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Human Genetic Engineering and Gene Therapy
1.What is Gene Therapy?

a. Germ Line

b. Somatic Cell
2.Two Types of Somatic Cell Gene Therapy

a. Ex Vivo Gene Therapy

b.In Vivo Gene Therapy

3.Case Study: Ex Vivo Gene Therapy for Severe
Combined Immunodeficiency (SCID)

4.Some Problems and Improvements with Gene Therapy
5.0ther Examples of Ex Vivo Gene Therapy

6.In Vivo Gene Therapy

7.Targeted Killing of Specific Cell Types

8.Regulations and Issues Concerning Gene Therapy

9.The Frontiers of Human Gene Therapy: RNAi
“Drugs”, Vaccines, and Genome Editing




Genetically Engineered Organisms
& Their Uses

—

Bacteria
a. Drugs
2. Fungi
a. Drugs
b. Fermentation
3. Animals

a. Mouse Model-Knock-Outs-Human Gene
Functions

b. Farm Animals-Drugs

4. Plants
a. Genetically Engineered Crops
b. Feedstock for Biofuels
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What is Gene Therapy?

The insertion of usually genetically altered genes into cells
especially to replace defective genes in the treatment of
genetic disorders or to provide a specialized disease-fighting
function - Merriam-Webster Dictionary

Experimental treatment of a genetic disorder by replacing,
supplementing, or manipulating the expression of abnormal
genes with normally functioning genes - National Center for
Biotechnology

It is an approach fo treating disease by either modifying the
expressions of an individual's genes or correction of abnormal
genes - American Society of Gene and Cell Therapy

Gene therapy is the use of DNA as a pharmaceutical agent to

treat disease - Wikipedia
Y

LY

Types of Gene Therapy

 Germline gene therapy

- Somatic gene therapy

Gene supplementation

Gene replacement

Gene alteration

Targeted killing of specific cell-types
Targeted inhibition of gene expression

- Issues
- Regulation
NIH Guidelines
Human Experimentation
Ethics
Eugenics




l 21.4 Principles of gene therapy ]

Gene therapy involves the direct genetic modification of cells

of the patient in order to achieve a therapeutic goal. There are

basic distinctions in the types of cells modified, and the type of

modification effected.

® P Germ-line gene therapy produces a permanent trans

missible modification. This might be achieved by modifi-
cation of a gamete, a zygote or an carly embryo, Germ-line
therapy is banned in many countries for ethical reasons (see

Ethies Box 2).
® P Somatic cell gene therapy aims to modify specific cells
or tissues of the patient in a way that is confined to that
patient. All current gene therapy trials and protocols are for
somatic cell therapy.
Somatic cells might be modified in a number of different ways
(Figure 21.4).

Q. P Gene supplementation (also called gene augmentation)
aims to supply a functioning copy of a defective gene. This
would be used to treat loss-of-function conditions (Section
16.4) where the discase process is the result of a gene not
functioning here and now. Cystic fibrosis would be a
typical candidate. It would not be suitable for loss-of-
function conditions where irreversible damage has already
been done, for example through some failure in embryonic
development. Cancer therapy could involve gene supple-
mentation to increase the immune response against a
tumor or to f\‘pl.’l('l' a d(‘(“(‘"\\‘ mmor “lppll‘ﬂ‘nﬂf g(‘"(‘

b P Gene replacement is more ambitious: the aim is to
° replace a mutant gene by a correctly functioning copy, or
to correct a mutation in sitn. Gene replacement would be
required for gain-of-function diseases where the resident

mutant gene is doing something positively bad.

C. » Targeted inhibition of gene expression js especially
relevant in infectious disease, where essential functions of
the pathogen are targeted. It could also be used to silence
activated oncogenes in cancer, to damp down unwanted
responses in autoimmune disease and maybe to silence a
gain-of-function mutant allele in inherited disease.

d. P Targeted killing of specific cells is particularly appli-
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Which type(s) of gene therapy should
Entire Genetic Code be allowed?

. Germline cell gene therapy

. Somatic cell gene therapy

. Both

. Neither

DNA Fingerprinting

Q0 oo

Cloning: Ethical Issues
and Future Consequences

Plants of Tomorrow




DNA
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‘ The following type(s) of gene therapy

Enfire Genetic Code can be conducted legally in the

of a Bacteria

United States.

a. Germline cell gene therapy
ONA Fingerprinting b. Somatic cell gene therapy
» c. Both
- d. Neither
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Questions to Consider
Before Initiating Gene Therapy

1. Does the condition result from a mutation of one or
more genes?

2. What is known about the biology of the disorder?
3. Has the gene been cloned?

4. Will adding a normal copy of the gene fix the problem
in the affected tissue?

5. Can you deliver the gene to cells of the affected
tissue?

http://learn.genetics.utah.edu




In Vivo and Ex Vivo Gene Therapy

& anae

Isolation of
hematopoietic target cells

Gene transfer

==

RN Ex Vivo Gene Therapy

copies of therapeutic gene
Ex vivo gene therapy is performed with

the genetic alterations of patient's target
; lIs h i tside of the body i
gene inserted target cells zjltzrea:%?nggc:ﬁss;ro?nothee a:?er):tI;rZ
&€ |into viral DNA (2) removed o s ke
: infected with a recombinant virus
& ’ containing the desired therapeutic gene.

’ ) These modified cells are then
) L cells grown
f ii%

from patient

reintroduced into the patient's body,
- where they produce the needed proteins
cultured cells that correspond to the inserted gene.

(&)
Inside the body,

are infected with
genetically-altered
virus

3

the genetically

altered cells

@ produce the desired

patient's sample cells are proteins encoded

target cells are e by the therapeutic

now genetically ¥ DNA
altered with

therapeutic gene




In Vivo Gene Therapy

In vivo gene therapy involves “M
introduction of therapeutic DNA . :

: 8 . copies of therapeutic gene
directly into the patient's body. The are inserted
DNA is introduced by cell-specific P into viral DNA,

. . . - ~. liposome,
direct injection into tissue in need. S "\ or in form of

DNA in the form of a plasmid vector @) ) plasusid DNA_
. . % 4e N\
s introduced by a dermal Scn;‘:lca(ljly-‘\'—‘ % )
o . o pe . altere Z X
vaccination. Modified liposomes are  pNAis @ Rt/
not currently used for gene inserted  (SNUENGEN D
L 'R T t tient
therapy, but they will likely be the "™ g™
next advancement in therapeutic by Cs‘tl_l- (3)
ene delivery as cell-specific N Inside the body, the
v J . divect Eegue inserted DNA is

receptor-mediated DNA carriers. injection
Once inside the body and in contact

with the specifically targeted cells,

the inserted DNA is incorporated

into the tissue's cells where it

encodes the production of the

needed protein.

incorporated into
the cells of the
specific tissue it
was injected into.
These cells now
encode and produce
the needed protein
encoded by the
inserted gene
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Severe Combined Immunodeficiency (SCID) Disease
Adenosine Deaminase Gene (ADA) Deficiency
o :

|

32,213 kb Gene -
Chromosome 20
12 Exons

1,092 kb mRNA
323 aa protein

N
H je—H H
H,0  NH, \
adS o
N— =(‘; » 3
H AP
Adenine " Hypoxanthine ‘ - ——
- - o
Degradation of Purine David Vetter - Died at Age 12

ADA is an enzyme that metabolizes adenosine and deoxyadenosine

ADA deficiency results in elevated adenosine and deoxyadenosine levels
Abnormal levels impair lymphocyte development and function

The immune system is severely compromised or completely defective
ADA deficiency accounts for ~15% of all SCID cases

SCID-ADA patients can be treated with PEG-ADA, a stabilized form of
the enzyme

Humans Have Been Genetically Engineered To Cure
a Lethal Genetic Disease (SCID)

|  Gene therapy cures 'bubble boy disease'

nomal allolo can help a patient who ks homazygous for
two dofoctive alloles of an important gane.

