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Outline — Cell Therapies

Cell sources

* Definition of stem cells and potency

* Pluripotent stem cells, directed differentiation, cell maturation and aging

» Other types of stem cells, tissue-specific stem cells, engineered cells (synthetic biology?)

Currently approved and investigational Cell therapies
* Approved cell therapies

* Investigational cell therapies

* Unproven cell therapies and stem cell tourism

Preclinical research
* Choice of disease and choice of candidate cell type
* In vivo model systems for preclinical research

Product development and clinical grade manufacturing
* Clinical grade manufacturing, GMP compliance, Critical quality attributes
* IND enabling studies, Device and cell delivery

v’ Case study: Manufacturing a dopamine neuron cell product for Parkinson’s disease
v’ Case study: Manufacturing an enteric neural precursor cell product for Hirschsprung’s disease

O Design you own study (DIY):

Memorial Sloan Kettering
Cancer Center



Cell Sources — Definition of Stem Cells, Nomenclature & Potency

Stem cells

®

> @ Self-renewal
N

R
AN 4

Differentiated mature cells

Names
e Stem Cell

Progenitor Cell

e Precursor Cell

(Commitment)

(Stem Cell Niche)

Criteria

* Self-Renewal

* Ability to generate
specialized cells

(Multi)-lineage
Differentiation

* (Regeneration of

Organ System)

* (Regulation of size of

stem cell pool (niche)

Potency

e Totipotent

e Pluripotent

e Multipotent

e Unipotent
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Cell Sources — Stem cells & Potency throughout life span

Uni-/ Multipotent Tissue Specific Cells
Stem Cells: — | | ~
Embryonic Fetal Neonatal Adult

(Umbilical Cord)

Zygote 4 cellembryo Blastocyst 20 days 5 weeks 7 months Newborn Adult

day1 3 days 5-7 days
> ECETIIQ  rsssssssssssnnnns P>
A EMBRYO A AFETUSA ADULT
fertilization 14 days 3 mts 9 mts

Reprogramming
>
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Cell Sources — human embryonic stem cells
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Cell Sources — human induced pluripotent stem cells
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Shinya Yamanaka
(Nobel Prize 2012)
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Cell Sources — human induced pluripotent stem cells
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pluripotent stem
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Cell Sources — Directing human PSC fate (from ESC or iPSC)

human pluripotent
stem cells

|
[ Ectodermal differentiation strategies J

Brain & SC PNS, Meljo, ENS,.. Sensor
95% 90% 65%

Neuroectoderm Neural Crest | Placode Surface ectoderm

95%

BMP level

-TGFB/Activin/Nodal -TGFB/Activin/Nodal -TGFB/Activin/Nodal -TGFB/Activin/Nodal

+ WNT + FGF

FGF-i

(inhibition of BMP) (low- medium BMP) (medium-high BMP)

Memorial Sloan Kettering Tchieu et al., Cell Stem Cell 2017
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Cell Sources — Directing human PSC fate

Directing position
(ap/Dv)

RA

WNT
FGF8/FGF4

GDF11

WNT
BMP

A
A

SHH

Directing progenitor timing

Neural NE E-RG M-RG
ectoderm

Notch, TGFb (NFIA,B,C)

Precursor temporal progression

FGF, WNT

RELN, CTIP2
TBR1, FEZF2

80-100 ++ to > 6 months

DIV 0

Precursor cell exit

v

Notch-i
WNT-I
FGF/ERKi

- Building an “atlas” of the human nervous system (2D and 3D organoid approaches)

Memorial Sloan Kettering
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Repertoire of hPSC-derived cells (>60 cell types)

Pain disorders
(Trigeminal & Sensory
Neurons)

ALS / Lou Gehrig’s disease
(spinal & oculomotor
neurons)

Alzheimer’s disease
Autism, Seizure disorders %
(Cortical neurons)  pastmes

Hirschsprung’s
disease (ENS
precursors)

"

Peripheral nerve
& Spinal cord damage
(Schwann cells)

Radiation damage
repair
(oligodendrocytes)

Parkinson’s disease
(Dopamine neurons)

Sensory, endocrine disease
Otic, olfactory & pituitary
(placode-derived cells)

(Neuro-) Ectoderm

CNS lineages -« > PNS lineages

4
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Challenge of directing / accelerating developmental timing

weeks- months- e il years—
months : o .

Pluripotency —_>
ms v

~

Species Mouse Domestic cat Human African elephant
Gestation 20 days 2 months 9 months 12 months
In vitro neuron  Days to Weeks to Several Unknown
maturation weeks months months

2cm? 60 cm? 1200 cm?

Brain volume - ) |

Emiliano Hergenreder
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Challenge of directing / accelerating developmental timing

)\ weeks- months- FE R | Vears —
months years NI decades
Pluripotency —_> Cell Fate —_> Maturation — Age
ms vs human ms vs human ms vs human
~2-3X ~10x ~ 30x
Xenografting studies: species-specific recovery rates Species-specific cortical neuron maturation
15 - ~ 3-4 weeks in mouse A
60HDA L notransplant > 1 year in human R
lesion EE 10 £ ' “ k
8n « —
o€ —
T‘E-‘::,— §4 lpoa = -10 PA
i) K
2 AR
2 0 —
@ % Brundin et al., 1985 10 = O PA
Z® Brundin et al., 1986 E
Galpern et al., 1996 = “
e | T T T T 1 - == " e Pyt ‘K
Pre-transplantation 4 8 12 16 20 3W 2M 6M =
Weeks post-transplantati o
Deacon & Isacson (1997) TINS . Espuny-Camacho et al (2013); Linaro et al (2019) Neuron
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An epigenetic barrier sets the timing of human neuronal maturation

