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Neuron replacement in PD — a short history

- A hallmark of Parkinson’s Disease (PD) is a focal degeneration of mesencephalic dopamine (DA)
neurons

- Initial efforts of replacing degenerated neurons, alternatively to pharmacotherapy or surgical
therapy (deep brain stimulation), started more than three decades ago
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Neuron replacement in PD — a short history

a Fetal tissue transplantation

First open-label clinical First reports of long-term First TRANSEURO patient Completion of
trials transplanting fetal (>10 years) graft survival to undergo transplantation TRANSEURO
ventral mesencephalon cells in post-mortem analysis in Cambridge, UK transplants

——

1980 1990

2011 2019

2021

2001 2003 2008 2014 2015 2018

Publication of double-blind, Start of the First TRANSEURO patient Primary end point
sham surgery-controlled TRANSEURO to undergo transplantation of TRANSEURO
NIH-funded trials clinical trial in Lund, Sweden
b hESC and hiPSC transplantation Preclinical proof
Generation of functional of concept for
Generation of DA midbrain DA neurons Formation of hiPSC-derived
Derivation of hESCs neurons from hESCs from hESCs and hiPSCs GForce-PD DA neurons

/—‘ﬁ

Neuronal differentiation Generation Preclinical proof of First patient to receive a
from hESCs via embryoid of hiPSCs concept for hESC-derived graft using hiPSC-derived
body formation DA neurons cells in Kyoto, Japan

Parmar, M., Grealish, S. & Henchcliffe, Nat Rev Neurosci, 2020



Neuron replacement in PD — a short history

Advantage of iPSC derived cells compared to human fetal

ventral Mesencephalon:
Availability

Standardized manufacture
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Surgery, dosing and distribution
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Neuron replacement in PD — a short history

Table 1 | Academic clinical cell transplantation trials in Parkinson disease

Trial (NCT number)

TRANSEURO?
(0189839)*°

STEM-PD (NA)*
NYSTEM-PD (NA)”®
CiRA (NA)”

Chinese Academy of

Sciences (03119636)""

Bundang CHA Hospital,
Korea (01860794)

Transplantations Donor cells

initiated
Completed
No

No

Yes

Yes

No

(cryopreserved product)

Human fetal VM tissue (no)

hESC-derived mesDA
progenitors

hESC-derived mesDA
progenitors

hiPSC-derived mesDA

progenitors

Stem cell-derived neural

precursors

Human fetal VM neural

precursors

Number of

(age in years)
11 (30-68)

8 (<70)

10 (45-72)
5-10(50-69)
50 (50-80)

15 (18-70)

transplant recipients

Disease
duration

(years)
2-13

5-15
5-15
>5
>5

NA

Disease
severity

Early to
moderate
Moderate
Severe
Severe

Severe

Severe

Primary end point

Efficacy

Tolerability and
feasibility

Safety, tolerability
and feasibility

Safety and
tolerability

Safety

Safety and
tolerability

Parmar, M., Grealish, S. & Henchcliffe, Nat Rev Neurosci, 2020
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Personalized iPSC-Derived mDAPs for PD

Extensive quality check for patient derived iPSCs and iPSC derived midbrain dopaminergic progenitors (mDAPs)

Table S4. Quality control release criteria for human iPSC working bank

Table $5. Quality control rel

criteria for midbrai

gic prog

Test Method Release Criteria
DNA fingerprinting PCR Same as original
fibroblast
qRT-PCR OCT4 Real time PCR Similar as hESC
lines
Nanog
ICC OCT4 Immunocytochemistry > 90%
SSEA4 > 90%
Free of Mycoplasma test PCR None detected
pathogen Sterility test BacT/Alert system No organism
detected
Karyotype test | Chromosome analysis | Standard  metaphase | Intact Karyotype
chromosome analysis

-  FDA-mandated release criteria

Additionally

- Whole genome sequencing

- neurons derived from these progenitor cells showed dopamine
secretion and electrophysiological properties in vitro characteristic
of substantia nigra pars compacta dopaminergic neurons and
functional efficacy in animal models similar to that of fetal
midbrain-derived tissue

