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THEMES

1. Review Genetic Engineering Applications (Bacteria to
Animals & Plants)

2. Human Gene Therapy-Genetic Engineering Humans

a. What is Gene Therapy?
i. Germ Line
ii. Somatic Cell
b. Types of Somatic Cell Gene Therapy
i. Ex Vivo Gene Therapy
ii. In Vivo Gene Therapy
c. Example of Ex Vivo Gene Therapy
i Severe Combined Immunodeficiency (SCID)
ii. Using Retroviruses For Gene Therapy
iii. Leukemia
iv. p-Thalasemmia
d. Examples of In Vivo Gene Therapy
i. Leber Congenital Amaurosis
ii. Hemophilia B
iii. Brain Tumors
iv.  Cystic Fibrosis
Gene Therapy Trials & Recent Advances
Problems and Issues With Human Gene Therapy
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THEMES (continued)

3. Using Gene Therapy to Deliver "Molecular Drugs”

Genetic Code of Life a. Anti-Sense and RNAi

E b. Ribozymes
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Some Uses of Genetic Engineering
Review Of Genetic Engineering Applications
Parts One & Two

1. Bacteria
Fungi
a. Drugs
b. Fermentation
3. Animals
a. Mouse Model-Knock-Outs-Human Gene Functons
b. Farm Animals-Drugs
4. Plants
a. Spectrum of Genes Engineered
b. Specific Examples of Genetically Engineered Crops
c. The 6MO Crop Landscape
d. Reasons For Opposition to GMO Crops

5. GMO “Logic” Based on Science & What We Know About Genes
& Gene Function
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Gene Therapy

+ Germline gene therapy

+ Somatic gene therapy
- Gene supplementation
- Gene replacement
- Targeted killing of specific cell-types
- Targeted inhibition of gene expression

- Issues
- Regulation
- NIH Guidelines
- Human Experimentation
- Ethics
- Eugenics




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.

»

Germ-line gene therapy produces a permanent trans-
missible modification. This might be achieved by modifi-
cation of a gamete, a zygote or an early embryo. Germ-line
therapy is banned in many countries for ethical reasons (see
Ethics Box 2).

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).
» Gene supplementation (also called gene augmentation)

»

4

»

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 disease 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 replace a defective tumor suppressor gene.

Gene_replacement is more ambitious: the aim is to
replace a mutant gene by a correctly functioning copy, or
to correct a mutation in situ. Gene replacement would be
required for gain-of-function diseases where the resident
mutant gene is doing something positively bad.

Jargeted 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.

Targeted killing of specific cells is particularly appli-
‘Cable to cancer treatment.

Issues
Regulation?

NIH Guidelines?
Human Experimentation?
Ethics?
Eugenics?
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Entire Genetic Code be al lowed?
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a. Germline cell gene therapy
b. Somatic cell gene therapy
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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



Ex Vivo vs In Vivo Somatic Cell Gene Therapy

Cloned gene

Gene
transfer

Select X* cells;
amplify

) > )

Cells -
removed / Patient cells Some cells
\' X now X*

Ex vivo
( -
Return genetically modified
cells to patient

Figure 21.6: In vivo and ex vivo gene therapy.

Where possible, cells are removed from the patient, modified in the laboratory and returned to the patient (ex vivo gene therapy; green
arrows). This allows just the appropriate cells to be treated, and the cells can be checked before they are replaced to make sure that the
desired change has been achieved. For many tissues this is not possible and the cells must be modified within the patient’s body (in vivo
gene therapy; blue arrow).



NN Ex Vivo Gene Therapy

copies of therapeutic gene

Ex vivo gene therapy is performed with
( the genetic alterations of patient's target
gene inserted T Ce::S ha;_arpening oILlJtsfide ofhthe b(?dy ina
; itito viral DNA o cu gre. arge't cells from t. e patlfant are
from patient infected with a recombinant virus
. ; ' containing the desired therapeutic gene.
, Q These modified cells are then
_ ?cus bt reintroduced into the patient's body,
r in culture

where they produce the needed proteins
that correspond to the inserted gene.

(3)
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the genetically
altered cells
produce the desired
proteins encoded
by the therapeutic
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In Vivo Gene Therapy

In vivo gene therapy involves (]M
introduction of therapeutic DNA . ;
directly into the patient's body. The FE. :,?::,c;mmc s
DNA is introduced by cell-specific into viral DNA,
direct injection into tissue in need.

liposome,
\ orin fonB g&
0 “y " plasmid
[ ’] SN,

DNA in the form of a plasmid vector (2) ¥

IS | enctically- Pt

IS mtrodyced by g.derr.nal g almdy x U &
vaccination. Modified liposomes are  pNA s ; £3

not currently used for gene inserted yiaaisy

therapy, but they will likely be the ™™™

next advancement in therapeutic by octl_l (3)
gene delivery as cell-specific Pl Jorrdy Inside the body, the
receptor-mediated DNA carriers. injection inserted DNA is

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

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.




Ex Vivo vs In Vivo Somatic Cell Gene Therapy

S Retroviral vector

ufman CcDNA typical retrovirus

insertion l l ] ]
| vector with
// intact gene retroviral vector
. . BT i

||
s \ | 1 5" transcription initiation sequence
[T reverse transcriptase, integrase
[ capsid protein gene with signal sequence
H n Bl human cDNA construct
B promoter

| [ selectable marker, e.g., neo®

[ 3' termination sequence with polyA signal

Gene therapy ex vivo, e.q., in stem cells
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advantage advantage advantage advantage advantage
stable insertion incorporate large stable insertion low infection low infection
into genome DNA segments into genome  risk risk
disadvantage disadvantage disadvantage disadvantage disadvantage
statistical insertion, insertin genome low capacity  low efficiency low efficiency
only dividing cells  cells unstable for foreign and stability

einfected DNA

Experiments on gene therapy (end o
disease ~ examples|transferred genes
| cancer (> 2400 patients, histocompatibility antigens, tumor-suppressor genes,
| >400 protocols) suicide genes, IL-2, IL-7 and IL-12
| monogenic diseases SCID ADA gene, cystic fibrosis, factor IX, chronic
(>300 patients, >80 protocols) granulomatosis
| infectious diseases, mostly AIDS transgenic T-lymphocytes, DNA vaccines
' (>400 patients, >40 protocols)
| other diseases VEGF121 (atheriosclerosis), rheumatoid arthritis