Several People are
The Age of Human Genetic Alive Because They

Engineering Began More than Have Been
Twenty Years Ago - _ Engineered
SCID Treated with a With an ADA Gene

Normal ADA Genelll

~ m new england
journal «medicine

January 29, 2009

Gene Therapy for Immunodeficiency Due to Adenosine
Deaminase Deficiency

Gene Therapy with the
Adenosine Deaminase (ADA) Gene

CONCLUSION: Gens therapy can be effective in

relioving symptoms caused by a genetic disease.




Ex Vivo Gene Therapy for Severe Combined
Immunodeficiency (SCID)

Bacterium carrying Klug & Cummings 1997
plasmid with cloned normal ~ Genetically disabled (Klug 9 )

human ADA gene retrovirus
* Cloned ADA gene is

@ T cells incorporated into virus

with disabled ADA gene N

isolated from SCID patient 3 Genetically altered
cells are reimplanted, @
O @ produce ADA

O Retrovirus infects @ @ @

T cells, transfers @
O ADA genetocells  Cells are grown @
in culture to ensure
6‘1 ADA qgene is active

@

Vectors Used to Deliver Genes to Cells
in Gene Therapy

Table 19.3 Vectors used in gene therapy

Vector Advantages Disadvantages
Retrovirus Efficient transfer Transfers DNA only to dividing cells, inserts
randomly; risk of producing wild-type viruses
Adenovirus Transfers to nondividing cells Ci immune reacti
Adeno-associated virus Does not cause immune reaction Holds small amount of DNA; hard to produce
Herpes virus Can insert into cells of nervous system; Hard to produce in large quantities
does not cause immune reaction
Lentivirus Can date large g Safety concerns
Liposomes and other No replication; does not stimulate immune Low efficiency
lipid-coated vectors reaction
Direct injection No replication; directed toward specific Low efficiency; does not work well
tissues within some tissues
Pressure treatment Safe, because tissues are treated outside the Most efficient with small DNA
body and then transplanted into the patient molecules
Gene gun (DNA coated on No vector required Low efficiency

small gold particles and
shot into tissue)

Source: After E. Marshall, Gene therapy’s growing pains, Science 269:1050-1055, 1995.

Table 19-3
Genetics: A Conceptual Approach, Third Edition
© 2009 W.H.Freeman and Company




Vectors Used in Gene Therapy Clinical Trials

The Journal of Gene Medicine, © 2014 John Wiley and Sons Lid

®)

WILEY

Adenovirus 23.4% (n=478)
Retrovirus 19.2% (n=392)
Naked/Plasmid DNA 17.8% (n=365)
Vaccinia virus 7.9% (n=161)
Lipofection 5.5% (n=113)
Adeno-associated virus 5.3% (n=109)
Poxvirus 4.7% (n=97)

Lentivirus 3.5% (n=71)

Herpes simplex virus 3% (n=62)
Other vectors 6.4% (n=131)
Unknown 3.2% (n=66)

www.wiley.co.uk/genmed/clinical

Comparison of Virus and Cell Sizes

e L3 or dsplay.
VIRUS
VIRUS
VIRUS Flavivirus
VIRUS Adenovirus ch:)o::':u = (causes
Influenza 75 nm yellow
VIRUS 100 nm fever)
Hiv ) 3 22 nm
VIRUS 110 nm 3
Rabies <z " ®
125 nm b

VIRUS
Herpes simplex
150 nm

@

Note: 1 nm = 109 m

PROTEIN
Hemoglobin
15nm

VIRUS
T2 bacteriophage




Human Retroviruses Are Used As Gene Therapy Vectors

Copyright © The McGraw-Hill Ci , Inc. required for or display.

Pathogen Genome Vector/Epidemiology
Chicken pox Varicella zoster @ Double-stranded DNA Spread through contact with infected individuals. No

cure. Rarely fatal. Vaccine approved in U.S, in early
1995.

Hepatitis B (viral) Hepadnavirus Double-stranded DNA Highly infectious through contact with infected body
fluids. Approximately 1% of U.S. population infected.

Vaccine available. No cure. Can be fatal.

Herpes Herpes simplex virus Double-stranded DNA Blisters; spread primarily through skin-to-skin contact
with cold sores/blisters. Very prevalent worldwide. No
cure. Exhibits latency—the disease can be dormant for

several years.

several weeks; common in young adults, No cure,

M leosi: Epstein-Barr virus Double-stranded DNA Spread through contact with infected saliva. May last
Rarely fatal.

Double-stranded DNA Historically a major killer; the last recorded case of
smallpox was in 1977. A worldwide vaccination campaign
wiped out the disease completely.

(+) Single-stranded RNA Destroys i defe lting in death by infe
(two copies) or cancer. As of 2005, WHO estimated that 40 million
people are living with AIDS; 4.1 million new HIV infections

were predicted and 2.8 million deaths were expected. More
than 25 million have died from AIDS since 1981,

(+) Single-stranded RNA Acute viral infection of the CNS that can lead to
paralysis and is often fatal. Prior to the development of
Salk’s vaccine in 1954, 60,000 people a year contracted
the disease in the U.S. alone,

Polio Enterovirus

HIV is a Retrovirus

HIV retrovirus

Envelope glycoprotein
Two copies of retroviral RNA
Reverse transcriptase

Mammalian host cell
Reverse transcriptase

T-Cell

LIFE 8e, Figure 13,6 IFE: THE SCIENCE OF BIOLOGY, Eighth Ecition © 2007 Sinasar Assocines, Inc. and W, H, Freeman & Ca.




