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CRISPR/Cas9
a clever immune system
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How bacteria prevent DNA
invasion from viruses

Prot
e CRISPR = Clustered Regularly
-_— Interspaced Short Palindromic
l CRISPR Repeats
repeats

Protospacer: invading DNA
o — from viruses, phages, ...

How bacteria prevent DNA
invasion from viruses

Cas9 searches the matching foreign DNA to create DSB and
promote degradation

Target DNA site | ]
cleavageby . Cas9 /
Cas9:crRNA- S g

tracrBNA complex e =

From an immune system to an
engineered and simplified
technique



Fusion of crBNA and tracrBNA to
a single guide RNA
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2-component system

DSB repair mechanisms

NHEJ
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Gene disruption by small
insertions or deletions

Join directly the DNA ends

Prone to errors

How cells repair dsDNA breaks (DSBs)
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The Non Homologous End Joining
pathway (NHEJ): Error prone,  +*
**., predominant mechanism of repairi
mammalian cells__,+*

The Homologous Directed Fepair pathway
(HDR):

Error free, requires presence of a homologous
segment of DNA. Mostly active in S and G2
phases of the cell cycle. Predominant
mechanism of repair in S. cerevisiae.

Adapted from Ran et al. 2013. Nat Protoc.

1) Create a Double-Stranded
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2) Let the cell repair
mechanisms fix it
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Gene correction or insertion
by assisted recombination

Genome editing for human therapy
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Gene Editing of CCRS in Autologous CD4 T Cells
of Persons Infected with HIV
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ZFNs have been used to disrupt CCRS
(C-C motif chemokine receptor type 5)
expression in human T cells, and later
also in HSCs (phase I/II trial ongoing),
to render these cells resistant to HIV

E Iiv
Col 6 infection.



Haemoglobinopathies

Red blood cells use hemoglobin to carry oxygen from the lungs to all the tissues of the body. Mutations in a gene that encodes part of the
hemoglobin molecule cause two different genetic disorders: sickle cell disease (SCD) and beta thalassemia.
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In sickle cell disease (SCD), red blood cells are misshapen. Their ‘,_,,__,.____

crescent or “sickle” shape makes them block blood vessels,
slowing or stopping blood flow. This causes sudden, severe pain.

EX ViV O g en e e d i-ti n g (aZno;wn?i!t.:ations include chronic pain, organ damage, strokes, and ) . ? ‘
Normal capiary

In beta thalassemia, patients do not make enough hemoglobin.
This leads to anemia and fatigue. In more severe cases, patients

have organ damage, especially to the liver, bones, and heart. Both
diseases can be fatal.
—

Sickle Coll Anemia

There are some treatments available, but often, patients still suffer severe symptoms and complications from their diseases. Patients
with more severe SCD and beta thalassemia need frequent blood transfusions. Bone marrow transplant can be curative; however, this
can only be done when a healthy, matching donor can be found. This is not an option for most SCD or beta thalassemia patients.
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Ex vivo gene editing for haemoglobinopathies Ex vivo gene editing for haemoglobinopathies

' o ® CTX001 is an investigational ex vivo CRISPR gene-edited therapy
for patients suffering from Transfusion-Dependent B-Thalassaemia
(TDT) or severe Sickle Cell Disease (SCD).

® Haematopoietic stem cells are engineered to produce high levels of \
fetal hemoglobin (HbF; hemoglobin F) in red blood cells.

@ Partnership between CRISPR Therapeutics and Vertex
Pharmaceuticals Inc (Zurich and Boston).

® CTX001 was granted Fast Track Designation by the U.S. Food and

Crwomcnome 11

lvmpescsti™g Drug Administration for the treatment of SCD in January 2019. p
oili @ Two Phase 1/2 studies, one in B-thalassemia and one in Sickle Cell °
o Disease, to assess the safety and efficacy of a single dose of
e CTX001 in patients ages 18 to 35. In both studies, the first two
patients are treated sequentially and, pending data from these initial
Crvomosome 16 two patients, the trial will open for broader concurrent enrolment.
b ool S @ Trial on B-thalassemia conducted at multiple clinical trial sites in
QDDDD § DD "m D Canada and Europe, with future addition of the United States. Trial
s ez on Sickle Cell Disease conducted at clinical trial sites in the United
States.

