfaffl, 2001), using the xenograft-specific reference gene and ex-
pressed relative to the undifferentiated grafts. Five independent
biological replicates were analyzed per group.

RNA Sequencing

cDNA libraries (containing graft and host RNA) were prepared us-
ing the TruSeq stranded mRNA sample preparation kit (Illumina).
For sequencing, the final cDNA concentration of each sample was
adjusted to generate a target of 20 million xenograft-specific reads
using the percentage xenograft RNA calculated from the qPCR
data. Note that due to the low percentage of xenograft RNA in
the Immature neuronal grafts, 5.5 million reads were targeted.
Libraries were subjected to paired-end, 75-bp sequencing on an
[llumina HiSeq 2000 platform (Illumina) with three independent
biological replicates analyzed per group.

Analysis was conducted on the Galaxy web platform (Afgan
et al., 2018) using the Galaxy Australia server, and using Bio-
conductor (Huber et al., 2015) in the statistical analysis environ-
ment R (https://www.R-project.org/). Alignment to the human
genome (Hg38) was performed using HISAT2 (2.0.3.3). Paired
concordant reads were then mapped against the mouse reference
genome (mm10). Under our high-stringency approach, all reads
that aligned to both the human and mouse genome were dis-
carded, accounting for an average of 5% of human reads.

Read counts for each gene were generated using HTSeq-count
(0.6.1) on union mode (Anders et al., 2015). Differential expression
analysis and principal component analysis were conducted with
DeSeq2 (2.11.38) (Love et al., 2014). Expression heatmaps and un-
supervised clustering were performed on log-transformed row-
scaled expression values using the gplots package in R (Pfaffl,
2001). Gene ontology enrichment analysis on biological process
was performed using the DAVID gene ontology browser (Huang
daetal., 2009). Lists of human transcription factors and axon guid-
ance cues and receptors were sourced from the HumanTFDB (Hu
et al., 2019) and the KEGG PATHWAY Database (Kanehisa et al.,
2017) (hsa04360, Homo sapiens axon guidance), respectively. The
RNA-seq data generated from this study has been deposited in
NCBI'’s Gene Expression Omnibus and are accessible through series
accession number GEO: GSE126804.

Statistical Analysis

All data are presented as mean + SEM. Statistical tests employed (in-
clusive of one-way ANOVA and Student’s t tests) are stated in the
figure legends. Alpha levels of p < 0.05 were considered significant
with all statistical analysis performed using GraphPad Prism:
*p <0.05, **p < 0.01, and ***p < 0.001.
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SUMMARY

Dopaminergic neurons (DAns), generated from
human pluripotent stem cells (hPSCs), are capable
of functionally integrating following transplantation
and have recently advanced to clinical trials for
Parkinson’s disease (PD). However, pre-clinical
studies have highlighted the low proportion of
DAns within hPSC-derived grafts and their inferior
plasticity compared to fetal tissue. Here, we exam-
ined whether delivery of a developmentally critical
protein, glial cell line-derived neurotrophic factor
(GDNF), could improve graft outcomes. We tracked
the response of DAns implanted into either a
GDNF-rich environment or after a delay in exposure.
Early GDNF promoted survival and plasticity of
non-DAns, leading to enhanced motor recovery in
PD rats. Delayed exposure to GDNF promoted
functional recovery through increases in DAn
specification, DAn plasticity, and DA metabolism.
Transcriptional profiling revealed a role for
mitogen-activated protein kinase (MAPK)-signaling
downstream of GDNF. Collectively, these results
demonstrate the potential of neurotrophic gene
therapy strategies to improve hPSC graft outcomes.

INTRODUCTION

Clinical trials have provided evidence that human ventral
midbrain (VM) dopamine (DA) progenitors, transplanted into
the denervated striatum of Parkinson’s disease (PD) patients,
can structurally integrate, restore DA transmission, and alleviate
motor symptoms (Barker et al., 2013). Hindering this therapy has
been the reliance on human fetal tissue that, in addition to
availability and ethical constraints, remains poorly standardized.
Consequently, focus has shifted to generating replacement DA
progenitors from human pluripotent stem cells (hPSC), including

embryonic stem cells (ESCs) and induced pluripotent stem cells
(IPSCs), that are capable of generating derivatives of all three
germ layers in vitro, including DA progenitors. Employing highly
standardized procedures, recent years have seen rapid
advancements in protocols for the generation of bona fide VM
DA neurons from both human embryonic stem cells (hESCs)
and IPSCs (Kirkeby et al., 2012; Kriks et al., 2011; Niclis
et al., 2017a).

Following transplantation, hPSC-derived DA progenitors are
capable of maturing into DA neurons, adopting appropriate target
acquisition and restoring gross motor deficits (Grealish et al.,
2014; Niclis et al., 2017b). However, overall proportions of DA neu-
rons within the grafts remain low. In part, this likely reflects the
poor survival of these cells during and immediately following
transplantation, as reported for fetal tissue grafts (Castilho et al.,
2000; Olanow et al., 1996). In addition, transplanted hESC-derived
DA neurons show inferior axonal growth compared to human fetal
VM donor tissue. Related, Grealish et al., (2014), employing a hu-
man-specific neural cell adhesion molecule and tyrosine hydrox-
ylase (TH) co-immunoreactivity to selectively compare graft-
derived DA axons from hESC-derived and human fetal donor
grafts, demonstrated reduced innervation of host A9-target tissue
(dorsolateral and dorsomedial striatum) from the ESC-derived
grafts. Such observations suggest that greater efforts to promote
survival and axonal plasticity of hPSC-derived DA neurons
following transplantation are required to improve outcomes after
grafting and make this therapy clinically competitive.

Unlike the developing brain that contains a cocktail of neuro-
trophic and morphogenic proteins that influence survival, differ-
entiation, and axonal connectivity, the adult brain is a notably
less permissive environment for the survival and integration of
transplanted progenitors, with many developmental cues down-
regulated or absent. First identified for its role in the survival and
plasticity of embryonic midbrain DA neurons in culture (Lin et al.,
1993), glial cell line-derived neurotrophic factor (GDNF) has been
shown to increase the survival, plasticity, and metabolism of DA
neurons in pre-clinical and clinical studies for PD (for reviews,
see Bjorklund et al., 1997; Kirik et al., 2017; Thompson and Bjor-
klund, 2012). Recombinant GDNF protein has also been used to
promote the survival of DA progenitors within fetal donor
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preparations prior to transplantation (Rosenblad et al., 1996),
with studies in rodents and non-human primates demonstrating
the benefits of prolonged delivery into the host tissue (via infu-
sion) (Ahn et al., 2005; Johansson et al., 1995; Sinclair et al.,
1996; Yurek, 1998) or injection of viral vectors) (Elsworth et al.,
2008; Georgievska et al., 2004; Kauhausen et al., 2013; Red-
mond et al., 2009; Thompson et al., 2009; Wakeman et al.,
2014; Winkler et al., 2006) for promoting survival, plasticity,
and functionally appropriate integration of DA-rich fetal VM
tissue grafts.

Here, we have assessed the impact of long-term GDNF over-
expression on hPSC-derived VM DA progenitor grafts. We
showed that exposure of the graft to GDNF had a significant
impact on survival, plasticity, and functional integration and
notably that the timing of exposure was an important variable.
Using a recombinant adeno-associated viral (AAV) vector to
overexpress GDNF in the denervated host striatum, we showed
that transplanting hESC-derived DA progenitors directly into a
GDNF-rich environment promoted survival yet impacted on the
capacity of the graft to innervate the host striatum. In contrast,
exposure of the DA progenitors to GDNF several weeks after im-
plantation had no effect on survival but positively impacted on
DA neuron maturation, innervation of DA-relevant targets, and
functional outcomes. With hPSC therapies rapidly moving
toward the clinic, these findings have important implications
for promoting survival, plasticity, integration, and thereby
function of hPSC-derived DA grafts, targeted at restoring DA
transmission in PD patients.

RESULTS

Validation of DA Differentiation, GDNF Expression, and
GDNF-Induced Motor Recovery
Midbrain DA neurons were differentiated from an hESC line
expressing enhanced GFP under the PITX3 promoter (PITX3-
GFP) using a recent, clinically relevant xenogeneic-free protocol
(Figure 1A) (Niclis et al., 2017a). Enrichment of DA progenitors
was confirmed by OTX2*/FOXA2* co-expression at 15 days
in vitro (DIV) (Figure 1B), with limited PITX2, PAX6, or BARHL1*
cells (indicative of unintended lateral or rostral midbrain contam-
inants) (Figure 1C). While progenitors were isolated at 20 DIV for
transplantation, parallel cultures, extended to 25 DIV, confirmed
the ability of the cells to generate bona fide VM DA neurons,
displaying high proportions of GFP (PITX3), TH, and FOXA2
co-expression (Figure 1E). qPCR analysis of maturing DA
progenitors in vitro confirmed upregulation of early and late DA
determinant genes LMX1A and TH, respectively, and the canon-
ical GDNF receptor, GFRa1 (Figure 1D). Maintenance of Ret
expression within VM progenitors (also expressed on hPSCs)
(Kriks et al., 2011), was confirmed by real-time PCR (Figure S1),
indicating the VM progenitors were capable of responding to
GDNF at the time of transplantation. Long-term stable expres-
sion of AAV5-GDNF (Figures 1F and S2) and the control AAV5-
mCherry (Figure S3B) were observed at 6 months within the
host striatum, as well as along the ipsilateral striatonigral tract,
using GDNF and RFP immunohistochemistry, respectively.
Rats receiving 6-OHDA lesions alone (6-OHDA), lesion + AAV-
GDNF (GDNF), lesion + PITX3-GFP VM DA progenitor trans-
plants (graft), or lesion + combined AAV-GDNF and PITX3-GFP
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VM DA graft (graft + GDNF) underwent a battery of motor tests
prior to grafting and at 16 and 24 weeks post-transplantation
(Figure 1G). All rats included in the study showed an amphet-
amine-induced rotational asymmetry of >5 rotations/min pre-
transplantation, that was stable for 24 weeks in the 6-OHDA
lesion control group (Figure 1H). As expected, in the absence
of a cell graft, GDNF did not reverse rotational behavior (Fig-
ure 1H, red line). In contrast, rats receiving a graft with or without
GDNF showed complete recovery by 24 weeks (Figure 1H, green
and blue lines). In the cylinder test (an assessment of sponta-
neous motor asymmetry), motor dysfunction was reflected as a
decrease in weight-bearing contralateral paw touches following
lesioning (Figure 11). Recovery was only observed in the graft +
GDNF group at 24 weeks (Figure 1l).

Transplantation of PSC-Derived DA Precursors into a
GDNF-Overexpressing Environment Promotes Graft
Survival but Disrupts Axonal Targeting

At 24 weeks after transplantation, all animals (+GDNF) displayed
surviving grafts, as confirmed by GFP expression (Figures 2A
and 2B). Importantly, we found no gross evidence of aberrant
graft growth. This was supported by extremely few Ki67* cells
within the grafts at 24 weeks, suggesting that the in vitro differen-
tiation and subsequent maturation of the pluripotent stem cell-
derived progenitors in situ was sufficient to deplete proliferative
pools. In all animals the GFP* grafts were predominantly
confined to the striatum. The validity of PITX3-eGFP as an accu-
rate marker of DA neurons was confirmed by co-expression with
the rate-limiting enzyme in DA synthesis, TH, (Figures S3C and
S4Ai, S4Aii, S4Bi, and S4Bii and using confocal microscopy),
with >85% of cells co-expressing TH* and GFP*. GFP* neurons
commonly clustered at the periphery of the graft with significant
GFP~ areas within the graft core (Figures 2A and 2B), as previ-
ously observed for both fetal and PSC-derived VM grafts. Volu-
metric analysis confirmed that GDNF significantly increased
graft size at 6 months (graft: 7.04 + 0.96 mm® and graft +
GDNF: 13.33 =+ 1.72 mm® (Figure 2C). Both GFP*
(graft: 5,268 + 654; graft + GDNF: 9,476 + 1,462) and TH* (graft:
4,092 + 602; graft + GDNF: 7,986 + 1375) neuron numbers
commensurately increased with graft volume in the presence
of GDNF, such that DA cell density was unchanged (Figures
2D and 2E), indicating that GDNF promoted survival but not
DA differentiation. As an index of GDNF-induced maturation of
the graft, assessment of the proportion of GFP* (PITX3) cells
that co-expressed TH revealed a subtle but not significant in-
crease (cells: 79.29% + 9.0%, cells + GDNF: 91.5% = 7.3%,
p = 0.3, data not shown). Interestingly, the total GFP™~ population
also increased concomitantly, suggesting that GDNF also influ-
enced non-DA cells within the grafts (Figure 2F). Note, AAV-
mCherry had no impact on motor function (data not shown) or
the neural composition of the graft (inclusive of TH'HNA* neu-
rons, NeuN*HNA™" neurons, APC*HNA" mature oligodendrocyte,
and GFAP* astrocyte density) (Figures S3D-S3G), compared to
grafts of cells alone and were not further analyzed.

To assess the competence of transplanted DA progenitors to
mature into correctly specified A9 or A10 DA subtypes, we as-
sessed calbindin (CALB) or GIRK2 immunoreactivity within
GFP* DA neurons (Figures 2H and 2I). Specification of GFP*/
GIRK2* or GFP*/CALB* was constant regardless of GDNF
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Figure 1. Exposure of hESC-Derived DA Transplants to GDNF, from the Time of Implantation, Improved Motor Deficits in Parkinsonian Rats
(A) Differentiation protocol for hESCs into VM progenitors, suitable for transplantation.

(B) Photomicrographs showing high OTX2 and FOXA2 co-expression within progenitors at 15 DIV.

(C) Low numbers of PITX2* and BARHL1* cells, indicative of off-target rostral progenitor populations, validated efficiency of the VM differentiation.

(D) Graph showing mRNA levels of the pluripotency marker OCT4, VM progenitor/neuron markers (LMX1A, NURR1, TH), and GDNF receptors (RET, GFRa.1)
during differentiation, relative to undifferentiated human ESCs. Values normalized to HPRT1 expression. n = 3 independent cultures, mean + SEM.

(E) Validation of VM differentiation into DA neurons, as confirmed by PITX3-GFP, TH, and FOXA2 expression at 25 DIV.

(F) Coronal section of the rat brain illustrating sustained GDNF expression 6 months after intrastriatal injection of AAV-GDNF.

(G) Schematic summary of in vivo study.

(H) All grafted animals showed complete reversal of amphetamine-induced rotations at 24 weeks.

() Correction of forelimb asymmetry in the cylinder test was only observed in rats receiving grafts in the presence of GDNF. Scale bars, 50 um (B, C, and E); 1 mm
(F). Lesion, n = 11 rats; GDNF, n = 7; graft, n = 7, and graft + GDNF, n = 7. Two-way ANOVA compared to 6-OHDA with Dunnett’s correction for multiple
comparisons. Data presented as mean + SEM.

expression. In contrast the percentage of GFP*/GIRK2*/CALB*  6.24%, respectively), such that only 16% of grafted GFP* cells
co-expressing neurons significantly increased in Graft + GDNF  failed to adopt the A9/A10 fate in the presence of GDNF,
compared to graft animals (21.17% =+ 0.97% and 41.23% = compared to 31% of GFP* cells in the absence of GDNF
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Figure 2. Implantation of hPSC-Derived DA Progenitors into a GDNF-Rich Environment Promotes Graft Survival

(A and B) Photomontage illustrating a representative hPSC-derived VM progenitor graft in the absence (A) and presence (B) of AAV-GDNF, showing PITX3-GFP
expression.