(>100 patients, >60 protocols)



Ex Vivo Gene Therapy
Example




Adenosine Deaminase Gene (ADA) Deficiency and
Severe Combined Immunodeficiency (SCID) Disease

32,213 kb Gene
Chromosome 20
12 Exons

1,092 kb mRNA
323 aa protein
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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
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january 29, 2009 vol.360 no.S

established in 1812

Gene Therapy for Immunodeficiency Due to Adenosine
Deaminase Deficiency

Gene therapy cures 'bubble boy disease’



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

EXPERIMENT

HYPOTHESIS: The introduction and expression of a
normal allele can help a patient who is homozygous for
two defective alleles of an important gene.

D Several Teenagers
e EWE/ Are Alive Becausg They
e " Have Been Engineered
With an ADA Gene That
= They Were Not Born
The Age of Human Genetic i Withlll
Engineering Began More Than °
Twenty Years Ago -
SCID Treated With e
Normal ADA Genelll

recombinant DNA.

carrying the nomal
allele is inserted into
the patient's somatic

CONCLUSION: Gene therapy can be effective in
relieving symptoms caused by a genetic disease.

Adenosine Deaminase Gene (ADA)



Ex Vivo Gene Therapy for Severe Combined
Immunodeficiency (SCID)

1) Remove Aﬁ

ADA-deficient T cells
T cells from the
SCID patient.

Bacterium
carrying DNA

Genetically
vector with @ disabled
retrovirus

cloned normal

ADA gene. |
Cloned ADA
gene is
i incorporated

into virus.

2) Culture cells in C j]
laboratory. e ®o o

3) Infect the cells with a

retrovirus that contains
the normal ADA gene.

4 4) Re-infuse the ADA gene containing
T cells back into the SCID patient.
Genetically altered T cells produce ADA.

Copyright © 2009 Pearson Educal®



Animal Viruses are Used as Vectors
to Deliver Genes for Gene Therapy

Table 19.3 Vectors used in gene therapy

Vector

Retrovirus

Advantages

Efficient transfer

Disadvantages

Transfers DNA only to dividing cells, inserts

Adenovirus
Adeno-associated virus

Herpes virus

Lentivirus

Liposomes and other
lipid-coated vectors

Direct injection

Pressure treatment

Gene gun (DNA coated on
small gold particles and
shot into tissue)

Transfers to nondividing cells
Does not cause immune reaction

Can insert into cells of nervous system;
does not cause immune reaction

Can accommodate large genes

No replication; does not stimulate immune
reaction

No replication; directed toward specific
tissues

Safe, because tissues are treated outside the
body and then transplanted into the patient

No vector required

randomly; risk of producing wild-type viruses
Causes immune reaction
Holds small amount of DNA; hard to produce

Hard to produce in large quantities

Safety concerns

Low efficiency

Low efficiency; does not work well
within some tissues

Most efficient with small DNA
molecules

Low efficiency

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




Comparison of Virus and Cell Sizes

BACTERIUN
ptococcus

1T

VIRUS
Poxvirus
250 nm

Note: 1 nm = 10° m

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

VIRUS
VIRUS
VIRUS A Flavivirus
Poliovirus
VIRUS Adenovirus 30 nm (causes
Influenza 75 nm yellow
100 nm fever)
% » 3 22 nm
% /. ‘ “ .
VIRUS
Herpes simplex
150 nm Qe
PROTEIN
VIRUS Hemoglobin
T2 bacteriophage 15 nm

65 nm



Human Retroviruses Are Used As Gene Therapy Vectors

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

Y-SR AP VRS Important Human Viral Diseases

Disease 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.

Mononucleosis Epstein—Barr virus 2% Double-stranded DNA Spread through contact with infected saliva. May last
several weeks; common in young adults. No cure.
Rarely fatal.

Smallpox Variola virus 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 immune defenses, resulting in death by infection
(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.

Polio Enterovirus (+) Single-stranded RNA Acute viral infection of the CNS that can lead to
y 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.



HIV is a Retrovirus

HIV retrovirus

Envelope
Capsid

__Envelope glycoprotein
2 » __Two copies of retroviral RNA
Reverse transcriptase

T Mammalian host cell
. /] A s/

\ AN X _Reverse transcriptase
M
Viral RNA ch1‘\,_,‘/—\"‘“FWA template
i <—)\cDNA strand

P IRRVVV V.YV V.V

\

LIFE 8e, Figure 13.6 LIFE: THE SCIENCE OF BIOLOGY, Eighth Edition © 2007 Sinauer Associates, Inc. and W. H. Freeman & Co.



Discovery of Retroviruses

envelope

f lipids molein'sl

diploid
viral RNA
genome

reverse
transcriptase

gag pol env

AWV SERTTTITEET . EAAAAAA.Z

The Retrovirus
Genome Encodes
Reverse Transcriptase~

enve!
protein

Figure 3.4 The virion of RSV and related viruses (A) Ths

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 to mntroduce the internal contents of the wirion 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 identical copies of the viral genomic

maea o8 o e mendonnnn analanlan cmnstllad b

(AN

& —
remove sarcoma grind up
and break up sarcoma
chicken with into small with sand
sarcoma in chunks of
breast muscle tissue

Y-¥-¥

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

(C) transmission electron micrograph showing murine leukensa
virus (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 themselves
waith 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 Einstein College of Medicine; C, courtesy of Laboratoire
de Biologie Moleculaire.)