Victoria Gray, the first patient with SCD treated
with CRISPR in July 2019 Immunotherapy for cancer

https:/ /innovativegenomics.org/multimedia-library / meet-victoria-gray / . . X



Immune checkpoint inhibitors to treat cancer

PD-L1 binds to PD-1 and inhibits Blocking PD-L1 or PD-1 allows
¥ cell killing of tumor cell T cell killing of tumor cell
Tumor cell Tumor call
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Name Target Approved
Ipilimumab CTLA-4 | 2011

Nivolumab . PD-1 2014
Pembrolizumab A PD-1 ‘ 2014
Atezolizumab | PD-L1 . 2016
Avelumab A PD-L1 ‘ 2017
Durvalumab A PD-L1 . 2017
Cemiplimab | PD-1 . 2018

First U.S. Patients Treated With CRISPR

As Human Gene-Editing Trials Get

Underway

ClinicalTrials.gov Identifier: NCT03399448

immunotherapy

University of Pennsylvania with the Parker Institute
Autologous T cells transduced with a lentiviral vector to express a TCR with

NY-ESO-1-redirected CRISPR (TCRendo and PD1) Edited T Cells (NYCE T Cells)

First CRISPR-based therapy trial that combines CAR-T and PD-1

affinity to NY-ESO-1 and electroporated with CRISPR guide RNA/Cas9 to
disrupt expression of endogenous TCRa, TCRB and PD-1 (NYCE T Cells)

Patients with late-stage cancers (multiple myeloma, melanoma, synovial

sarcoma, myxoid/round cell liposarcoma) - 18 patients

@ Two patients treated, one with relapsed multiple myeloma and one with

relapsed sarcoma

Genome editing seems safe suggests first study in US patients

ARTICLES
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Safety and feasibility of CRISPR-edited T cells
in patients with refractory non-small-cell lung
cancer

dn Xue'™, Tao Deng®*, Xiaojuan Zhou™™, Kun Yu®, Lei Deng’,
Liang?, Yu Wang, Haige Shen, Ruizhan Tong', Wenbo Wang’ Li

ijuan Huang!,
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'g!, Yanying Li, Lin Zhou', Yongmei Liu', Min Y, Yugi Wang’, Xuanwei Zhang, Limei Yin',
Xuefeng Xia“, Yong Zeng?, Qiao Zhou”, Binwu Ying®, Chong Chen", Yuquan Wei", Weimin L and
Tony Mok®
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3 NCT02793856). and feasibility,
was effcacy. oints were met. PD-T-edited
i RNA plasmids Atotalof 22
de 1/2. Edited i pery infusion. i csion-free
survval was 7.7 weoks (95% (95% con-
fidence interval, 3 , 0-0.25%) at 18

- The treatment was safe to administer and

had acceptable side effects like fever, rash,
and fatigue.

- The desired edit was found in a median of

6% of T cells/patient before infusion back
into the patient.

- Off-target effects — unwanted changes at

various places in the genome — were
observed at a low frequency and were
mostly in parts of the genome that don’t
code for proteins. On-target effects

— unwanted changes at the target site
— were more common (median of
1.69%).

- Edited T cells were found in 11 out of 12

patients two months after the infusion,
although at low levels. Patients with higher
levels of edited cells had less disease
progression.

Chimeric Antigen Receptor (CAR)-T cells

hencemag oty SCIENCE

Seven active or recruiting trials in
China are listed on the
ClinicalTrials.gov clinical trial database.

Doctors In China Lead Race To Treat
Cancer By Editing Genes

With its CRISPR revolution, China becomes a world
leader in genome editing
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In vivo gene editing
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EXPLORING LIFE, INSPIRING INNOVATION

Man Receives First In Vivo Gene-Editing
Therapy

The 44-year-old patient has Hunter syndrome, which doctors hope to treat
using zinc finger nucleases.

f|v]s]=]+
funter syncrome, or mucopolysaccharidosis Il (MPS ), is a lysosomal storage disease caused by a

deficient (or absent) enzyme, iduronate-2-sulfatase (125). When the enzyme is defective or missing, the
‘sugars buid up and can cause developmental delays, organ problems, brain damage, and early death,
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GENE THERAPY

In vivo genome editing of the albumin locus as a platform for protein
replacement therapy

Ragw Snanma,"* Xavier M. Anguela, "7+ Yarnick Doyon ™ Thomas Wechster,* Russol C. Dekever.” Scom Sproul®
Davig € Paschon.” Jefrey C. Mier,” Rodert J. Dwvdson.' Davis Shwvak.” Shangzhen Zhou" Jukenne Reders.’
Preip D. Gregory.” Michael C. Holmes,” Edward J. Rstar,” and Katherne A. Hon'*
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Key Points

A human has been injected with gene-editing tools to cure his

disabling disease. Here's what you need to know

By Jocalyn Kaiser | Nov 15,2017, 600 PM
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SB-913: 3 AAV6 vectors
1.

intact IDS gene
. ZFN binding upstream of the target site

3. ZFN binding downstream of the target site

i.v. infusion

low dose is not effective:
represents a de facto placebo arm

approval upon efficacy demonstrated
on clinical endpoints: six-minutes
walk and lung function

€0 | EDIT-101 Aims to Rescue Vision in LCA10
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Degeneration of outer EDIT-101 subretinal
segment but cell body injection to remove

remains intact disease-causing mutation

Rescued Photoreceptor

By )00 protein

Restoration of full-length
protein and rebuilding of
outer segment

How does the treatment work?