(C) Assessment of graft volume showed significantly larger grafts in the presence of GDNF.

(D and E) GFP* and TH* cell numbers commensurately increases with volume in animals receiving transplants in the presence of GDNF (D) resulting in unchanged
GFP* cell density (E).

(F) GDNF exposure also increased the number of GFP™ cells within grafts.

(G) Cell + GDNF grafts showed enhanced maturation, as revealed by the increased proportion of NeuN* neurons.

(H and ) Representative image showing GFP (PITX3) cells co-expressing GIRK2 and/or calbindin (CALB), indicative of A9-like and A10-like VM DA neurons (H)
and their relative contribution (). Note, green bar represents % of GFP* cells that are neither GIRK2* or CALB*.

(J) Representative images of A9-like (large, angled soma) or A10-like cells (small, circular soma) + GDNF.

(K) GFP/GIRK co-expressing neurons were significantly larger in the presence of GDNF suggestive of increased maturation.

Scale bars, 1 mm (A and B); 50 um (H and I). All data expressed as mean + SEM, Student’s t test (n = 7/group).
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Figure 3. Early Exposure of hPSC-Derived DA Transplants to GDNF Impedes Axonal Sprouting and Integration into the Host Brain

(A) Schematic showing sampling sites for estimates of graft-derived fiber density at the graft-host border (red) and within dorsolateral (blue) and medial (green)
striatum. Dotted line demarcates region of interest depicted in (C) and (D).

(B) Transplants in the presence of GDNF showed increased GFP* DA innervation density at the graft border, but significant reduction in their capacity to innervate
the host striatum. Data represent mean + SEM, Student’s t test (n = 5-6 grafts/group).

(C and D) Representative photomicrographs illustrating the increase in graft-derived GFP* innervation within the transplant, and decreased striatal innervation in
animals receiving grafts in the presence (D), compared to absence (C), of GDNF. Tx, transplant; DL STR, dorsolateral striatum; CC, corpus callosum.
Scale bar, 100 pm.

(Eand F) Transplants were capable of forming DA synaptic connections within the host striatum, confirmed by TH*, GFP*, and hSYP co-labeling within the
representative Graft + GDNF brain. (F) Zoom of highlighted DA fiber highlighting hSYP puncta. Scale bar, 50 pm (E).

(G and H) Photomicrographs of Ki67* proliferative cells within a graft, and in the presence of GDNF.

(I) The increase in graft size, observed in the presence of GDNF, was not due to an increase in proliferation as seen by Ki67* analysis at 4 and 24 weeks post-
transplantation.

(J-L) Representative images and quantitative assessment of hSYP puncta within the host striatum animals receiving a VM graft in the absence (J) and presence
(K) of GDNF. GDNF increased hSYP puncta density within the striatum, indicative of synaptic maturation and integration of the graft. All data expressed as
mean + SEM, Student’s t test (n = 5-6 grafts/group).

(Figure 21, green bar). In addition, GIRK2-expressing cells within  ary, as well as within the dorsolateral striatum (DL STR), the target

the grafts (GFP*/GIRK2" and GFP*/GIRK*/CALB™) were signifi-
cantly hypertrophied in the presence of GDNF (Figures 2J and
2K), findings that collectively suggest GDNF promoted the
maturation of DA neurons.

The integration of grafted DA neurons into the host tissue was
assessed using GFP innervation density at the graft-host bound-

region for the A9 DA neurons responsible for motor function, and
the medial striatum (Figure 3A). Reflective of the increase in
GFP* cells, GFP* fiber density at the graft-host boundary was
significantly increased in the presence of GDNF (graft: 24.34% +
5.17%; graft + GDNF: 44.05% + 10.65% area covered by GFP*
pixels) (Figures 3B-3D). Surprisingly, GFP* innervation density
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within the DL STR was significantly diminished in the presence of
GDNF (graft: 47.25% + 5.39%); graft + GDNF: 4.8% + 0.93%). To
determine whether the reduced innervation was a consequence
of excessive GDNF levels, we assessed GFP* fiber density within
the medial striatum (M STR), where protein levels were notably
lower (Figure S2A). Similar to the DL STR, GFP* fiber density
was significantly reduced (Figure 3B). Despite poor host innerva-
tion from grafts in the presence of GDNF, those GFP™ fibers within
the DL STR remained capable of forming synapses, as revealed by
the presence of human-specific synaptophysin (hSYP) immunore-
activity along GFP* fibers (Figures 3E and 3F).

The surprising reduction in DA innervation of the host striatum
by grafted cells exposed to GDNF led us to delve further into un-
derstanding the means by which these transplants improved
motor function. Assessment of KI67* proliferative progenitors
within grafts at 4 and 24 weeks revealed a progressive and sig-
nificant decrease (Figures 3G-3l), indicating the pro-maturation
(and not proliferative) effect of GDNF. Confirming these matura-
tion findings, the density of NeuN* cells within GDNF-exposed
grafts was significantly increased (cells: 41.6% + 1.9%
NeuN*HNA* cells, and cells + GDNF: 58.0% + 3.0%) (Figure 2G).
Total 5SHT* serotonergic neurons, a neuronal population capable
of influencing motor function and contributing to graft-induced
dyskinesia (Carlsson et al., 2007; Hagell et al., 2002), were also
significantly elevated 3-fold in GDNF-exposed grafts (SHT*"HNA*
cells: 502 + 11 and cells + GDNF: 1,420 + 206). Other neuronal
populations (including GAD67" GABA*, DBH", and ChAT")
were notably sparse and not different between graft and graft +
GDNF. Reflective of the increased neuronal maturation, the den-
sity of graft-derived human synaptophysin (hSYP*) synapses
were also more abundant in the presence of GDNF, within both
the dorsolateral (graft: 1.24% + 0.52%; graft + GDNF: 8.52% =+
1.69% hSYP* area) and medial striatum (Figures 3J-3L). These
data suggest that while GDNF induced graft maturation and syn-
aptogenesis, effects were also observed in non-DA neurons, in-
clusive of undesirable serotonergic cells that have the capacity
to influence motor functions.

Delayed GDNF Delivery Promotes Recovery of Motor
Function without Increasing Cell Survival

Because the DA neurons only accounted for a fraction of the
graft - a common observation for hPSC-derived VM progenitor
grafts - and the delivery of GDNF prior to cell transplantation
negatively impacted on the ability of the grafted DA neurons
innervate the host striatum, we next looked to employ two major
refinements to a subsequent study. First, we employed an
LMX1A-eGFP reporter ESC line to enable selective isolation of
VM progenitors, recently demonstrated to provide a 3-fold
enrichment of DA neurons within grafts (de Luzy et al., 2019).
Second, we altered the timing of GDNF delivery to 3 weeks after
transplantation, such that the grafts were exposed to GDNF after
a period that would influence survival, addressing instead the
capacity for GDNF to modulate axonal plasticity. These modifi-
cations were deemed an advancement of the study and not in-
tended for comparative assessment of grafts exposed to
GDNF from the outset.

As previously reported (Niclis et al., 2017a), we confirmed
the ability of the LMX1A-eGFP H9 hESC line to differentiate
into VM progenitors, with >85% of cells co-expressing GFP,
OTX2, and FOXA2* at 15DIV (Figure 4A). On the day of trans-
plantation, cultures yielded a high proportion GFP*/NURR1*
progenitors (Figure 4B) that could be fluorescence-activated
cell sorting (FACS)-purified (>70% eGFP*) (Figure 4C) and
transplanted.

Rotation and cylinder tests were conducted periodically
before and after grafting to validate the functionality of
LMX1A-GFP-derived DA transplants + GDNF (Figure 4D).
6-OHDA-induced motor deficits were again stable for
26 weeks in 6-OHDA lesion control animals (+GDNF) (Fig-
ure 4E). Complete abolishment of rotational asymmetry was
observed 26 weeks in animals receiving transplants (+GDNF),
however, recovery was notably accelerated in grafted
animals receiving GDNF (Figure 4E). In the cylinder test, only
animals receiving combined graft and GDNF treatment
showed significant improvement in contralateral forepaw use

Figure 4. Delayed Exposure of hPSC-Derived DA Grafts to GDNF Enhances Functional Recovery in Parkinsonian Rats, Independent of Cell

Survival

(A and B) Differentiation of LMX1A-eGFP hESC into VM progenitors was confirmed by the high co-expression of GFP, FOXA2, and OTX2 by 15 DIV (A) as well as

GFP, NURR1, and TH at the time of transplantation (21 DIV) (B).

(C) FACS pilot illustrating the isolation of LMX1A-eGFP expressing VM progenitors from differentiating cultures at 21 DIV for transplantation.

(D) Schematic overview of the study design.

(E and F) All grafted animals showed restoration of rotational asymmetry at 26 weeks after grafting (E), yet only rats receiving transplants in the presence of GDNF
showed significant improvements in the use of the impaired (left) paw in the cylinder test (F). Two-way ANOVA compared to 6-OHDA with Dunnett’s correction for
multiple comparisons.

(G and H) Photomontage illustrating a representative overview of a VM progenitor transplant in the absence (G) and presence of AAV-GDNF (H). Grafts were
immunostained for GFP to identify LMX1A-eGFP expressing cell deposits.

(I) Coronal section illustrating the absence of GDNF expression in the adult striatum, and reduction in TH-immunoreactivity (TH-ir) in the lesioned midbrain of the
rat brain depicted in (G).

(J) GDNF immunohistochemistry confirmed targeted, long-term delivery of the AAV-GDNF into the DL STR and overlying cortex. TH immunohistochemistry
confirmed MFB DA lesioning. Images are from the same brain depicted in (H).

(K-N) Graphs highlighting that delayed GDNF delivery had no significant effect on graft volume (K), the survival of GFP* DA progenitors (L), or TH* DA neurons (M)
but has a modest effect on TH* cell density (N). Student’s t test (n = 5-6 grafts/group).

(O) GDNF also had no effect on the total number of non-DA (HNA*/TH™) cells within grafts.

(P) The ability of LMX1A™* grafted progenitors within the graft to mature into DA neurons was confirmed by the co-expression of TH, FOXA2, and HNA.

(Q) High proportions of transplanted TH* DA neurons co-expressed GIRK2 and/or CALB, indicative of A9 and A10-like specification.

(R) Quantification of TH* neurons that co-express GIRK2 and/or CALB.

Scale bars, 50 um (A, B, P, and Q), 1 mm (G and H). Groups: lesion, n = 9; GDNF, n = 8; graft, n = 7; graft + GDNF, n = 7. (E-F) Two-way ANOVA against 6-OHDA
with Dunnett’s correction for multiple comparisons (E and F), Student’s t test (K-O and R). All data expressed as mean + SEM.
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(graft + GDNF: 51.94% + 7.66%; graft: 17.72% + 7.40%; GDNF
alone: 7.49% + 1.51%) (Figure 4F).

At 26 weeks post-transplantation, surviving grafts, identified
as dense GFP immunoreactive deposits, were observed in all an-
imals (Figures 4G and 4H). Sustained GDNF expression,
restricted to the DL STR and overlying cortex, was confirmed
only in animals that received AAV-GDNF (Figures 4l and 4J).
6-OHDA lesions consistently ablated TH* neurons within the
substantia nigra, while leaving ventral tegmental area DA neu-
rons relatively spared (Figures 4l and 4J). Co-expression of TH,
FOXA2, and human nuclear antigen (HNA) confirmed that
LMX1A* grafts were be rich in midbrain DA neurons (Figure 4P).
As anticipated, quantitative assessment revealed no difference
in graft volume (Figure 4K), GFP* cells (Figure 4L), or TH* DA
neuron number between the two groups (graft: 19,810 + 2,828;
graft + GDNF: 30,381 + 6,513, p = 0.153) (Figure 4M), highlighting
the absence of a cell survival effect. However, total yields of TH*
DA neurons within both graft and graft + GDNF were substan-
tially elevated following sorting, accounting for an estimated
10% of total cells within the transplant (TH*/HNA™). The high pro-
portion of DA neurons within the graft could be most evidently
seen by comparative assessment of PSA-NCAM (total graft),
GFP (VM progenitors and DA neurons), and TH* (DA neurons)
(Figure S3), reflecting the efficacy of the selective isolation and
transplantation of appropriately patterned VM-specific LMX1A-
GFP™" progenitors. Graft exposure to GDNF had a modest but
significant impact on TH* density (cells + GDNF: 8,095 + 730/
mm?3; cells: 5,555 + 699/mm?®) (Figure 4N). Assessment of the
non-DA fraction of the graft (TH /HNA* cells) revealed no
change in cell number, indicative of the absence of a GDNF
effect on survival and/or proliferation (Figure 40). No difference
was observed in the proportion of NeuN*/HNA™ neurons,
APC*/HNA* oligodendrocytes, or GFAP* astrocyte density
within cell or cell + GDNF grafts (data not shown). Furthermore,
5HT* neurons were notably sparse, as previously observed (de
Luzy et al., 2019)—a positive consequence of LMX1A*
progenitor selection prior to grafting.

Co-expression of TH, together with GIRK2 and/or CALB, again
confirmed the ability of DA neurons within the grafts to mature
into subtype specific populations with similar proportions in
the presence or absence of GDNF (Figures 4Q and 4R). Small
but significant increases in the overall proportion of total
GIRK2 and/or CALB-specified DA neurons were seen in animals
receiving GDNF (graft: 84.44% =+ 1.96%; graft + GDNF:
92.24% =+ 1.41%), indicative of improved and/or accelerated
maturation of the grafts (Figure 4R).

Delayed Delivery of GDNF Modulates Appropriate
Innervation of the Host Targets from Human Stem
Cell-Derived DA Neurons

Given the robust number of TH* neurons present within the
grafts, we next assessed DA innervation within key target nuclei
of the VM DA system. As GFP (LMX1A) was not selectively indic-
ative of DA identity, TH™ immunoreactivity was used to quantify
innervation density. Important for the quantitative assessment of
TH* DA fibers emanating from the graft was the need to confirm
robust ablation of the host DA system within the ipsilateral stria-
tum and overlying cortex, as observed in 6-OHDA lesioned ani-
mals (Figure 5A). In contrast, notable TH immunoreactivity was
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observed along the rostrocaudal axis ipsilateral to the graft in an-
imals that received transplants (+GDNF) (Figures 5B and 5C).
Delayed exposure of the graft to GDNF resulted in significant in-
creases in TH* fiber density within multiple intra- and extra-stria-
tal nuclei, including the overlying cingulate cortex (cing. CTX),
perirhinal cortex (peri. CTX), DL STR, and ventrolateral striatum
(VL STR) (Figures 5B-5D).