Rous Sarcoma Virus
is a Retrovirus That
Cases Cancer and
Contains Oncogenes

collect filtrate inject filtrate observe sarcoma
that has passed into young in injected
through fine- chicken chicken H H 6
pore fite in i1ts Genome

Figure 3.2 Rous’s protocol for inducing sarcomas in chickens
Rous removed a sarcoma from the breast muscle of a chicken,
ground it with sand, and passed the resulting homogenate through
a fine-pore filter. He then injected the filtrate (the liquid that passed
through the filter) into the wing web of a young chicken and
observed the development of a sarcoma many weeks later. He then

ground up this new sarcoma and repeated the cycle of

homogenization, filtration, and injection, once again observing a
tumor in another young chicken. These cycles could be repeated
indefinitely; after repeated serial passaging, the virus was able to
produce sarcomas far more rapidly than the original viral isolate.

Francis Peyton Rous
Nobel Prize, 1966



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

5/

RNA template strand]
“fingers” §

polymerase active site
synthesizes DNA strand

“thumb”

. RNAse H
direction

of enzyme
movement |

\

RNAse H active site Y strand
(A) (B) degrades RNA strand

Reverse Transcriptase

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



Retrovirus Life Cycle

integrated DNA
DNA
REVERSE TRANSCRIPTASE IRN =
MAKES DNA/RNA AND EPLL). .
THEN DNA/DNA DNA
DOUBLE HELIX
— TRANSCRIPTION '
RNA
| many
RNA RNA ———
envelope [ reverse copies B i
. Sanscripease TRANSLATION ' -
capsid
J . .
e @ capsid protein '\ ="/ = |ASSEMBLY OF MANY
% i NEW VIRUS PARTICLES,
ENTRY INTO PRI EACH CONTAINING
CELL AND LOSS envelope protein ¢ }f;ﬁ —1 REVERSE TRANSCRIPTASE,
OF ENVELOPE + INTO PROTEIN COATS

reverse transcriptase :.’. —_—
©

Retroviruses Replicate Using Reverse Transcriptase
David Baltimore & Howard Temin-Nobel Prize 1975

Modified the Central Dogma of Molecular Biology
Use For Genetic Engineering?




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

RETROVIRUS Pol

REVERSE o S , o 55
TRANSCRIPTASE - pol 3. DNA
? <& SYNTHESIS P
‘_‘/«—> gag f—% i
psi (lb)_ﬁf
REVERSE —\
TRANSCRIPTASE

CYTOPLASM
, ENVELOPE
¢, PROTEINS

-

VIRAL RNA

VIRAL CORE
PROTEINS

® Gag = Capid Protein

® Pol = Reverse Transcriptase K

® Env = Envelope Protein
®* ¢ (Psi) = Packaging Sequence




Using Retroviruses for Ex Vivo Gene Therapy

Cloning in Bacteria
DNA Transformation into
Packaging Cell

: Packaging Cells Makes Viral
Packaging Cell Line | Proteins
(Made Previously) rovccns o Nl DL Cannot Package (¥-Minus)

' ' Packages Therapeutic
Transcript (¥-Plus)

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
viral DNA directs the synthesis of viral
RNA but, lacking viral genes, cannot
give rise to the proteins needed to
package the RNA into particles for de-
livery to other cells. The missing pro-
teins are supplied by a “helper” pro-
virus from which the psi region has
been deleted. Psi is crucial to the inclu-
sion of RNA in viral particles; without
it, no virus carrying helper RNA can
form. The particles that escape the cell,

NO VIRAL
\: Sy g then, carry therapeutic RNA and no vi-
Qﬂﬂww & W s ral genes. They can enter other cells (¢)
/

Infect Target
Cells

Check For

Presence of
Gene
Transfer To
Patient

and splice the therapeutic gene into cel-
TARGET CELL FOR IMPLANTATION lular DNA, but they cannot reproduce.




Did it 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 Tolstosheyv,
Jay J. Greenblatt, Steven A. Rosenberg, Harvey Kiein,
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




Some Problems With Human Gene Therapy

* Delivery Systems To Target Cells
* Gene Expression Levels
* 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)

Che New ﬂork Cimes Death Leads to Concerns For Future of Gene Therapy

By NICHOLAS WADE
Published: September 30, 1999 1 999

NEES (253(;1; therapy 'caused leukaemia’




A Recent Comebac

~ mnew england
journal  medicine

january 29, 2009
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Gene Therapy for Immunodeficiency Due to Adenosine

Deaminase Deficiency
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Giving Sight by Therapy With Genes
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Gene Therapy for Metastatic Melanoma in Mice Produces Complete
Remission

ScienceDaily (Nov. 18, 2010) — A potent
anti-tumor gene introduced into mice with
metastatic melanoma has resulted in permanent
immune reconfiguration and produced a complete
remission of their cancer, according to an article to
be published in the December 2010 issue of the
Journal of Clinical Investigation.

nature Vol 461/8 October 2009|doi:10.1038/nature08401
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A Comeback for Gene Therapy

Luigi Naldini
Science 326, 805 (2009);
DOI: 10.1126/science. 1181937
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New Anti-HIV Gene Therapy Makes T-Cells Resistant to HIV Infection

ScienceDaily (Jan. 26, 2011) — An innovative Ads by Google

genetic strategy for rendering T-cells resistant to

HIV infection without affecting their normal growth ~ Superbugs vs. antibiotics

and activity is described in a paper published in Mist=g,of artioi

Human Gene Therapy, a peer-reviewed journal
published by Mary Ann Liebert, Inc.
Vol 467(16 September 2010 . Surrent GeneT

tics breeds

drug-resistant diseases
www.saveantibiotics.org

herapy fiis nature
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GENE THERAPY

Targeting f-thalassaemia

Derek A. Persons

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.
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Virus-Based Gene Therapy for Metastatic Kidney Cancer Developed

ScienceDaily (Dec. 19, 2010) — Researchers at
Virginia Commonwealth University Massey Cancer
Center and the VCU Institute of Molecular

Gene therapy for red-green colour blindness in adult

primates

Katherine Mancuso', William W. Hauswirth?, Qiuhong Li%>, Thomas B. Connor’, James A. Kuchenbecker’,

Matthew C. Mauck?, Jay Neitz' & Maureen Neitz!