Insertion of a replacement copy of the gene, using gene editing to snip the DNA helix of liver cells in a specific place
near the promotor for the albumin gene - NOT GENE CORRECTION

The cells fix the damage by inserting the DNA for the new gene, supplied along with the ZFNs, and the gene’s
activity is then controlled by the powerful albumin promoter.

FDA has approved 3 clinical trials exploiting these modified liver cells into a factory delivering the factor IX gene for
hemophilia B (NCT02695160), the a-L-iduronidase gene for mucopolysaccharidosis | (NCT02702115), and the
iduronidate-2-sulfatase gene for mucopolysaccharidosis Il (MPS II, Hunter syndrome) (NCT03041324).

This targeted approach should avoid the risks of insertional mutagenesis.
Because the body doesn’t need much of the enzyme, modifying just a small fraction of the liver’s cells should be
enough to treat the disease.

Although Hunter syndrome patients often receive weekly infusions of the missing enzyme, their blood levels drop
within a day. The hope is that the one-time gene-editing treatment—given as a 3-hour intravenous infusion—will
allow the liver to keep making the enzyme at a steady rate for years.

Caveat: the I2S enzyme does not cross the blood-brain barrier, so the new treatment may not stop the brain
damage that can occur in Hunter syndrome (as for replacement therapy).

In vivo gene editing LCA10 Leber Congenital Amaurosis

@® Leber Congenital Amaurosis (LCA) is the most common cause of inherited
childhood blindness. LCA10 is the most common form of LCA. It causes severe
vision loss or blindness within the first few months of life.
Due to mutations in the centrosomal protein 290 kDa gene (CEP290,
MIMB10142). Defects in this gene are also associated with Joubert syndrome
and nephronophthisis. As of today, 35 different mutations in CEP290 are
responsible for causing LCA.
In the retina, CEP290 is mainly located to the connecting cilium of
photoreceptors, where it plays an essential role in both cilium assembly and
ciliary protein trafficking.
Of the CEP290 mutations that result in LCA10, the most recurrent one,
accounting for up to 15% of all LCA cases in many Western countries, is a deep
intronic mutation (c.2991+1655A > G) in intron 26 of the CEP290 gene
(hereafter referred to as “IVS26 mutation” or “IVS26 splice mutation”).

Wikd-type splicng

LCA10 trial of CRISPR genome editing
treatment initiated

Single Ascending Dose Study in Participants With LCA10
ClinicalTrials.gov Identifier: NCT03872479

@ First in vivo gene editing trial - the Brilliance trial

@ AAVS5 vector carrying S. aureus Cas9 and a guide
targeting CEP290 intron 26.

@ Patients receive a single subretinal injection in one
eye following vitrectomy - 18 patients in up to five
cohorts across three dose levels

@ Editas Medicine in collaboration with Allergan -
currently recruiting patients volunteers throughout
the US.
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Cas9 enzyme can be directed to cut specificsites n isolated DNA

A Programmable Dual-RNA-Guided
DNA Endonuclease in Adaptive
Bacterial Immunity
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Patent application initiated on 25 May 2012

Although the Berkeley team filed first, the Broad team submitted its application to an expedited review

programme, and was awarded the patent in April 2014.
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CRISPR-Cas9 can be applied and used in mammalian cells

Multiplex Genome Engineering
Using CRISPR/Cas Systems
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Patent application initiated on 12 December 2012

Human monogenic disease

Human protein-
coding genes*

GENCODE
YRIRYAYRY

Genes with mutations
causing disease™*

3947

veans

UMIM

*http://www.gencodegenes.org/stats/current.html
** https://www.omim.org/statistics/geneMap

How cells repair dsDNA breaks (DSBs)

The Non Homologous End Joining *,
pathway (NHEJ): Error prone, ™,
predominant mechanism of repair in
mammalian cells

Adapted from Ran et al. 2013. Nat Protoc.
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Precise gene editing

The Homologous Directed Fepair pathway
(HDR):

Error free, requires presence of a homologous

segment of DNA. Mostly active in S and G2
phases of the cell cycle. Predominant .

..., mechanism of repair in S. cerevisiag,.+*"

NOBEL PRIZE
HEMISTRY 2020

Cardiovascular disorders with
Mendelian inheritance
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The Double-Strand-Break Review
Repair Model for Recombination
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GRS, 50 65, Horeata . S Grvga © S8 b ot oo t@: Gene targeting by homologous recombination in ES cells can
i . A P N

Site-Directed Mutagenesis by Gene Targeting NP M. be used to produce mice with a mutation in a predetermined

in Mouse Embryo-Derived Stem Cells C gene

Kirk R. Thomas and Mario R. Capecchi Gene targeting typically involves a mutation by in mouse ES cells:

Department of Biology once a mutation has been engineered into a specific mouse gene within the ES cells, the modified ES