Acute upregulation of the intermediate early response gene,
c-Fos, in medium spiny neurons (MSN) of the striatum following
amphetamine administration has been shown to be modulated
by DA release and subsequent receptor activity, thereby
providing an indirect measure of DA signaling (Cenci et al.,
1992). To facilitate c-Fos analysis, animals were injected with
d-amphetamine 1 h prior to perfusion. c-Fos* activation was vali-
dated in MSNs by CTIP2*/DARPP-32" co-expression (Figure 5E),
with quantitative assessments performed within the medial,
dorsolateral, and ventrolateral striatum (Figures 5F-5H and S5).
As anticipated, 6-OHDA lesioning reduced c-Fos expression
within both the dorsolateral and ventrolateral striatum, in com-
parison to the contralateral hemisphere and intact control ani-
mals (Figures 5F-5H, S4C, and S4D). Lesioning had no effect
on c-Fos™ cells in the medial striatum (Figure 5F). Grafts (+GDNF)
increased c-Fos* density along the rostrocaudal axis of the DL
STR, an effect particularly pronounced immediately caudal to
the site of graft implantation, and not significantly different to
the intact control animals (Figure 5G). Within the ventrolateral
striatum, only grafts in the presence of GDNF showed a signifi-
cant increase in c-Fos expression relative to the lesion controls
(Figure 5H) that was not significantly different to the intact brain.
Within the caudal regions of the ventrolateral striatum (0.5 to
1.5 mm caudal to bregma), density of cFos* was significantly
elevated in animals receiving grafts in the presence of GDNF
(Figure S5D).

GDNF Restores Dopamine Levels and Modulates
Graft-Specific Gene Expression

We next investigated the effect of GDNF on gene expression and
DA metabolism within the graft. A cohort of mice were trans-
planted with FACS-purified LMX1A™ DA progenitors (xAAV-
GDNF 3 weeks after transplantation), with tissue isolated at
6 months for either transcriptional profiling or high-performance
liquid chromatography (HPLC) (Figures 6A and 6B). Mice were
confirmed to have comparable, viable grafts at 6 months to those
observed in rats (Figure S6A). To identify gene changes within
the graft, we performed species-specific RNA sequencing
(RNA-seq) analysis on host striatal tissue, containing the VM
grafts + GDNF, using previously described methods (Bye et al.,
2019). Whole genome hierarchical analysis revealed distinct dif-
ferences in gene expression between the two graft groups, with
240 genes significantly upregulated and 58 genes downregu-
lated in the graft + GDNF compared to graft alone (false discov-
ery rate (FDR) < 0.05) (Figures 6C and 6D). GDNF-upregulated
genes were associated with gene ontology biological processes
including cell-cell signaling, synaptic signaling, cell communica-
tion, and secretion (Figure 6E).

Selective analysis of the upregulated genes revealed many
with known roles in DA development and homeostasis such as
TH, SLC18A2/VMAT, DDC/AADC, and ALDH1A2 (Figure 6F).
The non-canonical Notch ligand DLK1, known to influence VM
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Figure 5. Delayed Exposure of the VM Graft to GDNF Promoted Dopaminergic Innervation of the Host Tissue, Activation of Striatal Neurons,
and Upregulated Dopamine Biosynthesis

(A-C) Photomontages illustrating the density of TH™ fibers within the rat brain following 6-OHDA lesioning (A) and after VM progenitor grafts in the absence (B) and
presence of AAV-GDNF (C). (Ai-Civ) High power images from (A-C) illustrating the density of TH* fibers in the motor cortex (Ai-Ci), (Aii-Cii) perirhinal cortex, (Aiii—
Ciii) DL STR, and (Aiv—-Civ) ventrolateral striatum. Scale bar, 1 mm (A-C); 100 um (insets).

(D) Quantification of TH fiber density within the host tissue of 6-OHDA lesioned rats with and without cell grafts and AAV-GDNF. Two-way ANOVA, Tukey
correction for multiple comparisons. n = 7-9 rats/group.

(E) Activation of host striatal neurons was confirmed by co-expression of c-Fos, CTIP, and DARPP-32. Scale bar, 40 pm.

(F) Representative photomicrographs of c-FOS* cells within the striatum of Intact and 6-OHDA lesioned rats + grafts + AAV-GDNF.

(G) Quantification of c-Fos™ cells within the host brain revealed significant increases in activated cells in the DL STR of grafted animals, irrespective of GDNF
expression.

(H) Rats receiving grafts in the presence of GDNF showed significant increases in cFos activation in the ventrolateral striatum. Data represent mean + SEM. Two-
way ANOVA against 6-OHDA, Dunnett’s correction for multiple comparisons. Intact, n = 6; lesion, n = 9; GDNF, n = 8; graft, n = 7; graft + GDNF, n = 7. Gray bar
represents the site of transplantation (0.5 mm rostral of bregma). All data expressed as mean + SEM.

Abbreviations: PFC, prefrontal cortex; cing. CTX, cingulate cortex; peri. CTX, perirhinal cortex; DL STR, dorsolateral striatum; VL STR, ventrolateral striatum.

DA neurogenesis and DAT expression during development (Ja-
cobs et al., 2009; Surmacz et al., 2012) and be regulated by
GDNF (Christophersen et al., 2007) was also upregulated, in
accordance with its recent identification as a predictive marker
of positive hPSC-derived DA graft outcomes (TH* cell number
and innervation density) (Kikuchi et al., 2017; Kirkeby et al.,
2017). Supporting the influence of GDNF on graft plasticity and
motor function, upregulation of numerous synaptic (SYTLS5,

SYT12), axon guidance (BDNF, EPHA2, SEM3E), and adhesion
(LAMC2, ITGA11/10/3) genes were also observed (Figure 6G).
Several upregulated genes identified by RNA-seq were veri-
fied by gPCR, using human-specific primers to target the graft,
and not host, transcript (Figure S5C). These RNA-seq/gPCR
findings provide detailed transcriptional profiling of hPSC-
derived grafts following extrinsic modulation, providing insight
into the underlying genetic changes that drive the functional
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Figure 6. Transcriptional Profiling of VM Grafts in the Presence and Absence of GDNF Identified Known and Unknown DA Homeostatic, Syn-

aptogenesis, and Axonal Plasticity-Related Genes

(A) Schematic overview of experiments designed to probe transcriptomic and DA metabolic changes in grafts exposed to GDNF.

(B) RNA was isolated from grafted mice (+GDNF) and analyzed by both real-time gPCR and RNA-seq.

(C) Unbiased hierarchical clustering analysis of gene expression changes in graft and graft + GDNF tissue samples, (n = 3/group).

(E) Gene ontology analysis clustering of upregulated genes in grafts exposed to GDNF. Note: “ns” preceding gene names indicates those “not significantly”

changed.

(F-1) Heatmap of selected genes related to dopamine (F), axon guidance and plasticity (G), MAPK signaling (H), and PI3BK-AKT signaling (I).

integration of DA-enriched grafts. Such profiling analysis also
provide new insight into graft responses. By way of example,
we show cholecystokinin (CCK), a neuropeptide known for
modulating DA release within midbrain DA pathways, including
in fetal VM transplants (Wang et al., 1994), was significantly up-
regulated in response to GDNF (Figures 6F and S6D). To confirm
this, we examined the expression and localization of CCK pro-
tein, and show 2-fold more CCK* neurons in GDNF-treated
grafts, with 34.6% co-expressing TH, suggesting that GDNF reg-
ulates CCK expression and potentially modulates DA transmis-
sion within the grafted brain. Although CCK cell counts were
low, this likely reflects the challenges in visualizing this popula-
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tion at a protein level, noting that the peptide is rapidly translo-
cated to the nerve terminal (Agersnap et al., 2016). With CCK ex-
pressed within most midbrain DA neurons (Hokfelt et al., 1980),
further studies involving blocking of axonal transport will be
required to reveal the true impact of GDNF of this population.
Protein-protein interaction network analysis of differentially ex-
pressed genes demonstrated the upregulation of genes associ-
ated with neural development, synaptic transmission, adhesion,
and GDNF activity, further confirming our observations within
maturing DA grafts (Figure S7).

We additionally assessed genes associated with downstream
GDNF signaling. Within DA neurons, GDNF/GFRa1 binding
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Figure 7. GDNF Overexpression Temporally Regulates Downstream pERK and pS6 Signaling in Grafted Dopamine Neurons
(A and B) Assessment of the host midbrain (ipsilateral and contralateral to the AAV-GDNF intrastriatal delivery) verifying the capacity to measure changes in (A)

PERK and (B) pS6 within DA neurons.

(C) Representative images showing pERK co-localized with GFP* (PITX3) DA cells in grafts in the absence or presence of “Acute” GDNF exposure.
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D and E) Proportion of GFP* DA neurons co-expressing pERK after “Sustained” (D) and “Acute” (E) exposure to AAV-delivered GDNF.

F) Representative images showing pS6 co-localized in GFP* DA cells within grafts in the absence or presence of “Acute” GDNF exposure.

G and H) Proportion of GFP* DA neurons co-expressing pS6 after “Sustained” (G) and “Acute” (H) exposure to AAV-delivered GDNF.

1-K) HPLC confirmed a significant reduction in DA (I) and DA metabolites, HVA (J), and DOPAC (K) in the striatum of lesioned (compared to intact) mice, an effect

that could be partially restored by hESC-derived DA grafts and fully restored when transplants were exposed to GDNF.
(L) Reflective of commensurate changes in DA and it’s metabolites, dopamine turnover (DA:HVA) remained unchanged across lesion and grafted animals. Data
represent mean + SEM, n =4-6 mice/group (D, E, G, H, and I-L); Student’s ttest (D, E, G, and H); one-way ANOVA with Tukey correction for multiple comparisons (I-L).

All data expressed as mean + SEM.

triggers signaling via a complex with the receptor tyrosine kinase
Ret, which in turn modulates downstream PI3K-AKT and
mitogen-activated protein kinase (MAPK)-ERK pathways that
activate transcription of genes involved in survival and/or
plasticity (Kramer and Liss, 2015). In addition to significantly
elevated Ret expression (Figure 6F), we observed upregulation
of a number of MAPK-associated genes with known roles in
plasticity, including EGR1 and SPRY1 (predictive genes
recently linked to high DA neuron vyields within in grafts)
(Kirkeby et al., 2017), but no change in MAPK-associated
genes linked to cell migration and proliferation (JUN, MYC) (Fig-
ure 6H). In contrast, genes associated with the PI3K-AKT
pathway (e.g., AKT1, AKT2, and PIK3CA) were not significantly
changed (Figure 6l), suggesting that GDNF mediates the plas-
ticity of human DA neurons via the MAPK-ERK, and not PI3K-
AKT, pathway.

These findings were confirmed by assessing the expression of
phosphorylated ribosomal protein S6 (pS6), an indicator of the
upstream activation of the neuroprotective pathway Akt/mTOR
pathway, as well as phosphorylated ERK (pERK), specifically in
graft-derived (PITX3 GFP*) DA neurons. Assessment of the
host midbrain (ipsilateral and contralateral to the AAV-GDNF
intrastriatal delivery) verified the capacity to measure changes
in pERK and pS6, as revealed by increased labeling within TH*
neurons (Figures 7A and 7B). Confirming the transcriptional
findings, a significant increase in the proportion of DA neurons
co-expressing pERK (%pERK*GFP*/total GFP*) was observed
in grafts exposed to GDNF (cells: 21% + 5%; cells + GDNF:
48% =+ 6%), yet no change was observed the proportion of
pS6-immunoreactive DA neurons (Figures 7D and 7G).

Recognizing that assessment of PIBK-AKT and MAPK-ERK
was performed on grafts that had been exposed for many
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months to GDNF, and the potential for modulation of down-
stream target genes over time, we performed an additional
cohort of transplantation (x“late GDNF”) to assess acute
responsiveness of the grafts, within days of exposure, to
GDNF protein. Consistent with transcriptional and protein
changes in response to sustained GDNF exposure, acute expo-
sure to GDNF induced a 10-fold increase in pERK-expressing DA
neurons, compared to non-GDNF exposed grafts (Figures 7C
and 7E). Acute GDNF exposure also significantly increased the
proportion of DA neurons co-expressing pS6 (Figures 7F and
7H), suggestive of early dual GDNF roles in survival and plas-
ticity, with ongoing contributions to graft plasticity at protracted
periods after transplantation.

Finally, we utilized HPLC to demonstrate elevated striatal DA
metabolism in animals receiving grafts in the presence of
GDNF. Importantly, a >90% reduction in striatal DA levels in
6-OHDA lesioned animals confirmed ablation of the host
midbrain DA system, (6-OHDA: 2.0 + 0.2 pmol/mg of wet tissue;
intact: 24.4 + 2.2 pmol/mg) (Figure 6J), as previously reported
(Parish et al., 2008). Reflective of the improvement in rotational
asymmetry, grafts in the absence or presence of GDNF showed
significant elevations in DA levels (6.7 + 1.3 pmol/mg and 16.8 +
3.1 pmol/mg, respectively) (Figure 6J), as well as the DA metab-
olites HVA (1.9 + 0.2 pmol/mg and 3.6 + 0.6 pmol/mg) and
DOPAC (1.9 + 0.3 pmol/mg and 6.6 + 1.1 pmol/mg), compared
to 6-OHDA lesion alone (HVA: 0.4 + 0.03 pmol/mg; DOPAC:
2.1 + 0.3 pmol/mg) (Figures 6K and 6L). However, only in the
presence of GDNF were DA, DA metabolites, and overall DA
metabolism (ratio of DA to HVA) restored to levels not signifi-
cantly different from the intact brain, reflective of restoration of
DA biosynthesis and function in these animals (Figures 6J-6M).
These increases in DA levels seen in graft tissue exposed to
GDNF was supported by elevated expression of genes associ-
ated with DA synthesis gene, including TH and AADC (Figures
6F and S5C).

DISCUSSION

This study highlights the impact of modulating the host environ-
ment to impact on the survival and plasticity of hPSC-derived DA
transplants in the Parkinsonian brain. Employment of unique
GFP-expressing stem cell reporter lines enabled precise
tracking of the DA contribution to the grafts (PITX3-eGFP), as
well as a 10-fold enrichment of DA neurons (by FACS isolation
LMX1A-GFP progenitors) within the transplants. Utilizing these
tools, we were able to demonstrate that the timing of onset for
sustained GDNF delivery directly impacted on the mechanisms
by which improvements in functional recovery occurred.
Although all grafted animals showed restoration of amphet-
amine-induced motor asymmetry, reflective of the relatively
low number of DA neurons required for correction of this gross
motor deficit, examination of non-pharmacologically induced
sensorimotor tasks revealed distinct benefits of sustained
GDNF expression.

We demonstrate that transplantation of hPSC-derived VM
progenitors into an already GDNF-enriched environment pro-
moted graft survival, yet without selectivity for the DA population.
More noteworthy, however, was the negative impact early expo-
sure to GDNF had on the capacity of the graft to innervate the
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host tissue, such that the majority of graft-derived DA fiber
growth was restricted to the graft core. In these grafts, we
demonstrate increased neuronal differentiation and striatal
innervation from non-DA neurons, inclusive of 5HT neurons,
that likely contribute to the functional recovery observed,
together with the increased TH* DA neuron maturation (GIRK/
CALB specification). Further studies, such as selective silencing
of DA cells within grafts, will be required to elucidate the relative
contribution of TH* DA neuron verses other neuronal populations
to behavioral responses. In contrast, delaying exposure of the
graft to GDNF had no impact on cell survival, yet significantly
increased graft-derived DA re-innervation of the host tissue,
elevated striatal DA levels (to levels not different from the intact
brain), and consequently, enhanced activation of postsynaptic
striatal medium spiny neurons.

