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Genetically Engineered Organisms
& Their Uses
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3. Animals
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4. Plants
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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 to 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
=0

Types of Gene Therapy

- Germline gene therapy

- Somatic gene therapy = ="+
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I 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 early embryo. Germ-line

therapy is banned in many countries for ethical reasons (see

v

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).
qa. 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 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.

(o
v

» Targeted inhibition of gene expression is 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

d . gain-of-function mutant allele in inherited disease.

D Targeted killing of specific cells is particularly appli-
Cable 0 Cancer treatment.

Issues Involved with Use of Gene Therapy

Regulation

NIH Guidelines

Human Experimentation
Ethics

Eugenics

Availability & Costs




Germline Gene Therapy

Proposals for germline
engineering combine
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Germline gene therapy is when
DNA is transferred into the cells
that produce reproductive cells,
eggs or sperm, in the body. This
type of therapy allows for the
correction of disease-causing
gene variants that are certain to
be passed down from generation
to generation

It is NOT ILLEGAL to conduct
human germline gene therapy in
the US - however, experiments
using federal funding must be
approved by the Recombinant
DNA Advisory Committee and use
by public and private labs
requires FDA approval

Somatic Cell Gene Therapy -

Ex Vivo and In Vivo

Somatic cell - any cell of a living organism other than the reproductive cells

/

Therapeutic
gene

N @

Vectors Target cell

Reinfusion of
gene-modified cells

Gene transfer

Isolation of il g "t
hematopoietic target cells 4
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copies of therapeutic gene
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Ex Vivo Gene Therapy

Ex vivo gene therapy is performed with
the genetic alterations of patient's target
cells happening outside of the body in a
culture. Target cells from the patient are
infected with a recombinant virus
containing the desired therapeutic gene.
These modified cells are then
reintroduced into the patient's body,
where they produce the needed proteins
that correspond to the inserted gene.

Inside the body,
the genetically
altered cells
produce the desired
proteins encoded
by the therapeutic
DNA

In vivo gene therapy involves
introduction of therapeutic DNA
directly into the patient's body. The
DNA is introduced by cell-specific
direct injection into tissue in need.
DNA in the form of a plasmid vector
is introduced by a dermal
vaccination. Modified liposomes are
not currently used for gene
therapy, but they will likely be the
next advancement in therapeutic
gene delivery as cell-specific
receptor-mediated DNA carriers.
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.

In Vivo Gene Therapy
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copies of therapeutic gene
are inserted

into viral DNA,
liposome,

N\ orin form of

( ’] plasmid DNA

genetically-
altered
DNA is
inserted

into patient's

by cell-
dirs‘;pcctclnifz:uc Inside the body, the
ingection 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
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Questions to Consider
Before Initiating Gene Therapy

1. What is known about the biology of the disorder?

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

. Has the affected 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?

w

http://learn.genetics.utah.edu
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Questions to Consider
Before Initiating Gene Therapy

. What is known about the biology of the disorder?
. Does the condition result from a mutation of one or

more genes?

. Has the affected gene been cloned?
. Will adding a normal copy of the gene fix the

problem in the affected tissue?

. Can you deliver the gene to cells of the affected

tissue?

http://learn.genetics.utah.edu
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Toolkit for Ex Vivo Somatic Cell
Gene Therapy Procedures

. Cloned copy of the therapeutic gene
. Appropriate switch - often a strong switch to drive

high level expression of the gene

. Vector to transfer the gene into the cells
. Autologous (obtained from the same individual) or

non-autologous cells




Severe Combined Immunodeficiency Disease (SCID)
Adenosine Deaminase Gene (ADA) Defic__iency

.

32,213 kb Gene
Chromosome 20
12 Exons

1,092 kb mRNA
323 aa protein
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Adenine

Hypoxanthine

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

ADA-SCID 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'

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

Several People are

The Age of Human Genetic
Engineering Began More than
Twenty Years Ago -
SCID Treated with a
Normal ADA Genelll

. menew england
journal « medicin

ary 29,2009

established in 1812 janu 360
Gene Therapy for Immunodeficiency Due to Adenosine
Deaminase Deficiency

Gene Therapy with the
Adenosine Deaminase (ADA) Gene

RESULTS

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

Alive Because They
Have Been
Engineered

with an ADA Gene

Ashanthi DeSilva




Ex Vivo Gene Therapy for Severe Combined
Immunodeficiency (SCID)

Bacterium carrying(z) Vector & (3) Switch

plasmid with cloned normal ~ Genetically disabled
human ADA gene retrovirus

{(Klug & Cummings 1997)

i ]

* 2. Therapeutic ADA gene
incorporated into virus

1. T cells with mutant
ADA gene are isolated
from SCID patient

cells are reimplanted,

5. Genetically altered ’
produce ADA 1

@ 3. Retrovirus infects @
@ cells, transfers @
O therapeutic ADA ———- @
gene 4. Cells are grown @
in culture to
(4) Autologous Cells @1 ensure ADA gene

@ is active

ADA-SCID Clinical Trial Started in 1990

How are Therapeutic Genes Targeted and Delivered
to Cells of Interest - with Vectors

