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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.  β-Thalasemmia 

d.  Examples of In Vivo Gene Therapy  
i.  Leber Congenital Amaurosis  
ii.  Hemophilia B 
iii.  Brain Tumors 
iv.  Cystic Fibrosis 

e.  Gene Therapy Trials & Recent Advances 
f.  Problems and Issues With Human Gene Therapy 



THEMES (continued) 
3.    Using Gene Therapy to Deliver “Molecular Drugs” 

a.  Anti-Sense and RNAi  
b.  Ribozymes  



Some Uses of Genetic Engineering 
Review Of Genetic Engineering Applications 

Parts One & Two 
1.  Bacteria 
2.  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 GMO Crop Landscape 
d.  Reasons For Opposition to GMO Crops 

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



Human Genetic 
Engineering and  
Gene Therapy 



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 
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Issues 
Regulation? 

NIH Guidelines? 
Human Experimentation? 

Ethics? 
Eugenics? 



Which type(s) of gene therapy should 
be allowed?  
 
a.  Germline cell gene therapy 
b.  Somatic cell gene therapy 
c.  Both 
d.  Neither 



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 

In vivo 

Ex vivo 







Ex Vivo vs In Vivo Somatic Cell Gene Therapy 



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 

David Vetter-Died at Age 12 
Degradation of Purine 

•  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 



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

Several Teenagers 
Are Alive Because They 
Have Been Engineered 

With an ADA Gene That 
They Were Not Born 

With!!!  The Age of Human Genetic 
Engineering Began More Than 

Twenty Years Ago –  
SCID Treated With  
Normal ADA Gene!!!  

Adenosine Deaminase Gene (ADA) 



Ex Vivo Gene Therapy for Severe Combined 
Immunodeficiency (SCID) 

2. 

3. 

4. 

1. 



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



Comparison of Virus and Cell Sizes 

Note: 1 nm = 10-9 m 



Human Retroviruses Are Used As Gene Therapy Vectors 



HIV is a Retrovirus 

T-Cell 



Discovery of Retroviruses 

Rous Sarcoma Virus 
is a Retrovirus That  
Cases Cancer and  

Contains Oncogenes 
in its Genome 

Francis Peyton Rous 
Nobel Prize, 1966 

The Retrovirus 
Genome Encodes 

Reverse Transcriptase 



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

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 

Reverse Transcriptase 



Retrovirus Life Cycle 

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 

•  Gag = Capid Protein 
•  Pol = Reverse Transcriptase 
•  Env = Envelope Protein 
•  Ψ (Psi) = Packaging Sequence 

Env 

Gag 

Pol 
Endocytosis 

QuickTime™ and a
 decompressor

are needed to see this picture.



Using Retroviruses for Ex Vivo Gene Therapy 
1.  Cloning in Bacteria 
2.  DNA Transformation into 

Packaging Cell 

1.  Packaging Cells Makes Viral 
Proteins 

2.  Cannot Package (Ψ-Minus) 
3.  Packages Therapeutic 

Transcript (Ψ-Plus) 

1.  Infect Target 
Cells 

2.  Check For 
Presence of 
Gene 

3.  Transfer To 
Patient 

A. 

B. 

C. 

Packaging Cell Line 
(Made Previously) 



Did it Work? 

Ashanthi DeSilva 

 
–  ADA gene expression in T cells persisted 

after four years 
–  Patients remained on ADA enzyme 

replacement therapy throughout the gene 
therapy treatment 



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) 

1999 

2003 



A Recent Comeback for Gene Therapy 



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

•  SCID-X1  
–  Most common form of 

SCID 
–  Results from mutations 

in the common gamma 
chain gene required for 
interleukin receptors 

–  Patients are immune 
deficient 

•  Gene Therapy 
Improvements 
–  Used hematopoietic 

stem cells 
–  Improved retroviral 

vectors with higher 
titers 



It Works! 

Results after 10 years 
–  ADA-SCID – 4 of 6 children experienced immune 

reconstitution 
–  SCID-X1 – 9 of 10 children experienced normal T-cell 

number 
–  In another study, 5 of 20 SCID-X1 subjects  experienced 

leukemia-like T lymphoproliferation 



Ex-vivo Gene Therapy for β-Thalassemia 
•  Recessive mutation in β-globin gene 
causes reduced rates of synthesis and 
formation of abnormal hemoglobin and 
anemia  
•  Disease is treated with regular blood 
transfusions 

•  Gene therapy – transduced hematopoietic 
stem cells (HSC) with lentivirus (HIV) 
engineered with β-globin gene 
•  Transplanted therapeutic HSCs into 
patient following chemotherapy to destroy 
diseased HSCs 
•  Patient has not needed transfusions for 
two years 