We demonstrate that these effects are mediated through
acute PI3BK-AKT and sustained MAPK signaling, downstream
of GDNF-receptor activation. Interestingly, while increased acti-
vation of striatal neurons (the primary output of the transplanted
DA neurons) was shown in the DL STR of animals receiving grafts
in the absence and presence of GDNF, only in the presence of
GDNF was cFos activation observed in the ventrolateral stria-
tum, a region of the basal ganglia previously shown to underpin
changes in more complex sensorimotor tasks following lesioning
and DA transplantation (Chang et al., 1999; Mandel et al., 1990)
and supported by findings in patient fetal grafting studies (Piccini
et al., 2005). The importance of these findings is significant in
light of former clinical trials where an estimated 15% of patients
developed graft-induced dyskinesia, a phenomenon speculated
to be, in part, the consequence of incomplete and uneven striatal
DA re-innervation (Carlsson et al., 2006; Hagell et al., 2002).

A major contributor to the functional capacity of VM DA grafts
is the relative contribution of A9 neurons (Grealish et al., 2010).
Previous studies have described differential effects of GDNF
on DA subpopulations, such that A10, but not A9 neurons, are
protected into adulthood against apoptosis, resulting in
increased cortical, but not striatal innervation (Borgal et al.,
2007; Kholodilov et al., 2004), while others demonstrate survival
of A9, but not A10 DA neurons in response to GDNF (Nosheny
et al., 2006). Here, we report ~70% of TH* cells within the graft
adopted an A9- or A10-like identity, with the majority of these
fate-specified cells expressing GIRK2 (alone or in combination
with CALB), while relatively few TH* cells express CALB alone.
Such proportions reflect A9 and A10 contributions within the hu-
man ventral midbrain (Reyes et al., 2012). Surprisingly, in
response to GDNF, a significant increase in GIRK2* cells was
observed and accompanied by increased soma size, suggestive
of arole for GDNF in the maturation of human DA neurons, an ef-
fect that may contribute to improvements in complex mo-
tor tasks.

In addition to the effects on survival and plasticity of DA neu-
rons, GDNF has been shown to influence DA biosynthesis
through the regulation of TH gene expression, a response
dependent on Ret (Xiao et al., 2002). Unlike rodent studies where
sustained GDNF induces downregulation of TH mRNA, a
compensatory response to increased DA levels from the graft re-
sulting in impaired graft function (Georgievska et al., 2004; Win-
kler et al., 2006), non-human primate studies have reported
maintained increases in TH* cells and fiber density (Elsworth
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et al., 2008; Eslamboli et al., 2005; Kordower et al., 2000). In
alignment with non-human primates, we observed increases in
TH* cells and TH* fibers (dependent on the time of GDNF deliv-
ery) that was accompanied by significant upregulation of TH
mRNA. We also detected elevated levels of AADC, the enzyme
required for the conversion of L-DOPA into DA, as well as
CCK, a neuropeptide capable of modulating striatal DA levels,
suggesting that GDNF is capable of regulating DA synthesis
and release at multiple levels. These observations were sup-
ported by increased DA synthesis to levels not significantly
different from the intact brain. Noting previous observations
that developing rather than mature DA neurons are most respon-
sive to GDNF (Elsworth et al., 2008), the elevated enzyme (TH
and AADC) transcript levels observed here likely reflect ongoing
graft maturation, an unsurprising observation in light of the dura-
tion of human development as well as the protracted time for
integration of hPSC and fetal DA grafts in pre-clinical and clinical
trials to date (Niclis et al., 2017b; Piccini et al., 2000). In this re-
gard, extended studies, involving graft assessment at time
points when human DA neurons have reached functional matu-
rity and no longer require GDNF, will be needed to determine
the effects of sustained GDNF on these transcript levels, resul-
tant DA biosynthesis, and motor function.

During development, GDNF expression is tightly regulated,
with protein levels downregulated in the adult brain beyond
critical periods of cell survival and target acquisition (Kirik
et al., 2017). Consequently, it is probable and likely that closer
attention to the duration of expression may be required when
employing gene therapy approaches targeted at promoting
neuroprotection and/or plasticity. Further studies may also be
required to determine whether sustained GDNF expression
may result in increased aberrant innervation of target tissue
that results in unregulated synaptic neurotransmission and/or
increased innervation of off-targets, as a consequence of sub-
optimal gene therapy targeting. The dual effects of early and
late GDNF on grafted DA neurons suggest that the desired
therapeutic approach may involve phasic exposure to GDNF.
With the recent demonstration of inducible expression vectors,
for the temporal control of GDNF in the intact brain (Akhtar
et al., 2018), this presents a feasible consideration for the
future.

Added to requirements for temporal regulation is the need for
greater control over gene therapy-associated protein dose.
Here, we report targeted injection of 1.8 x 10° genomic copies
of the AAV-GDNF into the striatum of rats. Although histochemi-
cal analysis confirmed protein expression, resulting in antici-
pated and positive impacts on graft survival and plasticity,
knowledge of absolute protein levels here remained unknown.
Previous reports have demonstrated that it is in fact possible
to overdose the system and impart effects on other neuronal
populations (Elsworth et al., 2008) as well as negatively regulate
DA levels (Winkler et al., 2006), such that lower chronic doses
may be more beneficial. Graft-derived DA innervation within
the DL STR of GDNF-treated animals was reduced compared
to non-GDNF animals and similarly observed within the medial
striatum, where GDNF proteins levels were notably lower, sug-
gesting that within the current context, the presence or absence
of the protein, rather than concentration, had the greatest impact
on plasticity. Related to this, and dependent on the desired

requirement, studies have demonstrated that significantly lower
concentrations of GDNF are required to enhance survival,
compared to promoting axonal growth and plasticity. In this re-
gard, several regulatory elements are now being tested to con-
trol the level of GDNF expression, as well as fine tune duration,
that may be necessary for the optimization of GDNF gene ther-
apy (Kirik et al., 2017).

In addition to the support of DA grafts, GDNF gene therapy
may provide the supplementary advantage of protecting residual
host DA neurons within the VM that are undergoing persistent
degeneration. Similar to previous reports (Elsworth et al., 2008;
Kauhausen et al., 2013; Thompson et al., 2009), and evidenced
here, viral delivery of GDNF within the striatum also resulted in
transport and transduction of cells within the midbrain, resulting
in activation of downstream MAPK and PI3K-AKT signaling.
Although mature DA neurons have been suggested to be less
responsive to GDNF than immature DA progenitors/neurons,
studies have provided evidence of improved survival in the adult
brain, resulting in a number of clinical trials using GDNF (infusion
and viral delivery), as well as the closely associated protein neu-
rturin, targeted at slowing disease progression (Kirik et al., 2017;
Rangasamy et al., 2010).

The combined approach of cell and gene therapy in neural
repair is becoming increasingly recognized for clinical applica-
tion. Studies have already demonstrated delayed disease pro-
gression using human neural progenitors engineered to overex-
press GDNF in models of PD (Behrstock et al., 2006), with these
approaches also confirmed to be safe in a Phase 1/2a clinical
trial targeting motor neuron survival in ALS (NCT02943850,
2017). Here, we demonstrate the benefit of enriching for
correctly specified DA progenitors, enabling enhanced predict-
ability of graft outcomes, and importantly their responsiveness
to targeted GDNF gene therapy. Irrespective of whether reporter
lines or alternative cell sorting strategies are adopted in the
future for clinical application, the impetus remains for multifac-
eted approaches inclusive of enriching for VM progenitors as
well as the implementation of inducible GDNF transgene delivery
systems.

In summary, we provide a conclusive body of evidence for the
many benefits of GDNF gene therapy to improve the functionality
of hPSC-derived DA neural transplants in rodent models of PD.
Dependent of timing of gene delivery, we report that GDNF in-
creases graft survival, plasticity/sprouting of DA fibers, DA inner-
vation of host target nuclei, increased activation of striatal neu-
rons, and elevated DA metabolism (associated with changes in
regulatory synthesis gene expression). These findings suggest
that a dual therapeutic approach, involving cell transplantation
and targeted gene therapy, to address the shortcoming of
poor survival and plasticity of human DA neurons, may have sig-
nificant implications for the translation of pluripotent stem cell-
based therapies into the clinic for the treatment of PD.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-adenomatous Abcam Cat# ab16794, RRID:AB_443473

polyposis coli, CC1 (APC)

Rabbit polyclonal anti-Barhl1
Mouse monoclonal anti-Calbindin-C28K
Rabbit anti-Cholecystokinin

Goat polyclonal anti-cFOS

Rat monoclonal anti-Ctip2

DAPI

Rabbit polyclonal anti-Darpp32
Goat polyclonal anti-Foxa2

Goat polyclonal anti-GDNF
Chicken polyclonal anti-GFP
Rabbit polyclonal ant-GFP

Rabbit polyclonal anti-Girk2 (Kir3.2)

Mouse monoclonal anti-Human nuclear
antigen

Mouse monoclonal anti-NeuN
Rabbit polyclonal anti-Nurr1
Rabbit polyclonal anti-Otx2
Goat polyclonal anti-Otx2

Rabbit monoclonal anti-Phospho-p44/
42 MAPK

Sheep polyclonal anti-Pitx2

Rabbit polyclonal anti-Phospho-S6 (pS6)
Mouse monoclonal anti-Ncam (Eric1)
Rabbit polyclonal anti-RFP

Mouse monoclonal anti-Synaptophysin
Rabbit polyclonal anti-TH

Sheep polyclonal anti-TH

Rabbit polyclonal anti-5HT

Novus Biologicals

Swant

P. Frey; Frey, 1983

Santa Cruz Biotechnology
Abcam

Sigma-Aldrich

Millipore

Santa Cruz Biotechnology
R&D Systems

Abcam

Abcam

Alomone Labs

Millipore

Millipore

Santa Cruz Biotechnology
Millipore

R&D Systems

Cell Signaling Technology

R&D Systems

Cell Signaling Technology
Santa Cruz Biotechnology
Rockland

Enzo Life Sciences
Pel-Freez Biologicals
Pel-Freez Biologicals
ImmunoStar

Cat# NBP1-86513, RRID:AB_11034569
Cat# 300, RRID:AB_10000347

N/A

Cat# sc-52, RRID:AB_2106783
Cat# ab18465, RRID:AB_2064130
Cat# D8417

Cat# AB10518, RRID:AB_10807019
Cat# sc-6554, RRID:AB_2262810
Cat# AB-212-NA, RRID:AB_354287
Cat# ab13970, RRID:AB_300798
Cat# ab290, RRID:AB_303395)
Cat# APC-006, RRID:AB_2040115
Cat# MAB1281, RRID:AB_94090

Cat# MAB377, RRID:AB_2298772
Cat# sc-990, RRID:AB_2298676
Cat# AB9566, RRID:AB_2157186
Cat# AF1979, RRID:AB_2157172
Cati# 4370, RRID:AB_2315112

Cat# AF7388, RRID:AB_11128639
Cat# 2211, RRID:AB_331679

Cati# sc-106, RRID:AB_627128

Cat# 600-401-379, RRID:AB_2209751
Cat# ADI-905-782, RRID:AB_10617740
Cat# P40101-0, RRID:AB_461064

Cat# P60101-0, RRID:AB_461070

Cat# 20080, RRID:AB_572263

Bacterial and Virus Strains

AAV5-CBAp-hGDNF-235 Gift from D. Kirik N/A
AAV5-CBA-mCherry-243 Gift from D. Kirik N/A
Chemicals, Peptides, and Recombinant Proteins

Accutase Innovative Cell Technologies Cat# AT104
Ascorbic acid Sigma-Aldrich Cat# A4403
Brain-derived neurotrophic factor R&D Systems Cat# 248-BDB

CHIR99021

D-amphetamine sulfate

Dibutyryl cAMP

Glial cell line-derived neurotrophic factor
Laminin-521

LDN193189

mTeSR1

Miltenyi Biotech
Tocris Bioscience
Tocris Bioscience

R&D Systems
BioLamina

Miltenyi Biotech
StemCell Technologies

Cat# 130-103-926
Cati# 2813
Cat# 1141
Cat# 212-GD
Cati# LN521
Cat# 130-103-925
Cat# 85880
(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S- Sigma-Aldrich Cat# D5942

phenylglycine t-butyl ester (DAPT)
Purmorphamine

RelLeSR

SB431542

SHH C25II

TGFB3

Y27632 (ROCK inhibitor)

Miltenyi Biotech
StemCell Technologies
R&D Systems

R&D Systems
Peprotech

Tocris Bioscience

Cat# 130-104-465
Cat# 05873

Cat# 1614

Cat# 464-SH
Cat# 100-36E
Cat# 1254

Critical Commercial Assays

MycoAlert™ Mycoplasma Detection Kit
RNeasy Mini Kit
SuperScript™ VILO™ cDNA Synthesis Kit

SYBR GreenER™ gPCR SuperMix
Universal Kit

TruSeq Stranded mRNA Library Prep Kit

Lonza
QIAGEN
Invitrogen
Invitrogen

lllumina

Cat# LT07-218
Cat# 74104

Cat# 11754050
Cat# 11762100

Cat# RS-122-2101

Deposited Data

RNA-seq dataset

accession number GEO: GSE143136

NCBI's Gene Expression Omnibus

Experimental Models: Cell Lines

H9 PITX3-GFP human embryonic stem cells Colin Pouton Laboratory; Watmuff N/A
etal., 2015
H9 LMX1A-GFP human embryonic Colin Pouton Laboratory; Nefzger N/A
stem cells et al., 2012
Experimental Models: Organisms/Strains
Mouse: BALB/c-Foxn1™/Arc Animal Resources Centre Cat# BCNU
Rat: CBH-""/Arc Animal Resources Centre Cat# CBHNU
Oligonucleotides
See Table S1 for list of RT-gPCR primers N/A N/A
Software and Algorithms
Imaged (Fiji) version 2.0.0 NIH RRID:SCR_003070, https://imagej.net/Fiji
Graphpad Prism version 7 Graphpad RRID:SCR_002798),
https://www.graphpad.com
Zeiss Zen Pro Zeiss RRID:SCR_013672,

FlowdJo version 10.4

STRING version 11
Adobe Photoshop CC

Adobe lllustrator CC

Becton, Dickinson and Company

STRING consortium
Adobe

Adobe

https://www.zeiss.com/microscopy/int/
products/microscope-software/zen.html
RRID:SCR_008520,
https://www.flowjo.com/
https://string-db.org/cgi/input.pl
RRID:SCR_014199,
https://www.adobe.com/
products/photoshop.html
RRID:SCR_010279,
https://www.adobe.com/
products/illustrator.html

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfiled by the Lead Contact,
Clare Parish (clare.parish@florey.edu.au). This study did not generate new unique reagents.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Rodents

All animal procedures adhered to the Australian National Health and Medical Research Council’s (NHMRC) Code of Practice for the
Use of Animals in Research and were approved by the Florey Institute of Neuroscience and Mental Health animal ethics committee.
Animals were group housed in individually ventilated cages on a 12:12-hour light/dark cycle with ad libitum access to food and water.
Due to the xenogeneic transplantation of human cells into rodents, adult athymic (CBH™) nude rats and athymic (Foxn1™) nude
mice were used. Male and female rodents were 8-12 weeks of age at the commencement of the study and were utilized and grouped
irrespective of their gender. Animals were test- and drug-naive prior to commencement of the study (i.e., 6-OHDA lesioning).