Experimental model: Maturation atlas:
Epig. inhibition _
(Acceleration) Synchronized - Morphology
1 neurogenesis - Functionality
> & > A Joeanee I F> - Transcription
N N - Chromatin accessibility
**hPSC *° NPC Neurons (Young) Neurons (Mature)
days/weeks months/years Mechanisms:
Yy
A
S ) ) ) DOTIL| ~— [ 4.
@ Epigenetic barrier “(AdE2)
e 1 O, L
>3 Maturation programs @ :-
w H3K4 H3K27 Y r’
> —/\ f I_
developmental time Maturation programs
Mesnorial Sloan Kettering Ciceri et al., Nature (2024)
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Challenge of species-specific Developmental Timing and Age

months-
years

Cell Fate o

PSC models
of neuronal
senescence

Some aging hallmarks of cellular senescence .
- Activation of tumor suppressor proteins M ea S U rl n g a g e & S e n e S C e n C e
(p16, p21)
- Telomere attrition
- Loss of heterochromatin
| - Lysosomal changes (SA-B-gal)

Manipulating age & senescence

l = = l - Loss of proteostasis
. . S . Y X - Mitochondrial ROS
Genetic manipulation Chemical manipulatiol I SASP
Overexpression - progerin BIBR1532

Repression - SATBI, Klotho SLO cocktail I

Deluzy et al., Nature Aging (2024)

Memorial Sloan Kettering
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How to use genetic approach to identify age regulators?

Hypothesis: Genetic risk + Age = late-onset phenotype Can we screen for late-onset phenotype ?
N+ X~ FN+|?
Genetic Risk Age Neurodeg:eneration Genetic Risk Neurodeg.eneration
Example: familial AD Genome-wide CRISPR screen

Amyloid Tau Neurodegeneration

FEgs

f Aged patients with
APP Swedish mutation

Healthy Severe
Brain AD

Essential Essential
in WT in AD

Essential
in neurons

B D
Clo
s
> Y S 4 Conditional LOF in d25 cortical neurons

dropout at day 65

Saurat et al. Cell Stem Cell (2024)

Healthy Severe
rain Al

| APP Swedish neurons

) Human PSC derived
+ Age

Memorial Sloan Kettering
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How to define age-related vs gene-gene interaction hits?

Total amyloid-B Ratio a8 40 vs 42

-
o
X

1. NOT essential in WT neurons / not directly affecting A-beta
Single gene validation in disease vs control neurons

Total ap relative to -Dox
Scaled to total protein
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2. Decreased expression in aged human and mouse brain wr = | I" L N b I

Normalized (Counts+0.1)
2 8 8 3

Primary brain tissue expression atlases

Cellular Aging  Assay Expect change

Hallmark in aged cell

S:.r;%e:‘:;é:ce Eisgi\l’)em B 100

Prgogs Proteostat Increase § ::
3. Hallmarks of cellular age in both WT and disease neuron Q009  rooms deee 5w

Epigenetic S 5
Cellular hallmarks of age adapted to neurons mm: Gamma 1% tnrese
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Nedd-i based induction of age-related phenotypes

Other age-related phenotype in AD model

~—_ Human PSC derived

Neurodegeneration

Amyloid Tau

Brain

Healthy Severe
AD

Nedd-i —triggering late-onset phenotypes in PD
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Nathalie Saurat

—> Studies in ongoing in sporadic PD (PPMI cohort, village in dish)
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Village

Maturation & Aging

GENtoniKl(-Nedd-i

Tri-Culture

PD/AD
Neuron

Tri-culture Village

PD/AD
Astrocyte

PD/AD
Microglia

Do > % 0

Cell Type Specific Endophenotypes

Andrew Minotti



Cell Sources — tissue specific stem cells (e.g. HSCs)

Stem cells Committed progenitors Maturing cells

Pre TceII
@
Pre-B cell
7 / —» > o ;@ oo Erythrocyte
BFU-E CFU-E
Repopulating cell

Tlymphocyte

Blymphocyte
Plasma cell

/MEP \' Megakaryocyte
_’ Platelets
' '_)' Meg-CFC
CFU-s CMP
SeIf—renewaI ' ' § Eosinophil
Neutrophil

Monocyte
Macrophage
Kupffer cell
Langerhans cell
Dendritic cell

GMP Eo-CFC
\/’

GM-CFC

Basophil
Mast cell

Memorial Sloan Kettering
Cancer Center
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Cell Sources — mesenchymal stem cells

@ Mesenchymal Stem Cell (MSC) @
MSC proliferation =
Proliferation @ @ 8
/ \ g - —1
/ Tendogenesis/ 3 _|
Osteogenesis Chondrogenesis yogenesis Marrow stroma  igamentogenesis Other 9
) ] A
Commitment @ ' . @ @ g
3 DISASTERS Climate, fires and s BENOMES Don’t use AUTHORSHIP Follow the CONFERENCES Do boring
i - floods are linked — study o EENOMmICS to excuse film industry and list speakers talk for longer, or
Transitory Transitory Transitory 'T.ran itory them together p458 ’u ! social inequality p46i contributions instead p464 does it just feel that way? p464
) osteoblast  chondrocyte Myoblast stromal cell ~ fibroblast
Lineage
Progression @ '.' g
| |
£
Osteoblast °" rocyte Myoblast fusion l % g
Differentiation - 1 2 g
o
Unique l l g
micro-niche o
S |
Maturation —— % 1 ‘2”
A ()
f tormal TIL Adipocytes,
Osteocyte ypertrophic Myotube s A
chondrocyte cells Fibroblast dermal and
other cells
Bone Cartilage Muscle Marrow Tendon/ Connective
Ligament Tissue

Adapted FromA. Caplan ?

Scanning electron micrograph of what is called a human stem cell, whi y can develop into bone, cartilage or fat cells.

