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

a.  Germ Line 
b. Somatic Cell 

2. Two Types of Somatic Cell Gene Therapy 
a.  Ex Vivo Gene Therapy 
b.  In Vivo Gene Therapy 

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

4. Some Problems with Human Gene Therapy 
5. Another Example of Ex Vivo Gene Therapy 
6.  In Vivo Gene Therapy 
7. Targeted Killing of Specific Cell Types 
8.  Issues With Human Gene Therapy 
9. The Frontiers of Human Gene Therapy: RNAi 

“Drugs”, Vaccines, Therapeutic Cloning + Gene 
Therapy 



Genetically Engineered Organisms 
& Their Uses 

1.  Bacteria 
a. Drugs 

2.  Fungi 
a.  Drugs 
b.  Fermentation 

3.  Animals 
a.  Mouse Model-Knock-Outs-Human Gene 

Functions 
b.  Farm Animals-Drugs 

4.  Plants 
a.  Genetically Engineered Crops  
b.  Feedstock for Biofuels 



Human Genetic 
Engineering and  
Gene Therapy 



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 



Types of 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 







 
Case Study of 
Ex Vivo Gene 

Therapy for Severe 
Combined 

Immunodeficiency 
(SCID) 

 



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

•  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 is an enzyme that metabolizes adenosine and deoxyadenosine  
•  ADA deficiency results in elevated adenosine and deoxyadenosine levels 
•  Abnormal levels impair lymphocyte development and function 
•  The immune system is severely compromised or completely defective 
•  ADA deficiency accounts for ~15% of all SCID cases 
•  SCID-ADA patients can be treated with PEG-ADA, a stabilized form of 

the enzyme 



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

Several People are 
Alive Because They 

Have Been 
Engineered 

With an ADA Gene 

The Age of Human Genetic 
Engineering Began More Than 

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

Gene Therapy with the  
Adenosine Deaminase (ADA) Gene 



Ex Vivo Gene Therapy for Severe Combined 
Immunodeficiency (SCID) 

2. 

3. 

4. 

1. 



Vectors Used to Deliver Genes to Cells 
in 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 that is 

Integrated Into the Host Cell Genome 

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 the Gene Therapy Strategy 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) 



•  Had a mild form of ornithine 
transcarbamylase deficiency – 
results in an inability to metabolize 
ammonia 

•  Volunteered for clinical trial of 
gene supplementation therapy and 
was injected with adenovirus 
vector containing OTC gene 

•  Died of systemic inflammatory 
response syndrome – immune 
reaction to adenovirus vector 

2003 1999 

•  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 

Setbacks for Gene Therapy 



A 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 



Dr. Pei-Yun Lee 



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 



 
Another Example of 

Ex Vivo Gene 
Therapy Using 

Hemotopoietic Stem 
Cells 

 



Hemoglobin & Blood Oxygen Transport 

Circulatory System 
Red Blood Cells and 
Oxygen Transport 

Hemoglobin Binds Oxygen 



Ex-vivo Gene Therapy for β-Thalassemia 
•  β-Thalassemia results from a 
recessive mutation in the β-globin gene 
that causes reduced rates of synthesis 
and causes 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 



In Vivo  
Gene Therapy 



Blindness - 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 & AAV2  

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 AAV2 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 



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

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   (♀♂’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? 
  

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

Anti-Thrombin?? 

Cascade 

Post-translational 
Modification Inactive Active 

Hemophilia A 

Hemophilia B 



•  Protocol 
–  Transferred Human Factor IX gene into adenovirus-

associated virus vector that targets liver cells 
–  Infused AAV8 vector into six participant with severe 

hemophilia B (FIX <1% of normal) 
–  Participants monitored for 6 -16 months 

•  Results 
–  AAV-mediated expression of FIX at 2 to 11% of normal 

levels 
–  Four of six discontinued FIX prophylaxis; in the other two, 

the interval between prophylactic injections was increased 

2011 



Targeted Killing of 
Specific Cell Types 



Normal Blood Cell Development 



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

Leukemia is cancer of the blood, 
that results in an increase in 
immature white blood cells. 

