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Cell therapy - in vitro fertilization (IVF)
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The American Society of Gene & Cell Therapy defined the
cell therapy as the administration of live whole cells or
maturation of a specific cell population in a patient for
the treatment of a disease



Cell therapy - in vitro fertilization (IVF)
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Robert Edwards is awarded the 2010 Nobel Prize for the
development of IVF therapy (1978) " e f?"
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Embryonic Stem Cells
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Embryonic Stem (ES) cells v Mouse ES cells (Evans and
Kaufman, 1981; Martin,

1981)

v" Rhesus macaque ES cells
(Thomson et al., 1995)

2007 Nobel Prize: Mario R. Capecchi, Martin Evans ~ Human =8 cells (Thomsor
And Oliver Smithies



Mitochondrial function and mtDNA
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Mitochondrial Genome Fact Sheet

v mtDNA is maternally inherited - through the egg

v" Clonal inheritance?

v Cells have thousand copies of mtDNA

v mtDNA is more prone to mutations (homoplasmy and
heteroplasmy)




Diseases caused by mtDNA mutations

v There are more than 700 known disease-associated mtDNA mutations
(mitomap.org)
- 285 tRNA/rRNA
- 266 protein coding and control region point mutations;
- 131 deletions

v' Inherited - neuropathy, encephalopathy, cardiomyopathy, myopathy,
diabetes, metabolic syndromes

v' Acquired, age related - neurodegenerative diseases, Parkinson, ALS, heart
diseases, diabetes, cancer



Mitochondrial DNA
disorder

Keams-Sayre syndrome

CPEO

Pearson syndrome

MELAS

MERRF
NARP
MILS

MIDD
LHON

Myopathy and diabetes

Sensorineural hearing loss

Exercise intolerance

Fatal, infantile encephalopathy;

Leigh/Leigh-like syndrome

Clinical phenotype

Progressive myopathy,
ophthaimoplegia,
cardiomyopathy

Ophthalmoplegia

Pancytopoenia, lactic
acidosis

Myopathy, |
encephalopathy lactic
acidosis, stroke-like

episodes

Myoclonic epilepsy,
myopathy

Neuropathy, ataxia,
retinitis pigmentosa

Progressive brain-stem
disorder

Diabetes, deafness
Optic neuropathy

Myopathy, weakness,
diabetes

Deafness

Fatigue, muscle
weakness

Encephalopathy, lactic
acidosis

mtDNA
genotype

A single,
large-scale
deletion

Asingle,
large-scale
deletion

Asingle,
large-scale
deletion

3243A>G;
3271T>C
Individual
mutations

8344A>G;
8356 T>C

8993T>G
8993T>C

3243A>G

3460G>A
11778G>A
14484T7>C

1470QT>C

1555A>G
Individual
mutations

Individual
mutations

10158T>C;

10191T>C

Gene

Several
deleted genes

Several
deleted genes

Several
deleted genes

TRNL1
NDT and ND5

TRNK
ATP6
ATP6
TRNL1
ND1

ND4
ND6

TRNE

RNR1
TRNST

CYB

ND3

Status

Heteroplasmic

Heteroplasmic

Heteroplasmic

Heteroplasmic
Heteroplasmic
Heteroplasmic
Heteroplasmic
Heteroplasmic
Heteroplasmic
Hetero- or homoplasmic

Hetero- or homoplasmic
Hetero- or homoplasmic

Hetero- or homoplasmic

Homoplasmic
Hetero- or homoplasmic

Heteroplasmic

Heteroplasmic

Taylor & Turnbull

Clinical disorders caused by inherited mutations in mitochondrial DNA

Inheritance

Usually
sporadic

Usually
sporadic

Usually
sporadic

Maternal
Maternal

Maternal
Maternal
Maternal
Maternal
Maternal

Maternal
Maternal

Maternal

Maternal
Maternal

Sporadic

Sporadic

Nature Reviews Genetics 2005



Complex nature of mtDNA inheritance

Leber’s hereditary optic neuropathy (LHON)
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Fixed mode of mtDNA transmission

(A) Normal conception

Mother
carrying
mutant
mitochondrial
DNA

Mother’s
oocytes
fertilised with
partner’s
sperm

Developing
embryos

Offspring

Poulton et al., 2009



Preimplantation Genetic Diagnosis
(also known as embryo screening)
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Mitochondrial genome segregation and bottileneck

Bottleneck

Heteroplasmic

oocyte
Alien mtDNA\ 570 -
Resident mtDNA/v X

Lee et al., Cell Reports 2012



Mitochondrial Replacement Therapy
to prevent germline transmission of mtDNA mutations

Mitochondrial replacement therapy by spindle transfer

Cytoplast
preparation

Spindle
(nuclear DNA)