Discovery of Retroviruses

envelope
"lipids _ proteins’

diploid ==—3
viral RNA
genome

reverse
transcriptase

The Retrovirus

\‘

protein
Figure 3.4 The virion of RSV and related viruses (A) This
schematic drawing of the structure of a retrovirus virion, such as
that of Rous sarcoma virus, indicates three major types of viral
proteins. The glycoprotein spikes (encoded by the viral env gene)
protrude from the lipid bilayer that surrounds the virion; these
spikes enable the virion to adsorb (attach) to the surface of a cell
and 1o introduce the internal contents of the vidon into its
cytoplasm. These include a complex protesn coat formed by the
several core proteins encoded by the viral gag gene, Within this
protein shell are found two vd«mul copnes oi me wral genom.(

Genome Encodes
Reverse Transcriptase
w

and break up sarcoma
chicken with into small with wand
sarcoma In chunks of
breast muscie tissue

Figure 3.2 Rous’s protocol for indudng sarcomas In chickens
Rous remaved a sarcoma from the breast muscie of a chicken,
ground it with sand. and passed the resulbing te t

a fine-pore Mrec He then ingected the Altrate (the hiqud that passed
theough the filter) into the wing web of a young chicken and
observed the development of 3 sacoma many weeks later He then

" the wral pol gene. (B) Scanning electron micrograph and

(C) transmission electron micrograph showing murine leukemea
vitus (MLV) particles budding from the surface of an infected cell
As the nucleocapsids (containing the gag proteins, the virion RNA,
and the reverse transcriptase) leave the cell, they wrap themseives
wath a patch of lipid bilayer taken from the plasma membrane of
the infected cell. (A, adapted from H. Fan et al., The Biology of
AIDS. Boston, MA: Jones and Bartlett Publishers, 1989; B, courtesy
of Albert Emnstein College of Medicine; C, courtesy of Laboratoire

de Biologie Moleculaire.)
Rous Sarcoma Virus
? @ is a Retrovirus That
Cases Cancer and
ouamme  oeamwe  swmwon  Contains Oncogenes
'“;:“3‘2.1:’ sy " in its Genome

Qround up s New SACOMa and repeated the cycse of
Pomogenaaton, flkation, and inecton, 0nce agein obsning 3
tumoe in another young chicken. These cycles coud be repeated
ndefinstely, shter repeated serel passagng. the wwus was able 1o
Broduce Sarcomas fav more rapgidly than the ongnal wal solate

Francis Peyton Rous
Nobel Prize, 1966

Reverse Transcriptase is Encoded by a Retrovirus Genome and
Converts the RNA Genome into a Double-Stranded DNA that is
Integrated Into the Host Cell Genome

5!

RNA template strand
& A

“fingers”

polymerase active site
synthesizes DNA strand

“thumb”

. RNAse H
direction
of enzyme
movement

new DNA
strand

RNAse H active site

(B) degrades RNA strand

(A)

Reverse Transcriptase

Figure 5-72 Molecular Biology of the Cell (© Garland Science 2008)




Retrovirus Life Cycle

DNA
DNA
REVERSE TRANSCRIPTASE I RNA
MAKES DNA/RNA AND _
THEN DNA/DNA DNA

DOUBLE HELIX I
RNA
O ——

RNA
envelope reverse
transcriptase
capsid

——®

ENTRY INTO
CELL AND LOSS
OF ENVELOPE

integrated DNA

TRANSCRIPTION '

many
RNA

‘\/|' | ]

g

=1

capsid protein
* ’
7 4
envelope protein 5}‘5:;‘\ —_
4
+

reverse transcriptase :.'. —_
B

] | S

ASSEMBLY OF MANY

NEW VIRUS PARTICLES,
EACH CONTAINING
REVERSE TRANSCRIPTASE,
INTO PROTEIN COATS

Retroviruses Replicate Using Reverse Transcriptase
David Baltimore & Howard Temin-Nobel Prize 1975
Modified the Central Dogma of Molecular Biology
Use For Genetic Engineering?

Retrovirus Genome

PBS accessory PPT 3'LTR

genes

—_—

env
Surface Glycoprotein SU
gp 120
.
env

Transmembrane 3
Glycoprotein TM

gpal 5

.
9ag
Membrane Assoclated

(Matrix) Protein MA
17

gag
Capsid CA
(Core Shell)
p24

RNA
(2 molecules)

pol
Protease PR p9
Polymersase RT &
RNAse H RNH p66
Integrase IN p32




Retroviral Vector

LTR LTR
PSI  GAG POL ENV

Retrovirus

e —

Surface Gl:?gprutem su -

e PSIis a
packaging
element
Membnanga:ssocmted

(Matrix) Protein MA
pi7

»

gag
Capsid CA
(Core Shell)
p24

RNA
(2 molecules)

pol
Protease PR p9
Polymersase RT &
RNAse H RNH p66
Integrase IN p32

. LTR THERAPEUTIC LTR
Retroviral pPST GENE

Gene Therapy —

Vector

Using a Retrovirus as a Vector For Human
Ex Vivo Gene Therapy

X Endocytosis  ecrecar

RETROVIRUS Pol

REVERSE
TRANSCRIPTASE

> VIRAL RNA

CORE
e WY
ENVELOPE PROTEIN
Env

® Gag = Capid Protein
® Pol = Reverse Transcriptase
® Env = Envelope Protein
® ¢ (Psi) = Packaging Sequence




Using Retroviruses for Ex Vivo Gene Therapy

A1 Cloning in Bacteria
2. DNA Transformation into
Packaging Cell

B.l1. Packaging Cells Makes Viral
Proteins

2. Cannot Package (¥-Minus)

3. Packages Therapeutic
Transcript (¥-Plus)

Packaging Cell Line
(Made Previously)

RETROVIRAL VECTORS are assembled,
or packaged, in cells designed to re-
lease only safe vectors. Investigators
substitute a therapeutic gene for viral
genes in a provirus (a) and insert that
provirus into a packaging cell (b). The

C viral DNA directs the synthesis of viral
° RNA but, lacking viral genes, cannot
give rise to the proteins needed to

1. Infect Target package the RNA into particles for de-
Cells livery to other cells. The missing pro-

teins are supplied by a “helper” pro-

2. Check For virus from which the psi region has
been deleted. Psi is crucial to the inclu-

Presence of sion of RNA in viral particles; without
Gene it, no virus carrying helper RNA can

form. The particles that escape the cell,

3. Transfer To then, carry therapeutic RNA and no vi-
Patient ral genes. They can enter other cells (¢)

and splice the therapeutic gene into cel-

lular DNA, but they cannot reproduce.

Did the Gene Therapy Strategy Work?

T Lymphocyte-Directed Gene Therapy for ADA™
SCID: Initial Trial Results After 4 Years

R. Michael Blaese,” Kenneth W. Culver, A. Dusty Miller,
AVAAAS Charles S. Carter, Thomas Fleisher, Mario Clerici,t
Gene Shearer, Lauren Chang, Yawen Chiang, Paul Tolstoshev,
Jay J. Greenblatt, Steven A. Rosenberg, Harvey Klein,
Melvin Berger, Craig A. Mullen,# W. Jay Ramsey, Linda Muul,
Richard A. Morgan, W. French Anderson§

In 1990, a clinical trial was started using retroviral-mediated transfer of the adenosine
deaminase (ADA) gene into the T cells of two children with severe combined immuno-
deficiency (ADA~ SCID). The number of blood T cells normalized as did many cellular and
humoral immune responses. Gene treatment ended after 2 years, but integrated vector
and ADA gene expression in T cells persisted. Although many components remain to be
perfected, it is concluded here that gene therapy can be a safe and effective addition to
treatment for some patients with this severe immunodeficiency disease.

