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Gene Therapy - replacing a broken gene human

Sickle cell _
. In lab, virus
danaemia altered so
cannot
reproduce
e Mutation in a gene encoding one of the
proteins that make up haemoglobin 3
A gene is
%—_ inserted Into
- the virus

e Currently gene therapy is focussed on
delivering extra copies of healthy genes
to patients with mutations
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Could repairing the actual diseased genes be a better strategy? m

Mutation Mutation
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Mutant gene is Mutant gene is
inactivated repaired

® So we need some molecular scissors
e This was, until recently, science fiction!
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The Present — CRISPR/Cas9
(Clustered Regularly Interspaced Short Palindromic Repeats)
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e (Cas9is the nuclease which cleaves its double stranded target site

e A guide-RNA (crRNA:tracrRNA) defines where the nuclease cleaves
e The target site can be any 20 nt sequence followed by -NGG
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CRISPR is providing a therapeutic approach for muscular
dystrophy in preclinical models

wellcome
centre
human

*
| B T -
Diseased Dystrophin gene
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e Gene editing techniques using CRISPR-Cas9 have recently been
used to correct this mutation in a mouse model
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CRISPR is providing a therapeutic approach for g F:',Em
haemoglobinopathies in human patients — Phase I/II eneti
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Which cells to treat? g ﬁumap
genetics

e A frequent problem with gene therapy is that the therapeutic gene delivery has to
keep being applied to the diseased organ

e If, however, we target stem cells which can repopulate a particular tissue or organ,
this could be a permanent fix.

Stem Calls




Can we / should we fix genes in the embryo? ek
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CRISPR/Cas9 Mutagenesis within the zygote ﬁurnap
genetics
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Alternative methods for delivery to the zygote ﬁumap
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What works in mouse, works in human Eu'm'h’
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e Disease correction in human embryos
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3 CRISPR/Cas9-mediated gene editing in human
ARTICLE tripronuclear zygotes ' o

W

Correction of a pathogenic gene Kooy <nic Lo
mutation in human embryos CRIGINAL ARTICLE
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Cas®h protein

Femb s Wilaiges
ART[(—“I F Lichaim Tong' ' - Vesding Feing’ - Platigah D"« Vheiginiig g - i Prag' -
A b d Paind Fhasmg” - Misg Lel' < Famg Phas' - Welliia Wang' - Nlasel L1 - Jlamgios 1"

i 1N TR w2911

Genome editing reveals a role for OCT4 Tild-CRISPR Allows for Efficient and Precise
in human embryogenesis Gene Knockin in Mouse and Human Cells
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Problems — off-target mutation human
genetics

e The specificity of CRISPR is defined by only 20 nt
e (near) identical sequences may be present elsewhere
° ... and Cas9 nuclease tolerates certain mismatches

—’

e How real is this problem when applying CRISPR/Cas9
nucleases in the single cell embryo

Bl Frojects with OT
[ Projects withaut OT

@F’Lﬂs GENETICS nature methods

BRIEF COMMUMNICATION

No unexpected CRISPR-Cas9 off-target activity CRISPR off-target analysis in genetically

revealed by trio sequencing of gene-edited engineered rats and mice

mice Ksiim B, Andsrsen’, Maomilian Hasussier, Cofin Watanshe', Vessnihargan Lnskimesan’,
Bednicn Lend’, Fors Mnodrun’, remy SEnsan’, Qe Bel’, Andrems BusSie’, Chirles ',
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Off-targets — solutions? ﬁumap
genetics

ARTICLE

High-fidelity CRISPR-Cas?9 nucleases
with no detectable genome-wide
off-target effects
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Rationally engineered Cas9 nucleases
with improved specificity
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e Better algorithms predicting accuracy Engineered CRISPR-Cas12a variants with

. . . increased activities and improved targeting
¢ Engmeered Cas9s with hlgh accuracy ranges for gene, epigenetic and base editing

e Other CRISPR/Cas family members Sobuivtihhuiiori@ = o . Sumetl B S P L
boae Malagon-Loper' 14 jrane Scarf U, Msrcels VMo =10, Luca Pisslle™=

show higher levels of accuracy Wartin, Aryee 124" A Rath b £

® Accuracy is also vital for discriminating a mutant copy of a gene from a healthy copy



Real off-target prediction demands a personalized genome ﬁ"'um'h'

genetics
S o)
Total variants 3,776,362
SNVs 3,579,423
Indels 196,940

Taliun et al bioRxiv2019

Coding synonymous 11,742
Coding non-synonymous 11,468
Coding STOP/Splicing 478

|

e Each of us differs on average at 1

. Perfect
nucleotide every 1000 Perfect Perfect .
Y repair of repair of repair of
e How can we predict off-target mutagenesis mutation mutation mutation
?
when we don’t have the genome sequence + mutations + mutations

of our patients elsewhere! elsewhere!