. —— . — Clear up this stem-cell mess

Confusion about mesenchymal stem cells is making it easier for people to sell
unproven treatments, warn Douglas Sipp, Pamela G. Robey and Leigh Turner.

Nature. 2018 Sep;561(7724):455-457

Science. 1999 284(5411) 143-7

Memorial Sloan Kettering D. Metcalf; Immunity (2007)
Cancer Center



Cell Sources — skin and hair follicle stem cells

Specific Promoter

Nat Biotechnol. 2004
Apr;22(4):411-7

Label retaining cells

Science. 2004 Jan 16;
303(5656):359-63

Epidermal stem cell precursor cells

clonal analysis

isolation of smle clones Holoclono

0-5% of abortive colonies

T G (N W e - Paraclone
_,;&i".\fc“: B 95-100% of abortive colonies
't Ve T T
2 DBVE'C
2’8 ege

Hirsch et al., Nature 551, pages327—332 2017

Memorial Sloan Kettering
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Cell Sources — LGR5+ stem cells in gut & in vitro organoids

Tamoxifen-inducible labeling of LGR5::lacZ WNT / R-spondin driven organoids

LGR5+ repopulating small intestine

Sato & Clevers; Science (2013) Jun 7;340(6137):1190-4.

Memorial Sloan Kettering
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Cell Sources — neural stem cells (CNS vs PNS)

Central Nervous System PNS / Neural crest stem cells

= Central Neurons = Peripheral Neurons + Glia (Schwann Cells)
= Astrocytes = Endocrine Cells (Adrenal, carotid body,

= Oligodendrocytes thyroid C cells..)

= Melanocytes

= Smooth muscle, mesenchymal,
chondrocytes, bone (e.g. skull..)

Cranial Trunk

ﬁw%‘;

FAW
Neurons aé glia

in cranial |
(s} o
ganglla . !u'
owc Q

Sensory neurons and glis
) ',‘; \;. -.ﬁng

jé‘&
T

D
Connective tissue Sympathoadrenal cells

Memorial Sloan Kettering
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Cell Sources — neural stem cells (adult)

Mouse brain Human brain
Subventricular / Subependymal = Hippocampus; granule cells Hippocampus dentate, granule cells
Zone = Generation of granule Neurons
= Generation of olfactory bulb = “memory?”
neurons
= “smell’
: Loy

CalbindIn/GEAP : = I with BradU

subiculum

: A dentate
S | gyrus
OO0
\ CA1
SVZ Transit MNeuro-
astrocyte amplifying blast %
GFAP+ A

. 8 CA3

CalbindinGEAP
Nat Med 1998 Nov; 4(11):1313-7

$ Memorial Sloan Kettering
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Cell Sources — engineered primary or iPSC-derived cells

NK cells ’ Blo.od cancers
Solid tumors

I Multi-Arming

Blood cancers
ﬂ T cells } Solid tumors
R Logic Gating Immunology

U

@ Blood cancers

Regulator Dial in vivo Gene ’ f-o"d tdl.Jmors
Gene Circuit & Therapy Werdiseases

Eye diseases
Technology CNS

@ Smart Sensor iPSCs } Regenerative

medicine e.g. Senti Bio

= Attacking on target and avoiding off-target cells
= Forcing cell fate transcriptionally (blocking alternative fates)

= Example of enhancing cell function to protect grafted cells or to modify disease progression & many others..

Memorial Sloan Kettering
Cancer Center



Outline — Cell Therapies

Cell sources

* Definition of stem cells and potency

* Pluripotent stem cells, directed differentiation, cell maturation and aging

» Other types of stem cells, tissue-specific stem cells, engineered cells (synthetic biology?)

Currently approved and investigational Cell therapies
* Approved cell therapies

* Investigational cell therapies

* Unproven cell therapies and stem cell tourism

Preclinical research
* Choice of disease and choice of candidate cell type
* In vivo model systems for preclinical research

Product development and clinical grade manufacturing
* Clinical grade manufacturing, GMP compliance, Critical quality attributes
* IND enabling studies, Device and cell delivery

v’ Case study: Manufacturing a dopamine neuron cell product for Parkinson’s disease
v’ Case study: Manufacturing an enteric neural precursor cell product for Hirschsprung’s disease

O Design you own study (DIY):

Memorial Sloan Kettering
Cancer Center



Cell Therapies in Clinical Use or Clinical Testing

Approved

Have undergone rigorous clinical testing and regulatory approval,
demonstrating safety and efficacy.

Investigational

Currently being tested in clinical trials but have not yet been
approved as effective and safe.

Unproven

Lack sufficient clinical evidence to support their safety and
effectiveness.

Memorial Sloan Kettering
Cancer Center



Approved Cell Therapies

— Backed by convincing evidence of efficacy and safety and approved by the appropriate regulatory bodies.
* Food and Drug Administration (FDA) in USA; (EMA) in Europe; (PMDA) in Japan; (TGA) in Australia

= There are only a very limited number of approved cell therapies:

Memorial Sloan Kettering
Cancer Center



Approved Cell Therapies

— Backed by convincing evidence of efficacy and safety and approved by the appropriate regulatory bodies.
* Food and Drug Administration (FDA) in USA; (EMA) in Europe; (PMDA) in Japan; (TGA) in Australia

— There are only a very limited number of approved cell therapies:

Examples:

 HSC transplantation

|
Stem cells are separated out  Stem cells that bind with
and incubated with antibodies. antibodies are selected.

(autologous, allogenic, engineered)

Reduce volume

chemotherapy Cryopreserve stem cells.

or radiation therapy stem cells.

Memorial Sloan Kettering
Cancer Center



Approved Cell Therapies

— Backed by convincing evidence of efficacy and safety and approved by the appropriate regulatory bodies.
* Food and Drug Administration (FDA) in USA; (EMA) in Europe; (PMDA) in Japan; (TGA) in Australia

— There are only a very limited number of approved cell therapies:

Exam p les: Figure 1: Treatment of patients with B-cell malignancies using anti-CD19 CART cells.