- ADA gene expression in T cells persisted
after four years

- Patients remained on ADA enzyme
replacement therapy throughout the gene
therapy treatment

Ashanthi DeSilva




Setbacks for Gene Therapy

Ehe New Jork Times 1999

The Biotech Death of Jesse Gelsinger

BEE

Gene therapy 'caused leukaemia’

Gelsinger had a mild form of
ornithine transcarbamylase
deficiency - results in an inability
to metabolize ammonia

He volunteered for clinical frial of
gene supplementation therapy and
was injected with adenovirus
vector containing OTC gene

He died of systemic inflammatory

response syndrome - immune
reaction to adenovirus vector

3 of 17 patients in clinical trial
for SCID gene therapy developed
clonal lymphoproliferative
disorder - a leukemia

The leukemia was caused by
insertion of retrovirus near
proto-oncogenes and activation of
these proto-oncogenes by
retroviral switches

Some Problems with Human Gene Therapy

* Delivery systems to target cells

* Expression levels of therapeutic gene

* Adverse immune reactions to vector

* Insertional mutagenesis causing other diseases

(e.g., leukemia)

* Human error - failure to adhere to strict NIH
and IRB procedures (experimental therapies)




A Comeback for Gene Therapy

~ mnew england
journal «medicine

Jjanuary 29, 2009 ol 360 no.s

established in 1812

Gene Therapy for Immunodeficiency Due to Adenosine
Deaminase Deficiency

The New Hork Times

November 3, 2009

Vol 467116 September 2000

S . CCOme&aekforGeneTheupy
uigi Naldini
cience RN

on , 805 (2009),
DOI- 10.1126/science. 1181937
AVAAAS

Moy Arscies Videos Image Books
e biedcre  MmASan  PansbAwns  GendCowe  dpoaTee M
Sclence News #5uw By Tn
New Anti-HIV Gene Therapy Makes T-Cells Resistant to HIV Infection
ScienceDally (Jan. 26 2011) — An novative Al by Gnngle

genetic strategy for rendecing T-cells resstent to
HV Infection wihout affecting ther normal groet ¥
and actraty Is described In a paper published m
Muman Geoe Theragy. 8 peet-ceviemed joum e
published by Mary Ann Lisdert, Inc

nature

Giving Sight by Therapy With Genes

rlaneca
News Arscies Wideos mages Beots GENE THERAPY
Moy LMedcne  MoAREn  PrBAAwes B AGo  SeorkToe M
Sclence News #owe By
Gene Therapy for In Mice Pr Complete
Remission

ScionceDally (Nov. 18, 2010) — A petent
anthtumor gane introguced knto mice vt
metastetic melanoma has resulted in permanent
Immune reconfiguration and produced a complete
remizskon of thekr cancer. eccarding o an arficle b
be published in the December 2010 issue of the
Journal of Clinical X

nature Vel 461 8 October 2009/ dok10.107/matur s0B40

LETTERS

Derek A Persons

Gene therapy for red-green colour blindness in adult

primates

Katherine Mancuso', William W. Hauswirth’, Qiuhong LI, Thomas 8. Connor’, James A. Kuchenbecker',
Matthew C Mauck’, Jay Neitz' & Maureen Neitz'

NEWS & VIEWS

o Targeting -thalassaemia

Patients with disorders of the blood protein haemoglobin often depend on lifelong blood transfusions.,
That could change, given the success of gene therapy in a patient with one such disorder.

rianro

Moy Ardsies Videns mages Bueks
Mot Nebine  MdABuwe  PadsEAweh  EamECuee  Spas & Taw
Science News # thwe < Dog

Virus-Based Gene Therapy for Metastatic Kidney Cancer Developed

ScienceDaly (Dec. 19, 2010) — Researchers sl A by Gaoge
9 sey Cancer
Conter and the VCU Institute of Molecular
Medicine (VIVM) have deveicped a novel Frd o
VrU3-ased Gene tharapy for renal cell carcnoma
that haz bean shown 10 kil cancer cels not onfy ot
the prmary hamor site but also in disterd fumors
ol diectly infacted by the vius. Rend cell
carcinoma Is the most comaon form of kidney »
cancer in adults and currently thace is no effective
treatment for Ihe disease once & has spread e
autsice of the kaney.

Improvements in Gene Therapy

* Increases in efficiency of viral transduction

Higher levels of therapeutic gene expression

* Development of self-inactivating vectors

technologies

Coupling of gene therapy and stem cell




Immune cell development: Hematopoiesis

@ Hm?opoieti@
‘ @ @ Progenitors

Lymphoid Myeloid Erythroid

Bone marrow
I 1 Tl ues
Neutrophil Basophll v | @ RBC
| cell Megakar'yocy?e

Eosinophi

o)
Dendritic Macrophage OO
cell Platelets

Dr. Pei-Yun Lee

General Strategy for Use of
Hematopoietic Stem Cells in Gene Therapy

Highly purified,
HSC hlgh-tilre (A%

el Dee

HSCs with

— — Cell release —
- N / N @ withoutcryo- 7 O\
( ) i % ) preservation | \
\s J -~ / Y /‘
Vi \ [ \
/ AZA
-
\_»{L B / — “» 7_»_,/
Patient with Myeloablation Intravenous infusion of
MLD or WAS (£ immunosuppression fresh, transduced cells

adapted to specific disease) (high dose of cells)




Updated Ex-Vivo Gene Therapy for
ADA-SCID & SCID-X1

- SCID-X1 :
D How It Works | The procedure the SCID-X1 trial will use
- Most common form of
Stem cells are isolated from bone The normal gene Is inserted into
SCID marrow harvested froma baby's hip  the stem cells in the lab,

- Results from mutations
in the common gamma
chain gene required for

)
interleukin receptors x {
- Patients are immune
deficient

Bone marrow cell Normal gene

</

- Gene Therapy i @
Improvements ‘ @;@ L L
. . ulate over time, repairing th
- Used hemaTOpOleTIC / @ @ E:Ey'stéull-,("u:nnun:Zystlerght‘0
stem cells

N S @ @ Source: Chikdren's Hospital Boston
- Improved retrovi r‘Cll . Phatas Getty Images

vectors with higher
titers

UCLA

It Works!
Gene therapy cures 'bubble boy disease’

~ menew england
journal medicine

established in 1812 january 29, 2009 vol.360 no.Ss

Gene Therapy for Immunodeficiency Due to Adenosine
Deaminase Deficiency

Results after 10 years
- ADA-SCID - 4 of 6 children experienced immune
reconstitution
- SCID-X1 -9 of 10 children experienced normal T-cell
number

- Inanother study, 5 of 20 SCID-X1 subjects experienced
leukemia-like T lymphoproliferation