Leukemia 

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

Normal Blood Cell 
Development 



Ex-vivo Gene Therapy for  
Chronic Lymphocytic Leukemia 

•  Protocol 
–  Removed T cells from patients 
–  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 

•  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 

–  2 of 3 patients had complete 
remission of leukemia 

Cytotoxic	
  T	
  cell	
  

2011 



In Vivo Gene Therapy 
Examples 



Leber Congenital Amaurosis (LCA)  

•  Degenerative diseases of the retina 
•  The most common cause of congenital 
blindness in children 

Type 2 LCA is caused by 
recessive mutations in the 

RPE65 isomerase gene 

Normal retina LCA retina 

How We See 

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



LCA Gene Therapy Using RPE65 & AAV  

ALESSANDRO CANNATA 

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  
•  Has a small genome and can carry only short 
segments of DNA 
 

SUCCESS! – sort of 

Cideciyan et al. PNAS 2008;105:15112 



•  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. 

Are Two Eyes Better than One? 



Are Two Eyes Better than One? 
Before 



Are Two Eyes Better than One? 
After 



Mutations in Factor IX Gene Cause Hemophilia B 

Hemophilia A  Defective Factor VIII Gene  1/10,000 males  80% 
Hemophilia B  Defective Factor IX Gene   1/30,000 males  20% 
Henophilia C  Defective Factor XI Gene   Autosomal  <1% 

Both Factor VIII & IX Genes  
on X-Chromosome   (♀Ú♂’s) 

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



How Does Blood Clot After Wounding?  

Eight 
Proteins/Genes 

Required: 
1.  Factor VII 
2.  Factor XI 
3.  Factor IX 
4.  Factor VIII 
5.  Factor X 
6.  Protein C 
7.  Prothrombin 
8.  Fibrinogen 

What Happens If Any Of 
These Proteins Or Genes 

Are Mutated? 
Ü  

No Blood Clot! 
Anti-Thrombin Deficiency 
(At-III) genetic disease 

Anti-Thrombin?? 

Cascade 

Post-translational 
Modification Inactive Active 

Hemophilia A 

Hemophilia B 

ATryn® 2009 



Hemophilia A and B Genes (Traits) Are Sex Linked 

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

Note: 

Original Mutation in Carrier 



•  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 

2011 



In Vivo Suicide Gene Therapy for Brain Cancer 

Retrovirus Vector for Hs-tk Gene 



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, GCV) 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.  

How Suicide Gene Therapy Works 



Clinical Trial Using Suicide Gene Therapy 

Brain Tumor Cell 



Cystic Fibrosis 

200 kb gene! 



Physiological Consequences of Cystic Fibrosis 

http://learn.genetics.utah.edu/content/tech/genetherapy/cysticfibrosis/index.html 
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Mutant Cystic Fibrosis Genes 
[Recessive (Loss-Of-Function) Mutations] 

70% of Families Have 
∆F508 Deletion-What 
Are Consequences For 
CF Testing? How Can it 

be in 70% of CF 
Families? 

•  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) 



In Vivo Cystic Fibrosis Gene Therapy 

Somatic Cell 
Gene Therapy 



Approved Gene  
Therapy Trials 

Nature Biotechnology, February 2011 



Approved Gene Therapy Trials By Disease and Vector 



Types of Human Gene Therapy Clinical Trials 



Some Issues With Human Gene Therapy 

•  Regulation 
•  Consent 
•  Risks 
•  Enhancement 

•  Eugenics (Germ Line) 

•  Availability To Everyone 



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 



Would you alter a somatic cell of 
your child for the trait(s) of “your 
choice” using somatic cell gene 
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) 
 
a.  Yes 
b.  No 



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 

Target mRNA 

RNAi is Considered to 
be the Genome’s 

“Immune System” 
Protecting Against RNA 

Viruses & 
Transposable Element 

Movement 

Andrew Fire &  
Craig Mello 

Nobel Prize-2006 



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



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



Using RNAi To Inhibit Gene Activity 



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

Major Challenge: Delivery Systems  



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

Using Target-Specific Ribozyme Gene Therapy   
To Destroy Specific mRNAs 

Ribozymes 
Are 
RNA 

Enzymes! 
 

They Can 
Be Engineered 

And Transformed 
Into a Cell to 

Degrade Specific 
mRNAs!! 



Using Ribozymes To Treat Human Diseases 

Nature Medicine January, 2009 

Ribozyme Specific 
For an HIV mRNA 

Highly Active Antiretroviral 
Therapy, or HAART"



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

Genetic Engineer 
Cells Before 

Nuclear or Cell 
Transfer 

Example 
Defective Insulin 
Gene in Pancreas 



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