Vectors Used in Gene Therapy Clinical Trials (W)

Adenovirus 21.4% (n=532)
Retrovirus 18.2% (n=452)
Naked/Plasmid DNA 17.2% (n=427)
Adeno-associated virus 7.0% (n=173)
Vaccinia virus 6.9% (n=172)
Lentivirus 5.8% (n=144)

Lipofection 4.6% (n=115)

Poxvirus 4.3% (n=106)

Herpes simplex virus 3.6% (n=89)
Other vectors 7.7% (n=191)
Unknown 3.2% (n=80)

o000V OOOOS

The Journal of Gene Medicine, © 2016 John Wiley and Sons Lid www.wiley.co.uk/genmed/clinical




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 Causes immune reaction
Adeno-associated virus Does not cause immune reaction Holds small amount of DNA; hard to produce I
Herpes virus Can insert into cells of nervous system; Hard to produce in large quantities
does not immune reacti
Lentivirus Can accommodate large genes Safety concerns
Liposomes and other No replication; does not stimulate immune Low efﬁciency
lipid-coated vect ti
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

HIV is a Retrovirus

HIV retrovirus
Envelope __Envelope glycoprotein
Capsid\@ y\ %Two copies of retroviral RNA
2
s

. »— Reverse transcriptase

N Mammalian host cell
MReverse transcriptase
Viral RNA N wmm%’ RNA template

A ‘—)\,, = C,‘M\CDNA strand

Host DNA
@Nucleus :J'

T-Cell

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

Modification of the Central Dogma of Molecular Biology - RNA to DNA to RNA to Protein
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transcriptional
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Using a Retrovirus as a Vector For Human
Ex Vivo Gene Therapy
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Using Retroviruses for Ex Vivo Gene Therapy

— ,/o A.l1. Cloning in Bacteria
e A i 2. DNA Transformation into
= l’“’"’"i‘"‘""“" Packaging Cell
b INSERT INTO PACKAGING CELL \

BJ1. Packaging Cells Makes Viral
Packaging Cell Line Proteins
(Made Previously) 2. Cannot Package (Provirus
Minus &)

3. Packages Therapeutic
Transcript (RNA contains W)

! are assem| ,
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 ;_l no -F'hirus carll'ymugla helper Rtl:lA caﬁl

orm. The particles that escape the cell,

3. Tr'ansfer' To then, carry therapeutic RNA and no vi-
Pdﬁ ent ral genes. They can enter other cells (¢)

and splice the therapeutic gene into cel-

TARGET CELL FOR MPLANTATION 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,
RYAAAS 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

- But - patients remained on ADA enzyme
replacement therapy throughout the gene
therapy treatment

Ashanthi DeSilva




Setbacks for Gene Therapy

EheNew ork &imes 1999
The Biotech Death of Jesse Gelsinger

Ehe New Nork Times 2002
TRIALS ARE HALTED ON A GENE THERAPY

By SHERYL GAY STOLBERG
Published October 4, 2002

WASHINGTON, Oct. 3— Officials in the United States and France
said today that they had suspended four gene therapy experiments

Gelsinger had a mild form of
ornithine transcarbamylase (OTC)

because the treatment, which cured a 3-year-old boy of a fatal
immune deficiency, may have given him an illness similar to

deficiency - results in an inability

leukemia.

to metabolize ammonia

He volunteered for clinical trial
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

Cancer-causing e~

agents e \\ Normal cell
00 Proto- oncogene
\
Actlvated
DNA oncogene

’Cance/r cell

Integre m

Chromosomal

DNA

Viral Switch

Retroviral Switches
can Activate
Proto-oncogenes
and Induce Cancers

™ Integration

7/

Viral DNA Cellular DNA

Prote-oncogene




Some Early Problems with Human Gene Therapy

* Inefficient delivery of vector to target cells
* Low expression level 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

A Comeback for Gene Therapy
Luigi Naldini

Science 326, 805 (2009);

DOI: 10.1126/science.1181937

Forbes / Pharma & Healthcare

The Little Black Book of Blllionalre Secrets

MAR 26,2014 @ 06:00 AM 34,053 VIEWS

Gene Therapy's Big Comeback

Article

Phoenix rising: gene therapy makes a comeback. Acta

Biochim Biophys Sin iEAL

i Gene Therapy Makes a Comeback
With a Cautious, Supporting Role

By MICHAEL WALDHOLZ Staff Reporter of The Wall Street Journal
BloombergBusiness Updated May 30, 2002 12:01 a.m. ET

Money Flows Again to Gene-Therapy Drugs

Investors Once Shunned Vi

Robert Langreth
May 20, 2015 — 4:00 AM PDT Gene therapyv stages a comeback. albeit a humble one

Published on May 15, 2009




Improvements in Gene Therapy

* Increases in efficiency of viral transduction

Higher levels of therapeutic gene expression

* Development of self-inactivating vectors

Coupling of gene therapy and stem cell
technologies

Development of Self-Inactivating (SIN) Vectors

1. First generation vectors
often caused leukemia
because they inserted
viral DNA next to
proto oncogenes

LTR (cancer causing genes).