Human embryonic stem cells

The female human embryonic stem cell (hESC) reporter lines, H9 PITX3-eGFP and H9 LMX1A-eGFP, were cultured in T25 flasks
coated with 5 ng/ml Laminin-521 (BioLamina) in mTeSR1 medium (StemCell Technologies) at 37°C and 5% CO,. Media was changed
everyday. When cultures reached 70%-80% confluency they were passaged for further culture by incubation in ReLeSR (StemCell
Technologies) for 5 minutes at room temperature. ReLeSR was removed, cells were washed once in PBS—/— and then detached by a
sharp tap of the flask and/or direct pipetting until the cells were small clumps (~5-50 cells). Clumps were pelleted without
centrifugation, directly added to fresh mTeSR medium and immediately seeded into a new Laminin-521 coated flask.

METHOD DETAILS

Human ESC culture

For VM differentiation, hPSC cultures at 70%-80% confluence were dissociated by the addition of Accutase (Innovative Cell Tech-
nologies) for 5 minutes at 37°C, gently pipetted to a single cell solution and counted on a haemocytometer. 375,000 cells/cm2 were
seeded in fresh mTeSR1 media supplemented with 10 uM Y27632 (ROCKI). 24 hours later, neural induction was achieved by dual
SMAD inhibition using LDN193189 (200 nM, 0-11 days in vitro, DIV; Stemgent) and SB431542 (10 mM, 0-5DIV; R&D Systems).
Ventral midbrain patterning was simultaneously achieved by supplementation of the media with sonic hedgehog (200 ng/mL,
1-7DIV; R&D Systems), purmorphamine (2 mM, 1-7DIV; Stemgent) and CHIR99021 (3 mM, 3-13DIV; Miltenyi Biotech). From
11DIV, cultures were matured in the presence of brain-derived neurotrophic factor (BDNF, 20ng/ml, R&D Systems), glial cell line-
derived neurotrophic factor (GDNF, 20ng/ml, R&D Systems), recombinant human transforming growth factor type b3 (TGFb3,
1ng/ml, Peprotech), ascorbic acid (200nM, SigmaAldrich), dibutyryl cAMP (0.05mM, Tocris) and DAPT (10puM, Sigma-Aldrich). At
20 DIV cultures enriched with ventral midbrain progenitors were dissociated using Accutase (Innovative Cell Technologies) in
preparation for transplantation.

Surgical procedures

Surgeries were performed on 78 athymic (CBH™") nude rats and 26 athymic (Foxn1™) nude mice under 2%-5% isofluorane anes-
thesia. Rats received unilateral injections (3.5ul) of 6-OHDA (3.5 pg/ul free base dissolved in a solution of 0.2 mg/ml L-ascorbic acid in
0.9% w/v NaCl) into the medial forebrain bundle (MFB, 3.4mm posterior, and 1.3mm lateral to bregma, and 6.8mm below the dura
surface) using a 10 mL Hamilton syringe fitted with a glass capillary. In mice, BOHDA (1.5ul, 1.6 ng/pl) was injected into the substantia
nigra (3.0mm posterior, 1.2mm lateral to bregma, and 4.2mm below the dura surface). A subset of animals received an injection of the
adeno-associated viral vector carrying GDNF under the chicken B-actin promoter (AAV-GDNF, 0.25 pl; 7.2e'2 gc/ml) or a control
virus, expressing mCherry fluorescent protein (AAV-mCherry, 0.25 pl; 4.1e'? gc/ml) into the dorsolateral striatum (Rats: 0.5mm
rostral, 3.5mm lateral to Bregma and 3.6mm below the surface of the brain; Mice: 1mm rostral, 2mm lateral to Bregma and
2.9mm below the surface of the brain). Human PSC-derived DA progenitors were transplanted into the denervated striatum (1 pl;
100,000 cells/pl) (Rats: 0.5mm anterior, 2.5mm lateral to Bregma and 4.0mm below the dura surface; Mice: 0.5mm anterior,
2.5mm lateral, 4.0mm ventral).

Study I - Transplantation of progenitors into a GDNF-overexpressing environment

AAV-GDNF (or AAV-mCherry as control) was injected into rats 5 weeks after 6-OHDA lesioning. After a further 3 weeks, these animals
were implanted with VM progenitors differentiated from the H9 PITX3-eGFP human ESC line (100,000 cells in 1ul). Study Il - Delayed
exposure of the transplant to GDNF: Eight weeks following 6-OHDA lesioning, rats and mice received implants of 100,000 FACS iso-
lated GFP-expressing VM progenitors. For FACS isolation of GFP+ progenitors, differentiated VM cultures from the H9 LMX1A-GFP
hPSC line were filtered using a 70 um cell strainer and re-suspended at 3x10° cells/ml in HBSS-Ca®*-Mg2+ containing 1% BSA,
0.05% DNase and 1mM EDTA. The GFP+ cell fraction was separated using a FACS Diva flow cytometer (100 um nozzle at
22PSI, MoFlo XDP, Becton Dickinson) after initial filtering for cell debris and doublets as well as the dead cell (7-aminoactionomy-
cin-D labeled) fraction. The detection threshold for GFP was established using differentiated VM cultures from (a non-reporter) H9
hPSC. Purity in the GFP+ populations was found to be > 99% based in reanalysis of the separated fraction. The cells were collected
in HBSS-Ca®*-Mg2+ containing 1% fetal bovine serum (FBS), pelleted by centrifugation and immediately re-suspended at 1x10°
cells/ul, in preparation for transplantation (de Luzy et al., 2019). Three weeks later AAV-GDNF was injected into the host striatum.
Study Il - Acute assessment of grafts’ responsiveness to GDNF: 60HDA lesioned mice received grafts of 100,000 VM progenitors
differentiated from the H9 PITX3-eGFP human ESC line, to enable specific tracking of graft-derived (GFP+) DA cells. Three weeks
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later AAV-GDNF was injected into the host striatum. A subset of animals confirmed expression of the GDNF transgene (by GDNF
histochemistry) after 10 days, but not earlier, and hence control and AAV-GDNF animals were killed at day 14, enabling assessment
of grafts after acute(~4day) expose to GDNF.

Behavioral Analysis

Four weeks after lesioning, unilateral DA function was assessed using the amphetamine-induced rotation and cylinder tests, with re-
testing performed at various intervals following transplantation. In brief, Amphetamine rotations: net rotations over 60 minutes were
analyzed 10 minutes after intraperitoneal injection of b-amphetamine sulfate (5mg/kg; Tocris Bioscience). Cylinder test: animals were
placed within a clear glass cylinder (20cm diameter) and two observers recorded 20 weight-bearing forepaw wall contacts over three
consecutive days. Data is presented as left paw ratio: (Left/(Left + Right))*100. Upon completion of initial testing 4 weeks post-lesion-
ing, animals displaying a functional deficit (> 300 rotations in 60 min) were ranked in order of the percentage rotational asymmetry and
evenly distributed across the four treatment groups (Lesion, Lesion+GDNF, Lesion+Graft, Lesion+Graft+GDNF). The behavioral
testing and allocation to (4) treatment groups was performed on 2 cohorts of rats, for Study | and Study I, described above.

Immunohistochemistry

Animals received intraperitoneal b-amphetamine sulfate (5mg/kg) one hours prior to receiving an overdose of sodium pentobarbitone
(100mg/kg) followed by transcardial perfusion with Tryode solution followed by 4% paraformaldehyde. Brains were coronally or hor-
izontally sectioned (40 um; 12 series) on a freezing microtome (Leica).

Immunohistochemistry was performed on free-floating sections from adult rats and mice. The tissue was

incubated overnight with primary antibodies diluted in 0.1 m PBS containing 5% normal serum and 0.25% Triton X-100 (Amresco,
USA). Primary antibodies and dilutions are shown in the Key Resources Table.

Detection of the primary—-secondary antibody complexes was through peroxidase driven precipitation of di-amino-benzidine
(DAB), or conjugation of a fluorophore. Secondary antibodies generated in donkey were applied for 2 h at room temperature at a dilu-
tion of 1:400 for fluorescent detection using 488, 549 or 649 conjugated anti-mouse, anti-chicken, anti-rabbit, antisheep or anti-goat
(Jackson ImmunoResearch). Chromogenic detection of antibody-DAB complex was carried out using biotin conjugated donkey anti-
rabbit (1:500, 2 h; Jackson ImmunoResearch) followed by peroxidase conjugated streptavidin (1 h, Vectastain ABC kit, Vector lab-
oratories) and incubation with DAB (0.5mg/ml, 5min), which was precipitated by addition of 1% w/v H202 . Fluorescently labeled
sections were coverslipped with fluorescent mounting media (Dako) and chromogenic labeled sections dehydrated in alcohol and
xylene and coverslipped with DePeX mounting media (BDH Chemicals, UK).

Gene Expression Analysis
For transcriptional profiling, the ipsilateral striatal hemisphere containing the LMX1A-GFP transplant was dissected from mice
6 months after transplantation. The tissue was lysed using a TissueLyser LT (QIAGEN) and total RNA extracted using the RNeasy
Mini Kit (QIAGEN). RNA yield and integrity were assessed using a Nanodrop One spectrophotometer (ThermoFisher Scientific)
and confirmed using a Qubit (Thermo Fisher Scientific) and Tapestation (Agilent). The RNA was analyzed by RNA-seq (illumina). Align-
ment against the human genome was conducted to select only human specific sequences for analysis. GO enrichment analysis (bio-
logical process) was performed using the DAVID gene ontology browser, protein-protein interactions were probed using STRING
(https://string-db.org/cgi/input.pl) (Szklarczyk et al., 2017). A number of genes showing significant change in expression (between
Graft and Graft + GDNF) were validated using quantitative real time PCR (qPCR, ABI7700 sequence detection system, Applied Bio-
systems, Foster City, CA), using the comparative AACT method. To selectively assess these gene expression changes in the graft
and not host tissue, quantitative PCR (QPCR) primers were designed against regions containing nucleotide base-pair differences be-
tween the mouse and human gene. Primers were validated for their selectivity on control mouse (no expression) and human (gene
expression) tissue, prior to testing on grafted samples. See Table S1 for a list of primers.

Real time PCR, to validate GDNF receptor expression, was performed on undifferentiated PSCs (0 DIV) and differentiated VM pro-
genitors (11, 20 and 25 DIV). The amplicon sizes for GFRa1 and RET were 133 and 122 bp, respectively. In brief, 10ul of the amplified
product was loaded per lane and electrophoretically separated using a 3.5% agarose gel at 80V for 55 min.

HPLC

Using reverse phase liquid chromatography with electrochemical detection, dopamine and its metabolites, 3,4-Dihydroxyphenylace-
tic acid (DOPAC) and homovanillic acid (HVA), levels were measure from mouse striatal tissue 6 months after the transplantation of
LMX1A-GFP VM progenitors, in the absence and presence of GDNF. For tissue preparation, the striatal tissue was dissected out on a
chilled plate, weighed, and placed in 200 uL 0.4 M perchloric acid (HCIO4) containing 0.05% sodium metabisulphite (Na,S,0s) and
0.01% disodium EDTA. The sample tissue was homogenized, cellular and vesicular membranes disrupted using a sonicator and
finally stored at —80°C. On the day of analysis, all samples were centrifuged at 10,000 rpm for 10 minutes, and filtered through min-
ispin filters for additional 3 minutes at 10,000 rpm before being injected into the HPLC. For each sample, 5 ulL was injected by a cooled
autosampler (SIL 20A, Shimadzu, Rydalmere, NSW, Australia) and Shimadzu LC-AT pump on to a reverse-phase C18 column
(4.6mm diameter, 150mm length; CHROMPACK, Croydon, UK) coupled with an electrochemical detector (Decade Il, Antec Leyden,
Rydalmere, NSW, Australia). The mobile phase, (KH2PO4, 70mM; EDTA di-sodium salt, 0.5 mM; octane-sulphonic acid, sodium salt,
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8mM; with 17% HPLC grade methanol, pH 3) was delivered at a flow rate of 500 mL min™"). Data was expressed as pmol/ml of DA,
DOPAC or HVA and dopamine turnover determined by the ratio of DA to HVA.

QUANTIFICATION AND STATISTICAL ANALYSIS

Fluorescence images were captured on a Zeiss Axio ObserverZ.1 upright epifluorescence or Zeiss LSM 780 confocal microscope.
Bright and darkfield images, including multi-tiled images, were taken on a Leica DM6000 upright microscope, and where necessary,
images stitched using Zen (Zeiss) or LAS (Leica) software. Grafts were delineated by human PSA-NCAM expression and volume
extrapolated using Cavalieri’s principle. For GFP, TH and cFOS+ quantification, all positive cells were counted from brightfield im-
ages and corrected for series number. For GIRK2 and Calbindin quantification, dopamine neurons were first identified using TH
immunoreactivity from confocal images. For fiber density assessment, 10 z stack sections (1um per section) were obtained and com-
pressed. TH+ fibers were isolated on color inverted images using the ‘color range’ tool on Photoshop (Adobe). Data is expressed as
percentage of immunoreactive pixels. All areas were captured in triplicate with conserved settings. Sampling for fiber density and
cFOS labeled neurons was performed in the medial (AP: 0.0, ML: —1.8 and DV: —5.1), dorsolateral (AP: 0.0, ML: —3.8 and DV:
—3.9) and ventrolateral (AP: 0.0, ML: —4.0 and DV: —6.9) striatum of rats, (from sections 1 mm anterior to 1.5mm posterior to Bregma).

Note, all behavior testing and histological assessments were performed with the researcher blinded to the experimental group.

All data are presented as mean + SEM. Statistical tests employed (inclusive of one- and two-way ANOVA and Student’s t tests)
and number of independent culture replicates or animals/group are stated in figure legends. Alpha levels of p < 0.05, **p < 0.01,
***p < 0.001 and ***p < 0.0001.

DATA AND CODE AVAILABILITY

The RNA-seq data generated from this study has been deposited in NCBI’s Gene Expression Omnibus and are accessible through
series accession number GEO: GSE143136.
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ABSTRACT

The survival and subsequent synaptic integration of transplanted dopaminergic (DA) progenitors are
essential for ameliorating motor symptoms in Parkinson’s Disease (PD). However, human pluripotent
stem cell-derived (hPSC) DA progenitors are exposed to numerous stressors prior to, and during
implantation that together result in poor survival. Additionally, hPSC-derived grafts show axonal
plasticity below that of the intact brain, and notably inferior to fetal tissue grafts. These observations
suggest that a more conducive environment, akin to the developing brain, may support hPSC-DA
progenitors and improve graft outcomes. Here, we employed a tissue-specific, self-assembling peptide
(SAP) hydrogel to support DA progenitor grafts. The biomimetic hydrogel presented a laminin epitope
and could be loaded with glial cell-derived neurotrophic factor (GDNF) via shear gel-solution
transition, to sustain delivery. SAP hydrogels were biocompatible with DA progenitor transplantation
and biased A9 neuron specification (51% increase). Sustained GDNF delivery induced a 2.7-fold
increase in DA neuron survival and enhanced graft plasticity. The improvements resulted in restoration
of motor deficits at 6 months. Taken together, these findings highlight the therapeutic benefit of
employing customised tissue-specific hydrogels to improve the standardisation, predictability and
functional efficacy of human PSC transplants for PD.