Medicine (VIMM) have developed a novel
virus-based gene therapy for renal cell carcinoma
that has been shown to kill cancer cells not only at
the primary tumor site but also in distant tumors
not directly infected by the virus. Renal cell
carcinoma is the most common form of kidney
cancer in adults and currently there is no effective
treatment for the disease once it has spread
outside of the kidney.

Ads by Google
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SCID-X1

Gene Therapy

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

How It Works | The procedure the SCID-X1 trial will use
Most common form of

SCID

Results from mutations
in the common gamma
chain gene required for
interleukin receptors

Patients are immune
deficient

Stem cells are isolated from bone The normal gene IS inserted into
marrow harvested from a baby’s hip  the stem cells in the lab

Bone marrow cell Normal gene

</

Improvements L b
. . opulate over time, repairing the
- Used hematopoietic / Daby's faulty Immusie system
stem cells ’

- Improved retroviral

Source: Children's Hospital Boston
Phota: Getty Images

vectors with higher
titers



It Works!
Gene therapy cures '‘bubble boy disease’

~ me new england
journal  medicine

established in 1812 january 29, 2009 vol. 360 no.S5

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
nhumber

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



Ex-vivo Gene Therapy for p-Thalassemia

* Recessive mutation in p-globin gene * Gene therapy - transduced hematopoietic
causes reduced rates of synthesis and stem cells (HSC) with lentivirus (HIV)
formation of abnormal hemoglobin and engineered with p-globin gene

anemia  Transplanted therapeutic HSCs into

- Disease is treated with regular blood patient following chemotherapy to destroy

transfusions

diseased HSCs
« Patient has not needed transfusions for
two years

78> b Lentiviral-
vector particles

d Genetically
modified HSCs

€ Chemotherapy

E—



Leukemia

Myeloid stem cell Lymphoid stem cell

B Normal Blood Cell
@' Development

Myeloblast Lymphoblast

Granulocytes / l \
wre,,  Basophil

e @ g @
B lymphocyte @

D

<
/
V. X

Red blood Y ,
cells % Neutrophil Natural
2% ¢ W T lymphocyte killer cell
2P | | |
Platelets White blood cells

In leukemia, blood stem cells develop into
immature white blood cells that are abnormal



Ex-vivo Gene Therapy for
Chronic Lymphocytic Leukemia

* Protocol Cytotoxic T cell
- Removed T cells from patients AT

- Transferred Chimeric Antigen
Receptor (CAR) genes into T cells
that allow them to target chronic
lymphocytic leukemia cells (B cells)

- Infused CAR T cells back into
patients

Z_-'..' : | enzymes
+ Results \ & ‘

- CAR T cells expanded more than

Release of
destructive

1,000 fold and persisted more than Abisoisiiad
six months %91 or virus-
- Estimated that each CAR T cell c':.'fc“d
killed more than 1,000 cancer cells
- 2 of. 3 patients had ;omple’re Sence,
remission of leukemia Medicine 2011
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In Vivo Gene Therapy
Examples




Leber Congenital Amaurosis (LCA)

 Degenerative diseases of the retina How We See
« The most common cause of congenital
blindness in children A

Normal retina LCAretina Light

B Photoreceptor
Normal Retinal Degeneration Light ‘
"y
(N f
“ Rhodopsin
NAAIAA 008 /(3psin+11-cis re\tinal)
. all-trans retinyl ester / — \\
Type 2 LCA is caused b [ . all-trans
Y Y
. . . i ! retinal
recessive mutations in the RPE652_|_Isomerohydrolase |
RPE65 isomerase gene
I
N
11-cis retinol Son
RPE cell

Moiseyev G et al. PNAS 2005;102:12413-12418 Cideciyan et al. PNAS 2008;105:15112



LCA Gene Therapy Using RPE65 & AAV

Adeno-associated viruses (AAV)

740 2 * Does not generally provoke antibody formation
* Infects nondividing cells of many different tissues
« Little or no integration of viral DNA into the host
genome
* Has a small genome and can carry only short
segments of DNA

SUCCESS! - sort o

P otorec&ptor =

".1
| [ 3 r

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



Are Two Eyes Better than One?

- Question

- Can the second eye of LCA patients who had
previously undergone RPE65 gene therapy be
treated?

* Protocol

- RPE65 gene administered with the AAV vector to 3

of the original 12 patients 1.7 to 3.3 years after
initial treatment

- Results
- Second treatment was safe and effective.

Sclence, AAV2 Gene Therapy Readministration in Three Adults with Congenital
Translational Bli
Medicine indness

Jean Bennett, et af
Sci Trans! Med 4, 120ra15 (2012);
DOI: 10.1126/scitransimed.3002865
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Are Two Eyes Better than One?
Before




Are Two Eyes Better than One?
After




Mutations in Factor IX Gene Cause Hemophilia B

Copyright © The McGi Hill Cs i Inc. ission required for reproduction or display.

RSB IRERAN 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 disease 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
infancy hydroxvlase)
Hemophilia Blood fails to clot Defective blood-clotting factor VIII X-linked recessive 1/10,000 (Caucasian males)
Huntington disease Brain tissue gradually Production of an mhibitor of brain Dominant ])!4,000
deteriorates in middle age cell metabolism
Muscular dystrophy Muscles waste away Degradation of myelin coating of X-linked recessive 1/3700 (males)
(Duchenne) nerves stimulating muscles
Hypercholesterolemia Excessive cholesterol levels in = Abnormal form of cholesterol cell Dominant 1/500

blood lead to heart disease surface receptor

18,000 People in US Have Hemophilia & 400 Babies/Year Are Born With Disorder

Prior to 1960s - Average Life Span Was 11 Years

Hemophilia A
Hemophilia B
Henophilia C

Defective Factor VIII Gene 1/10,000 males 80%
Defective Factor IX Gene 1/30,000 males 20%
Defective Factor XI Gene Autosomal <1%

Both Factor VIII & IX Genes
on X-Chromosome (22d ' s)




How Does Blood Clot After Wounding?