Uni ity of cells can then be injected into the blastocyst of a foster mother and eventually a mouse can be produced
niversity of Utah with the mutation in the desired gene in all nucleated cells

Salt Lake City, Utah 84112

Summary

We mutated, by gene targeting, the endogencus Homologous recombination in

mammalian cells is a very rare R

hmmn—(ﬁ)eﬁAm’&s
resistance

- occurrence and its frequency is X
prodtaragivebuleyaprsandpe pgroed redd increased when the degree of sequence
ment of the Mart gene and used to transtect €5 celis. homology between the introduced DNA —
Among the G4IE" colonies, 1/1000 were also and the target gene is very high
10 the base The Ga1e" To assist identification of the desired
6767 colls were &l shown 10 be Npef™ a8 the result homologous recombination events, the
of homslogous with the exogencus, targeting vector (often a plasmid vector)

contains a marker gene, such as the neo
gene, which permits selection for cells
that have taken up the introduced DNA.
the endogencus sequence with the e10gencus se-

Ino the endogencus sequence. The targeting effi.
clencies of both classes of vectors are strongly de-
pendent upon the extent of homology between ex-
©ogenous and endogenous sequences. The protocol

The gene in question is selectively inactivated, producing a
*knock-out’ mouse, and the effect of the mutation on the
development of the mouse is monitored

Adult cardiomyocytes do not proliferate

Factors that
enhance HDR?

High content RNAI functional screenings:

h h X \ The microRNA
from large libraries to functional hits network
= - — @ Many, but not too
- many! 1917
Luca Braga precursors, 2654

ature miRNAs in
mans (miRBase 22,
larch 2018)

Arrayed Libraries Human/Mouse whole Genome siRNAs

Human synthetic microRNA mimics (2042 mature
sequences, miRBase v. 19.0)

Human miRCURY LNA inhibitors (1972 molecules)
FDA approved small molecules (1280 molecules)

mall. Easy to deliver
in vivo. Can be dosed
and used as small
molecules

@ Can be screened for

Custom cherry-picked human and mouse siRNAs C
function

1 well —> 1 Factor Mouse secreted factors (1202 cDNAs)
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In vivo

HR to promote integration into the mouse
Myl2 locus
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HDR to promote integration into
the mouse Myl2 locus
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@ for miRNAS ~ for the HR system

P1 mice 1 month

DAPI staining
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9 mouse (Carroll

A mouse model for adult cardiac-specific gene deletion
with CRISPR/Cas9

Kol 4. Carrol”, Catherine A. Makarewich’, Joho McAnaly, Doughas M. Anderon’, Lorens Zentlin', Ning L’
Mo Glacea’, Rhmda Baisel Oubry”, and Lric M. Obon®

8 Fig.2. AAVO-driven expression of sgRNA.
0t 1 A sgRNA under the control of the U6
[ ] promoter was cloned into an AAVS
ANV © inecion Aoy backbone, together with a CMV-driven

ZsGreen reporter. B. Animals were
injected intraperitoneally at postnatal
day 10 (P10) and subsequently analyzed
5-6 w later. C. An Q33 example of a
Myhe-Cas9-2ATdTomato heart (red,
Center) that also received AAV-sgRNA
against Myh6 exon 3 (green, Right).
Compared with a lttermate control
animal, hearts from animals that received
both Cas9 and sgRNA against Myh6
displayed extreme cardiac dilation and
hypertrophy. D. Histological section of a
control heart and a heart that contained
both Cas and AAV-sgRNA against Myh6
exon 3. Edited hearts displayed thinning
of the ventricular walls and massive
dilation of both the atria and ventricles.

HR to promote integration into the
mouse Myl2 locus
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A toolbox for cardiac
gene editing =

Delivery of gene editing tools to
the heart FEASIBLE

Precise dsDNA break in
correspondence of a given
sequence FEASIBLE

In vivo gene inactivation ppogagy

0 In vivo precise gene eding
PERHAPS

Genome editing in human embryos

ResearcH ARTICLE

CRISPR/Cas9-mediated gene editing in human
tripronuclear zygotes

Puping Liang, Yamwen Xu, Xiys Zhang, Chanhul Ding, ul Meang, Zwn Zhang, Je Lv, Xsows! Xie,
Yuad Chen, Yujing L, Ying Sun, Yaclu Bai, Zhow Songyang. Weebin Ma, Canquan Zheu . Jusjiu Huang

Attempt to correct the human -globin (HBB) gene in ‘non-viable’ embryos (B-thalassaemia)