Development of Self-Inactivating (SIN) Vectors

1. First generation
vectors often caused
leukemia because they

3 RRE &'n 05
inserted viral DNA “1 T [ ] = I]
7 [pro | pol [ [
next to proto L T
oncogenes. ) -« v [
HIV provirus
2. The 5" LTR of the
viral vector is a
powerful switch that
can activate proto . .
oncogenes and cause B T
9 RSV j225] RRE prometr|  Transgene l
cancers to form. ' "':
sD rovi |y
A SIN vector plasmid
3. SIN vectors have
transcriptionally
disabled LTRs.They do
not activate adjacent
genes.
" 1 ® “Eight of the nine boys registered to date in the
SCIence Dal | new trial are alive and well, with functioning
immune systems and free of infections
Y or e latact h - associated with SCID-X1, between nine and 36
‘our source for the latest research news months following treatment”.
Mobile: ¢§iPhone § Android OWeb Follow. @ Facebook @ Twitter 8 Google+
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Featured Research

from universities, journals, and other organizations

X-linked severe combined immunodeficiency syndrome: Gene therapy

trial shows promising early results

Date: Decemberd, 2013

Share This

Source: Dana-Farber/Boston Children's Cancer and Blood Disorders Center

Summary: Researchers reported promising outcomes data for the first group of boys
with X-linked severe combined immunodeficiency syndrome, a fatal
genetic immunodeficiency also known as "bubble boy" disease, who were
treated as part of an international clinical study of a new form of gene

therapy. Its delivery mechanism was designed to prevent the leukermia
that arose a decade ago in a similar trial in Europe.

» B4 Email to a friend
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Ex-vivo Gene Therapy for p-Thalassemia

* p-Thalassemia results from a * Gene therapy - transduced
recessive mutation in the p-globin gene hematopoietic stem cells (HSC) with
that causes reduced rates of synthesis lentivirus (HIV) engineered with p-

and causes formation of abnormal globin gene

hemoglobin and anemia * Transplanted therapeutic HSCs into
- Disease is treated with regular blood patient following chemotherapy to
transfusions destroy diseased HSCs

* Patient has not needed transfusions
for two years

ok

b Lentiviral-
vector particles

HSC

d Genetically
modified HSCs

a HSCs
€ Chemotherapy

é( — —

UCLA Newsroom

Sickle Cell hemoglobin

UCLA Newsroom > All Stories > News Releases

Normal hemoglobin forms long, inflexible chains
UCLA stem cell gene therapy for sickle cell

All Stories
» Al Stories disease advances toward clinical trials
» Featured News By Shaun Mason | July 01,2013

lormal Sickl

Blood Blood Cells

‘ Gene Therapy

‘Used hematopoietic stem cells (HSC) from
patient

*Used lentivirus vector with a p-globin gene
engineered to impede sickle hemoglobin
polymerization

Scled e bood <l Showed a lower percentage of the
are stiff and angular,

causing them to transduced red blood cells exhibited sickling

become stuck in small

aclaie compared with control cells from sickle
donors.

Home

0.‘
..

Normal red blood cells /

are compactand
flexible, enabling them
to squeeze through
small capillaries
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Blindness - Choroideremia (CHM)

How We See 1. CHM is a rare inherited cause of
e - blindness that affects around 1 in

Gy 50,000 people. Night blindness is
Retina an early symptom.
\ it orae 2. CHM is caused by mutation in the

X-linked REP1 gene.

< 3. Without the REP1 protein, pigment
obec s cells in the retina die prematurely

Cilliary >
Muscle

CHM Retina




BEME NEWS
HEALTH

15 January 2014 Last updated at 20:55 ET

Gene therapy "could be used to treat blindness'

Gene therapy to prevent blindness

Adeno-associated viruses (AAV)

- Does not generally provoke
antibody formation
Infects nondividing cells of many
different tissues

Little or no integration of viral
DNA into the host genome

Retina

Photoreceptor
cells

Lens ———

1. Healthy eye 2. Cells dying
In a healthy eye, retina cells at the back A faulty gene means these cells are dying, leaving
detect light all but a small section - causing partial blindness

AAV-REP1 -
3. Liftretina 4. Inject DNA Jonathan Wyatt, one of
To stop further degeneration, fluid is injected Working copies of the faulty gene are then injected SIX pClTIenTS W"\OSe vision
to lift a layer of the cells to stop the rest of the cells dying

improved as a result of
REP1 gene therapy

LCA Gene Therapy Using RPE65 & AAV2

Leber Congenital Amaurosis Type 2 LCA is caused mm
+ Degenerative diseases by recessive mutations

of the retina in the RPE65 isomerase nvessrvsom-rohvdwlm
+  The most common cause gene that recycles

of congenital blindness photoreceptors m

in children

SUCCESS!

Cideciyan et al. PNAS 2008;105:15112 ALESSANDRO CANNATA




Target for in Vivo Gene Therapy: Hemophilia B
that is Caused by Mutations in Factor IX Gene

2

TABLE

13.

Some Important Genetic Disorders

Dominant/ Frequency Among
Disorder Symptom Defect Recessive Human Births
Cystic fibrosis Mucus clogs lungs, liver, and  Failure of chloride ion transport Recessive 1/2500 (Caucasians)
pancreas mechanism
Sickle cell anemia Blood circulation is poor Abnormal hemoglobin molecules Recessive 1/600 (African Americans)
Tay=Sachs discase Central nervous system Defective enzyme (hexosaminidase A)  Recessive 1/3500 (Ashkenazi Jews)
deteriorates in infancy
Phenylketonuria Brain fails to develop in Defective enzyme (phenylalanine Recessive 1/12,000

pxvlase)

l Hemophilia Blood fails to clot Defective blood-clotting factor VIII

X-linked recessive

1710,000 (Caucasian males) l

Production of an inhibitor of bram
cell metabolism

Hunuington disease Brain tissue gradually

deteriorates in middle age

Muscular dystrophy
(Duchenne)

Muscles waste away Degradation of myelin coating of

nerves stimulating muscles

Abnormal form of cholesterol cell
surface recepror

Excessive cholesterol levels in
blood lead to heart discase

Hypercholesterolemia

Dominant

X-linked recessive

Dominant

1724,000

173700 (males)

1/500

18,000 People in US Have Hemophilia & 400 Babies/Year Are Born With Disorder
Prior to 1960s - Average Life Span Was 11 Years

Defective Factor VIII Gene
Defective Factor IX Gene
Defective Factor XI Gene

Hemophilia A
Hemophilia B
Henophilia €

80%
20%
<1%

1/10,000 males
1/30,000 males
Autosomal

Both Factor VIII & IX Genes
on X-Chromosome

(22> s

)

How Does Blood Clot After

WOUND SURFACE CONTACT
FACTORXII  [FACTORXI——> Post- ff't:'lf{S/afzIona/
Inactive |Active Modification

FACTOR X1 FACTOR Xla

/\1’\ /Hemophilia A
FACTOR IX FACTOR IXa e
®

Hemophilia B

+ FACTOR VIl

/i&zTOﬂ v
PROTHROMBIN nnim—J\

FIBRINOGEN  FIBRIN CLOT

Wounding?