XXXXX] HG XxXxx| Oncogene [xxx 2. The 5' LTR of the viral
e eneH = : vector is a powerful

switch that can
activate proto

SIN oncogenes and cause
(W12-fold) cancers to form.
X000 PR U3 |Gene 0] Oncogene XXX 3 SIN vectors have

transcriptionally
disabled LTRs. They
are less likely to
activate adjacent
genes.




Self-Inactivating (SIN) Vectors
are Effective in Gene Therapy

Fischer et al. 2015

n . ®
SC'ence Dal |y Table 1. PID diseases and gene therapy

Your source for the latest research news First-generation Second-generation
yBV vectors  SIN
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#  HeALTH  PHYSICAL/TECH  ENVIRONMENT SOCIETY/EDUCATION  QUIRKY 5 X1 +* +
A deficiency + +
Featured Research from universities, journals, and other organizations W +° +
‘ +
X-linked severe combined immunodeficiency syndrome: Gene therapy W i
trial shows promising early results
Date: December 8, 2013 Share This
Source: Dana-Farber/Boston Children's Cancer and Blood Disorders Center *
» B4 Email to a friend
Summary: Researchers reported promising outcomes data for the first group of boys 3 §  Facehook 46
with X-linked severe combined immunodeficiency syndrome, a fatal e
genetic immunodeficiency also knawn as "bubble boy" disease, who were > W Twitter
treated as part of an international clinical study of a new form of gene > & Google+
therapy. Its delivery mechanism was designed to prevent the leukemia » B Print this page +¢
that arose a decade ago in a similar trial in Europe. > & More options IPEX (FoxP3 deficiency) +C
deaminase H coyiio

“Eight of the nine boys registered to date in the " : JZ[\EW it iy
new trial are alive and well, with functioning 'SAEs, seriols adh SCID,

immune systems and free of infections ; SIN, saf-inactivating;
associated with SCID-X1, between nine and 36

months following treatment”.
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CD34 ahd T cell strategy are both envisag

Using Stem Cells in Ex Vivo Gene Therapy

Immune cell development: Hematopoiesis

Hematopoietic stem cell

v

Progenitors
Enythenid Bone marrow
l Tissues
Basophi . @
Mast RBC
NK cell

. cell Megakaryocyte
Eosinophi%? ‘

0
Dendritic Macrophage OOO
cell Platelets

Dr. Pei-Yun Lee




General Strategy for Use of
Hematopoietic Stem Cells in Gene Therapy

Lentivirus vector
Highly purified, * HSCs with
HSC hig-titre LV Cytokines @ corrected gene

@/
@D =

R Cell release N
- B\ @ without cryo- R\
( ) preservation | )

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 How It Works | The procedure the SCID-X1 trial will use
- MOST common fO rm Of Stem cells are isolated from bone The normal gene Is inserted into
SCID marrow harvested from a baby’s hip  the stem cells in the lab.

- Results from mutations Bone marrow cell Normal gene
in the common gamma

chain gene required for

interleukin receptors
- Patients are immune
deficient <
* Gene Therapy

@ @ The corrected cells are then
Impr‘ovemen‘l's transfused back into the baby and
- - @ @ popullato over time, repairing the
- USed hemﬂ"'opo ietic @ baby’s faulty immune system

STem Ce”s 3 @@ IS’our(a:(Mdven'sHaspttal Boston
n - hota: Getty Images
- Improved retroviral G

</

vectors with higher UCLA researcher pioneers gene therapy cure
titers for ‘Bubble Baby’ disease
Game-changing stem cell treatment to be tested for sickle cell
disease next

Peter Bracke | November 20, 2014 UCLA




)

\

&

me new england

journal « medicine

established in 181 2 january 29, 2009

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

But - 5 of 20 SCID-X1 subjects
experienced leukemia-like T

lymphoproliferation in another study

It Worksl!

'I?‘ Gene therapy cures 'bubble boy disease'

BUSINESS
INSIDER

A gene therapy that cures a rare genetic
disease just got its first customer, a year
after it was approved

- EMILY MULLIN, MIT TECHNOLOGY REVIEW
diid MAY 4, 2017, 11:57 AM

- ADA-SCID gene therapy
product named Strimvelis from
GlaxoSmithKline

- Approved for use in Europe

- One time treatment costs
$665,000, with money back
guarantee

- Cost of PEG-ADA treatment
estimated at $60,000 per year
in 1990 (FDA)

Other Diseases that are Being Targeted Using
Ex Vivo Gene Therapy with Hematopoietic Stem Cells

sk

b Lentiviral-

Vector particles

a HSC

ADA-SCID
Chronic
granulomatous
disease

d Geneticall .
Modified I-{SCs + Leucocyte adhesion

deficiency
SCID Artemis
SCID Rag-1
SCID-X1

¢ Chemotherapy + Sickle cell disease

4 =) =) Syndrome

p-thalassaemia
Wiskott Aldrich

X-linked
lymphoproliferative
syndrome
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Toolkit for In Vivo Somatic Cell
Gene Therapy Procedures

1. Cloned copy of the therapeutic gene

2. Appropriate switch, often high expression level
3. Vector to transfer the gene into the cells
4.Ability to target the vector to desired cells




Blindness - Choroideremia (CHM)

How We See

Iris

Cornea

Retina
e Inverted image
of object
Object > Optical nerve

Cilliary
Muscle

Normal retina

CHM Retina

1. CHM is a rare inherited cause of
blindness that affects around 1
in 50,000 people. Night
blindness is an early symptom.