- 7 of 86 embryos were successfully mutated
- much higher rates of off-targeting

Raise huge ethical concerns... Prosein Ce 2015, &(51363-372

DOI 10.1007/413238-015-0153-5

Correction of a pathogenic gene
mutation in human embryos

Genome editing reveals a role for OCT4
in emb is

10 genes that could be gene edited to
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The prospect of genctic enhancement

improve appearance, disease risk or
performance

r extra-strong bones (LR 71V/+)

r lean muscles (MSTN)

people less sensitive to pal )

d with low odor production (Al 11)
ant rendering people more resistant to viruses (CCR5,
)
ant connected to a low risk of coronary disease
K9)
ant associated with a low risk of Alzheimer's disease
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ciated with a low cancer risk (GHR, GH)
low risk of type 2 diabetes

ociated with a low risk of type 1 diabetes (IFIH1

A comversation with George Church en
Genomics & Germline Human Genesic
Modification

Genome editing in human embryos

In February 2016, the Human Fertilization granted limited permission for
researchers in the UK to genetically modify human embryos, with

the hope of elucidating which genes are necessary for successful
embryological development.

Although Dr. Kathy Niakan and her team at the Francis Crick Institute are
only allowed to use the embryos for 14 days, and may not implant a
modified embryo in the womb, this permission crossed a frontier in genetic
research.

It is the first ime human embryonic genetic modification is authorized.

Frederik Lanner at the Karolinska Institute in Sweden, got the go-ahead on a
project that will also involve gene editing in human embryos.

Germline gene editing |

2018: announcement of the birth
of twin girls with edited genomes

el ack of definitive evidence

eStrategy: engineering mutations, inducing resistance to HIV
(silencing of CCRY), into human embryos (requiring IVF)

@The major problem is not gene editing itself but lack of safety
testing (other mutations, increased sensitivity to other diseases),
lack of standard procedures for recruiting, HIV people should not
undergo IVF




Germline gene editing

Role of other scientists: which is the authority to report
possible abuse? Need for an international advisory board/
registry to identify commonalities and differences between
countries (i.e. international committee by WHO)

Survey on 39 countries (2014)

- 29 countries ban germline gene modification (China, India, Ireland, and Japan forbid it based on guidelines that
are less enforceable than laws, and are subject to amendment)

- 9 countries are ambiguous about the legal status of the modification

- in the US FDA regulates the clinical trial, whereas the NIH restricts the application of germline gene
modification.

This regulatory landscape suggests that human germiine gene modification is not totally prohibited

Israel, which explicitly bans germline gene modification, but has possible exemptions in the relevant law may
permit it upon the recommendation of an advisory committee. This Israeli law has been temporary legislation until
May 23, 2016. Now, the country might permit human germline gene modification.

In the UK, the DH will consider the timing of the regulations to permit mitochondrial replacement that is currently
illegal for mtDNA alternation in the germline. Taking into consideration that there is no legal ban on research on
the human germline gene modification as long as the Human Fertilisation and Embryology Authority (HFEA)
licenses such research in the UK, the legalization of medical use of mitochondrial replacement is likely to lead to
legal permission for the modification of germline nuclear genome that can be readily changed by genome editing
technology.

Germline gene editing during IVF

Targeted gene modification is
frequently carried out by simply
microinjecting of genome editing
system which consists of the
nuclease mRNAs (or plasmids
harboring the nuclease gene), single
guide RNAs (sgRNAs for Cas9), and
a homology-containing donor DNA
template (if necessary) into animal
embryos made by in vitro
fertilization (IVF) or intracytoplasmic
sperm injection (ICSI).

This microinjection process resembles assisted reproductive technology (ART) to facilitate ‘o
fertilization in fertility clinics. Thus, genome editing is more likely to develop into medicine =
for preventing a genetic disease if integrated into assisted reproductive technology,
including IVF and ICSI.

Importantly, germline gene correction by genome editing does not require cell donation such as
oocyte donation that is needed for ooplasmic transfer and mitochondrial replacement.

International Regulatory Landscape

); W

Two legal approaches are similar to
germline genetic modification

Ooplasmic transfer and low Mitochondrial replacement  currenty proposed to prevent

maternal transmission of
Since the late 90" s, the infusion Mty ote serious mitochondrial diseases
of docyte cytoplasm, incucing that result from aberrant
mitochondria, was conducted to mitochondrial DNA (mtDNA) in
enhance the viability of oocytes in patient’ s oocyte. Mitochondrial
the USA. replacement is also a form of

) germline gene modification
because this procedure involves
altering the mtDNA content of
human oocytes or embryos.

2 “This needs an oocyte donor and is
% a form of germline gene
modification because it causes
heteroplasmy in the resulting
oocyte. Mitochondrial replacement as well as ooplasmic transfer require oocyte donation
which could potentially cause ovarian hyperstimulation syndrome in female donors.

The US FDA allows mitochondrial replacement under certain conditions.

Although ooplasmic transfer led to more than 30
childbirths, the Food and Drug Administration (FDA)
decided to regulate this procedure owing to potential
health risk to progeny

The UK Department of Health (DH) has lifted the ban of mitochondrial replacement,
which is now legal.