Preconditioning
chemotherapy

Patient \.;rith
. | d t
« CAR-T cell therapies gprirpide s

\?

| JAN \ |
)] o,n ﬁ - _ . ‘." Q ﬂ\ |l
: ; { \
f |' Anti-CD19 Anti-CD19 \ { \4
/ ,I \ : R CAR CAR Tcell / / | |
l Retroviral . Edumioa )". |
| . transduction with \ \ |
{. ' | / ; \ A antiCD19 CAR \ Al |

, )

\ '| \
W\ | \ | d.'d‘[}

Memorial Sloan Kettering
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Approved Cell Therapies

— Backed by convincing evidence of efficacy and safety and approved by the appropriate regulatory bodies.
* Food and Drug Administration (FDA) in USA; (EMA) in Europe; (PMDA) in Japan; (TGA) in Australia

= There are only a very limited number of approved cell therapies:

CRISPR-Cas9

Examples:
« HSC transplants for sickle cell anemia

O
O
/\ edited

hematopoietic hematopoietic stem
stem cells cells

Gene-Edited HSCs for
Sickle Cell Anemia

Memorial Sloan Kettering
Cancer Center



Approved Cell Therapies

— Backed by convincing evidence of efficacy and safety and approved by the appropriate regulatory bodies.
* Food and Drug Administration (FDA) in USA; (EMA) in Europe; (PMDA) in Japan; (TGA) in Australia

= There are only a very limited number of approved cell therapies:

Exam p les: ., isolate ron culture 'ff
« Skin transplants in the case of burn injuries [ biopsy ) (S
/Z/ transplant to
gj //’ burned regions
: ®
th’“§;!=‘i

Memorial Sloan Kettering
Cancer Center



Approved Cell Therapies

— Backed by convincing evidence of efficacy and safety and approved by the appropriate regulatory bodies.
* Food and Drug Administration (FDA) in USA; (EMA) in Europe; (PMDA) in Japan; (TGA) in Australia

= There are only a very limited number of approved cell therapies:

Examples:

« Limbal stem cell transplants (for chemical burns in eye)

transplant

~ culture
Ve

g ff///(\\‘\f":\

>

=

’////(\\‘\i\

Memorial Sloan Kettering
Cancer Center



Investigational Cell Therapies

- Currently in clinical trials, but not yet approved as effective or safe.

Very large number of trials (for human PSC-derived cells there are an estimated 100+ ongoing trials)

pluripotent islet cells
stem cells

Prominent Examples:

Human PSC-derived pancreatic islets (type |

diabetes)

Memorial Sloan Kettering
Cancer Center



Why is type | diabetes might be good target?

- Are there Pancreatic Islet Stem Cells

Nat 2004 M 6:429(6987)-41-6 A Cure for Type 1 Diabetes? For One Man, BIENC RSt
ature. d , 41-0. i .
y 6,429( ) TiSecnisito Hooe Worked Stem cells reverse woman’s diabetes
A new treatment using stem cells that produce insulin has
a b surprised experts and given them hope for the 1.5 million - a world ﬁrst
Americans living with the disease.
000 Y . Patient is the first person with type 1 diabetes to receive this kind of transplant.
000 Pulse label o0 0 Insulin f O v & o@ » [][=) »
00| =——plo0e promoter CreER a By Smiiti Mallapaty
000 e 00 _— e (RIP-CreER) g',l. e W v f
Chase ' ‘
* ‘ CMV/B-actin R oy
or or 'y promoter lacz \ HPAP
500 500 r —w (Z/AP) .
00O ® OO0 o000
O 00 O eO0 [ N N J b
000 000 (XX loxP v
1 2 3 .
Immedi-

wwwwwww ith type 1 diabetes started producing insulin (blue) after a stem cell transplant. Credit: Lennart

Nilsson, Boehringer Ingelheim International GmbH, TT/Science Photo Library

— But what about the autoimmune disease?

Memorial Sloan Kettering
Cancer Center



Investigational Cell Therapies

- Currently in clinical trials, but not yet approved as effective or safe.

Very large number of trials (for human PSC-derived cells there are an estimated 100+ ongoing trials)

Prominent Examples: pluripotent dopaminergic
stem cells neurons

Human PSC-derived dopamine neurons instructive cues
(Parkinson’s disease) >
transplant to k’

putamen

— Detailed case study in second part of lecture

Memorial Sloan Kettering
Cancer Center




Investigational Cell Therapies

- Currently in clinical trials, but not yet approved as effective or safe.

Very large number of trials (for human PSC-derived cells there are an estimated 100+ ongoing trials)

pluripotent neural stem /
Prominent Examples: stem cells progenitor cells
instructive cues
Spinal Cord Injury @ >

* hESC-derived Oliogdendrocyte precursor cells
(Geron/Asterias, USA) 2010~ K )
transplant to cervical B

* hESC-derived Neural stem/ precursor cells S.
Biomedics, Korea) 2024~

* hiPSC-derived Neural stem/ precursor cells (Keio
Univ, Japan) 2021~

or thoracic segments

— Rationale for cell therapy is less obvious
(reducing scar, myelination, re-routing neuronal connectivity?)