2. CHM is caused by mutation in the
X-linked REP1 (Rab escort
protein) gene.

3. Without the REP1 protein,
pigment cells in the retina die
prema'rur'ely
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< Previous Article Volume 383, No. 9923, p1129-1137, 29 March 2014

. Articles

Next Article >

Retinal gene therapy in patients with choroideremia: initial

findings from a phase 1/2 clinical trial

Prof Robert E MacLaren, FRCOphthD, Markus Groppe, PhD, Alun R Barnard, PhD, Charles L Cottriall, PhD, Tanya
Tolmachova, PhD, Prof Len Seymour, PhD, K Reed Clark, PhD, Prof Matthew J During, FACP, Prof Frans P M Cremers,
PhD, Prof Graeme C M Black, FRCOphth, Prof Andrew J Lotery, FRCOphth, Susan M Downes, FRCOphth, Prof Andrew R
Webster, FRCOphth, Prof Miguel C Seabra, MD

Gene therapy to prevent blindness

Retina

Photoreceptor
cells

Lens ———+

1. Healthy eye
In a healthy eye, retina cells at the back
detect light

2. Cells dying
A faulty gene means these cells are dying, leaving
all but a small section - causing partial blindness

AAV-REP1

Fluid

3. Liftretina
To stop further degeneration, fluid is injected
to lift a layer of the cells

4.Inject DNA
Working copies of the faulty gene are then injected
to stop the rest of the cells dying

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

@ 6 months (2013), vision improved
in all 6 patients who received
treatment

@ 4 years (2017), 2 patients had
significant vision improvement, 3
maintained their vision, 1 had slow
decline in vision




LCA Gene Therapy Using RPE65 & AAV2

Leber Congenital Amaurosis Type 2 LCA is caused

XN ocor

- Degenerative diseases by recessive mutations S e
of the retina in the RPE65 isomerase

+  The most common cause gene that recycles RPE°5’+"°“‘"°""“’°"“
of congenital blindness photoreceptors U
in children 3

11-cis retinol oy

+ Gene therapy with
AAV-RPE65

4

SUCCESS!

CAROLINE & COLE CARPER

Cideciyan et al. PNAS 2008;105:15112

The NEW ENGLAND JOURNAL of MEDICINE
May 14,2015

“ BRIEF REPORT ”

Improvement and Decline in Vision

. . . . Rewriting Life
with Gene Therapy in Childhood Blindness Gene Therapy in U.S. Is On Track for
Samuel G. Jacobson, M.D., Ph.D., Artur V. Cideciyan, Ph.D., Approval as Early as Next Year

Alejandro J. Roman, M.Sc., Alexander Sumaroka, Ph.D.,

Sharon B. Schwartz, M.S., C.G.C., Elise Heon, M.D.,
and William W. Hauswirth, Ph.D. Spark Therapeutics is within striking distance of a landmark green light from the

FDA for its treatment for certain forms of blindness.

SUMMARY by EmilyMulin ~ October18, 2016

Retinal gene therapy for Leber’s congenital amaurosis, an autosomal recessive
childhood blindness, has been widely considered to be safe and efficacious. Three
years after therapy, improvement in vision was maintained, but the rate of loss of The firstgene therapy for aninherited disease in the U.S. is closer to
photoreceptors in the treated retina was the same as that in the untreated retina. reality than ever before

Here we describe long-term follow-up data from three treated patients. Topo- :
graphic maps of visual sensitivity in treated regions, nearly 6 years after therapy
for two of the patients and 4.5 years after therapy for the third patient, indicate ~Spark Therapeutics is only the second company to pursue an application
progressive diminution of the areas of improved vision. (Funded by the National ¢, the U.S. Food and Drug Administration for such a treatment, but it’s
Eye Institute; ClinicalTrials.gov number, NCT00481546.) likely to be the first to hit the market.

Ble Hew YorkTimes | ritinimeriebivex Speaking at EmTech MIT 2016 on Tuesday, Katherine High, Spark’s

cofounder, confirmed that the company is on track to launch its first
product next year. The gene therapy, known as SPK-RPE65, targets

SCIENCE

Eye Treatment Closes Inon Beillg FirSt mutations in people’s eyes that often lead to blindness. Currently, there
Gene Therapy Approved in U.S. are no drugs available to treat these disorders, known as inherited
By ANDREW POLLACK  OCT. 5, 2015 retinal dystrophies.

‘What could become the first gene therapy to win approval in the United States
moved closer to market on Monday, when its developer announced that the
medicine had succeeded in a late-stage clinical trial in treating an inherited eye
disease that can cause blindness.