Such regulatory changes in a few, but major countries, may impact the international
regulatory landscape that prohibits human germline gene modification.

Germline gene editing

Role of other scientists: which is the authority to report
possible abuse? Need for an international advisory board/
registry to identify commonalities and differences between
countries (i.e. international committee by WHO)

Off-target effects

Gene-gene interactions

Benefit to risk ratio depends on real need: PGD exists



Corrective genome editing integrated into ART would be
preventive medicine rather than therapy

- it aims at prevention of transmission of a genetic disease to offspring, not at the
treatment of existing patients

- potential subjects: those with congenital anomalies caused by chromosomal,
monogenic, multifactorial or environmental/teratogenic factors

- candidate diseases: autosomal recessive disease in which

both parents are homozygous (e.g. cystic fibrosis, -
Should affected parents not use such a risky

phenylketonuria) or an autosomal dominant disease where
at least one parent is homozygous (e.g. Huntington’ s
disease, familial adenomatous polyposis)

genetic intervention and instead use donor
gametes or donor embryos (or consider
prenatal diagnosis, termination of a

pregnancy and adoption)?

The use of CRISPR/Cas9 works curtently wor
it etization wih primplantaion genatiod dmgnas\s for

- preimplantation genetic diagnosis (PGD) may circumvent i e e
an affected pregnancy by selecting IVF embryos with no off- e s v i

required to apply these techniaues in tha germiine, there does not
ally appear to be any justification for ts application for this

target mutations 5oy

Germline gene editing and ethics

Inform consent

Enhanced prejudice towards disable
people

to this infertility services even
in a country or a state with
insurance coverage. Would the
access to this preventive
medicine be completely
confined to the wealthier
segment?

Enhanced health inequalities

Non-health-related enhancement
purposes

The position(s) of patient advocacy
Patient advocacy groups are extremely heterogeneous: g ro u p S

“Ban editing of human germline genome b
of the embryo / human dignity”

“hell ges™

“we need 1o look at this scientifically”

“WE NEED TO LOOK AT THE ETHICS”
“Let’s tall about this when the scientists fiave all the tecfinology straight'

se of the moral status

“Gene editing will be acceptable when its benefits, both to individuals and to the broader

= Coalition of Patient

Pre-implantation genetic diagnosis in ART:
cleavage-stage vs trophectoderm biopsy

The PGD entails the opening of the zona pellucida and the
removal of embryonic cell(s) from an embryo. It implies that
the embryo undergoes physical interventions twice, namely,
microinjection of the genome editing system, and the biopsy for
PGD. If ICSI is used to increase a success rate of fertilization
and avoid polyspermy, three interventions are conducted. Such
physical interventions might affect the subsequent development
of the embryos in vitro or in vivo.

Accurate genetic testing depends on biopsied embryonic cell(s). Since a cleavage-stage embryo is composed of six to eight cells, a single cell
biopsy is widely used for PGD.

However, mosaicism which affects 15-80% of embryos may impact the interpretation of PGD results. Meanwhile, in the blastocyst stage, the
embryo consists of approximately 130 cells in the inner cell mass which subsequently develops into the fetus and the surrounding
trophectoderm. Trophectoderm cells have been recently biopsied from a blastocyst for PGD in order to avoid damaging the embryo. Although
mosaicism remains at the blastocyst stage, the result of a recent randomized clinical trial supports that a single cell biopsy at the cleavage-stage
is more significantly damaging to the embryo than biopsy at the blastocyst stage, and resulted in poorer clinical outcomes. Therefore, sufficiently
optimized, trophectoderm biopsy-based PGD may be effective in the zygote approach.

Gene editing and eugenics

The prospect of human gene editing inevitably recalls past abuses of human rights involving the biological sciences, and especially the history of
eugenics in the first half of the 20th century.

Eugenics was not only an ideology but was embraced by physicians, mental health professionals, and scientists.

Eugenics posited that unfit human traits known as criminality, feeble-mindedness, and pauperism were inherited genetically in the same way as
physical characteristics. At the time, eugenic ideas led to forced and for and groups
thought to be genetically inferior. Only when the Nazis took eugenic ideas to horrific extremes was the concept thoroughly discredited.

Though eugenics is no longer a powerful movement, several of the forces that animated the eugenics

movement a century ago remain vital

- economic forces to reduce health care costs could put pressure on people to change genetic
sequences associated with disease

- the belief that genes influence particular behaviors or other complex traits could lead to pressures to
change those genes in future generations. And consumer demand for particular attributes in
offspring could lead people to pursue private sector options for human gene editing that are
difficult to regulate

THAT WAY?
A survey of 1700 women who formed their Ty
families using donor spermatozoa

Wl Sawyer *, Eric Biyth *, Wendy Keamer *, Lucy Frith **

Other than health,

women wanted to know the
intelligence, height

and ethnicity of sperm donors. |

Governance is becoming increasingly
international and participatory, especially given
the role that the public now plays in shaping
policies. It’s no longer possible to control
technologies by the laws of one country. If there
is a demand for a technology, people will go to
whichever country has it.

society, exceeds its risks, though the relevant risks and benefits and levels of acceptable Advocacy Groups
cisk ace today uncertain’
“GENE EDITING PROVIDES A MEANS OF EVOLVING BY A PROCESS MORE RATIONAL AND MUCH QUICKER THAN DARWINTAN EVOLUTION”

Members of patient communities are fighting
hard to eliminate diseases while also working

' European

=, MEDICAL TOURISM

to change physical and social environments
Reference 50 that all people can live productive and @
Networks tulfiling lives.