WOUND SURFACE CONTACT E i ghf
7N Post-translational Proteins/Genes
Inactive JActive Modification Required:

7 O\

FACTOR X1 FACTOR Xla

Factor VIL
Factor XI
Factor IX
Factor VIII
Factor X
Protein C
Prothrombin
. Fibrinogen

Hemophilia A

FACTOR IX FACTOR IXa /

/ ® (——9\l/+ FACTOR VIl

Hemophilia B

NSO R Wh =

FIBRINOGEN  FIBRIN CLOT

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), What Happens If Any Of
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- These Pr‘o"'e ins Or‘ Genes

vates factors VI and V; it also deactivates them (by activating protein ), which helps

to halt clotting. Some 85 percent of hemophiliacs lack factor VIIL The rest lack factor 1X. Ar.e Mu-‘-a-‘-ed?

ATryn® 2009 J
Anti-Thrombin?? —— Anti- Thrombin Deficiency

- ic di No Blood Clot!
(At-III) genetic disease



Hemophilia A and B Genes (Traits) Are Sex Linked

Copyright ® The McGraw-Hill Companies, Inc. Permission required for ion or display.

Copyright © The McGi Hill Ce ies, Inc. ission required for ion or display.

The Royal Hemophilia Pedigree

George Ill
L d L d 1 d L d L3
Generatn Original Mutation in Carrier
Edward Louis Il
Duke of Kent Grand Duke of Hesse
| Prince Albert Queen Victoria O——0 O—+1 3 R M h
. ' ” :
® Bettmann/Corbis
o I 'a
I Edward VI D
Frederick Victoria Alice Duke of Alfred Helena Arthur Leopold Beatrice JJ| Prince
1] Hesse Henry
No hemophilia No hemophllla
German King
" Royal George V CF— [—
House Irene Czar Czarina Earl of Princess | Mauric| Leopfld  Queen Alfonso
Nicholas Il Alexandra Athlone  |Alice Eugenie King 9'
' Spain
v 0O 00060 ﬂ] 0 0000 mO BED BOOU O Om
Duke of King Earl of Waldemar Prince  Henry Anastasia Alexis | Viscount Alfonso Jamie Juan Gonzalo
Windsor George VI Mountbatten Sigismond Tremation
‘LL] 6 Prussian Russian
v ; Royal Royal
Queen Prince Margaret House House King Juan
Elizabeth Il Philip Carlos
é &] |£| No evidence No evidence
VI O of hemophilia of hemophilia
Princess Prince Anne Andrew Edward
Diana Charles Spanish Royal House
Vil |',_‘|_?I British Royal House
William Henry

Note. 1. Males Obtain Detective Gene From Mothers
2. 50% of Sons Of A Maternal Carrier Have The Defective Gene




December 10, 2011

Che NeworkTimes  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 AAV 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

EEEEEEEEEEEEEEEEE DECEMBER 22, 2011 VOL. 365 NO. 25

Adenovirus-Associated Virus Vector—Mediated Gene Transfer
in Hemophilia B



In Vivo Suicide Gene Therapy for Brain Cancer

MRI-guided stereotactic implantation
of vector producer cells (VPC) into
CNS tumors in situ

(B)

Vector producing cells inside the tumor

Retrovirus Vector for Hs-tk Gene

(©)

Retroviruses infect tumor cells
but not normal cells

(D)

Gancyclovir kills the infected cells

Figure 21.12: In vivo gene therapy for brain tumors.

A retrovirus is engineered to produce the herpes simplex virus
thymidine kinase (HSV-TK). Vector-producing cells (VPC; blue)
are injected into the brain tumor. Because retroviruses infect
only dividing cells, they infect the tumor cells (pink) but not the
surrounding normal brain tissue (green). The nontoxic prodrug
gancyclovir (gcv) is given intravenously. In TK* cells gcv is
converted to the highly toxic gcv-triphosphate and the cell is
killed. ;



How Suicide Gene Therapy Works

1. The retrovirus carrying the therapeutic gene is
incorporated into the genome of the tumor cells and
expresses a protein encoded by the new gene
[herpes simplex virus thymidine kinase gene-(HS-tk)]

2. The protein (the herpes simplex virus enzyme
thymidine kinase, HS-tk) encoded by the HS-tk
gene sensitizes the tumor cells to an antiviral drug
(ganciclovir, 6CV) which is a substrate for HS-tk.
Human tk is not affected by GCV (i.e., normal cells
surrounding a tumor remain healthy).

3. The enzymatic process induced by GCV leads to

death of the cell expressing the herpes TK activity,
i.e., death of the tumor cells.

4. Because the human HS-tk enzyme has very low

affinity for GCV, systemic toxicity related to this
mechanism is not observed.




Clinical Trial Using Suicide Gene Therapy

Gene Set Bank - Suicide gene therapy Neurosurglcal FOCZJé‘

s

G
l

R
N

Treatment of progressive or recurrent pediatric malignant
supratentorial brain tumors with herpes simplex virus thymidine
kinase gene vector--producer cells followed by intravenous
ganciclovir administration

T
&

TS.inhibitionby.aternary
covalent.complex

i

G —————— (Faurd ) —»-(Fdume

Roger J. Packer, M.D., Cory Raffel, M.D., Ph.D., Judith G. Villablanca, M.D., Jorg-Christian
Tonn, M.D., Stefan E. Burdach, M.D., Klaus Burger, M.D., Ph.D., Deborah LaFond, P.N.P., J.
Gordon McComb, M.D., Philip H. Cogen, M.D., Ph.D., Gilbert Vezina, M.D., and Leonard P.
Kapcala, M.D.

Cellular-tk

09
®

Departments of Neurology, Pediatrics, Hematology/Oncology, Neurosurgery, and Diagnostic Imaging,
Children's National Medical Center, Washington, D.C.; The George Washington University Hospital,
Washington, D.C.; Department of Neurosurgery, Mayo Clinic, Rochester, Minnesota; Departments of
Pediatrics and Neurosurgery, Children's Hospital Los Angeles and University of Southern California,
Los Angeles, California; Kinderklinik, Wiirzburg, Germany; Universitdts-Kinderklinik, Diisseldorf,
Germany; Department of Pediatrics, Martin-Luther Universitit Halle--Wittenberg, Halle, Germany;
Novartis Pharma GmbH, Nuremberg, Germany; and Genetic Therapy, Inc., Bethesda, Maryland

Fuop ) —» CFUTP )—w-(F-RNA)—m-{ RNAdysfunction %

Object. The outcome for children with recurrent malignant brain tumors is poor. The majority of patients
die of progressive disease within months of relapse, and other therapeutic options are needed. The goal of
. _/  this Phase I study was to evaluate the safety of in vivo suicide gene therapy in 12 children with recurrent,
malignant, supratentorial brain tumors.