INTRODUCTION

Clinical trials have provided proof of principle that the transplantation of new dopamine (DA) neurons
into the striatum of Parkinson’s disease (PD) patients can survive, integrate and restore motor function
(Barker et al., 2016). Demonstrated using fetal tissue, these trials were hindered by challenges of
standardisation, ethics and availability, and more recent efforts have focused on pluripotent stem cells
(PSC) as a viable source of DA neurons. Current differentiation protocols yield correctly specified
ventral midbrain (VM) progenitors that, when implanted into animal model of PD, are capable of
functionally integrating (Kirkeby et al., 2012; Kriks et al., 2011; Niclis et al., 2017a), with similar
efficacy to human fetal tissue (Grealish et al., 2014). These exciting observations have resulted in the
recent commencement of multiple clinical trials (Barker et al., 2017).

The number of DA neurons that survive in a graft is recognized as the most decisive factor in governing
whether a transplant is successful in ameliorating symptoms, yet cell survival remains a major challenge
for the field. Preclinical and clinical studies report cell survival rates ranging from 1-20% for fetal tissue
grafts (Castilho et al., 2000; Hagell and Brundin, 2001), and average dopamine neuron yields of <5%
for human PSC-derived DA progenitor grafts (Doi et al., 2014; Kirkeby et al., 2012; Kriks et al., 2011;
Niclis et al., 2017b; Samata et al., 2016). During transplantation cells undergo a series of physical
traumas that render them susceptible to cell death including their detachment from underlying culture
matrices, the shear forces exerted during injection into the brain and the adult host brain — an
environment devoid of trophic cues (Castilho et al., 2000; Moriarty et al., 2018Db).

Another major deciding factor in the functional efficiency of these grafts is their capacity to integrate
into existing host circuitry, with evidence highlighting the necessity for synaptic connectivity between
A9 DA neurons in the graft and host striatal neurons (Grealish et al., 2010). While the requirement for
this specific synaptic integration is known, the level of reinnervation of the host tissue by fetal derived
grafts remains well below that of the intact brain — a phenomena that has been termed the ‘ceiling
effect’(Kirik et al., 2001). This is likely underpinned by the absence of trophic cues in the adult brain,
that are normally present during development when DA neurons are born and direct target-specific
axogenesis in situ. In addition, more recent studies have observed that human PSC-derived DA
transplants show significantly poorer striatal innervation than their human VM fetal counterparts
(Grealish et al., 2014). The recognition that the establishment of correct neural circuitry during
development requires a tightly orchestrated physical and trophic environment, suggests that greater
attention to the host milieu is required to promote survival, plasticity and integration of human PSC-
derived DA neurons.

A number of efforts to inhibit cell death cascades and deliver trophic proteins have been investigated
to influence the survival and plasticity of grafts. However surprisingly little attention has been paid to
the extracellular matrix environment, despite its importance in providing both physical and chemical
support for cells, including DA neurons (Alsanie et al., 2017; Bye et al., 2019; Zhang et al., 2017). Such
observations highlight an opportunity to engineer protective and cell-instructive microenvironments for
neural grafts, that can concomitantly act as programmable protein delivery vectors - see reviews
(Bruggeman et al., 2019; Jendelova et al., 2016). Recently, polymer hydrogels, functionalised with glial
cell-derived neurotrophic factor (GDNF), were shown to improve the survival and integration of DA
neurons within rodent fetal tissue grafts in models of PD (Moriarty et al., 2017; Moriarty et al., 2018b;
Wang et al., 2016). In parallel work, an advanced neural tissue-specific laminin-based hydrogel was
shown to improve the survival, maturation and functional integration of human PSC-derived cortical
progenitor grafts in stroke models, (Somaa et al., 2017), a response that could be enhanced through
sustained delivery of brain derived neurotrophic factor from the hydrogel (Nisbet et al., 2018). Such
observations raise the question whether similar neural tissue-specific biomaterials, functionalised with
GDNF might overcome many of the challenges currently hindering human PSC-derived VM progenitor
grafts in PD.

We have recently demonstrated that long-term viral overexpression of GDNF can support hPSC-DA
progenitor grafts (Gantner et al., 2020). However, unrestricted GDNF can impede graft plasticity
(Gantner et al., 2020) and has been shown in rodent models to downregulate DA-associated genes after
prolonged exposure (ref from GDNF paper). Here we show evidence that a tissue-specific laminin-



based hydrogel is capable of sustained GDNF release and in combination with DA progenitor
transplantation can ameliorate motor deficits in PD rats. SAP hydrogels modulate behavioural recovery
through increasing DA survival, A9 specification, and plasticity. These findings highlight the potential
therapeutic benefit of customised hydrogels to support human PSC-derived neural transplants in brain
repair.

MATERIALS & METHODS
Self-assembling peptide hydrogel preparation

A tissue specific self-assembling peptide for the brain’s major ECM protein - laminin - was fabricated
using solid phase peptide synthesis, as previously described (Rodriguez et al., 2013). The laminin-based
epitope synthesized had the sequence isoleucine-lysine-valine-alanine-valine (IKVAV), a fragment of
the al chain of the protein. To ensure self-assembly under physiological conditions, two aspartate
residues were incorporated at the N-terminus of the peptide to lower the pH at which spontaneous
assembly occurred. Gelation was initiated using a well-established pH switch, as previously described,
to yield a 20mg/ml stock (Nisbet et al., 2018). The final hydrogels were made by mixing at a 1:1 ratio
with magnesium and calcium-free HBSS + cells. Following gelation, rheology was conducted to
confirm a modulus similar to the rat brain (Rodriguez et al., 2013; Somaa et al., 2017). Fourier transform
infrared (FTIR), circular dichroism (CD) spectroscopy, and transmission electron microscopy verified
synthesis and structure of the desired nanofibrillar structure (Rodriguez et al., 2013). The resultant
hydrogels could be reversed to an aqueous state by application of shear force (achieved via repeated
titration or vortexing), such that the gel disassembled into a liquid solution. Reversal of the gel into a
liquid state enabled incorporation and homogeneous distribution of GDNF recombinant protein into the
polymer. We refer to this incorporation of the functional protein into the polymer as shear loading or
shear containment. Shear reversal of the gel also enabled incorporation of cells into the aqueous polymer
solution for efficient delivery into the brain.

Assessment of GDNF release, and function, from SAP hydrogel

To assess the release kinetics of GDNF from the scaffold, GDNF (100 ng, R&D Systems) was loaded
into the SAP (50 uL) by reverse shearing of the gel to an aqueous state prior to casting the gel into a
well of a 96-well plate. PBS (200 uL) was added to the well and incubated at 37 °C. The supernatant
was collected at pre-determined intervals over a 4-week period. All supernantant samples were stored
at -20 °C until the time of analysis. The GDNF levels (protein unfolding and cumulative release) was
quantified by enzyme linked immunosorbent assay (ELISA), using previously described methods
(Wang et al., 2014; Wang et al., 2016). Release profiles were performed in triplicate wells for each time
point and, repeated on 3 independent experiments.

Small angle X-ray scattering (SAXS) was performed using the beamline at the Australian Synchrotron.
Hydrogel samples were prepared, as per above, two days before testing and stored in Eppendorf vials.
Prior to exposure, PBS backgrounds were loaded into 1.5 mm glass capillaries. Two 5-second
exposures were taken for each sample background on two different camera lengths: 900 mm and 7000
mm. PBS backgrounds were then removed from the capillaries and replaced with hydrogel samples.
Four 5-second exposures were taken for each sample on the two different camera lengths. Data analysis
was performed using ScatterBrain, with averages taken for each sample on each camera length and
relevant backgrounds subtracted. Data for each sample for the two different camera lengths were then
combined using IgorPro.

The functionality of the GDNF released from the hydrogels was confirmed using previously described
methods (Nisbet et al., 2018). As above, GDNF was shear-loaded into SAP, cast into a 48 well plate
and 100ul of media added. Conditioned media (shGDNF-CM) was collected after 12 hours and applied
to primary ventral midbrain neurons for comparison to untreated cultures as well as those treated
directly with recombinant GDNF protein (soluble GDNF, sGDNF, 20ng/ml). Primary VM cultures
were performed and assayed as previously described (Blakely et al., 2011). In brief, VM tissue was
microdissected from the brains of embryonic day 11.5 (E11.5) embryos that were obtained from time-
mated mice expressing GFP under the tyrosine hydroxylase promotor. VM tissue was dissociated using



0.05% trypsin and 0.1% DNase, subsequently blocked using 10% serum, and the cells resuspended in
N2 media. Cells were seeded at a density of 125,000 cells/well in 48 well plates (coated with
PDL/laminin). After 72 hours, cultures were fixed with 4% paraformaldehyde and TH+ neuron number
and neurite length were assessed.

Ventral midbrain specification of human pluripotent stem cells

The H9 human embryonic stem cell (hESC) reporter line expressing GFP under the LMX1A promotor
(LMX1A-eGFP) was expanded and differentiated to a ventral midbrain progenitor identity as
previously described (Niclis et al., 2017a). In brief, the cell line, confirmed to be karyotypically normal
and routinely tested for absence of mycoplasma, was cultured on laminin 521 (BioLamina) in mTeSR1
(StemCell Technologies) supplemented with 0.4% penicillin-streptomycin (Life Technologies). To
promote neural induction, cells were exposed to dual SMAD inhibition using LDN193189 (200nM,
Stemgent; from 0-11 days in vitro, DIV) and SB431532 (10uM, R&D Systems; 0-5DIV). Ventral
patterning was achieved by addition of sonic hedgehog (C25II, 100ng/ml, R&D Systems; 1-7DIV) and
purmorphamine (2uM, Stemgent; 1-7DIV), and the cells caudalised to a midbrain identity by Wnt
activation using CHIR99021 (3uM, Miltenyi Biotech; 3-13DIV). Regional identity of the
differentiating cells was confirmed at 11DIV. At 21 DIV cultures were dissociated using Accutase (Life
Technologies) and correctly specified ventral midbrain progenitors isolated by fluorescent activated
cell sorting (FACS) based upon expression of LMX1A-eGFP, using previously described methods (de
Luzy et al., 2019).

Surgical Procedures

All animal procedures were conducted in agreement with the Australian National Health and Medical
Research Council’s published Code of Practice for the Use of Animals in Research, and experiments
approved by The Florey Institute of Neuroscience and Mental Health Animal Ethics committee.
Animals were group housed in individually ventilated cages with low irritant bedding on a 12:12-hour
light/dark cycle with ad libitum access to food and water. Surgeries were performed on 55 athymic
(CBHrnu) nude rats under 2% isofluorane anaesthesia. Rats received unilateral 6-OHDA (3.5pl, 3.2
ug/ul) lesions of the medial forebrain bundle at the following stereotaxic co-ordinates: 3.4mm caudal,
1.4mm lateral to bregma, and 6.8mm below the surface of the dura. Human ESC-derived LMX1A-
eGFP expressing VM progenitors were transplanted into the denervated striatum (1 pl; 100,000 cells/
pl) at the following co-ordinates: 0.5mm anterior, 2.5mm lateral to Bregma and 4.0mm below the dura.

Treatment groups were as follows: Lesion, Lesion + LMX1A-eGFP+ VM progenitors (subsequently
referred to as ‘Cells’), Lesion + Cells+ DDIKVAYV SAP (referred to as ‘Cells + SAP’), Lesion + Cells
+ soluble GDNF (‘Cells + GDNF’), and Lesion + Cells + SAP shear loaded with GDNF (Cells + SAP-
GDNF), n=7-11 rats per group. GDNF was delivered (mixed with cells or shear loaded into the IKVAV
polymer) at a final concentration of lug/injection. A total of 150,000 cells were injected per animal,
delivered within the IKVAYV polymer (at a final concentration of 10mg/ml) or HBSS media. All animals
received a final injection volume of 2pl.

Behavioural testing

Behavioural assessment of motor impairment was performed 3 weeks after unilateral 65OHDA lesioning
using the amphetamine-induced rotation and adjusted stepping tests, as previously described (Niclis et
al., 2017a; Somaa et al., 2017). In brief, for rotational testing, net rotations over 60 minutes were
analysed 10 minutes after intraperitoneal injection of D-amphetamine sulfate (5Smg/kg; Tocris
Bioscience). Animals displaying a functional deficit (>300 rotations/hr), indicative of extensive
unilateral ablation of the midbrain dopamine pathway, were included in the study. The 33 rats reaching
criteria were ranked in order of the percentage rotational asymmetry and evenly distributed across the
5 treatment groups. For the cylinder test, rats were placed within a clear glass cylinder and the first 20
forepaw touches recorded over three consecutive days. Data was presented as left paw ratio (Left/(Left
+ Right)) x 100. Behavioural testing was repeated at 24weeks post-transplantation. Note, the delivery
of GDNF or SAP into 60HDA lesioned rats, in the absence of cell grafts, had no impact on motor
performance, with stable motor deficits observed at 24 weeks, indistinguishable from Lesion only
animals (data not shown). Beyond motor assessment, these animals were not further analysed in the
present study.



Tissue Processing & immunohistochemistry

At 24 weeks post-implantation animals all animals received an acute injection of D-amphetamine
sulfate (5mg/kg) prior to an overdose of sodium pentobarbitone (100 mg/kg). Animals were
transcardially perfused with 4% paraformaldehyde and the brains processed for immunohistochemistry
as previously described (Somaa et al., 2017). Primary antibodies and dilution factors were as follows:
mouse anti-CD11b (1:100, Serotec), goat anti-cFos (1:1000, Santa Cruz), goat anti-FOXA2 (1:200,
Santa Cruz), rabbit anti-GFAP (1:200, DAKO), chicken anti-GFP (1:1,000; Abcam), rabbit anti-GFP
(1:20,000; Abcam), mouse anti-human nuclear antigen (HNA, 1:300, Millipore), mouse anti PSA-
NCAM (1:200, Santa Cruz), mouse anti-Nestin (1:200, Millipore), mouse anti-NeuN (1:100; R&D
Systems), rabbit anti-OTX2 (1:4000; Millipore), mouse anti-synaptophysin (1:1000, human specific,
Enzo Life Sciences), anti-rat endothelial cell antigen-1 (RECA-1, 1:500, Serotec), rabbit anti-TH
(1:500, Pel-Freeze), sheep anti-TH (1:800, Pelfreeze). Secondary antibodies for (i) direct detection were
used at a dilution of 1:200—DyLight 488, 549 or 649 conjugated donkey anti-mouse, anti-chicken or
anti-rabbit (Jackson ImmunoResearch); and (ii) indirect with streptavidin-biotin amplification—biotin
conjugated donkey anti-rabbit (1:500; Jackson ImmunoResearch) followed by peroxidase conjugated
streptavidin (Vectastain ABC kit, Vector laboratories), or 649 conjugated streptavidin (1:200; Jackson
ImmunoResearch). Total cells in vitro, and in vivo were visualized with 4°, 6-diamidino-2-phenylindole
(DAPI, 1:5000, Sigma-Aldrich). All fluorescent images were captured using a Zeiss Axio Observer.Z1
epifluorescence or Zeiss confocal microscope system. Bright and dark-field images were obtained using
a Leica DM6000 upright microscope.