The line between diversity and disability is fuzzy.

V Biomedical researchers can overlook and thereby
_ - reinforce stigma and social disparity by treating
certain conditions as disabilities that need to be

“fixed” through biomedical interventions.




INTERNATIONAL SUMMIT ON
HUMAN GENE EDITING

A

Ot 137003 Sign, O

1:3in Washingon, D.C.

associtad Wik human gone-66ng e5oarch

The summit brought together more than 500 people from around the world for three days of
presentations and deliberations on the scientific, ethical, legal, social, and governance issues
associated with human gene editing, while an additional 3,000 people watched the summit online.

Basic Science Research

Basic research involving both somatic and germline cells is essential to the
advancement of science and should continue with existing regulatory structures.

Somatic Cell Editing for Treatment and Prevention of Disease
and Disability

There is no single standard for somatic genome editing efficiency or specificity —
and no single acceptable off-target rate—that can be defined at this time, as this
must be evaluated in light of the particular intended use and technique.

Potential Use of Genome Editing for “Enhancement”

Somatic genome editing for purposes other than treatment or prevention
of disease and disability should not proceed at this time.

Germline Editing for Treatment or Prevention of Disease or
Disability

Criteria under which heritable germiine editing could be permitted:
~absence of reasonable allernatives
 restriction to preventing a serious disease or condition;
 restriction to editing genes cause
condtion;
* restricion to converting such g that are prevalent and are known
litle or

gy

~availabilty of crecibe pre-iinical and/or clinical data on risks and potential health benefits of the procedures;

during the tral, ongoing, rigorous oversigh of the effects of the procedure on the health and safety of the research participants;

. plans for follow-up that autonomy;

~ maximum transparency consistent with patient privacy;

 continuer both health and 1 b
public;

fits and risks, with broad,

mechani 10 uses other than preveni conition.

High-fidelity CRISPR-Cas9 nuclease

Var| antS Rationally engineered Cas9 nucleases
with improved specificity

*+ Lingh Gonn,** Berwd Zetsche,*** Dntd A Scvm, 44
Bbreddurr A

High-fidelity CRISPR-Cas9 nucleases
with no detectable genome-wide
off-target effects

ax SCIENCK

A highly specific SpCas9 variant is identified by in vivo
screening in yeast

Avbaaie Coted . 3l ibe Cboseri' D, Ghambons s, Clomis Mehogaa'. Cirsbss Reginats, Givke
o Db P Alrte g’
o NATURS BOTHOMNOIOGY  ADNANCE ORI RUSLKCATON

Enhanced proofreading governs CRISPR-Cas9
targeting accuracy

Mt M Wk, A

Jennifer Feng
Doudna ;44§ Zhang

Innovation vs Precaution?

Innovation and Precaution?

e .y nuelle  Maria
Joung S L Pentier  Jasin

Innovation and precaution do not need to be mutually exclusive.

They can be complementary, with public understanding and
effective oversight creating the confidence needed to support risk-
taking and novel technologies.

Current deficiencies in CRISPR-
Cas9 technology

- may fail to induce a biallelic modification in an animal, thereby resulting in only
an animal with a monoallelic modification

- could cause off-target mutations other than desired gene modification in a
target sequence (tolerance of Cas9 to mismatches in the RNA guide
sequence), which could inactivate essential genes, activate cancer-causing
genes, or cause chromosomal rearrangements (many drugs cause off-target

effects but are still effective)

- can induce mosaic modifications in which wild-type cells, including germline
cells, and genetically modified cells coexist in the same organism
- can generate immune responses if introduced into the body

- limited by PAM motif

Variants of the Cas9 systems

Cas9 D10A nickase Cas9 H840A nickase

Only one strand of the DNA will be cut

two properly targeted Cas9n molecules are required to
efficiently create DSBs at the target locus, which greatly
enhances specificity compared to wild-type SpCas9



Prime Editing
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Fusion of dCas9 with activator/
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Epigenome editing by a CRISPR-Cas9-based
acetyltransferase activates genes from promoters
and enhancers

Isaac B Hilton'?, Anthony M D'Ippolito™,
Timothy E Reddy** & Charles A Gersbach'*

lnlupln-r M Vockley™, Pratiksha | Thakore'2, Gregory E Crawford™, 1, o0,

e

In the past few years, millions of dollars have been poured into cataloguing
epigenetic marks in different human cells, and their patterns have been correlated
with everything from brain activity to tumour growih.