Br'a | n TLI mor' Cel I Methods. After optimal repeated tumor resection, multiple injections of murine vector--producing cells
shedding murine replication--defective retroviral vectors coding the herpes simplex virus thymidine
kinase type 1 (HSV-Tk1) gene were made into the rim of the resection cavity. Fourteen days after the
vector-producing cells were injected, ganciclovir was administered for 14 days. The retroviral vector that
was used only integrated and expressed HSV-TK1 in proliferating cells, which are killed after a series of
metabolic events lead to cell death. The median age of the patients was 11 years (range 2--15 years).
Treated brain tumors included seven malignant gliomas, two ependymomas, and three primitive
neuroectodermal tumors. The patients were treated with one of three escalating dose concentrations of

vector-producer cells. Four transient central nervous system adverse effects were considered possibly
related to the vector-producing cells. In no child did permanent neurological worsening or ventricular
irritation develop, and tests for replication-competent retroviruses yielded negative findings.

Conclusions. This Phase I study demonstrates that in vivo gene therapy in which a replication-defective
retroviral vector in murine vector--producing cells is delivered by brain injections can be performed with
satisfactory safety in a select group of children with localized supratentorial brain tumors.




Cystic Fibrosis

e R R T T T T S 200 kb gene!

1 23 456a6b 9 10 1112 1314b1617a18 19 2021 232324
Intron

Transcription

Primary transcript

(A),

Translation

l RNA processing

ATP binding sites

CFTR protein NH, [T l I ] COOH

Hydrophobic transmembrane regions
l Folding and insertion

into membrane

Carbohydrate
side chains

CFTRion channel & ' X Lipid bilayer
through membrane L of cell membrane

Transmembrane

ATP binding sites regtons

Reprinted by permission from Collins, F.S., 1992. Science 256:774-779. Copyright 1992 American Association for Ad




Physiological Consequences of Cystic Fibrosis

Normally, cells have more chloride |nsideiCall When the CFTR channel protein is InsideCell
ions outside the cell than inside. mutated in cystic fibrosis, it cannot
transport chloride ions across the B

membrane. chloride

- sodium

chloride  chloride -

- sodium

chloride

chloride

W
\
{
{
¢
o

. chEride ‘q\ :

Muc&gloride sodium hioride chloride Mucus sodium :
sodium sodium
Outside Cell Outside Cell
The mucus layer protects cells by Inside Cell The mucus layer becomes thick and Inside Cell
trapping inhaled particles and bacteria. sticky, preventing the cilia from
Keeping the mucus layer moist allows clearing debris. This causes infections .
the cilia to sweep out this harmful in individuals with CF. chloride

debris.

—9 330 2Z

Q0O W o 0 n

._ sodium
~ chloride . chloride
Ry chloride
\ :’ L sodium ' ? nt ~ sodium
‘)"J'J‘) )"C anne [ et . bJ\/JJ‘)
p 7 loride
g ‘ annel o
chloride I . chloride chloride
Mucus Bloride chloride Mucus
Outside Cell Outside Cell

http://learn.genetics.utah.edu/content/tech/genetherapy/cysticfibrosis/index.html



Mutant Cystic Fibrosis Genes
[Recessive (Loss-Of-Function) Mutations]

Hydrophobic transmembrane domains

ATP binding AN ATP binding
domain domain

CFTR protein

Regulatory domain

Exons of CF gene
1 23456a6b 7 8910 11 12 13 14a14b1516 17a17b18 19 20212223 24
(J112Ad 1] HON VEVE AVOORYANROGOOGOGOGOGOS ® ven VEE VOERVEEYO R v
omeOVy B ARR H HO EOENY EEmOO [ ] [ X ] vee OOVYERYE © b 4
| I L X ] EEe OH EEOY | on oovEe B
| 1 [ ] ome o0 R V | B ] oOoveonm O
| ] | | | HO BN | K J om Oom ©
® A | | e O om
Mutations us 8 ov
AF508
Key:

* Mostly N. European Ancestry

- 1/2500 CF Babies Born in US/Year
+ 1/20 Americans are CF Carriers

* 30 Year Life Span

+ Abnormality of Mucus/Sweat Glands
+ Cannot Regulate Salt (Chlorides)

70% of Families Have
AF508 Deletion-What
Are Consequences For
CF Testing? How Can it
be in 70% of CF
Families?

A In-frame deletion

B Missense mutation
® Nonsense mutation
® Frame-shift mutation
v Splicing mutation

Reprinted by permission from Collins, F.S., 1992. Science 256:774-779. Copyright 1992 American Association for Advancement of Science.




In Vivo Cystic Fibrosis Gene Therapy

Normally, mucus
is swept away

Nose/mouth  from lungs

Tracheal cells

CFTR pumps

Bronchi CI~out of cell
to maintain Cell
Lungs chloride nucleus
balance y T : .
in cells. In CF patients, mutation in the CFTR blocks its function

leading to an accumulation of CI~in the cell. H,O from
mucus enters the cell in an effort to dilute high CI~
concentration. Thick mucus clogs the airway.

Mucus

Somatic Cell
Gene Therapy

Liposome containing vectors with normal
CFTR are taken up by tracheal cells.

Normal Wl ) ) /
(
CFTR @ () Protein kg?
genes /(
RNA

Normal G Normal CFTR @ )

CFTR is produced. o

gene

Defective CFTR CI~ transport resumes

in treated cells with
normal CFTR gene.