Pompe Disease

[y Skeletal muscle
Bundle of muscle fibers

Normal breakdown of glycogen by GAA in
muscle cells

Harmful build-up of glycogen in the muscle
cells due to lack of GAA

Glycogen is broken down in parts of each cell
called lysosomes

In Pompe disease, glycogen builds up in the
lysosomes, damaging the muscle cells

As the condition worsens, glycogen leaks out
of the lysosomes, damaging the surrounding
muscle cells and weakening the muscle

Glycogen is stored in the lysosome, an
organelle

Acid alpha glucosidase (6AA) converts
glycogen, a storage form of sugar, into
glucose

GAA is defective in individuals with
Pompe disease. Glycogen
overaccumulation damages muscle cells.
Pompe disease occurs in 1 in 40,000
births

HUMAN GENE THERAPY 24:630-640 (June 2013)
© Mary Ann Liebert, Inc.
DOI: 10.1089/hum.2012.250

Phase I/l Trial of Adeno-Associated Virus—Mediated

Alpha-Glucosidase Gene Therapy to the Diaphragm

for Chronic Respiratory Failure in Pompe Disease:
Initial Safety and Ventilatory Outcomes

Barbara K. Smith! Shelley W. Collins2 Thomas J. Conlon2? Cathryn S. Mah 23 Lee Ann Lawson?
Anarole D. Martin! David D. Fuller! Brian D. Cleaver* Nathalie Clément®
Dawn Phillips? Saleem Islam®* Nicole Dobijia® and Barry J. Byme®?

Approach

+ Used AAV-GAA

+  Targeted the
diaphragm to aid in
breathing

Results

*  Improved the volume
of air displace during

Inhale Exhale

gfﬁfiés\ P cﬁ?f::‘s\ P br'ea'rhmg
i »' +  Periods of unassisted
A

breathing increased

No adverse immune
responses detected

/ " Diaphragm ™"
Diaphragm Diaphragm,
contracts relaxes *

© Buzzle.com

Gene Therapy for Pompe Disease
With AAV-GAA

Experimental Nearology 287 (2017) 216-224

Contents lists available at ScienceDirect

Experimental Neurology

journal homepage: www.elsevier.com/locate/yexnr

Research Paper
Inspiratory muscle conditioning exercise and diaphragm gene therapy in
Pompe disease: Clinical evidence of respiratory plasticity

Barbara K. Smith *™*, A, Daniel Martin %, Lee Ann Lawson °, Valerie Vernot , Jordan Marcus ©
Nadeem Shafi f, Manuela Corti ®, Shelley W. Collins °, Barry J. Byrne ”

* Department of Physical Therapy, P.0. Box 100154, University of Florida, Gainesville, FL 32610, United States
7 Universityof i Gaesuile, L 32610, Uit tts

* Gollege of Pubkic Health and Health Profesions, 0. Box 100185, Universiy of e 1216 s
 Department of Pediatrics Crical Gare Division, University of Tennessee Health Science Center, 5ﬂ 1 Dunlw,Merrwm I 103, nied st

£ in ¥

AUDENTES

THERAPEUTIC

Pipeline

+ Overview

AT982 - Pompe disease

+ ATI32 - X-Linked Myotubular
Myopathy
Audentes is developing AT982 for the treatment of

+ AT342 - Crigler-Najjar Syndrome Pompe disease.
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Normal Blood Cell Development
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| Breakthrough of the Year

In Girl’s Last Hope, Altered Immune Cells 5

Immunotherapy £

Beat Leuke mia | Teellson Th. 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

Emily Whitshead, 7, was the first chil 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

Erythrocytes Neutrophil Lymphocyte Monocyte Platelets

Chimeric Antigen Receptor (CAR) Strategy

1 A cancer patient’s immune system (T-cells) 2 Autolus engineers the T-cells to express
fails to recognise malignant cells Chimeric Antigen Receptors (CARs)

Engineered T-cells are administered back to patient

© g0
o 00 ® ) £ : Engineered CAR
® [ ] @, °® ° T-cells destroy the

‘T e® q“.‘.:. malignant cells
120,900

. LS
%0 eQ00 °,

oi. .
3 Engineered CAR T-cells recognise and destroy malignant cells

a
of the malignant cell




Science

Ex-vivo Gene Therapy for Translational

Medicine

Lymphocytic Leukemia

Cytotoxic T cell

, 7 Protocol

P S, .V VH

\ e 1 + Removed T cells from
: § patients

Created gene encoding

I Cu2  Antibody to B
I c,3 cell protein

: Y _ Relesseof Chimeric Antigen
) 23;:1’:;“8 \ B cellprotein Recep‘l'.or' (CAR) ﬂ:\af
. recognize a protein on
\ ﬂ\ = Bcel  the surface of B cells
+  Transferred CAR gene
into T cells to allow them