Chronic lymphoid leukemia affects 
B cell lymphocytes 



Ex-vivo Gene Therapy for  
Chronic Lymphocytic Leukemia 

•  Protocol 
–  Removed T cells from patients 
–  Created Chimeric Antigen Receptor 

(CAR) genes that recognize a protein on 
the surface of B cells 

–  Transferred CAR genes into T cells to 
allow them to target 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 

–  4 of 10 patients had complete 
remission of leukemia, and 4 improved 

Cytotoxic	
  T	
  cell	
  

2011 



Approved Gene  
Therapy Trials 

Nature Biotechnology, February 2011 



Recent Advances in  
Gene Therapy 
Clinical Trials 

Part 1 

Nature Biotechnology, July 2012 



Recent Advances in  
Gene Therapy 
Clinical Trials 

Part 2 

Nature Biotechnology, July 2012 



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?” 
 
a.  Yes 
b.  No 



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 



Some Issues With Human Gene Therapy 

•  Regulation 
•  Consent 
•  Risks 
•  Enhancement 

•  Eugenics (Germ Line) 

•  Availability To Everyone 



The Frontiers of  
Human Gene Therapy:  

RNAi “Drugs”, Vaccines,  
Therapeutic Cloning + Gene 

Therapy 



Gene Therapy for Dominant Mutations:  
a “Molecular Drug” to Shut Off Genes - RNAi 

If the mutant gene is shut 
off with a “Molecular Drug,” 

disease might not develop 

Lou Gehrig’s Disease - Amyotrophic Lateral 
Sclerosis (ALS) 

•  One cause is a dominant mutation in the 
coding region of the superoxide dismutase 
(SOD1) gene (SOD is an anti-oxidant) 

•  Mutant SOD1 Protein is Toxic to Motor 
Neurons 

Amyloidosis 
•  Diseases in which normally soluble proteins 

become insoluble and deposited outside of 
cells in various tissues 

•  An inherited amyloidosis, abnormal 
transthyretin protein aggregates into amyloid 
fibrils in the liver, eventually causing death 

transthyretin  



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 

siRNA 



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



Using RNAi To Inhibit Gene Activity 



RNAi Gene Therapy for  
Transthyretin-mediated Amyloidosis 

•  Protocol 
–  Create a small interfering RNA (siRNA) 

against transthyretin (TTR) mRNA with 
a modified phosphodiester RNA 
backbone 

–  Encapsulate siRNA in lipid nanocarriers 
–  Deliver the drug intravenously 

•  Results 
–  Observed a 82 – 87% mean reduction in 

TTR levels 
–  Efficiency of TTR knockdown supports 

monthly or bimonthly dosing 
–  No adverse effects observed  

Lipid	
  Nanocarrier	
  



Molecular Drug for Muscular Dystrophy 

Duchenne Muscular Dystrophy 
•  Results in intellectual disability, 

muscle weakness, and difficulty with 
motor skills  

•  Caused by defective dystrophin gene, 
X-linked gene that is the largest in 
the human genome, encompassing 2.6 
million base pairs of DNA and 
containing 79 exons 

•  Absence of dystrophin leads to muscle 
fiber damage and membrane leakage 

•  In one form, the defective dystrophin 
gene has a deletion of Exon 50 

Normal healthy 
musculature 

Muscular 
dystrophy 

Dystrophyin links the cell membrane  
with actin filaments 



RNAi-based Exon Skipping Treatment  
for Duchenne Muscular Dystrophy 

•  Protocol 
–  Design a siRNA against Exon 51 

in mutated dystrophin gene 
–  Create the siRNA with a 

modified phoshodiester 
backbone 

–  Inject the drug into muscle 
•  Results 

–  4 patients with the highest 
dose could walk 69 meters 
further in six minutes than 
control group 

–  Muscle fibers that tested 
positive for dystrophin 
increased 47% 

Lipid	
  Nanocarrier	
  No dystrophin 

Truncated but 
functional dystrophin 

siRNA 



Vaccine for the Hepatitis C Virus 
Hepatitis C 
•  Caused by the Hepatitis C virus 

(HCV), a single-stranded RNA 
virus 

•  HCV infects the liver. Chronic 
infection can lead to cirrhosis, 
liver failure, or liver cancer 

•  Replication of HCV requires 
microRNA 122 (similar to 
siRNA) 

HCV Life Cycle 

A Hepatitis C Vaccine 
•  Create locked nucleic acid that 

targets micro RNA 122 
•  Administer intravenously 
•  Resulted in marked suppression 

of virus levels in chronically 
HCV-infected chimpanzees 

Hepatitis C Virus 



Promising Future of Human Gene Therapy 



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 