| Target | Test method . Release Criteria
DNA fingerprinting PCR Same as original
fibroblast
gRT-PCR Manog Razal time PCR Similar as hESC lines
| Octd
| Do cc SSEA4 Immunocytochemistry | > 90%
| 0CT4 > 90%
Free of Mycoplasma | PCR None detected
pathogen Sterlity test | BacT/Alert No erganism detected
DNA fingerprinting PCR Same as original
| fibroblast
| D12 qRT-PCR FOXA2 Real time PCR | > 500-fold than DO
| | LMX1A | >500-fold than DO |
| Free of Sterility test BacT/Alert system No crganism detected
pathogen
D22 Free of Mycoplasma | PCR None detected
| | pathogen |
DNA fingerprinting PCR Same as original
fibroblast
gqRT-PCR FOXA2 Real time PCR = 500-fold than DO
LMX1A = 500-fold than DO
TH = 500-fold than DO
Icc FOXAZ Immunocytochemistry | > 55% of total cells
LMX14 > 55% of otal cells
FOXAZLMX1A = 50% of total cells
D26 TH > 10% of total cells
OCT4 None detected
SSEA4 None detected
TPH2 < 1.0 % of total cells
5-HT < 1.0 % of total cells
DEHZ < 1.0 % of total cells
| Free of Sterility test | BacT/Alert system | No erganism detected |
pathogen
Viability test | Viability test Trypan Blue staining Viability> T0%
Da2a
| :Z‘I:[ase | Free of Mycoplasma | PCR | Not detected
pathogen
| Sterility test BacTlAlert No organism detected ]
Endotoxin Limulus Amebocyte < 0.2EUMkg body
Lysate assay (LAL) weighthr
Gram Standard method Megative
Staining




Personalized iPSC-Derived mDAPs for PD

Patient derived (C4) and allogeneic (H9) iPSCs were differentiated into day-28 mDAPs and grafted into the striatum of
three different mice strains

C4-mDAPs H9-mDAPs

NSG: nonobese diabetic mice with severe
combined immunodeficiency and

NSG / I/ é/ ./' L/ ) / ) / n/ k/. depletion of the interleukin-2 receptor y
i A A A A e = A s A A 4 - 4 (NOD SCID gamma mice)

i " \ . g | ) - | . / C4-hu: patient-humanized NOD SCID
o : | . Q ¢ - , gamma mice

K1-hu: allogenic-humanized NOD SCID

A D000 )

hNCAM+ staining

Two weeks after grafting, patient derived (C4) as well as allogeneic (H9) mDAPs survived in NOD SCID gamma mice.
Only patient derived (C4) mDAPs survived in patient-humanized NOD SCID gamma mice
=> Graft rejection in allogeneic humanized mice



Personalized iPSC-Derived mDAPs for PD

Patient derived (C4) and allogeneic (H9) iPSCs were differentiated into day-28 midbrain dopaminergic progenitors and
grafted into the striatum of three different mice strains

NSG C4-hu K1-hu
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Two weeks after implantation TH+ neurons could be detected



Personalized iPSC-Derived mDAPs for PD

Computed tomographic (CT) scans were performed intraoperatively to confirm accurate placement of the cell
injection in the putamen. Implantation on the left side was done 6 months prior to implantation on the right side

PET scan for 18F-DOPA uptake were performed at different time-points
A Positron-Emission Tomography

12 Mo after surgery 1 24 Mo after surgery 1
Baseline 3 Mo after surgery 1 6 Mo after surgery 2 18 Mo after surgery 2

18F.-DOPA SUV Ratio 1.1

Change in regional putaminal uptake Right Left

| _ Anterior -4.0% -4.8%
! " Posterior 5.4% -1.6%

t _ Anterior 10.7% 1.6%
! " Posterior 13.5% 9.8%

18E-DOPA uptake increased moderately, when compared to the 3Mo after surgery 1, which was the lowest uptake
measured



Personalized iPSC-Derived mDAPs for PD

Longitudinal Clinical Assessments of Parkinson’s Disease—Related Motor Function and Quality of Life

A MDS-UPDRS, Part IlI B PDQ-39
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Improvements in motor assessments and patient-rated symptom



Conclusion

application of a personalized cell-therapy strategy using autologous, iPSC-derived dopaminergic
progenitor cells in a patient with Parkinson’s disease without the use of immunosuppressants

Modest increase in 8F-DOPA uptake - PET signal
improvements in motor assessments and patient-rated symptom scales. However, results should be
interpreted with caution, because both the patient and the raters were aware of the intervention and

there were no control comparisons

after 18 to 24 months of follow-up, no observation of dyskinesias or other adverse neurologic effects

Proof of concept — many more studies are necessary to evaluate every aspect of such procedures



Alternative to cell implantation: transdifferentiation

Induced-pluripotent stem cell
(iPS)
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Artur Cieslar-Pobuda et al., Biochimica et Biophysica Acta, 2017



Alternative to cell implantation: transdifferentiation

Indirect Conversion into Neurons Direct Conversion into Neurons

Astrocyte

Fibroblast

Fibroblast

S~ 7 I

Yamanaka's TFs Temporary up-regulation of

Yamanaka’s TFs
Diiff i : Pro-Neuronal TFs + Chemicals/Small Molecules +
Fl fren lation Differentiation and Maturation Differentiation and Maturation
actors Factors factors
iPSCs iNPCs iNs ciNs