[ Gene Therapy Research Offers Promise of a cure for Cystic FIDrosis

Gene therapy offers great promise for life-saving treatment for CF patients since it targets the cause of CF rather than just treating
symptoms. Gene therapy for CF had its start in 19590, when scientists successfully corrected faulty CFTR genes by adding normal
copies of the gene to laberatory cell cultures.

In 19983, the first experimental gene therapy treatment was given to a patient with CF. Researchers medified a common cold virus
to act as a delivery vehicle - or "vector"- carrying the normal genes to the CFTR cells in the airways of the lung.

Subsequent studies have tested other methods of gene delivery, such as fat capsules, synthetic vectors, nose drops or drizzling
cells down a flexible tube to CFTR cells lining the airways of lungs. Researchers are now testing 2erosol delivery using nebulizers.

But finding the best delivery system for transporting normal CFTR genes is only one problem that scientists must solve to develop
an effective treatment for CF. Scientists must also determine the life span of affected lung cells, identify the "parent cells" that
preduce CFTR cells, find out how loeng treatment should last and how often it needs te be repeated.

The first cystic fibrosis gene therapy experiments have involved lung cells because these cells are readily accessible and because
lung damage is the most common, life-threatening problem in CF patients. But scientists hope that the technologies being

developed for lung cells will be adapted to treat other organs affected by CF.




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)
D Replicatior itor 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



Approved Gene Therapy Trials By Disease and Vector

(A) Protocols by disease

B Cancer (n=403) 63.4%

[ Monogenic diseases (n=78) 12.3%
I Infectious diseases (n=41) 6.4%
Vascular diseases (n=51) 8.0%
Bl Other diseases (n=12) 1.9%

] Gene marking (n=49) 7.7%

[ ] Healthy volunteers (n=2) 0.3%

Figure 21.5: Gene therapy trial protocols.

(B) Protocols by vector

B Retrovirus (n=217) 34.1%
Adenovirus (n=171) 26.9%
Lipofection (n=77) 12.1%
Naked/plasmid DNA (n=70) 11.0%
Pox virus (n=39) 6.1%
Adeno-associated virus (n=15) 2.4%
RNA transfer (n=6) 0.9%

Herpes simplex virus (n=5) 0.8%
Others (n=11)1.7%

[ N/C (n=25) 3.9%

HRLREOE

(A) Distribution by disease. (B) Distribution by vector. The figures include all approved protocols for completed, ongoing or pending trials

listed in December 2002. Reproduced from www.wiley.co.uk/genetherapy/clinical with permission.



Types of Human Gene Therapy Clinical Trials

Table 12.4 GENE THERAPIES BEING STUDIED IN
CANCER PATIENTS THAT MAY RECEIVE
PATENTS AND REGULATORY APPROVAL

Approach

Antisense therapy (to
block synthesis of proteins
encoded by deleterious
genes)

Chemoprotection (to add
proteins to normal cells to
protect them from
chemotherapies)

Immunotherapy (to enhance
the body’s immune defenses
against cancer)

Pro-drug, or suicide gene,
therapy (to™Tender cancer
cells highly sensitive to
selected drugs)

Tumor suppressor genes
(to replace a lost or

damaged cancer-
blocking gene)

Antibody genes (to

“Interrere with the activity
of cancer-related proteins
in tumor cells)

Oncogene down-requlation
(to shut off genes that favor

uncontrolled growth and
spread of tumor cells)

Number of U.S. Trials
Approved since 1988 or
Awaiting Federal Approval

4

58

21

Source: Fiattman, G. I., and Kaplan, J. M. (2001). “Patenting
Expressed Sequence Tags and Single Nucleotide Polymorphisms,”

Nature Biotechnology, 19: 683.
Copyright © 2009 Pearson Education, Inc.




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

Would you alter the germ line of
your child for the trait(s) of “your
choice” using germ-line gene therapy
if the procedure was 100% “safe?”

a. Yes
b. No



DNA
Genetic Code of Life

Would you alter a somatic cell of
your child for the trait(s) of “your
Entire Genetic Code choice” using somatic cell gene

of a Bacteria .
therapy if the procedure was 100%
“safe?” (For example, correcting a
genetic defect in a stem cell line,

producing a therapeutic clone, or
correcting the defect with a genetically

engineered stem cell implant)

DNA Fingerprinting

a. Yes

Cloning: Ethical Issues
and Future Consequences b N
. INO

Plants of Tomorrow



Future Human Gene Therapy Examples
The Frontiers of Medicine

* Therapeutic Cloning + Gene Therapy
* Anti-Sense and RNAi "Drugs”
* Ribozyme "Drugs”




Can Gene Therapy be Used for Dominant Mutations?
A “Molecular Drug” To Shut Off Genes-RNAi

(e.g., Disease Genes, Viral Genes)

Lou Gehrig’s Disease
Amyotrophic Lateral Sclerosis
(ALS)

One Cause - Dominant Mutations
in the Coding Region of the
Superoxide Dismutase (SOD1) Gene
(SOD is an Anti-Oxidant)

Mutant SOD1 Protein is Toxic
to Motor Neurons

If Mutant Gene Could Be Shut Off With a “Molecular Drug,”
Disease Might Not Develop



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

RNAi is Considered to
be the Genome’s
“Immune System”

Protecting Against RNA

Viruses &

Transposable Element

Movement

(a) MicroRNAs

Inverted repeat RNAs
DNA Double-stranded RNA

|___AGTCC _____ GGACT |

(b) Small interfering

|l Transcription
through an inverted
repeatin the DNA...

Transcription

RNA may arise

- or long hairpins.

Double-stranded

from RNA viruses

...produces an RNA
molecule that folds
to produce double-
3 stranded RNA.

k£ Double-stranded RNA
is cleaved by the
enzyme Dicer...

miRNAs Y

Protein Protein

@-
y proteins to fq
° RNA-inducedgsi
/

complex (Rl
Imperfect

| base pairing

RISC

Perfect base
pairing

\
mRNA \‘-.
8 a4

3 ...which pairs

with an mRNA
/

3’

and inhibits
translation (in
the miRNA case)

»

Inhibition of | o/ gegrades the
translation mRNA (in the
siRNA case).
Figure 14-22

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

Target mRNA

Andrew Fire &
Craig Mello
Nobel Prize-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

miRISC

S5'cap T i AAAA
Perfect complementarity

soapM ey

AA
g \
uu s

miRISC binds to another target mRNA.