Eight
Proteins/Genes
Required:

Factor VIT
Factor XI
Factor IX
Factor VIII
Factor X

Protein C

Prothrombin

NGO R wN =

Fibrinogen

CLOTTING CASCADE begins when cell damage at a wound somehow activates the en-
zyme factor XII; it ends with the conversion of fibrinogen into fibrin by thrombin. At each
step an inactive protein is converted into a protease, or protein-cutting enzyme (color),
which activates the next protein. Some steps require cofactors such as factors VIl and V.
The cascade includes positive- and negative-feedback loops (colored arrows). Thrombin acti-
vates factors VIIT and V; it also deactivates them (by activating protein C), which helps
to halt clotting. Some 85 percent of hemophiliacs lack factor VIIL The rest lack factor IX.

What Happens If Any Of

These Proteins Or Genes
Are Mutated?

Anti-Thrombin?? —— Anti-Thrombin Deficiency

(At-III) genetic disease

v
No Blood Clot!




December 10, 2011

Ehe NewJorkTimes  Treatment for Blood Disease Is Gene
Therapy Landmark 2011
* Protocol

- Transferred Human Factor IX gene into adenovirus-
associated virus vector that targets liver cells

- Infused AAV8 vector into six participant with severe
hemophilia B (FIX <1% of normal)

- Participants monitored for 6 -16 months

« Results

- AAV-mediated expression of FIX at 2 to 11% of normal
levels

- Four of six discontinued FIX prophylaxis; in the other two,
the interval between prophylactic injections was increased

The NEW ENGLAND
JOURNAL o MEDICINE

ESTADLISHED IN 1812 DECEMBER 22, 2011 VOL. 365 NO.25

Adenovirus-Associated Virus Vector-Mediated Gene Transfer
in Hemophilia B
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Normal Blood Cell Development

AR ‘/Blood stem ce"\x®
=

Lymphoid stem cell
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-~
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Eosinophil 2l 7o @
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Redblood ** B lymphocyte (,c\ y/ @
cells = Neutrophilr& ymehooy! Natural

G
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AT Y T lymphocyte killer cell
27 | o '
I

Platelets White blood cells
Ehe New JJork Times 2013
Decembe19‘201.2 ’ .’ ' dhh*
In Girl’s Last Hope, Altered Immune Cells .., 5
Beat Leukemia T colls on the attack -

By DENISE GRADY

Leukemia is cancer of the blood,
that results in an increase in
immature white blood cells.
Chronic lymphoid leukemia affects
B cell lymphocytes

Normal Blood Leukemia

Emiy Whitehead, 7, was the first chid to receive gene therapy for leukemia at CHOP. (Photo courtesy of The Chidren's
Hospital of Phiadelphia)

Emily Whitehead, alive at age 7
because of a novel gene therapy strategy




Science

Ex-vivo Gene Therapy for Translational
Lymphocytic Leukemia
Cytotoxic T cell Tumor cell
Protocol
\_// +  Removed T cells from
Q. patients
N €019
1 Created Chimeric Antigen
" Release of — Receptor (CAR) genes that
a5z = || destructive i recognize a protein on the
el ; — enzymes Y U ’ surface of B cells
\;'- ; % J) - Transferred CAR genes
- into T cells to allow them
X Abnormal 8 to target B cells
or virus- prssoieyls
infected Infused CAR T cells back

- St comain into patients

- Results
- CAR T cells expanded more than 1,000 fold and persisted more than six months
- Estimated that each CAR T cell killed more than 1,000 cancer cells

- Inone trial, 19 of 22 children who had exhausted all drug treatment and bone-
marrow transplant options for leukemia went into remission after receiving
CART-19

- 45 of 75 leukemia patients saw complete regressions with CARs

DNA
Genetic Code of Life

Entire Genetic Code
of a Bacteria

Current Status of
Gene Therapy

DNA Fingerprinting

Cloning: Ethical Issues
and Future Consequences

Plants of Tomorrow




Indications Addressed by Gene Therapy Clinical Trials (\i/;
WILEY

Cancer diseases 63.8% (n=1274)
Monogenic diseases 8.9% (n=178)
Infectious diseases 8.2% (n=164)
Cardiovascular diseases 8.1% (n=162)
Neurological diseases 1.9% (n=37)
Ocular diseases 1.6% (n=31)
Inflammatory diseases 0.7% (n=13)
Other diseases 1.8% (n=35)

Gene marking 2.5% (n=50)

Healthy volunteers 2.6% (n=52)

200000000

The Journal of Gene Medicine, © 2014 John Wiley and Sons Lid www.wiley.co.uk/genmed/clinical

Clinical Trials

* Phase |: Safety

» Usually includes healthy (paid) volunteers

» Phase llI: Efficacy
* Patients are involved
* Usually where drug fails

* Phase lllI---Randomized controlled trial
* Involves larger numbers of patients

« Compares efficacy of drug against current “gold
standard” treatment

* Expensive

Pei-Yun Lee




Phases of Gene Theropy Clinical Trials

Phase lll 3.7% (n=74)
@ Phase IV 0.1% (n=2)
Single subject 0.2% (n=3)

Approved Gene
Therapy Trials

Cytokine 26% (n = 237)

@ Antigen 14% (n = 128)

@ Tumor supressor 12% (n = 113)

® Suicide 8.1% (n = 74)

) Deficiency 7.8% (n = 68)

@ Drug resistance 6.1% (n = 56)
Receptor 3.4% (n = 31)

@ Replication inhibitor 2.9% (n = 27)

@ Others 14% (n = 129)
N/C 6% (n = 55)

Figure 5. Distribution of gene therapy clinical trials by gene.
N/C = not communicated

Nature Biotechnology, February 2011




Table 1 Some recent advances in ciinical gene therapy
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Recent Advances in

Gene Therapy
Clinical Trials
Part 1
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Approved Gene Therapy Products

Gendicine is a genetically engineered,
infectious active recombinant human p53
adenovirus particles (rAd-p53), the
replication-defective adenovirus type 5 and
human p53 tumor suppressor gene normally
composed of two parts, a replication-
defective adenovirus particles as a carrier of
the p53 gene into tumor cells, p53 gene
expression in tumor cells of p53 protein
plays inhibit tumor cell growth and induced
apoptosis of tumor cells, inhibiting the
biological function of tumor angiogenesis
and bystander effects.

Marketed 2904

Glybera® (alipogene tiparvovec) overview

Glybera is a gene therapy that is designed to restore the LPL enzyme activity required
to enable the processing, or clearance, of fat-carrying chylomicron particles formed in
the intestine after a fat-containing meal. The product consists of an engineered copy of
the human LPL gene packaged with a tissue-specific promoter in a non-replicating
AAV1 vector, which has a particular affinity for muscle cells. In order to improve
activity, uniQure uses a naturally occurring vaniant of the LPL gene that has higher
enzyme activity than the normal version of the gene that encodes the protein. The
company produces Glybera using its insect cell-based manufacturing process.
Clinicians administer Glybera in a one-time series of up to 60 intramuscular injections
in the legs. The patient is administered spinal anesthesia or deep sedation during the
procedure. In addition, an immunosuppressive regimen is recommended from three
days prior to and for 12 weeks following Glybera administration.