But without the ability to alter the marks at specific sites, researchers were unable to
determine whether they cause biological changes...
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Variants of the Cas9 systems

domain

- No cleavage
domain

L

DeadCas9 (dCas9) represses target
genes with reversibility and without
mutating the DNA sequence

Dynamic Imaging of genomic loci

GFP attached to a nuclease-deficient Cas9 (dCas9)

Tracking it islomens messment,
i £ - 3
] st contiied ——

Chen et al, Cell, 2013, Dynamic imaging of genomic loci in living human cells by an optimized CRISPR/Cas system

CRISPR CODE CRACKING

annotation of the non-coding genome

- More than 98% of the human genome does not code for proteins.

- Some of it codes for RNA molecules — such as microRNAs and long non-coding RNAs — that are thought to have functions apart from making

proteins.

' that amplify the of the genes under their command.

- Other
Most of the DNA sequences linked to the risk of common diseases lie in regions of the genome that contain non-coding RNA and enhancers.

High-throughput mapping of regulatory DNA

Nisha Rapagopal!, Sharunya Seiaivanen’, Kamvon Koosbeoh ™", Yachus Gue', Matthew D Tdwarnds',
Bodhadiays Baneriee’, Tahin Syed', Bart | M Exsoast, David K Giffoed” & Richand | Sherweod”
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Cell

Search for Cas9 relatives

Cpf1 Is a Single RNA-Guided Endonuclease of a
Class 2 CRISPR-Cas System

Graghcal Apwract

Highlights

Ausrors

« CRISPR-Cpf1 is a class 2 CRISPR system

o Cpfl is a CRISPR-associated two-component RNA-

programmable DNA nuclease

« Targeted DNA is cleaved as a 5-nt staggeredcut distal toa &
Qich PAD

* TwoCptt (hibit robust human
colls

Gt 163, 790171, Octoter 2. 2015 62013 e ¥

... but few alternative enzymes found so far work as well as the most popular Cas9

Other uses of the technology

Biology

Cell lines
HEK293
u20s
K562

Biotechnology Biomedicine
Model organisms Crop plants Fungi Organoids
Mice Rice Kluyveromyces hESCs
Rats Wheat Chlamydomonas iPSCs
Fruit flies Sorghum
Nematodes Tobacco
Arabidopsis
Salamanders
Frogs
Monkeys

Faster, more efficient CRISPR editing in mice

Inducible Cas9

A light-inducible CRISPR-Cas9 system for control
of endogenous gene activation

Lo ¥ Pt & Chaies A Garsbact =

Photoactivatable CRISPR-Cas9 for optogenetic
genome editing

Vos Nibvomgabl, fune Ramame. Takabirs Nahatmme & Meribonbi Sete

Process-based or product-
based GMO regulations

Traceability

Reversibility

CRISPR on the farm

*petite pigs
« disease-resistant wheat and rice
+dehorned cattle
«disease-resistant goats
«vitamin-enriched sweet oranges

Functional disruption of the dystrophin gene in rhesus
monkey using CRISPR/Cas9

‘Yongehang Chen’ 51, Yinghui Zheng?!, Yu Kangl5, Weili Yang?!,
‘Yuyu Niu'%, Xiangyu Guo?, Zhuchi Tu?, Chenyang Si'?, Hong Wang™,
Ruxiao Xing’, Xiuqiong Put?, Shang-Hsun Yang?, Shihua L', Weizhi 25"
and Xiao Jiang Lit4*




CRISPR and gene drive

nature
‘biotechnology

A CRISPR—Cas9 gene drive targeting doublesex
causes complete population suppression in caged
Anopheles gambiae mosquitoes

Kyros Kyrou2®, Andrew M Hammond! 2, Roberto Galizi! @, Nace Kranjc! @, Austin Burt],
Andrea K Beaghton!, Tony Nolan'® & Andrea Crisanti!

In the human malaria vector the gene de ternatively spliced transcripts,
and , that control the two sexes. Thy pt, uni

male, contains an exon (exon 5) whase sequence is highly conserved in all Anopheles mosquitoes 5o far analyzed. We found

that CRISPE the intron 4-exon 5 of functional AgdsiF

did not affect male development o ferilty, whereas females homozygous for the disrupted allele showed an intersex phenotype.
ACRISPR-Cas9 targeting t rapidly in caged mosquitoes,

reaching 100% prevalence within 7-11 generations while progressively reducing egg production to the point of total population

collapse. Owing to no selection of alel tothe gene drive occurred in

experiments. Caso- arose at the target site but did
of the drive.
Recaied 6 April; accepted 3 August; ublished online 24 5
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