;’_x n
Signalling / Hinge  scFv d
domalns\/ to 1'ar'ge1' B cells

+  Infused CAR T cells back

rimmune response i nto pa'l‘ienTS

Abnormal
or virus-
infected
cell

- 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

- In one 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

RNA Interference
Silencing Genes Through mRNA Degradation

The RNAI Therapeutic Mechanism

3
Cell interior

f
;
:
:
g
‘2.». Z. ﬂ

§
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. b
i3 Z ‘
e 3 ,
54 ¢ .
2\% & \ _\ /
IRl S - ,‘
- L/ (" 9
3 RISC ’Im \\M WL e
s mRNA
.g A"’k
= o Short interfering RNA o SRNA synthesized with o Modified siRNAs penetrate the Gene silencing achieves
{SIRNA) designed to drug:like properties: stabiity cell membrane and hamess the a therapeutic effect
Genome correspond to and conjugation for delivery RNAI mechanism for gene silencing
gene target

DNA — mRMA — Pro¥ein




Silencing Genes to Control Cancer

Mantle Cell Lymphoma is a Cancer of Leukocytes
Characterized by Overproduction of Cyclin D1 -
A Cell Cycle Regulator

Harnessing RNAi-based nanomedicines for therapeutic
gene S|Iencmg in B-cell mallgnanqes 2016

Shiri Weinstein®><" "« It A Toker™® -be Rafl b ivas Ramishetti*<, Inbal Hazan-Halevy®",
Daniel R <, Meir Avigd: Ahraham Ohad Ben]amml Osnat Bairey®, Pia Raanani®,

Arnon Nagler®, Judy Llehermanfg and Dan Peer"‘ b2

Gene Therapy Approach

+ Designed small interfering
RNAs that would silence the
cyclin D1 gene through RNA
interference

* Targeted the siRNAs
specifically to malignant
leukocytes using a lipid
nanoparticle

- Delivery of siRNA to MCL

- cells inhibited cyclin D1 and

Cyclin D1 controls cell prolonged survival of tumor-

entry into DNA synthesis bearing mice

Lipid-based Nanoparticle for Specific Delivery
of siRNA to MCL Cells in Vivo

Antibody that Delivery of siRNAs
binds MCL cells to MCL cell

Frolechve loyer
of polyettalyra -
ahoot ., '

Ovug erystadzog
In Agusous Suid

Cyioplasm

Lipid bilayer similar  siRNAs are sequested
to cell membrane in liposome
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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
- 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




70% success rate

Clinical Trials

Phase Il

33% success rate

Phase lll

25-30% success rate

Phase IV

70-90% success rate

COMPARISON OF CLINICAL TRIAL PHASES

PIASED PILASE I PHASE 1T PIASE IV
OBJECTIVES: | Determine the metabolic and | Evaluate effectiveness, Obtain additional information  Monitor cngoing safety
pharmacological actions and | determine the shart-term side about the effects o large populations and wdentify
the maximsally tolerated dose | effects and identify common climical ouicomes and cvaluste | addstional uses of the agent
risks for a specific population | the overall nisk-benefit ratio in a2 | that might be spproved by the
and discase demographically diverse ample | FDA
FACTORS -Bioavailabilsty -Broavailability -Drug-disease i i Epscemiological data
TOBE “Biocquivalence -Drug-discase interactions -Drug-drag interactions “Efficacy and safety within
~Metabolism -Efficacy at vanous doses -Risk-benefit infe -Ph "
~Phamacody Pharmakodynami -Efficacy and safety for
-Ph ki Pharmakokinti subgroups
~Paticat safety
DATA FOCUS: | -Viad signs -Dose responsc and tolerance | -Laboratary data -Efficacy
~Plasma and serum kevels -Adverse events -Efficacy -Phamucoeconomics
~Adverse events -Efficacy ~Adverse events -Epsdemiology
-Adverse events
DESIGN “Single, ascending dose ties | -Placebo controlled coanpari Randoen “Uncontrolled
FEATURES: | -Unblinded -Adtive controlled comparisons | -Controlled -Observational
~Uncontrolled “Well-defined entry criteria =2-3 treatment arms
-Broader eligibility eriteria
DURATION: | Upio | manth Several moeths Scveral years Ongoing (followmg FDA
[Eu— appeoval)
POPULATION: | Healthy volunteers or Individuals with target disease | Individuals with target disease | Individuals with target disease,
ndivaduals with the target as well as new age groups,
disease (such as cancer or genders, elc.
HIV)
SAMPLE 21080 200 10 300 Hundreds to thousands Thousands
SIZE:
EXAMPLE: | Study of a single dose of Drug | Double-blind study cvalusting | Study of Drug X vs. standard | Study of econoemic benefit of
X in normal sebjects safety and efficacy of Drug X | treatment in hyperiension study | mewly-approved Drug X vs.
vs. placebo in paticats with standand treatment for
hypertensae Bypertension




Phases of Gene Therapy Clinical Trials

The Journal of Gene Medicine, © 2016 John Wiley and Sons Lid

@

WILE

<

Phase | 57.3% (n=1380)
Phase I/1l 20.3% (n=490)
Phase Il 17.3% (n=417)
Phase II/IIl 1% (n=23)
Phase Ill 3.8% (n=91)
Phase IV 0.1% (n=3)
Single subject 0.2% (n=5)

www.wiley.co.uk/genmed/clinical

Indications Addressed by Gene Therapy Clinical Trials (@

WILE

<

Cancer diseases 64.5% (n=1554)
@ Monogenic diseases 10.3% (n=248)
. @ Infectious diseases 7.5% (n=180)
\ @ Cardiovascular diseases 7.4% (n=178)
. @ Neurological diseases 1.8% (n=43)
' @ Ocular diseases 1.4% (n=33)
/ @ Inflammatory diseases 0.6% (n=14)
@ Other diseases 2.3% (n=56)
@ Gene marking 2.1% (n=50)