Marketed 2012
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US Regulatory Authority for Gene Therapy

+ Department of Health and Human Services (DHHS) has been charged
with oversight of clinical trials through Code of Federal Regulations
- Office for Human Research Protections
+ All research involving human subjects undergo Institutional
Review Board review
- U.S. Food and Drug Administration

+ Center for Biologics Evaluation and Research regulates human
gene therapies. Manufacturers of gene therapy products must
test their products extensively and meet FDA requirements
for safety, purity and potency before they can be sold in the
United States

+ National Institutes of Health (NIH), oversees the conduct of
federally funded clinical trials

- Recombinant DNA Advisory Committee review human gene
transfer research on behalf of the NIH through the Office of
Biotechnology Activities

http://www.genetherapynet.com/united-states-of-america.html

FDA meeting to discuss “oocyte modification” in
assisted reproduction for the prevention of transmission
of mitochondrial disease — February 25-26, 2014

of Health & Human Services

AtoZIindex | Follow FDA | FDA Voice Blog

U.S. Food and Dl'ug Administration ] SEARCH

Protecting and Promoting Your Health

Home | Food | Drugs | Medical Devices | Radiation-Emitting Products | Vaccines, Blood & Biologics | Animal & Veterinary | Cosmetics | Tobacco Products
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Advisory Committee Calendar

2014 Advisory Committee
Tentative Meetings

&g

February 25-26, 2014: Cellular, Tissue, and Gene Therapies Advisory

Committee Meeting: Announcement
ter[Date [fime [Location

CBER |February 25, 2014 8 a.m.-5:30 p.m. Hilton Washington, D.C.
2014 Advisory Committee February 26, 2014 8a.m.-5p.m. North/Gaithersburg, 620
Calendar Perry Pkwy., Grand

5 § Ballroom, Gaithersburg,

2013 Advisory Committee MD 20877 (301-077-8700)
Calendar

Agenda
2012 Advisory Committee On February 25, 2014, from 8 a.m. to 5:30 p.m. and on February 26, 2014, from 8 a.m. to approximately 11:15
Calendar a.m., the committee will discuss oocyte modification in assisted reproduction for the prevention of

transmission of mitochondrial disease or treatment of infertility. On February 26, 2014, from approximately

2018 Advisory Comunitie 11:15 am. to 11:30 a.m,, the committee will hear updates on guidance documents issued from the Office of

Calninr Cellular, Tissue, and Gene Therapies, Center for Biologics Evaluation and Research (CBER), FDA. On
2010 Advisory Committee February 26, 2014, from 1 p.m. to approximately 5 p.m., the committee will discuss considerations for the
Calendar design of early-phase clinical trials of cellular and gene therapy products. CBER published guidance on this

topicin July 2013.




DNA
Genetic Code of Life

’ Would you alter a somatic cell of
your child for the trait(s) of “your

Entire Genetic Code

of  Bacteria choice” using somatic cell gene

therapy if the procedure was 100%
“safe?”

DNA Fingerprinting a yes

Cloning: Ethical Issues
and Future Consequences

Plants of Tomorrow

DNA
Genetic Code of Life

’ Would you alter the germ line of
your child for the trait(s) of “your

Entire Genetic Code

of a Bacteria choice” using germ-line gene therapy

‘ if the procedure was 100% “safe?”
a.Yes

DNA Fingerprinting b . No

Cloning: Ethical Issues
and Future Consequences

Plants of Tomorrow




Gene Therapy for Human 3 March 1972, Volume 175, Number 4025 SCIE NCE

Genetic Disease?
Proposals for genetic manipulation in humans raise We p.roposle the fOIIOWing e.thiCO_SCi.entiﬂC
difficult scientific and ethical problems.  Criteria which any prospective techniques for
Theodore Friedmann and Richard Rooin - 9ENE therapy in human patients should satisfy:

1. There should be adequate biochemical characterization of the
prospective patient's genetic disorder.

2. There should be prior experience with untreated cases of what
appears to be the same genetic defect

3. There must be an adequate characterization of the quality of the
exogenous DNA vector.

4. There should be extensive studies in experimental animals to evaluate
the therapeutic benefits and adverse side effects of the prospective
techniques.

5. Where possible, determine whether the prospective gene therapy
technique can restore enzyme function in the cells of the prospective
patient

Some Issues With Human Gene Therapy

Regulation

Consent
Risks

Enhancement

Eugenics (Germ Line)

Availability To Everyone




DNA
Genetic Code of Life

Entire Genetic Code
of a Bacteria

DNA Fingerprinting

Cloning: Ethical Issues
and Future Consequences

Plants of Tomorrow

The Frontiers of
Human Gene
Therapy:
RNAi “Drugs”,
Vaccines,

& Genome Editing

Gene Therapy for Dominant Mutations:

a “Molecular

d J
transthyretin

If the mutant gene is shut
off with a “Molecular Drug,”
disease might not develop

Drug” to Shut Off Genes - RNAI

Lou Gehrig’ s Disease - Amyotrophic Lateral
Sclerosis (ALS)
One cause is a dominant mutation in the
coding region of the superoxide dismutase
(50D1) gene (SOD is an anti-oxidant)
Mutant SOD1 Protein is Toxic to Motor
Neurons

Amyloidosis

- Diseases in which normally soluble proteins
become insoluble and deposited outside of
cells in various tissues
An inherited amyloidosis, abnormal
transthyretin protein aggregates into amyloid
fibrils in the liver, eventually causing death

Native TTR
tetramer

88:% =@= F—gf

Rearranged  Monomer| Amylord fibl

tetramer

Ohgomesnic, non-fibnllar
and protofibrillar species

i i —»
Iﬁ i
Adapted from Hou X. et al,, 2007




Small RNAs Target Specific mRNAs For
Degradation and/or Protein Synthesis Inhibition

(a) MicroRNAs (b) Small interfering .
Inverted repeat RNAs siRNA
DNA Double-stranded RNA
_— e —
Double-stranded
thvoughan inverted | | RNA may arise
repeatin the DNA.. from RNA viruses
RNA or long hairpins.
...produces an RNA
molecuh that folds
pop— to produce double-
P id d rs stranded RNA.
RNAi is Consi ere to TR
be the Genome’s is cleaved by the
“Immune System” " | enzyme icer... ~
Protecting Against RNA mittihe 7 _ B3...toprody fe] sikvas ¥
: . m ] === 3
Viruses & SiRNAS.
Protein Protein
Transposable Element o -
Movement &
RISC/ \RISC
Imperfect Perfect base
base pairing pairing
mRNA g, RNA e, Target mRNA
—_— \ _—
«..which pairs
with an mRNA
and inhibits
| (in \\
.| themiRNAcase)ff >~
Inhibition of or degrad W!M[]
| translation || mRNA (in the .
SIRNA case). Andrew Fire &
Figure 14-22 Cr‘aig Me“O
AC I App h, Third Edition .
© 2009 W.H. Freeman and Company i NObeI Pf'lze - 2006

RNA Interference (RNAi) Specifically Inhibits
the Accumulation of Targeted Proteins

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.
(b) Two modes of RNA interference

1. mRNA cleavage 2. Translational repression
miRISC miRISC miRISC
5'capumuuunmumuuuum_"'"” i AAAA S'cap T “'mum..“" A 'M‘ L AAAA
Perfect complementarity Incomplete complementarity

M ‘“"'%WA 5'cap nt\f O, SO M s A A AA
cap AA > . B
L L \ Ribosomes
W
u

n w
vllnm \»,‘uuu

miRISC binds to another target mRNA.