Memorial Sloan Kettering
Cancer Center



Why is spinal cord injury is a challenging target

Cell differentiation

Conductivity
Myelinated-ﬁ[)er Ne.uron I
White matter preservatlon ' Oligodendrocyte |
Pain amelioration \ | Nestin(+) cells |
GABAergic activity | . | IGEF-1 slgnalm
CGRP | NTS, NT/g L esion ‘ ..:. ROS - 'S Graft survival
Neurotrophic support o 2 — "‘""RNST —Neuroprotection
BDNF ¢ s . o (N TNFa 1 Spared tissue |
Circuit reorganization / GDNF/ IIA 1 1\ Neural degeneration |
Synaptogenesis —GAP43 1 / IL1B | | "_‘_‘:1._A:(.:avitation l
Serotonergic activity T 5HT | Aﬂtl-mﬂanunatlon
B-actin ,,/
Neuritin |/ Y
Neuronal and axonal A (o ] =

- \
reg eneration’ \ B

NPJ Regenerative Medicine 2021 Nov 25;6(1):81.
doi: 10.1038/541536-021-00191-7.

= Many possible mechanisms proposed but primary defect is an axonal loss and NOT cell loss!

Memorial Sloan Kettering
Cancer Center




Prominent Examples:

Investigational Ce

« Off-the-shelf CAR-T and NK cells in cancer
A Pluripotent Cell Platform for Enabling an Off-the-Shelf Engineered Immunotherapy Revolutioi

Il Therapies

Human Induced
Pluripotent Cells

Precise Genetic Engineering

AT

TN

I" A1 A

Off-the-Shelf | Engineered |

iT Cells iNK Cells

v v

Addresses Critical Limitations of Patient

Does not require
patient-sourced cells

Unlimited production

of cells scalability

Naive State | Single-cell Selectior]

Engineered Human
Pluripotent Cell Line

Unprecededentgd

Other Cells

-Sourced Cell-Based Therapies

Unmatched genetic
engineering capacity

Homogenous &
reliable product forms

e.g. Fate Tx

Memorial Sloan Kettering
Cancer Center

In clinical trials currently



Investigational Cell Therapies
Prominent Examples:

« Cell therapy in the eye — in particular PSC-derived retinal pigment epithelial cells

Source Material Intermediary Final Product
Patient Product
Skin hIPSC

Reprogramming
| |
(episomal plasmid) @

Donor

- Frist example of autologous trial using iPSCs
(Macular Degeneration)

Memorial Sloan Kettering
Cancer Center




Unproven Therapies - Stem Cell Tourism

350 1
Marketed Stem Cell Types

@ Adipose
@Bone Marrow

S Amniotic

9Blood

SPlacental
BUndefined

9 Adipose + Marrow
“Umbilical Cord Blood
YNon-specific MSC
@Xeno

S Non-specific Allo
a|psc

OVSEL

| OESC

150

100 S

Sex w—

= Cardiovascular e
G| ==

Alzheimer's ==
Ear !
N.D. |

SCl =
Peds Diabetes |

Peds Neuro ®

Sports e
Neuro —
Immune —
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Kennedy's F.D.A. Wish List: Raw Cell Stem Cell 2016

Milk, Stem Cells, Heavy Metals Intrathecal

Robert F. Kennedy Jr., one of President-elect Donald J. Trump’s - I ntramuscu | ar

advisers on health, is taking aim at the agency’s oversight on

many fronts. . N e b u I lzed

—a

https://www.aboutstemcells.org/info/unproven-treatments

Memorial Sloan Kettering
Cancer Center


https://www.aboutstemcells.org/info/unproven-treatments

Outline — Cell Therapies

Cell sources

* Definition of stem cells and potency

* Pluripotent stem cells, directed differentiation, cell maturation and aging

» Other types of stem cells, tissue-specific stem cells, engineered cells (synthetic biology?)

Currently approved and investigational Cell therapies
* Approved cell therapies

* Investigational cell therapies

* Unproven cell therapies and stem cell tourism

Preclinical research
* Choice of disease and choice of candidate cell type
* In vivo model systems for preclinical research

Product development and clinical grade manufacturing
* Clinical grade manufacturing, GMP compliance, Critical quality attributes
* IND enabling studies, Device and cell delivery

v’ Case study: Manufacturing a dopamine neuron cell product for Parkinson’s disease
v’ Case study: Manufacturing an enteric neural precursor cell product for Hirschsprung’s disease

O Design you own study (DIY):

Memorial Sloan Kettering
Cancer Center



Stem Cells in Preclinical Research

P AN
P
¥\
Oct4 e ——
O
388388888833
cell Shsssssssins
i 000000000000
reprogramming HHITE
000000000000
S
Human pluripotent
Embryonic cells i Stem C?”S ”
(IVF) (human ES or iPS cells)
—

Cell therapy & Regenerative Medicine
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Which disease to target by cell therapy — how to get proof of concept

Potential patient populations

» Cardiovascular disease 58 million

* Autoimmune disease 30 million

* Diabetes 16 million

» Osteoporosis 10 million

» Cancer 8.2 million

* Alzheimer’s, Parkinson’s 5.5 million

» Burns (severe) 0.3 million

« Spinal cord injury 0.25 million

« Birth defects 0.15 million/yr

Total 128 Million

(Perry, D. Science, 287; 1423, 2000) | I

Memorial Sloan Kettering
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New regenerative medicine application in cancer?
Radiation & chemo are powerful tools in management of cancers such as brain or head & neck

However, those treatments are associated with long term irreversible sequelae:
- Drop in cognitive function and 1Q and movement (brain tumors)
- Skeletal damage, salivary function loss, cranial nerve (head & neck)

in vitro
hES
Neural
Progenitors
'\9:?;.’5:; -
Oligodendrocyte )
Progenitors ,‘ Oligodendrocytes
oes?
st 28

Can human PSC-derived cells repair the damage ?

in vivo

Forebrain
injection

—>» Repair of cognitive deficits

obrnal” 0 = "b““‘-*’ —>» Repair of movement deficits

Vi

Piao et al., Cell Stem Cell 2015
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Preclinical Development — Impact of Graft host interface

Injection route /
homing

Intra-

i‘x ventricular
parenchymal £ & |
<Oy Systemic |
delivery

Intra-

In vivo CRISPR/Cas9 screens

Mechanisms of
Graft survival

N
'

0.5

Reactive astroglial or
microglial responses)

Host response /
targeting niche

GFP/ Iba1/ED1

Kriks et al., Nature 2011

hPSC Microglia chimera
(CSFR1-i)

hPSC Oligodendrocyte
(spontaneous / competition?)