@ Healthy volunteers 2.2% (n=53)

The Journal of Gene Medicine, © 2016 John Wiley and Sons Lid

www.wiley.co.uk/genmed/clinical




Approved Gene Therapy Products Worldwide

No gene therapy products have been approved for use in the United States

: e = v ee P93 tUMor suppressor
/\ BBiS deficiency
N A Markéted in China 2004

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.

GlaxoSmithKline

Consumer Healthcare

Strimvelis,

ADA-SCID
Marketed in Europe 2016

APPROVED

Lipoprotein lipase deficiency

Marketed in Europe 2012

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 variant of the LPL
gene that has higher enzyme activity than the normal version of the
gene that encodes the protein.

April 20, 2017

UniQure Says It Will Not Pursue EC Marketing
Renewal for Glybera Gene Therapy

The World’s Most Expensive Medicinelsa
Bust

The first gene therapy approved in the Western world costs $1millionand has
been used just once. The doctor who tried it says the price is “absolutely too
high.”

by Antonio Regalado  May4,2016
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Gene Therapy for Human

Genetic Di o 3 March 1972, Volume 175, Number 4025 SCIENCE
enetic visease!

Proposals for genetic manipulation in humans raise We propose the fOIIOWing ethiCO_SCientiﬁC
difficult scientific and ethical problems.  Criteria which any prospective techniques for
Theodore Friedmann and Richard Roblin gene therapy In human patlents ShOU|d 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

® Risks
®* Enhancement

®* Consent

Availability To Everyone

Eugenics (Germ Line)




Eugenics:The study of or belief in the possibility of improving the qualities
of the human species or a human population, especially by such means as
discouraging reproduction by persons having genetic defects or presumed to
have inheritable undesirable traits (negative eugenics) or encouraging
reproduction by persons presumed to have inheritable desirable traits (positive
eugenics) - dictionary.com

Some people are born to
be a burden on the rest.
By late 1800s, Indiana authorities

et o scconds Fier Famis B Ghis light (lishe” gy Taminuics ¢ )
'mslglxnimﬂﬁ‘“m 'qi' el # belleved criminality, mental problems,
-~ ¥ | Every T minuies 2 figu.l\ puIsn and pauperism were hereditary.
Every 16 seconds | % is born in the United Sitesmil wil Various laws were enacted based on
3 person e bam I ki dliy 0.0 creaie wab this belief. In 1907, Governor
United DCALEE : s e s J. Frank Hanly approved first state
% eugenics law making sterilization
cacencs DRAYS 1T METERIRLS Thon oy saimces up ancanes mandatory for certain individuals
ARSI hERNOMouS, comery. - in state custody. Sterilizations

— JLULDIVIY DELY ;

Th
Mantsly 10 16124 & -'S T E P 1‘
STEP TORARD
I. A QUPER R A I,' 1907 INDIANA EUGENICS Law
: \J - ll Indiana Supreme Court ruled 1907

law unconstitutional 1921, citing

EUGEDICS IS The

S6LP DIRECTION

7N HIGH GRADE
wg;gcue

| = ! denial of due process under
| Health Official Praise | Fourteenth Amendment. 1927 law

2 i sterilization, adding court

Court. in _Upholdmg i e U0 Tl
Sterilization Law ]'z Ve

] —O— {

WASHINGTON. May 6.—(IN8)—-an |

| Jtuproved race of america
o= 1 ans s 5
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Human Genome Editing Therapy

Patient

Autologous % .
transplantation Isolallon_
. b of somatic cells

Transplantable

& corrected
patient-specific =
cells

— ey —W Donor .
m——\/—-\ DNA CRISPR-Cas9 o
ZFN, TALEN or ﬁ
Ao B RNA-guided :
Target locus : Mucleases y
x Patient-derived
somatic cells

Differentiation - ;
GENE CORRECTION

to cell type of
interest i 4

Y’ .n-l-

Reprogramming ~
e.g. via retroviral _’ Y -
vectors 5 Dy
P
-

iPSC is a stem cell
*aea 1'

xMutated W\lild type XNuclease [EEETT Reprogramming factors

Disease-specific Y
iPSC :

comected iPSC

Uses of Genome Editing

* Correct monogenic disorders - germline and

somatic cells
= Induce precise sequence changes to correct mutations

* Engineering pathogen DNA to combat infectious

disease
= Mutate integrated proviral DNA in host cells

* Induce therapeutic or protective mutations
- Introduce mutations that cause resistance to HIV
infection

Xiao-Jie et al. 2015
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Your source for the latest research news

Step toward gene therapy for sickle cell dis-
Sickle Cell hemoglobin ease

Normal hemoglobin forms long, inflexible chains

Date: November 8, 2016

’ Source:  Stanford University Medical Center
orma” Sickl Summary: A gene-editing tool known as CRISPR has been used to re-
Blood 8'°°d ce"‘ pair the gene that causes sickle cell disease in human stem
cells, which they say is a key step toward developing a gene
' therapy for the disorder.