Using RNAi To Inhibit Gene Activity

MICE LIGHT UP when injected with DNA containing the luciferase gene (left).
But scientists took the shine off the mice by also injecting siRNAs that match
the gene (right), thus demonstrating one way to exploit RNAi in mammals.

RNAi Gene Therapy for
Transthyretin-mediated Amyloidosis

* Protocol

- Create a small interfering RNA (siRNA)
against transthyretin (TTR) mRNA with 5Z/A|n>’“!§m,.,
a modified phosphodiester RNA
backbone

- Encapsulate siRNA in lipid nanocarriers \
- Deliver the drug infravenously Lipid Nanocarrier

. Resul ts @ PEG-Lipid Nucleic Acid
- Observed a 82 - 87% mean reduction in O NO)|
TTR levels | He
- Efficiency of TTR knockdown supports @ ®
monthly or bimonthly dosing @9 ©
T Cationic Lipid Neutral Lipid

- No adverse effects observed 0




Molecular Drug for Muscular Dystrophy

Duchenne Muscular Dystrophy

Results in intellectual disability,
muscle weakness, and difficulty with
motor skills

Caused by defective dystrophin gene,
X-linked gene that is the largest in
the human genome, encompassing 2.6
million base pairs of DNA and

o Normal healthy Muscular
containing 79 exons musculature dystrophy

Extracellular matrix
e —

Absence of dystrophin leads to muscle
fiber damage and membrane leakage

In one form, the defective dystrophin
gene has a deletion of Exon 50 $TITIIIIT =4 § sarcospan

sarcolemma 3

dys

Dystrophyin links the cell membrane
with actin filaments

actin flaments

RNAi-based Exon Skipping Treatment
for Duchenne Muscular Dystrophy

Protocol a -
eletion of exon 50
- Design a siRNA against Exon 51 \
in mutated dystrophin gene Pre-mANA
- Create the siRNA with a e N
modified phoshodiester S
backbone v
- Inject the drug into muscle p  Nodystrophin " siaNa
ReSUH’S m Intron 49/50 -/-\»InlronSJ m Pre-mRNA
- 4 patients with the highest spiong S e e
dose could walk 69 meters Ivframe mANA
further in six minutes than l
control group ib
. Truncat t
- Muscle fibers that tested func;l;:i? ;st:éphin

positive for dystrophin
increased 47 %




Vaccine for the Hepatitis C Virus

Hepatitis C of 7
- Caused by the Hepatitis C virus r & b
(HCV), a single-stranded RNA
virus

HCV infects the liver. Chronic
infection can lead to cirrhosis,
liver failure, or liver cancer
Replication of HCV requires
microRNA 122 (similar to
siRNA)

A Hepatitis C Vaccine

* Create locked nucleic acid that
targets micro RNA 122
Administer intravenously
Resulted in marked suppression
of virus levels in chronically o
HCV-infected chimpanzees

o : \=/ % \/\ b

HCV Life Cycle

Promising Future of Human Gene Therapy

nature,,
medicine
Rescue of hearing and vestibular function by antisense
oligonucleotides in a mouse model of human deafness
IN brief

First gene therapy approved

'

Py
e

NATURE MEDICINE | LETTER

Gene therapy rescues cilia
defects and restores
olfactory function in a
mammalian ciliopathy model

SERCA2a Gene Therapy for Heart
Failure: Ready for Primetime?

DECEMBER 2012 NATURE BIOTECHNOLOGY

Muthu Periasamy’ and Anuradha Kalyanasundaram' Companies in footrace to deliver RNAI
Py
‘@ PLOS | erocs N
Z] euron
hf:)nday. 'Fc‘llx]\mry 25, 21}13 |G:notits in conu-x-x . - Restoratlon of Hear'ng
S’J‘epg Therapy for Canavan Disease: Max’s Story in the VGLUT3 Knockout Mouse

Postad: December 19,2012

Using Virally Mediated Gene Therapy




Combining Gene Therapy With Stem Cells &
Therapeutic Cloning in the Future

I

LIFE 8e, Figure 19.8 (1

LIFE 8o, Figure 10.8 Pant 2

Genetic Engineer
Cells Before
Nuclear or Cell
Transfer

Example
Defective Insulin

Gene in Pancreas

Approaches to Specifically Edit the Genome

TALEN

ZFN
12bp 12bp

190

19bp

Chromosome +
single engineered nuclease pair

M

Gene-specific double-strand break

'

A

__[> [
Primary
cells Mutation or small change Promoter mutation Promoter addition
_— Tag | m— v § S —
Endogenous tag addition Gene addition
L ]
Fertilized oocyte

Transgenic animals

DNA editing nucleases
introduce double-
stranded breaks in DNA
DNA sequences can be
specifically altered
during the repair of
these breaks

Genes can be specifically
targeted to become
inactivated, altered, or
added to the genome.




Autologous
transplantation

Transplantable
& corrected
patient-specific
cells

. S ——— Donor

U ”H'—‘ # DNA

U > ZFN, TALEN or
‘ , >‘—H—0—-\ RNA-guided
nucleases
Differentiation _/._'0-—'_"’<

to cell type of 'GENE CORRECTION

interest

Target locus

Patient-specific Disease-specific ] g
comected iPSC i o

erutmed %vmd type }(Nuclease BN Reprogramming factors

oY . )@

Human Genome Editing Therapy

Isolation
of somatic cells

,ﬁ N
e 4

Patient-derived

somatic cells

-----
Reprogramming
e.g. via retroviral

< .
vectors 3 \\\ .

The Future is Now for
Human Genome Editing
Therapy

TRANSGENIC ANIMALS

Editing of Targeted Genes Proved
Possible in Monkeys




DNA
Genetic Code of Life

Entire Genetic Code
of a Bacteria

DNA Fingerprinting

Cloning: Ethical Issues
and Future Consequences

Plants of Tomorrow

The End!!
HC70A/SAS70A Lectures on the
History, Science, and Applications
of Genomics & Genetic Engineering

S EXPERIMENT |

HYPOTHESIS: Biologically functional recombinant
chromosomes can be made in the laboratory.

col plas agono sist0no

o y

CONCLUSION: Two DNA fragments with diffarant
genes can be joined to make a recombinant DNA
molecule, and the resulting DNA is functional.