B{i\h{: - )‘.l\

Wang et al., Cell Stem Cell 2013

Hasselmann et al., Neuron 2019

- Physiological mechanisms of cell
migration and homing

- Engineered homing properties

— Safer & more efficient delivery

- Many cell types < 10% survival
within 1 week (neural, muscle, cardiac..)

- Defining barriers of in vivo cell
survival - scRNAseq, in vivo imaging,

- Improved survival (intrinsic vs extrinsic
strategies)

- Immunological, inflammatory,
vascular host response

- Emptying or manipulating niche,
cell competition

— Control cell/tissue organization

Memorial Sloan Kettering
Cancer Center



Preclinical Research — General Challenges

How to obtain and validate authenticity of cell identity and assess safety
- Need to define every cell in final product (single cell-based approaches, vs traditional release assays by FDA)

- What is the level of scrutiny needed for genomic changes in the cells to be grafted

How to control maturation stage of cells (species specific maturation clock ?)
- Lag in maturation (e.g. coupling in cardiomyocytes, arrhythmia)

- Delayed efficacy in PD (6-12 months for effect, 2-3 years for optimal effect)

Need for Improved animal models
- Differences in physiology (e.g. cardiac repair — differences in heart rate)

- Differences in pathology (e.g. Huntington’s disease: lesion models vs genetic models),

Generating immunologically compatible tissues
- Allogenic with transient immunosuppression
- Autologous tissue (patient-specific iPSCs; endogenous cells [HSCs, CAR-T, Skin,]

- Universal donor cells using gene engineering (hypo-immune, universal cells)

- Which animal model to test hypo-immune strategies or comparing pros & cons of allo vs autologous strategies

Memorial Sloan Kettering
Cancer Center



Outline — Cell Therapies

Cell sources

* Definition of stem cells and potency

* Pluripotent stem cells, directed differentiation, cell maturation and aging

» Other types of stem cells, tissue-specific stem cells, engineered cells (synthetic biology?)

Currently approved and investigational Cell therapies
* Approved cell therapies

* Investigational cell therapies

* Unproven cell therapies and stem cell tourism

Preclinical research
* Choice of disease and choice of candidate cell type
* In vivo model systems for preclinical research

Product development and clinical grade manufacturing
* Clinical grade manufacturing, GMP compliance, Critical quality attributes
* IND enabling studies, Device and cell delivery

v’ Case study: Manufacturing a dopamine neuron cell product for Parkinson’s disease
v’ Case study: Manufacturing an enteric neural precursor cell product for Hirschsprung’s disease

O Design you own study (DIY):

Memorial Sloan Kettering
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Product development and clinical grade manufacturing

Choice of source material:

» Starting material (autologous vs allogeneic)
e Cell source and type

* Reprogramming method (if applicable)

These decisions should prioritize patient safety and aim for the most effective treatment.

These decisions will impact the design of the manufacturing process, quality control
requirements, and overall cost of the cell therapy program.

— Choice of cell type very much depends on disease and mechanism of action

Memorial Sloan Kettering
Cancer Center



Product development and clinical grade manufacturing

Choice of source material (Pros- and Cons):

Autologous Allogeneic

Donor = Patient Donor Patient

Off-the-shelf treatment
More cell source choices
Faster access to treatment
Lower manufacturing cost

Scalable production
Additional QC required

Personalized treatment
Limited cell source choices
Delayed access to treatment
Higher manufacturing cost

Memorial Sloan Kettering
Cancer Center



Product development and clinical grade manufacturing

Requirements for manufacturing

* Adherence to Good Manufacturing Practices (GMP)

« Quality control (QC) measures, such as cell purity and potency (release criteria)

« Safety assessments, including sterility, genomic integrity, and stability

Memorial Sloan Kettering
Cancer Center



Product development and clinical grade manufacturing

What does GMP manufacturing mean?

« Set of rules established by regulatory agencies that
ensures medicinal products are consistently produced
and controlled to the quality standards appropriate for
their intended use and as required by the product
specifications.

control

- Primary objective is to assure therapeutics are safe for
patients.

- Need to define GMP level of product / audit companies providing GMP qualified reagents etc

Memorial Sloan Kettering
Cancer Center



Product development and clinical grade manufacturing

* R&D Lab

» Records and reporting (e.g. lab

Research and books)

Development el * Research-grade reagents
(R&D) « Establish cell culture and QC

protocols

* Define product specifications

*« R&D Lab
 Batch records
» Clinical-grade reagents

Process
Development
(GMP Compliant)

As needed ‘

GMP
Manufacturing

* Product specifications met each
run

* Qualify process

* Qualify QC assays

* GMP suite (clinical lab)

» Batch records
il * Clinical-grade reagents
* Product specifications met each

run

Memorial Sloan Kettering
Cancer Center



Consideration for reagent selection

Research Use Only (RUO) Reagents GMP and Cell Therapy Systems (CTS) Reagents
« Can be derived from animals « Serum-free or highly controlled serum

« May contain serum « Consistent batch-to-batch

« No requirement to control lot-to-lot variability « Manufacturing and QC in a GMP-compliant facility
* Not required to be manufactured in a GMP « Stringent QC tests

K facility j \ Drug master file available /

g% Twe 0 e urman Lamiat
B - I 1
Laminin (aLGMP-LASH24
R e
B MOM woug )
[ -
Cryopreservation Mouse Laminin Cryopreservation Human Laminin
medium medium (recombinant)