Problems — mosaicism ﬁuman
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guide RNA

e Founder mice generated with CRISPR
are almost invariably mosaic

e Not all cells are mutated/corrected!

Yen et al., 2014
Cas9 active
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Problems — large deletions and rearrangements
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biotechnology

rearrangemen 15
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Repair of double-strand breaks induced by
CRISPR-Cas® leads to large deletions and complex

Revealing hidden complexities
of genomic rearrangements
generated with Cas9
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CRISPR-Cas9 genome editing induces
megabase-scale chromosomal truncations
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Solutions — avoid cutting the genome in the first place ﬁurnap
genetics
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Prime editing — a new copy/paste technology human

Reverse J—s

transcriptase
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Article
Search-and-replace genome editing without
double-strand breaks or donor DNA
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Meet Dr. He Jiankui ﬁmmn
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Some people in the population are resistant to HIV ?um'“
genetics

e Naturally occurring mutation in a protein receptor,
CCRS5, stops HIV entry into cells

e |f donor cells from a naturally HIV resistant patient
are infused into an HIV patient, can they be cured?

%7 w

Eyoawasd inbermin
Ferraifrigs=en Deuinl Mrdescn

Patient
No More

Timothy Brown—a.k.a.
“the Berlin Patient"—
is the Man Who
Once Had HIV.

J BRLEF L1 |

Long-Term Control of HIV by CCR5 Delta3d2/
Delta32 Stem-Cell Transplantation
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Dangerous and nonsensical use of the technology human
genetics

® No clinical need for CCR5 gene editing
e The consequences of CCR5 knock-out throughout life in humans is unclear.

® CCRS5 loss in mouse leads to increased susceptibility to other viral infections, such as
influenza and West Nile virus.

® CCRS5 loss has been associated with reduced longevity and altered response to
neuronal injury
=

CCRS Is a Therapeutic Target for Recovery
after Stroke and Traumatic Brain Injury
Miiry T. deoop, B B B [ ] S, Do Ly -Jafmvemn, ' oss M riml, | WMo Sreram,

Fra Alslalmwarl | Bl Ko, Aorurs O Vo, R ie 8 Toars, ' BF6 L Kawee " Miou Do, Shiee Musesg
Towres bl Ehva - ooou by, el b, Reeraasn, ' Alena ). Qi Bl & i e K. Th O

e Heterozygous embryo knowingly implanted — one normal copy of CCR5 remains.

e Biological activity of Nana’s de novo alleles (15 bp deletion = 5 amino acids deletion) of
CCR5 completely unclear.
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A call for heightened regulation and a moratorium ﬁ"'um'h'_’

China set to introduce gene-editing regulation
following CRISPR-baby furore
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Russian biologist plans more CRISPR-edited babies
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Statement of Principles on Genome
Editing — August 27, 2019

s World Health
AERF Organization

“We assert that germ“ne gene editing is In'."l‘d{_'].pt a m(“'atﬂrfun] n VWHO expert advisory committee on DE‘I.I'EHJ-FHI'IQ
currently inappropriate in human clinical | heritable genome editing Hman Gentme st s o ouersianter
Settings” [ g T .I|.|--+n Ay Freeg Mty §iiissiem B | i el |'J..|+-..




But, is there a need for germline editing? ﬁ"'um'“

e Preimplantation Genetic Diagnosis (PGD) can = ==
. . o o o &) &
be used to determine which embryos are g ii :i 5 i 3

— But PGD reduces the chances of success of ART l l
— The number of embryos obtained may be too low to allow the effective use of PGD

healthy

— Certain genetic situations aren’t appropriate for PGD

ieyeieart b i ecrd @~ proteina Cel

. e Intentionally refraining from engaging in life-
il saving research is not morally defensible.

The moral imperative to continue gene editing ) )

research on human embryos ® Research is needed to ascertain and address

Julia Savabrscu ), Jonathas Pugh' | Thessas Doughes'. Clhinsophss Gynged” any riSkS
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What should we use genome editing for?

Perfect eyesight Improved intelligence Fitness and strength Longevity
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® Current status

— CRISPR/Cas site-specific nuclease can be easily programmed to address virtually any
genomic sequence, enabling gene editing

— Their introduction to fertilized zygotes leads to efficient mutagenesis
— Lack of precision and associated non-specific DNA damage is a concern
— Next generation tools being rapidly developed to counter these concerns

e The near future
— Greater understanding of DNA repair outcomes
— Mining the bacterial kingdom to identify new enzymes and evolution of existing ones

— More information about clinical trail safety where CRISPR is being used in somatic
tissues ex vivo (and also now in vivo).

— Optimization and thorough safety assessment of base editing

— A therapeutic application in human embryos
-
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