® . € o Gene Therapy

e® CRISPR-Cas9 was used to correct the
. / p-hemoglobin gene
+ Experiments were done in human
hematopoietic stem cells

T i * Procedure potentially can be used to
Bie S n sngeie treat P-hemoglobinopathies, such as

Normal red blood cells
are compact and

flexible, enabling them
to squeeze through
small capillaries

causing them to
become stuck in small

ek sickle cell disease and p-thalassaemia

nature International weekly journal of science

Targeting a CAR to the TRAC locus with
CRISPR/Cas9 enhances tumour rejection

Justin Eyquem, Jorge Mansilla-Soto, Theodoros Giavridis, Sjoukje J. C. van der Stegen,
Mohamad Hamieh, Kristen M. Cunanan, Ashlesha Odak, Mithat Gonen & Michel Sadelain

CAR T Cells

Treatment of Leukemia Gene Therapy

. % + Used CRISPR-Cas9 to
@ T % insert a CD19-specific
' i ¢ D\« ’ CAR to the T-cell

receptor a constant
(TRAC) locus.

+ Enhanced T-cell potency,
with edited cells vastly
outperforming

‘ conventionally generated

H CAR T cells

+ Studies done in a mouse
model of acute
lymphoblastic leukemia

The CAR recognises
targets on the surface
of the malignant cell




Gene Therapy for Hemophilia Using CRISPR-Cas9

ScienceDalily

Your source for the latest research news

WOUND SURFACE CONTACT
Defect in CRISPR used for first time to correct clotting
FACTOR XII FACTOR Xlla H H
Factor IX in newborn and adult mice
e - Causes Date: November 30, 2016
X1 FACTOR HH
Hemophllla B Source:  University of Pennsylvania School of Medicine

FACTOR IX FACTOR IXa

Tomcron éﬁ@ Gene Therapy

/\mw.%—m:&'év.&c moene  + Used CRISPR-Cas9 to correct
emciony S~ a defect in the Clotting Factor
IX gene

* Used an AAV vector to target
rovaibomn romicior CRISPR-Cas9 to liver cells in a
CLOTTING CASCADE begins when cell damage at a wound somehow activates the en- mouse Hemophilia B model

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. . Mice showed stable Facfor‘ Ix

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 o e

to halt clotting. Some 85 percent of hemophiliacs lack factor VIIL The rest lack factor IX. ac‘r‘vl’ry at or above normal
levels over four months

PROTHROMBIN  THROMBIN

The Future is Now for Human Genome Editing Therapy

Stem Cells. 2015 May;33(5):1470-9. doi: 10.1002/stem.1969.

Production of Gene-Corrected Adult Beta Globin Protein in Human
Erythrocytes Differentiated from Patient iPSCs After Genome Editing of the
Sickle Point Mutation.

Huang X1, Wang Y, Yan W, Smith C, Ye 7, Wang J, Gao Y, Mendelsohn L, Cheng L.

Genome Res. 2014 Sep;24(9):1526-33. doi: 10.1101/gr.173427.114. Epub 2014 Aug 5.
Seamless gene correction of B-thalassemia mutations in patient-specific
iPSCs using CRISPR/Cas9 and piggyBac.

Xie F', Ye L', Chang JC', Beyer AI%, Wang J%, Muench MO*, Kan YW?.

TRANSGENIC ANIMALS

Editing of Targeted Genes Proved World first use of gene-edited immune cells to treat
Possible in Monkeys ‘incurable’ leukaemia

< Previous Article Volume 13, Issue 6, p659-662, 5 December 2013 05 November 2015

Brief Report SWichID Standard e e Volume 13, Issue B, p653-658, 5 December 2013

Correction of a Genetic Disease in Mouse via Use of CRISPR-Cas9

Yuxuan Wi, Dan Liang”, Yinghua Wang, Meizhu Bai, Wei Tang, Shiming B2o, Zhigiang Yan, Dangsheng Li, Jinsong LEA Brief Report Spitchito Standarg

Hihettorsoontiutedaqin o8 ik Functional Repair of CFTR by CRISPR/Cas9 in Intestinal Stem Cell
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What About Using CRISPR-Cas9
for Human Gene Therapy?
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HYPOTHESIS: Biologically functional recombinant
chromosomes can be made in the laboratory.

METHOD

E. coli plasmids carrying a gene for resistance
to either the antibiotic kanamycin or tetracycline
are cut with a restriction enzyme.
Plasmids are not cut
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E coli plasmid\? Q O
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No E. coli doubly
resistant.

The cut plasmids
are mixed with DNA
ligase to form
recombinant DNA

The plasmids are
put into E. coli.

RESULTS

CONCLUSION: Two DNA fragments with different
genes can be joined to make a recombinant DNA

molecule, and the resulting DNA is functional.