Healthy mtDNA /

mtDNA donor oocyte
Mutated Spindle g :
mtDNA (nuclear DNA) Karyoplast: Fertilization with

cytoplast fusion partner’s sperm

Patient oocyte with
mutated mtDNA

Spindle isolation
into karyoplast




Mitochondrial gene replacement in oocytes

Distribution of mitochondria
in mature oocytes

Separated chromosomes (nuclear DNA) and

Spindle removal
mitochondrial DNA
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Mitochondrial gene replacement in
primate offspring and embryonic stem
cells
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MRT Highlights

v'Use of mt genome from donor egg (not recombinant)
v Applicable to any mtDNA mutation type
v'Replacement of entire deficient cytoplasm in patient

oocytes

v Preclinical animal studies demonstrate safety and
efficacy

v' Approved in UK for clinical applications



Three-parent IVF



Concept of reprogramming by cytoplasm

Cell A Cell B

N /

/ Cybrid Cell \ Cell B?

Cell A?



Concept of reprogramming by cytoplasm

Somatic Cell \ / Oocyte




Reproductive Cloning

2012 Nobel Prize: John B. Gurdon and Shinya Yamanaka




Please cite this article in press as: Tachibana et al., Human Embryonic Stem Cells Derived by Somatic Cell Nuclear Transfer, Cell (2013),
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NT-ESCs Tachibana et al., Cell, 2013




Somatic Cell Nuclear Transfer (SCNT) -
reprogramming by factors in oocyte cytoplasm

v" Ability of oocyte cytoplasm to reprogram is universal across
mammalian species

v Factors and mechanisms of SCNT — based reprogramming are
unknown

v" Oocyte may not be the only cell capable of reprogramming



SCNT into enucleated 2-cell interphase embryos
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Enucleation SCNT _ SSRS IR
P— P A Wy, oy J Standard (2N)
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Chimera
Intsitphass Blastocyst Transfer

2-cell embryo

Kang et al., Nature 2014



Direct reprogramming

Introduction and overexpression of several genes
transforms somatic cells to pluripotent iPS cells

Gene combinations: - 0CT4, SOX2, KLF4 and c-MYC ( Yamanaka)
OCT4, SOX2, NANOG and LIN28 (Thomson)

hSox2 COMPARATIVE ANALYSIS
oX
hK|f4 Morphology
Expression profile
hOCt4 hc -Myc Epigenetic status
hES culture In vitro differentiation
| conditions Teratomas
e ——— . g B - —— Bal
Human adult Human induced Human embryonic
fibroblasts pluripotent stem (ES) cells

stem (iPS) cells Zaehres & Schdler, Cell, 2007




Comparative analysis of pluripotent stem cell types

In Vitro
Fertilization
Somatic Cell Nuclear Direct ¢
Transfer reprogramming:
NT-ESCs iPSCs IVF-ESCs
4 NT-ESC lines 4 1PS cell lines 2 hESO cell lines
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Ma et al., Nature, 2014



Copy Number Variations

ESC NT-ESC iPSC
(2 lines) (4 lines) (4 lines)
Ch.X Ch.3 Ch.1
hESO-7 I NT4 [ ) iPS-S1 [ I
bl . b0 iPS-S2 [ T
Ch.6 Ch.3
N4 [ s I iPS-R1 B ]
= »& o R
Ch.16 Ch.4
NT3 ———— iPS-R1 [ | ]
iPS-S2 L | ]
CDeED arTrr o
Ch.5
iPS-S1 [ | ]
I 1-copy deletion
Il Duplication '
[ ROH Ch.17
[]2-copy deletion
iPS-S2

Ma et al., Nature, 2014




Copy Number Variations

Stem cell Duplication 1 copy 2 copy ROH Total #_cell #CNYsIceII
type deletion | deletion lines line
iPSCs-

Retro 2 1 1 4 2 2
iPSCs-
St 2 3 5 2 2.5
iPSCs-
Total 4 3 1 1 9 4 2.25
NT-ESCs 2 1 3 4 0.75
IVF-ESCs 1 1 2 0.5

Ma et al., Nature, 2014



DNA Methylation
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Somatic cell methylation memory in reprogrammed cells

Differentially Methylated Probes DMPs
different from IVF-ESCs shared with HDF
iPSCs 6478 780
NT-ESCs 110 87
Shared 91 74

Ma et al., Nature, 2014



Aberrant CG and non-CG methylation
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Transcriptional memory in NT-ESCs and iPSCs

NT-ESCs vs. IVF-ESCs
48 Genes
g-value < 0.05

iPSCs vs. IVF-ESCs
629 Genes
g-value < 0.05

36 Genes
203 Genes

Ma et al., Nature, 2014
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