Total number of HNA+, TH+, GIRK2+, CALBINDIN+ as well as density of NeuN+ and cFOS+ cells
were counted from images captured at 20X magnification. The density of graft-derived PSA-NCAM
labelling (% immunoreactive pixels) within the dorsolateral striatum (the midbrain DA forebrain target
that underpins gross motor function) was assessed from images captured at 20X magnification and
analysed using Imagel] software. Density of human specific synaptophysin (expressed as %
immunoreactive voxels) as well as % TH+ punta co-expressing hSYP (indicative of graft-derived DA
synapses) was assessed from confocal captured images at 20X and analysed using iMaris software
(Bitplane, USA).

The immunological response of the host brain to the implantation of the Cells and/or the SAP scaffold
(including the presence of GDNF) was assessed at predetermined sites lateral to the graft-host border
(delineated according to GFP labelling), as depicted in Figure 34. The area covered by GFAP or CD11b
immunoreactivity was expressed as a percentage of the total pixels, as previously described (Rodriguez
et al., 2014). RECA-1+ and CD34+ immunostaining was employed to identify specific host and host
+ graft-derived blood vessels within the graft and host tissue. Vessel density (expressed as the
percentage total area covered by staining), within graft and host tissue, was estimated using previously
described methods (Somaa et al., 2017).

Statistical Analysis

All data are presented as mean + SEM. Statistical tests employed (inclusive of one-way ANOVA and
student t-tests) are stated in figure legends. Alpha levels of p<0.05 were considered significant with all
statistical analysis performed using GraphPad Prism. *p < 0.05, **p <0.01, ***p < (0.001 and ****p <
0.0001.

RESULTS

Tissue-specific scaffolds deliver functional GDNF to promote DA survival and plasticity in vitro

The current study examined the capacity of GDNF functionalised scaffolds to support human
pluripotent stem cell-derived VM progenitor grafts in a rat model of Parkinson’s disease, Figure 1A.
For this purpose, we engineered a laminin-inspired hydrogel, capable of mimicking the structural and
functional attributes of the brain’s native extracellular matrix. The hydrogel was synthesised by the self-
assembly of the specific peptide sequence, isoleucine-lysine-valine-alanine-valine (IKVAYV), encoding
for an epitope for the binding domain of laminin - a major ECM protein required for cell attachment,
proliferation, differentiation and plasticity (Matson and Stupp, 2012). To enable assembly under



physiological conditions (pH 7.4), two aspartate residues were added to the N-terminus of the peptide
to adjust the pKa, resulting in a final peptide sequence, DDIKVAV (Figure 1B). Aromatic
fluorenylmethloxy carbonyl (Fmoc) moieties were used to protect the amino-terminus, which during
self-assembly also provide shared electrons n-w interactions, creating the backbone structure (shown in
red Figure 1B). The individual peptides interacted through hydrogen bonds to form secondary B-sheets
that were confirmed by fourier transform infrared (FTIR) and circular dichroism (CD), Figure 1C-D.
Through a combination of amphiphilic organisation, n-n interactions and the 3 sheet folding, hollow
nanotubes were formed. These nanotubes interacted to create hydrated bundles (Figure 1B), forming
the matrix of the hydrogel, and could be visualised by transmission electron microscopy (Figure 1E).
Appropriate for in vivo delivery and the support of implanted neural progenitors, the resultant gels (at
10 mg/ml) had a storage and loss modulus similar to the rat brain (SAP hydrogel: G* ~ 0.6kPa, G” ~
0.1kPa; Rat brain: 0.3-1.1kPa (Weickenmeier et al., 2018)), Figure 1F. Note, shear-loading of the SAP
hydrogel with GDNF had no impact on the assembly or mechanical properties of the gels (Figure
1C,D,F).

Structural differences between the Fmoc-DDIKVAYV and the hydrogel loaded with GDNF were further
confirmed through the use of SAXS. The application of SAXS to the hydrogel with shear-contained
GDNF (Figure 1¥** — pic to come) revealed differences in the scattering of electrons by each sample,
indicating structural differences between the two systems. These structures were distinct from the
Fmoc-DDIKVAYV, highlighting the successful incorporation of GDNF on the surface of the peptide
fibril without significant changes to the underlying macrostructure.

Importantly, we confirmed the stability and functionality of GDNF released from the SAP hydrogels in
vitro, prior to in vivo delivery. Surprisingly, recombinant GDNF protein added directly to the culture
media, rapidly unfolded/degraded, with just 20% of the protein present after 15 minutes, and less than
3% at 24 hours, Figure 1G. In contrast, shear entrapment of the protein within the hydrogel resulted in
an initial burst release within the first 15 minutes, likely the consequence of poorly entrapped GDNF
rapidly leaking from the hydrogel prior to reforming, that was followed by a delayed and sustained
release from 7-14 days, Figure 1H-I. To confirm the functionality of the GDNF protein released from
the SAP hydrogels, prior to in vivo testing, we treated VM primary cultures, isolated from the
developing embryo and rich in DA progenitors, with soluble recombinant GDNF protein (SGDNF) or
conditioned media collected from GDNF shear loaded SAP gels (shGDNF-CM). As anticipated,
sGDNF treatment resulted in a significant increase in the survival of TH+ DA neurons in culture
(%TH+/DAPI, Figure 1J,L-N), as well as TH+ neurite length (Figure 1K,0-Q), effects that were
mimicked, although notably more modest, by treatment of the cultures with s\xGDNF-CM (Figure 1J-

0.

DA progenitors were differentiated from LMX1A-eGFP human embryonic stem cells using an
established xenogeneic-free protocol (Niclis et al., 2017a). Appropriate and efficient VM fate
specification of the cells in culture was validated at 11DIV by the co-expression of floor-plate marker
FOXA2, forebrain-midbrain transcription factor OTX2 and neural progenitor marker NESTIN — present
in >85% of cells (Figure 1R-S). At the time of transplantation (21DIV), >75% of cells expressed the
early intrinsic determinant transgene LMX1A (LMX1A-eGFP+, Figurel T-U), a population that could
be readily isolated by FACS (Figure 1V), for the purpose of VM DA neuron enrichment in grafts, as
previously described (de Luzy et al., 2019).

GDNF-Functionalized scaffolds promote functional recovery and increased graft survival in
Parkinsonian rats

Behavioural testing, for asymmetric motor function in unilaterally 60HDA lesioned rats, was
performed four weeks after 6OHDA lesioning (pre-transplantation, Pre-Tx) and repeated at 24 weeks
after grafting, (Figure 2A4). All animals receiving a cell graft showed significant correction of
amphetamine-induced rotational asymmetry, whilst ungrafted animals displayed a persistent stable
motor deficit (Figure 2B). In the stepping task, used to assess spontaneous motor function, all animals
prior to transplantation showed a deficit in the contralateral forepaw use (~10% use of the impaired
contralateral, compared to the unimpaired ipsilateral paw). Only animals receiving DA grafts in the



presence of GDNF-functionalised SAP scaffold (black bars), showed a significant improvement in limb
use 24wks after grafting, Figure 2C.

In support of the observed improvement in rotational asymmetry, at 24 weeks after transplantation all
animals displayed surviving grafts, predominantly confined to the striatum, as revealed by staining
against the human specific neural cell adhesion protein, PSA-NCAM, Figure 2D-G. No evident tissue
overgrowths were observed in any grafts, indicative that the implanted progenitors were sufficiently
fate restricted in vitro prior to implantation. Volumetric assessment of the PSA-NCAM-+ graft revealed
that grafts in the presence of the GDNF-functionalised SAP hydrogel (Cells + SAP-shGDNF) were
significantly larger (2-fold) than cells in the absence or presence of SAP or sGDNF alone, Figure 2H.
Total cells within the grafts, quantified using human nuclear antigen (HNA) immunolabeling, showed
no significant difference between Cells, Cells+sGDNF or Cells + SAP, indicating that the presence of
the biomaterial had no impact on the overall survival of cells, nor their distribution (i.e. the hydrogel
did not impede the migration and distribution of cells within the graft core). Commensurate with the
increase in graft volume, cell grafts in the presence of the GDNF functionalised scaffold showed a
concomitant increase (1.9-fold) in HNA+ cells, but no change in density, Figure 21-J.

Tissue specific scaffolds show in vivo biocompatibility and are vascularised by host-derived
endothelia

Necessary for understanding the potential utility of this biomaterial approach for cell delivery was an
assessment of the biocompatibility of the implanted scaffolds. We have previously demonstrated the
persistence of these SAP-based hydrogels up to 9 months after implantation (Somaa et al., 2017).
Therefore, we next assessed the presence of markers against reactive astrocytes (GFAP) and microglia
(CD11b) 6 months after implantation. Compared to cell grafts alone (Cells), neither the presence of
unfunctionalized or GDNF-functionalised SAP increased the inflammatory response, with GFAP and
CD11b cell density not significant different across treatment groups, measured at either the graft-host
interface (Field of View 1, FOV1, Supplementary Figure 3A-G), or more protracted distances away
from the graft core (data not shown). As the death of DA progenitors occurs acutely during preparation
of the tissue/cell suspension, or within days of implantation (Castilho et al., 2000), in a separate cohort
of animals the density of GFAP immunoreactive astrocytes was assessed 2 weeks post-implantation.
Similar to assessment at 6 months, the presence of the biomaterial imparted no inflammatory response
above that observed in animals implanted with Cells alone (Supplementary Figure 1H-J).

Necessary for the survival of cells within large grafts is their juxtaposition to a vascular supply. Staining
for RECA1+, to identify endothelial cells lining the vasculature, as well as GFP to demarcate the graft,
revealed the presence of a vascular network within the grafts, Supplementary Figure 2A-F. In
comparison to the host brain, RECA 1+ vessels were significantly less dense, with no difference between
grafted groups (Supplementary Figure 2H), indicating that neither the biomaterial nor the GDNF
influenced vascularisation of the graft. Similar to previous observations of large human PSC-derived
neural grafts (Somaa et al., 2017), the RECA1+ cells were GFP- (Supplementary Figure 2G — pic to
come), indicative of the recruitment endothelial progenitors from the host tissue — an unsurprising
observation in light of the in vitro neural fate restriction of the cells, and selection of LMX1A-eGFP
neural progenitors, prior to implantation.

Functionalized scaffolds promote survival of DA neurons and bias A9-specification

The function of PSC-derived VM neural progenitor graft is underpinned by their capacity to form
mature, tyrosine hydroxylase (TH) expressing DA neurons. NeuN+/HNA+ co-immunoreactivity
revealed that approximately a third of the cells within all grafts adopted a mature neuronal phenotype,
irrespective of the presence of the hydrogel or GDNF protein, Figure 34-C. In contrast, while the acute
delivery of GDNF or presence of the IKVAV SAP hydrogel alone had no impact on TH+ cell number,
grafts in the presence of the functionalized SAP scaffold, sustaining GDNF delivery (Cells + SAP-
shGDNF), showed a 2.7-fold increase in TH+ cells Figure 3D-H. This increase in DA neurons within
the graft, was over and above the increase in graft volume, with TH+ cell density notably elevated
(Cells: 8.2 + 1.4 TH+/mm?, Cells+SAP-shGDNF: 11.7 + 1.9 TH+/mm®), Figure 31.



The presence of the hydrogel and/or GDNF had no impact on the capacity of the TH+ neurons within
the grafts to acquire a mature fate, with >75% of all TH+ cells within the grafts showing GIRK2+ and/or
Calbindin (CALB+) co-localisation, indicative of A9 and A10-like SN and VTA DA neurons. More
detailed assessment of A9 and A10-like identity, however, revealed a significant shift in TH+GIRK2+
A9 fated cells in the presence of the SAP hydrogel (Cells: 1,727 + 114; Cells + SAP: 2,878 + 157; Cells
+ sGDNF: 2,609 + 148; Cells + SAP-sh-GDNF: 7,014 + 592). This increase in A9 fate acquisition was
at the expense of A10-like identity, with a reciprocal decrease in CALB+TH+ cells (Cells: 750 + 32;
Cells + SAP: 349 + 80; Cells + sGDNF, 637 + 63; Cells + SAP-sh-GDNF: 1618 + 157 TH+CALB+
cells), Figure 3J,L. Assessment of proportion of TH+ cells acquiring A9 or A10 fate revealed that this
fate shift was specific to the presence of the SAP hydrogel, and not additive effects of sustained GDNF,
as both Cells + SAP and Cells + SAP-shGDNF showed a significant increase in the proportion of
GIRK2+ cells (43% and 38%, respectively), compared to grafts of Cells alone (28%), yet were not
significantly different from each other, Figure 3K,M.

Functionalized scaffolds support the integration of hPSC-derived VM graft

Finally, the capacity of the grafted neurons to innervate the host striatum was assessed. Underpinning
improvements in spontaneous motor function, only grafts in the presence of GDNF-functionalised
scaffolds (Cells + SAP-shGDNF) showed a significant increase in density of graft-derived human PSA-
NCAM-+ fibers, Figure 4A,D. Surprisingly, no difference in the density of graft-derived human
synaptophsin was observed, indicating that neither the presence of the hydrogel or GDNF influenced
synaptic maturity of the grafts at large (Figure 4B). As NCAM and hSYP labelled all graft derived
fibres and synapses, a more selective assessment of DA synapses (TH+hSYP+) was performed,
specifically within the dorsolateral striatum - the target site for A9 DA neurons responsible for motor
function. The synergy of the SAP hydrogel and sustained GDNF resulted in a significant (24%) increase
in the percentage of TH+ puncta colocalised with hSYP, compared to Cells alone (Figure 4C,F-G).

DISCUSSION

Biomaterials have the capacity to significantly improve cell transplantation for neural repair. Examined
most extensively in their neural capacity to support cell transplants after stroke (see review —
(Bruggeman et al., 2019; Jendelova et al., 2016), more recently functionalised natural and synthetic
polymers, capable of recapitulating structural and biochemical elements of the extracellular matrix,
have been shown to promote the survival, differentiation and functional integration of rodent fetal tissue
grafts in models of PD (Moriarty et al., 2018a; Moriarty et al., 2017; Rodriguez et al., 2018; Wang et
al., 2016). With human PSC rapidly advancing towards the clinic for cell replacement therapy in PD
patients there is an evident need to understand how biomaterials may also support and improve these
graft outcomes. Recent efforts, utilising functionalised hyaluronic acid hydrogels, have attempted to
support hPSC-derived DA progenitors/neurons during transplantation, yet showed notably small grafts
with limited integration into the host tissue and functionality below standard levels, effects likely
underpinned by the mature state of the implanted cells (Adil et al., 2018; Adil et al., 2017). Here, we
fabricated a shear-reversible neural tissue-specific laminin-based peptide hydrogel, capable of sustained
presentation of the neurotrophic factor GDNF, to improve human PSC-derived DA graft outcomes. In
animals receiving cell grafts in the presence of the GDNF-functionalised hydrogel both induced and
spontaneous motor deficits were ameliorated. Underpinning these behavioural improvements were
increases in graft survival, DA fate acquisition and innervation of appropriate host target nuclei.