Mollinari, C., Zhao, J., Lupacchini, L. et al., Cell Death Dis, 2018



Alternative to cell implantation: transdifferentiation

Pros (+) and cons (-) of transdifferentiation

Direct conversion strategy bypasses the pluripotent stem cell stages:
+ Rapid differentiation and maturation
+/- Prevents loss of specific age-related and epigenetic features (Age equivalent)

- Limited amount of cells

+ can be achieved in vivo
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Concept:

Depletion of a single
RNA binding protein,
PTB, converts astrocytes
into neurons

Radial-glia
progenitor

©PTB

\

/

Astrocyte

PTB
depletion

Neuron

Ernest Arenas , Nature News and Views, 2020
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- Use of CRISPR-CasRx, to directly degrade the mRNA of Ptbp1l
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mCherry* TH" cells

B GFAP-mCherry+GFAP-CasRx or C
GFAP-mCherry+GFAP-CasRx-Ptbp1
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Mouse model of PD generated by unilateral infusion of 6-OHDA

Downregulation of Ptbp1 in striatal astrocytes converted them into TH+ neurons.
Empty vector shows no efficient replacement of 6-OHDA abrogated TH+ cells in the striatum



Induced neurons in the striatum can alleviate the symptoms in the 6-OHDA-induced PD mouse model
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Short synopsis

Ptbpl downregulation suffices to convert astrocytes into neurons, also in vivo

Depending on the glia cell type, environmental cues or both, the conversion leads to different neuronal
types:

- As presented here, Ptbpl downregulation in the striatum can give rise to TH+ cells

- Knockdown of Ptbp1 converts Miller glia into retinal ganglion cells in the mature retina

Conversion of striatal Astrocytes into neurons can alleviate motor symptoms in a chemically induced
mouse model of PD
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Use of shRNAs, to directly degrade the mRNA of Ptbpl



shPTB in mouse cortical astrocyte

Days: 0 2 4 7 14 21

anti-PTB | |

anti-nPTB |

anti-B-actin | e e - - o o=

-
N

MAP2/TUJ1

o
o

©
~

Relative protein
expression

o
o

0 D 10 15 20
Days

Isolated mouse cortical astrocytes were transduced with lentivirus harboring a shRNA against Ptbp1l

Downregulation of PTB as well as expression of pan-neuronal markers four weeks after transduction

Per cent of total cells
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Direct conversion of astrocytes in a mouse brain using an AAV-construct

WT+AAV-Empty GFAP-Cre+AAV-Empty
> STOP shPTB - ‘
LoxP LoxP
For lineage
tracing
Q
<
Q
AAV injection into the substantia nigra pe
o WT+AAV-shPTB GFAP-Cre+AAV-shPTB

RFP expression in cells of mice expressing Cre under the GFAP promoter — further investigation of cell characteristics



Direct conversion of astrocytes in a mouse brain using an AAV-construct
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Region specificity of neuronal conversion
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Injection of AAVs into three different brain regions
Based on the NeuN staining, conversion efficiency in the three region was similar ~75%
Only the injection in the midbrain produced TH+ cells



Replenishing lost DA neurons in a disease model
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AAV-shPTB injection could replenish TH+ neuron and fibers in the subtantia nigra



Restoration of striatal dopamine
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AAV-shPTB injection could restore parts of the dopamine released into the striatum



Reversing disease-relevant motor phenotypes
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AAV-shPTB injection could restore the 6-OHDA induced motor functions



Chemogenetic analysis of new DA neurons
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To ensure that the recovery of the motor functions comes from the new DA neurons, they created a new vector containing
hM4Di, which is an engineered inhibitory muscarinic receptor variant responding to clozapine-N-oxide (CNO)

CNO leads to the supression of electrical activity in the expressing cells



ASO-based neuronal conversion and rescue
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ASO treatement showed the same effect in the disease model



Conclusions:

- Cell replacement therapy for Parkinson’s Disease is still advancing, first trials with iPSC derived neurons
are under its way
- Big challenges, especially the use of autologous derived stem cells would be a big hurdle (QC etc.)
- If allogeneic cells could be applied, therapy would become more feasible

- Newer approach of transdifferentiation might be more widely applicable
- Although already successfully applied in vivo, many questions remain:

- age-related limits of reprogramming

- understanding potential adverse effects caused by local astrocyte depletion
- specifically targeting regions that harbour vulnerable neurons

- detecting potential side effects due to mistargeted neurons

Also, how would the replaced neurons overcome the actual pathological mechanisms going on in a
patient



Thank you for your attention!
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