Memorial Sloan Kettering
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Critical quality attribute of final cell product

Each stem cell-derived therapy product must be tested for:

 Sterility (absence of microbes)

 ldentity (cell type)

« Purity (absence of contaminants)

« Potency (functional activity)

 Viability (cell health)

« Genomic Stability (chromosome integrity)

 Stability (ability to maintain quality over storage time)

Memorial Sloan Kettering
Cancer Center



Cell preparation, delivery and device

« Cellular suspensions versus Spheroids or organoids
* Cryopreservation versus fresh

« Combining cells with biocompatible scaffolds, such as hydrogels or other matrices

 Administration Route
— Intravenous infusion
— Intrathecal administration
— Topical application

— More localized treatments, direct injection or surgical implantation (often no optimized
device available)

Memorial Sloan Kettering
Cancer Center



Outline — Cell Therapies

Cell sources
* Definition of stem cells and potency
* Examples of primary cells, tissue-specific stem cells, pluripotent stem cells, engineered cells (synthetic biology?)

Currently approved and investigational Cell therapies
* Approved cell therapies

* Investigational cell therapies

* Unproven cell therapies and stem cell tourism

Preclinical research
* Choice of disease and choice of candidate cell type
* In vivo model systems for preclinical research

Product development and clinical grade manufacturing
* Clinical grade manufacturing, GMP compliance, Critical quality attributes
* IND enabling studies, Device and cell delivery

v’ Case study (clinical): Manufacturing a dopamine neuron cell product for Parkinson’s disease
v’ Case study (preclinical): Manufacturing an enteric neural precursor cell product for Hirschsprung’s disease

O Design you own study (DIY):

Memorial Sloan Kettering
Cancer Center



Parkinson’s Disease

A MNormal | B. Parkinson's
' Disease

Caudate

Putamen

“Tremor” = Shaking

P ) Jt 1555

Instable posture / gait Handwriting gets smaller Loss of dopamine cells in midbrain
(300-400k in healthy individual)

* Parkinson’s disease affects about 1 million patients in US (> 120 million worldwide)
* Characterized by motor symptoms - due to the progressive loss of dopamine cells in the brain

* Annual health-related costs in US: $25 billion; economic burden: $52 billion (NP Parkinson's disease, Vol 6; 15 (2020)

Memorial Sloan Kettering
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Parkinson’s Disease

PD is not only a movement disorder — other parts of brain and nervous system are also affected:
* Loss of smell, restless leg syndrome, constipation, ...

* Loss of cognitive function at later stages of the disease (Lewy body disease)

Memorial Sloan Kettering
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PD Genetics and Related Dysfunction

* Mitochondria / Mitophagy Dysfunction (Cell
energy usage)

* Lyso/Endolysosomal -/ Proteasomal
Dysfunction

* a-synuclein production / aggregation
* vesicle and synaptic dysfunction

* Others...? (e.g. Dopamine metabolism,
inflammation, immunological vulnerability)

Andy Singleton & John Hardy; Neuron (2016)
Blauwendraat et al., Lancet Neurol (2020)

- 90 risk variants across 78 genomic loci Spillantini et al., Nature (1997)

Memorial Sloan Kettering
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Therapeutic options (approved and experimental)

Medical Treatment Surgical Treatment Gene therapy (experimental)  Cell therapy (experimental)

AAV capsid
Dopamine as drug Deep brain stimulation (DBS) Boost dopamine production New dopamine cells
Not proven Not proven
Highly effective initially * Highly effective in tremor & dyskinesia « Enhance dopamine * Implanting new dopamine
less effective as disease * Not suitable for all patients (<10%) prOdUCtion in remaining or cells

force in non-dopamine cells

progresses + Needs adjustments/battery change Rebuilding circuits, long-term
. e , . . * Produce GDNF & other i ion?

No disease-modifying * Speech problems, potential psychiatric roteuctive factors restoration of function

drugs available symptoms can occur P

Memorial Sloan Kettering
Cancer Center



Cell replacement as a Potential Therapy for PD — lessons from fetal grafting
Surviving fetal graft (24 yrs!)

=

il s
: Oy ,e Lﬁ ‘.:‘ - .
e
T e T
AL =

At 6 months At 12 months

Fetal Grafting

{2
Lr,_

B X
A
-"

N Engl J Med. 1995 Apr 27;332(17):1118-24.

. . . . Lietal.,, PNAS 2016
* > 300 patients were treated with fetal tissue world-wide

* Benefit at 12 months variable (e.g. placebo-controlled studies)
* Some patients showed graft-induced dyskinesia

* Long-term (>15 years!) follow-up showed benefits in subset of patients ("off L-Dopa” for decade)

% o
por \
o
4
4
i
i |
!

Roger'Barker
Nature Biotech (2025)

- Need for a renewable source of dopamine neurons

Memorial Sloan Kettering
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Breakthrough in protocol development > 10 years ago - Derivation of

Dopaminergic Neurons from hES or hiPS cells

biotechnology 200 9 . .

Highly efficient neural conversion of human ES and iPS . Similar floor plate-based prOtOCOIS by several groups:
cells by dual inhibition of SMAD signaling Nevural Tissue

Z:T;:c:\:lz(s;:‘::::ﬁzl, Christopher A Fasano', Eirini P Papapetrou®, Mark Tomishima'2, Michel Sadelain®* - Kirkeby et al.’ Cell Rep. 2012 Jun 28,'1 (6): 703_14.