Anoikis, a form of programmed cell death that occurs when anchorage-dependent cells are detached
from their surrounding extracellular matrix, affects donor cells during their harvest from in vitro
cultures (or dissociation of fetal tissue) as well as acutely post implantation if they fail to form local
adhesions (Moriarty and Dowd, 2018). While a range of soft hydrogels that gel in situ, have been trialled
to protect cells against shear forces during implantation and rebuild de novo tissue where necessary,
their remains a requirement for engineered scaffolds to provide cell adhesive matrix in situ (Newland
et al., 2015). In this regard, the employed self-assembling peptide-based (SAP) hydrogels, presenting a
cell adhesive epitope (IKVAYV) for laminin provided a tissue-specific biomimetic of the native neural
ECM. In vitro, this functional epitope has been reported to promote neuronal adhesion and survival



with greater efficiency than laminin protein itself, due to the high density of signals presented to the
surface (Silva et al., 2004). In vivo, IKVAV-presenting SAP hydrogels have been shown to promote
the survival of human PSC-derived cortical progenitors (Nisbet et al., 2018; Somaa et al., 2017), yet
surprisingly had no impact on the survival of the present VM progenitors grafts. Consequently, further
study into region-sepcific ECM differences may aid design of future hydrogels. In addition to their
adhesive properties, ECM proteins (including laminins) also contribute to stem cell maintenance,
differentiation and plasticity (Theocharidis et al., 2014), roles that have been confirmed using IKVAV
peptides for cultured neural progenitors and transplanted cortical progenitors (Nisbet et al., 2018;
Somaa et al., 2017). Within the present findings, IKVAV SAP hydrogels had no impact on the
maturation of VM progenitors into postmitotic NeuN+ neurons or acquisition of TH+ DA identity
within grafts, yet importantly biased GIRK2+TH+ specification, at the expense of CALB+TH+ A10-
like DA neurons. Likely underpinning these disparate outcomes is the complexity of the laminin family
of proteins. Laminins are heterotrimeric proteins that contain a-, B-, and y-chains, with the employed
nomenclature describing the chains present (e.g. laminin-521 comprising of an a5, p2, and a y1 subunit)
— with a total of 15 laminin trimers identified to date. Interestingly, recent success in the directed
differentiation of human PSC into VM DA progenitors/neurons has been underpinned by the culturing
of cells on laminin substrates, with 4 specific laminins recognised in this capacity (Lam-111, Lam-421,
Lam-511 and Lam-521). With hPSC-DA differentiation protocols varying between research groups,
differing success for the different laminins have been observed, indicating that identification of the
necessary and optimal subunits remains to be determined and/or the existence of redundant roles. Added
to this, recent deep-sequencing analysis of laminin subchain expression within the developing ventral
midbrain has revealed the presence of al, 04, a5, B1, B2 and y1, and enriched mRNA for Lam-111, -
411, -421, -511 and -521 (Zhang et al., 2017). Furthermore, culturing of rodent midbrain primary
neurons on Lam521 promoted survival of DA neurons (by suppressing the cell death associated protein,
PTEN), and promoted DA differentiation (by increasing expression of genes critical for VM DA
identity, inclusive of LMX1A and PITX3), superior to other VM present laminins (Zhang et al., 2017).

In the present study, the employed peptide sequence IKVAV (Ile-Lys-Val-Ala-Val) is derived from the
al subchain, one of the most potent laminin subunits influencing adhesion, differentiation and
plasticity. Whilst IKVAV/ a1 appeared to have no effect on survival or DA differentiation in the current
context, the increase in A9 specification provides the first evidence, to our knowledge, of selectively
enriching for this subpopulation DA neurons within human PSC-derived grafts. Recognising the
importance of this population for alleviating motor symptoms (Grealish et al., 2010), may provide
means for implanting fewer cells with more targeted function. Future efforts, exploring additional a
subunits, such as a5, as well as inclusion of B and y subchains epitopes, within composite peptide gels,
that mimic naturally occurring, or artificially engineered laminins may further enhance graft outcomes
according to aforementioned mechanisms for VM progenitors, as observed in vitro.

Growth factor deprivation of progenitors isolated from the developing embryo or in vitro cultures is a
major contributor to cell death during acute graft integration. Such observations justified a large body
of work into the re-introduction of GDNF into the adult brain to support dopamine progenitor grafts
(Farrell and Barker, 2012). In addition to the impact on graft survival, GDNF is involved in DA
plasticity and maturation. In the present study, acute delivery of GDNF failed to influence survival or
plasticity, a likely consequence of insufficient dose and/or duration of delivery, noting that former
studies showing the benefit of recombinant protein delivery in vivo used repeated doses over weeks
(Rosenblad et al., 1996), or continual infusion (Yurek, 1998). In more recent years, viral delivery
approaches have been employed to sustain GDNF level — targeted at slowing PD progression (Kirik et

However, a key challenge of this approach is the inability to silence the transgene after graft integration,
which can result in aberrant axonal growth and downregulation of DA-associated genes in host and
hPSC-derived DA grafts (Gantner et al., 2020; Winkler et al., 2006). In support of fetal tissue graft
studies (Moriarty et al., 2017; Wang et al., 2016), we show prolonged delivery of GDNF from IKVAV-
SAP promotes the survival and plasticity of human PSC-derived VM progenitor grafts. /n vitro we
showed an initial burst release of GDNF, followed by a delayed and sustained delivery beyond 28 days,
with this biphasic delivery likely underpinning initial progenitor survival, and subsequent integration.
The modest, but significant, effects on graft plasticity suggest that higher concentrations of GDNF,



and/or the incorporation of other DA axonal growth promoting proteins, such as Wnt5a (Blakely et al.,
2011; Parish et al., 2008), may enhance graft plasticity and functional integration.

Vascularisation of solid tissue grafts is critical for their survival, yet surprisingly little attention has
been paid to the vessel network within fetal or human PSC-derived VM progenitor grafts. We provide
here the first characterisation of blood vessels within grafts, showing the presence of organised host-
derived (HNA-) endothelial cells. Similar to observations that the presence of the biomaterial did not
impede the capacity of transplanted cells to migrate within the host tissue (unchanged cell density within
the graft core) nor extend axonal projections into the surrounding striatal target tissue, host-derived
endothelial cells were capable of infiltrating into the graft core. The density of the vessel network across
all graft conditions was significantly less than the host tissue, suggesting that delivery of additional
trophic cues such as BDNF, VEGF and/or erythropoietin, targeted at promoting angiogenesis, may
improve graft outcomes - as has been observed following SAP-sustained delivery of BDNF for human
PSC-derived neural grafts in stroke (Nisbet et al., 2018).

Taken together, these findings provide the first substantiated evidence for a functionalised, tissue-
specific hydrogel to improve the survival, differentiation and integration of human PSC-derived DA
progenitor grafts in an animal model of PD. These findings highlight that additional efforts,
incorporating functionalised biomaterials to influence the donor cells and host tissue should be
considered as the field moves towards the clinic. Here we present findings for a laminin al subchain
peptide hydrogel presenting GDNF, providing the impetus for greater attention to ECM-related and
growth factor related strategies. Further studies targeting additional/alternative proteins for
neuroprotection, plasticity and even vascularisation, are necessary to ensure maximal functional
benefits can be obtained from grafted progenitors — targeted not only for cell replacement therapy in
PD, but other conditions where cell transplantation presents a therapeutically viable option.
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Figure 1. Generation of SAP hydrogel biomaterial and hESC-derived VM progenitors suitable
for transplantation. (A) Schematic of in vivo study design. (B) Schematic peptide structure showing
its self-assembly, leading to a naturally nanofiber structure (combination of amphiphilic organisation,
n-m interactions and the B sheet folding forming the nanofibrils). (C) Peptide interaction through
hydrogen bonds forming and secondary P sheets were confirmed by Fourier transform infrared (FTIR)
of amide I region showing characteristic peak for B sheets with an observable carbamate peak. (D) The
stable formation of a dominant assembly, confirmed by circular dichroism spectroscopy, showing
transition peak at 220 nm. (E) Electron microscopy confirmed the appropriate assembly of Hydrogel
nanofibrils. (F) Storage and loss modulus of the hydrogel. (G) Soluble GDNF in media was rapidly
degraded (>90% degradation within 2hrs). (H-I) Shear entrapment of GDNF within the hydrogel
resulted in an initial burst release (within 15 mins), followed by a delayed and sustained release,
observed over 28 days. (J-K) VM primary cultures treated with soluble recombinant GDNF protein
(sGDNF) and with conditioned media collected from SAP hydrogels shear loaded with GDNF
(shGDNF-CM), confirming GDNF functionality — as revealed by increased TH+ cells and longer
neurites. (L-Q) Representative pictures from VM primary culture with and without sGDNF or shGDNF-
CM. (R-S) VM fate specification of human PSCs at 11DIV confirmed by the co-expression of FOXA2,
OTX2 and NESTIN. (T-U) Expression of the early intrinsic determinant transgene, LMX1A, at the time
of transplantation (21DIV). (V) Use of an LMX1A-eGFP reporter human PSC cell line enabled
isolation of correctly specified VM progenitors, by FACS isolation, prior to transplantation. Data
represents Mean +SEM. Figure J-K, n=3 independent cultures. * p<0.05, ** p< 0.01, *** p<0.001.
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Figure 2. Implantation of human ESC-derived VM progenitors together with a GDNF
functionalised tissue-specific scaffold improves motor function in Parkinsonian rats. (A)
Schematic overview of in vivo study design. (B) All animals receiving a human PSC-derived VM
progenitor cell graft showed significant correction of amphetamine-induced rotational asymmetry. (C)
Only animals receiving cell graft in the presence of the GDNF-functionalised SAP scaffold displayed
a significant recovery in the adjusted stepping task at 24 weeks after grafting. (D-G) Representative
photomicrographs of DA grafts confirmed graft survival as shown by PSA-NCAM staining after 24
weeks. (H) Graft volumetric assessment by PSA-NCAM labelling revealed that grafts in the presence
of the GDNF-functionalised SAP hydrogel were significantly larger compared to the other graft groups.
() A concomitant increase in the total number of HNA+ cells was observed in the Cells + SAP-
shGDNFP group. (J) SAP hydrogels did not alter the density of grafted cells after 24 weeks. Data
represents Mean +SEM, n=6-7 Grafts/group. * p<0.05.

Figure 2



40+

Cells+SAP-shGDNF | B’ C
+ 3049
<<
=
<
X 204
= |
[
2
& o4
: 0-
GEP/N 25+
H .
[ Cells | Cells+SAP | | Cells+sGDNF | Cells+SAPshGDNF | — 5
2 154
3] 1
b
T 104
=
=
2 54
0-
I 15
=)
E 104
€
E
+
£ 5
0-
J e 5 e K %0 *I .
40+ [ Cells
—~ 6 = + [ Cells + SAP
o E 304 Il Cells + sGDNF
x
T oL S M Cells + SAP-shGDNF
x 4 o 20
= - < .
o] -
oo ﬂ 10 ﬂ i
0 rl Hl;l-_l ﬂ 0 1 IIll T
TH+GIRK2+ TH+CALB+ +++

T T T
TH+GIRK2+ TH+CALB+ +++

Figure 3. Functionalized scaffolds increase graft size, DA neuron yield and bias A9-specification.
(A-B) Representative pictures of NeuN+/HNA+ co-expression in a graft of (A) Cells alone and (B)
Cells+SAP-shGDNF. (C) Approximately a third of the cells within all grafts adopted a mature neuronal
phenotype, irrespective of the presence of the biomaterial and/or GDNF. (D-G) Representative
photomicrographs of TH+ cells within grafts, at 24 weeks, showing that grafts in the presence of a
GDNF functionalized SAP scaffold had increased TH+ cells. (H) Quantification of TH+ cells within
the graft and (I) density of TH+ cells. (J) Grafts in the presence of a GDNF-functionalized SAP scaffold
showed an increase in TH+/GIRK2+, TH+/CALB+ and TH+/GIRK2+/CALB+ cells, indicative of DA
graft survival. (K) Expressed as a proportion of TH+ cells, only grafts in the presence of the tissue-
specific IKVAV SAP hydrogel showed a significant increase in the percentage of TH+/GIRK2+ (A9-
like DA neurons), at the expense of TH+/CALB+ (A10). (L-M) Representative photomicrographs of
GIRK?2, Calbinidn (CALB+) and TH+ cells within a Cells- and Cells+SAP graft. Data represents Mean
+SEM, n=6-7 Grafts/group. * p<0.05, ** p<0.01, **** p<0.0001.
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Figure 4. GDNF Functionalised hydrogels enhance graft plasticity and dopaminergic synapse
formation. (A) Quantification of graft-derived human NCAM fiber density and (B) human
synaptophysin (hSYP) within the host striatum. (C) Quantitative assessment of the proportion of TH-
immunoreactive puncta co-localised with hSYP within the host striatum, indicating that GDNF
functionalized scaffolds promoted maturation of DA synapses. (D) Representative images of NCAM-
labeled graft fibers within the striatum of an animal grafted with cells alone, or cells+ SAP-shGDNF.
(F) Photomicrographs showing hSYP and TH labeling (plus merged images) taken from the host
striatum of a rat grafted with Cells and, (G) Cells + SAP-shGDNF, noting the increased density of co-
localised puncta in the present of the functionalized scaffold. Data represents Mean +SEM, n=5-6
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Supplementary Figure 1. Tissue specific scaffolds show in vivo biocompatibility. (A) Schematic
figure showing the regions of sampling of GFAP and CD11b density — at the graft-host boundary (field
of view 1, FOV1) and a more distal site away from the graft border (FOV2). (B-C) Assessment of
immunoreactive markers against microglial - Cd11b (B), and reactive astrocytes — GFAP (C), at 24
weeks after implantation, showing no difference in inflammatory response across the groups. (D-G)
Representative picture of GFAP (green) and Cd11b (red) among the groups, at 24 weeks. (D) Cells,
(E) CellstSAP, (F) CellstsGDNF, (G) Cells+SAP-shGDNF. (H-I) Representative images of GFAP
staining within FOV1 showing comparable GFAP+ immunoreactivity within (H) Cells and (I)
CellstSAP implanted animals, acutely (2 weeks) after implantation. (J) Quantification of GFAP+
density adjacent ot the graft. Data represents Mean +SEM, (B-C) n=6-7, (J) n=4/group.
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Supplementary Figure 2. Human PSC-derived VM progenitor grafts show modest
vascularization that was not influenced by the presence of GDNF and/or the SAP hydrogel. (A)
Representative overview of a graft illustrating RECAT1 + staining against endothelial cells, revealing
the presence of a vascular network within the grafts. (B) The vascular network was visibly denser in
the host, compared to the (C-F) grafts. (G) Quantitative analysis showed no difference in vascularization
between grafted groups, indicating that neither the biomaterial nor the GDNF influenced
vascularization. Data represents Mean +SEM, n=5-7 Grafts/group. * p<0.05.