2. Translational repression

miRISC miRISC
ovet vl Yo nnhinnmﬁmrww

Ppriiiliing

5'cap
Incomplete complementarity

5'cap ‘(\)(\ il A N

Ribosomes



RNAi Can be Used in Gene Therapy Strategies
to Suppress Expression of Targeted Genes

|

C MicroRNA .‘%—-‘ l

/ / %.precusm
> I

§@—> Al

siRNA or
microRNA
HOW RNAi SUPPRESSES
GENE EXPRESSION
Single strand of
. SIRNA or microRNA
v/ ‘,}.
s p = - Irmf ->» &
QJ/;" 3"“1’ r ’ L3 .“_\‘{"_‘_(1“’ - Y
Cellunwinds = % :
RNAstrands 5

A cell can censor the expression of an
individual gene inside it by interfering
with the mRNA transcribed from the
offending gene, thus preventing the RNA
from being decoded by ribosomes into
active protein. The censorship machin-
ery is triggered by small, double-strand-
ed RNA with ragged ends. An enzyme
called Dicer chemically snips such
short interfering RNAs (siRNAs) from
longer double-stranded RNAs produced
by self-copying genetic sequences (a)
or viruses (b). Regulatory RNA sequen-
ces known as microRNA precursors (c)
are also cleaved by Dicer into this short
form. And scientists can use lipid mole-
cules to insert articicial siRNA into cells

(d).

b Double-stranded
RNA from
a replicating virus

Ifthe two RNA strands are highly
complementary, the mRNA

is cleaved SR A iy,
>
Cleaved mRNA
NO PROTEIN

. RNA:induced silencing
complex [RISC)

T T Y
h 4 . ; L |

X

Ry

me— ] e |S MADE

7

Ribosomes stall
on the mRNA

If the two strands
are somewhat
mismatched,

Mismatched RRA the RISC sticks

"2 % et




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 is One of the Most-Exciting New Fields For Combating
Human Diseases (e.g., Cancer & Pathogens)

- C /]
THE MACHINERY for RNA interference was discovered to operate in mammals just two years ago. Yet about 10 companies, including the
sampling below, have already begun testing ways to exploit gene censoring to treat or prevent human disease. —The Editors

COMPANY PROJECTS STATUS

Alnylam Pharmaceuticals Researching therapeutic applications of RNAi, Founded in 2002 by Bartel, Tuschl, Sharp and
Cambridge, Mass. | but specific disease targets not yet announced Zamore, the firm has secured initial funding
' and several patents

Cenix Biosciences Investigating the use of RNAi-based therapies With Texas-based Ambion, Cenix is creating
Dresden, Germany for cancer and viral diseases a library of siRNAs to cover the entire
human genome

Ribopharma Attempting to chemically modify siRNAs to make drugs | Clinical trialsin brain cancer patients
Kulmbach, Germany for glioblastoma, pancreatic cancer and hepatitis C are expected to begin this year

Sirna Therapeutics Testing a catalytic RNA medicine for advanced Changed name from Ribozyme Pharmaceuticals
Boulder, Colo. colon cancer in clinical trials; development of
RNAi-based therapeutics is still in early stages

Major Challenge: Delivery Systems



Using Target-Specific Ribozyme Gene Therapy

To Destroy Specific mRNAs

ribozyme

5’ 2 +
3’
substrate

| RNA

BASE-PAIRING BETWEEN
RIBOZYME AND SUBSTRAT

S

| SUBSTRATE CLEAVAGE

5'
51
3!
3!

| PRODUCT RELEASE

oL

leaved .
RNA ribozyme

Figure 6-103 Molecular Biology of the Cell (© Garland Science 2008)

Ribozymes
Are
RNA

Enzymes!

They Can

Be Engineered
And Transformed
Into a Cell to
Degrade Specific
mRNAsl!




Using Ribozymes To Treat Human Diseases

Phase 2 gene therapy trial of an anti-HIV ribozyme

in autologous CD34" cells Nature Medicine January, 2009

Ribozyme Specific
For an HIV mRNA

G-CSF mobilization
Infusion of
0OZ1-transduced
Large-volume orplaceno
: CD34* cells
apheresis

8 HIV-1 infected subject o
Culture of CD34* cells
Selection of and transduction with
CD34* cells OZ1 or placebo

Highly Active Antiretroviral &laeo___d8 49 100 (weeks)

-AArT I

Primary end point
average of weeks 47 and 48

Therapy, or HAART

Secondary end points

TWAUC weeks 40-48
TWAUC weeks 40-100




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

Genetic Engineer
Cells Before
Nuclear or Cell
Transfer

LIFE 8e, Figure 19.8 (I

Example
Defective Insulin
Gene in Pancreas

LIFE 8e, Figure 19.8 (Part 2)



W'\ The End!!

senenc 24 L HC70A/SAS70A Lectures on the
History, Science, and Applications
of Genomics & Genetic Engineering

Entire Genetic Code
of a Bacteria e EXPERIMENT S

HYPOTHESIS: Biologically functional recombinant

chromosomes can be made in the laboratory.

METHOD  E coli plasmids camrying a gene for resistance
to either the antibictic kanamycin or tetracycline
are cut with a restriction enzyme.

Plasmids are not cut

DNA Fingerprinting Ecollplasmld~or O O O
O (7

The cut plasmids

are mixed with DNA

ligase to form K T
recombinant DNA.

Cloning: Ethical Issues The plasrmids are | _
and Future Consequences put into . coli @ é///
~ P,

RESULTS = ;

Some E coll resistant to No E. coli doubly
both antibictics. resistant.

CONCLUSION: Two DNA fragments with different

genes can be joined to make a recombinant DNA
molecule, and the resulting DNA is functional.

Plants of Tomorrow