Chamb t al., Nat Biotechnol (2009 .
amhers etal, Nat Blotechnel (2009) - Xi et al,, Stem Cells. 2012 Aug;30(8):1655-63

LETTER 2011

b - i - Sundberg et al., Stem Cells. 2013 May
Dopamine neurons derived from human ES cells F P d € rlved !
efficiently engraft in animal models of i I .
Parkinson’s disease Dopaminergic - Doi et al., Stem Cell Reports 2014, 2, (3): 337-350 B ¢
s e e e e e e e, | NE@UFONS

Kriks, Shim et al., Nature (2011)

In vitro In vivo

* 60HDA lesioned
— mouse
d0-d13 / \ d13-d25 4-5months « 60HDA lesioned
X y —_— e —_— rat
4 Pur (SHH) e A +AA * MPTP lesioned
+ CHIR (WNT) - +BDNF monkey
+5B (=TGFp) Floor plate +GDNF Young mDA neurons * mDA neuron survival
+LDN (-BMP) +cAMP ! 4
human iPSCs +TGFp3 :# Behavioral improvement

- o |
Studer & Tabar, Nat Review Genet (2014)
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POC using hPSC-derived DA neurons in mouse, rat & monkey PD models

PD mouse (60HDA) PD rat (60OHDA) Rhesus monkey (MPTP)
[ 71 ] [ncam][_TH_J[Foxaz] 50y -- Steppinadest . 4. Cylinder-test T Y
Ra0! B0 S D
a | S -~ ,
%30- 2604 — =
Ezn: i 240. ------------------
% . = 4 == FP-derived .
£107 ;32”' =@= Control (Sham) L 4
8 ] L [
-2 0 0 v v T ™ T J o
° 0 4 8 12 18 o0 4 8 12 16 20 = — - - -
Weeks after transplantation Weeks after transplantation 9 ~ 100’000 TH+ neurons in total
Kriks et al., Nature 2011
Amphetamine-induced \__Functional Connectivity by Optogenetics
: Pull test
rotations CTRL animal
1.4 Lesion + EYFP

1.2

Superior
colliculus

1.0
0.8

0.6

012345678 910111213
Time (min)

Jinghua Piao Steinbeck et al., Nat Biotechnol 2015 (w. Sulzer lab)
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Next 10 years: Refining differentiation technology for clinical translation

Directed Differentiation Strategy

bi-phasic
HEEes » WNT activation

< bi-phasic WNT

Il

Hind- Mid- Forebrain

* Midbrain Markers
Engralled 1(EN 1)

Off target Markers
Hindbrain
Diencephalic
COL1A1

“Off-the-shelf”’ Product
Millions of cells

In vivo Function

Histology
A9/A10

Cryopreserved — 4 Rescue Motor

Reproducible \a“‘ Abnormalities
Scalable \J

(Kim TW et al., Cell Stem Cell, 2021)

 MSK-DAO1 manufactured in 2016 in GMP facility (10 billon cells)
A\

* Cryopreserved at endpoint “off-the-shelf”

* Minimize unwanted “off target” cell types in the mix

s-nucSeq data (in vivo)

LMX1A

ALDH1A1l

' '"NR21A2

PITX3
i 2 P
lo
2
s
Lo lo

Kim,Piao, Bocchi et al.,

CALB1 CALB2
Al ke
ead ] et o4 O

1o Lo

(BioRxiv & unpublished)
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IND enabling studies & Clinical trials — to be continued.... (Viviane Tabar lecture)

The international journal of science /22 May 2025

L N
i
-

- promEsSIN
© CHLLTHERAPY

Regenerative treatments for
Parkinson'’s pass safety trials

Novelty value Travel plans Chilling out

Are scientificadvances Containment device Memory helps drive
really becoming less couldallowtransport  metabolic response
disruptive? of antimatterbyroad  tocoldin mice

Tabar et al, Nature (2025)
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ENS function and disease — the “second brain” in the gut —
defects in Hirschsprung’s disease

ENS is largest part of autonomic nervous system Hirschsprung’s disease is a congenital disorder

~ 500 mio neurons! (1/5,000 children)

Essential for motility and secretion in Gl tract Most common mutations in RET and EDNRB
receptor

Many subtypes of neurons in ENS (transmitter
diversity similar in complexity to brain!) Surgical resection can be life saving. However:

- functional problems post surgery

HUC/D Tui - total aganglionosis cannot properly treated

1= H1L

nuu'mmumn SV OISO s ’
- 2 L LBl | i
» Y -

&
111 SHEONE

Wk -
]

Hiciee - pevshon, JLD: Ming Fu et. al., JCI, 2013
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Cecum

Potential cell therapy for Hirschsprung’s disease

The Enteric Nervous System - Hirschsprung’s disease

2 weeks

N
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Fattahi et al,,

» Rectum

HSCR mouse model (EDNRBs"~)
—— Matrigel

----- ENC precursors
(CD49D+; day 15; RFP)

p=0.0183

10 20 30 40
Days after injection

Nature (2016)

Sacral /Vagal

2 weeks
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Fan et al., Cell Stem Cell (2023)
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e Branch Al (iMN)

« Branch B1 (eMN)

e Branch B2 (eMN)

e« ENCC/glia Progenitor
e Neuroblast

« cycling ENCC/glia

Jim Hackland (unpublished)

Memorial Sloan Kettering
Cancer Center



Beyond PD — The Enteric Nervous System - Hirschsprung’s disease
[ | Td-Tomato HuC/D Td-Tomato HUC/D |}

-~

oo

- Challenge of funding GMP development & IND enabling studies (abandoned by BlueRock, Takeda, Novo)
- Founding of REGEN-GI (groups in Australia, UK, NYC, CA, Boston,..)

Memorial Sloan Kettering
Cancer Center



Design your own study — focus on preclinical work

What is the disease to target?

What is the cell source you choose to treat the disease?

What is the final product and how to qualify — do you need to engineer the cells and if so how?
What is your preclinical model — proof of concept data — IND enabling studies?

How many cells — how to manufacture and how deliver?

What are the main safety concerns?
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