
 
HC70A & PLSS059  

Winter 2020 
Genetic Engineering in Medicine,  

Agriculture, and Law 
 

Professors Bob Goldberg & Channapatna 
Prakash 

 
Lecture 8 

Human Genetic Engineering  



THEMES 
Human Genetic Engineering and Gene Therapy 
1.  What is Gene Therapy?  
2.  Case Study of Gene Therapy for Severe Combined 
Immunodeficiency (SCID) 

a.  Types of Gene Therapy  
b. Vectors 
c.  Some Problems and Improvements with Gene 

Therapy 
3. Ex Vivo Gene Therapy for Cancer 
4.  In Vivo Gene Therapies 
5.  Regulation of Gene Therapy 
6.  Current Status of Gene Therapy 
7.  Issues Concerning Gene Therapy 
8.  Gene Editing & Human Gene Therapy 



Recent Gene Therapy  Reviews 

Anguela. X.M. and High, K.A. (2019)  Entering the 
Modern Era Of Gene Therapy.  Annual Review 
Medicine 70, 273-288 
 
Wang, D., Tai, P.W.L., and Gao, G. (2019)  Adeno-
associated Virus as a Platform for Gene Therapy 
Delivery.  Nature Reviews Drug Discovery 18, 
358-378. 
 
Duodna, J. (2020)  The Promise and Challenge of 
Therapeutic Gene Editing.  Nature 578, 229-236.  
 



Most Disease Genes Are Autosomal 
Recessive 

Fewer Are Sex-Linked or Y-Linked or 
Mitochondrial - Reason? 



Family Pedigrees Determine Mode of Inheritance 



Family Pedigrees Determine Mode of Inheritance 

Y-Linked Disorder 

Sex-Linked Disorder 



Some Human Genetic Disorders 



Genetic Testing and Carrier Screening Can 
Detect Human Genetic Disorders in Parents and 

Children Before and After Birth 



And Newborn Babies Are Screened 
For Many Genetic Diseases 



Treatments Have Been Developed For 
Genetic Diseases We Have Discussed in 

HC70A 

Disease Treatment 
Hemophilia 

Clotting Factor 
Genetically Engineered 
Factor VIII or IX Drug 

Pompe’s Disease 
Lysosomal Enzyme 

Genetically Engineered 
GAA Enzyme 

Replacement Therapy 
Phenylketonuria 

Metabolic Pathway 
Change to Low 

Phenylalanine Diet at 
Birth 

Mitochondrial 
Gene Mutations  

Mitochondrial 
Replacement Therapy 

Only Mitochondrial Replacement Therapy 
Offers a “Permanent” Cure 



What Are the Prospects For a 
Permanent “Cure” For Genetic Diseases 

Using Gene Therapy? 



What Information is Needed Before  
Initiating Development of a Gene Therapy? 

1.  What Is Known About the Biology of the 
Disorder? 

2.  Does the Condition Result From a 
Mutation in One or More Genes? 

3.  Is the Mutant Gene Dominant or 
Recessive? 

4.  Has the Affected Gene Been Isolated? 
5.  Will Adding a Normal Copy of the Gene 

Fix the Problem in the Affected Tissue? 
6.  Can You Deliver the Gene to Cells of the 

Affected Tissue? 
7.  What Vector or Approach Should be 

Used? 
 http://learn.genetics.utah.edu 



Gene Therapy Strategies 
1.  Gene Addition 

a.  Recessive Genetic Diseases 
2.  Gene Silencing 

a.  Dominant Genetic Diseases 
3.  Gene Editing 

a.  Dominant & Recessive Genetic Diseases 
b.  Silence or Correct Mutant Genes 

4.  Targeted Destruction of Specific Cell-Types 
a.  Engineer Cells With ”Killer Gene” 

 

1. Add 2. Silence 

4. Destroy Cell 3. Edit 



Humans Have Been Genetically Engineered  
to Cure Genetic Diseases (Human GMOs!!) 



•  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.  

•  FDA cannot review applications for 
clinical trials that involve human 
embryos with heritable genetic 
modifications  

 

Germline Gene Therapy 

Passed on to Future Generations 



Germline 
Gene 

Therapy Has 
Been Used in 

Humans!! 



Germline  Gene Therapy is a “Slippery Slope” and Can 
Lead to Eugenics – There Are Many Ethical Issues  

•  Should Germline Gene Therapy Be Used to Correct Genetic 
Diseases? 

•  If So, Which Ones and Under What Circumstances? 
•  Is the Procedure Safe and Cause No Problems Throughout the 

Persons Entire Life? 
•  Should Germline Gene Therapy Be Used For Genetic Enhancement? 
•  If So, Which Traits? 
•  Will Changing the Human Genome Permanently Have Unintended 

Consequences to Human Populations in Future Generations? 
•  How will Germline Gene Therapy Be Regulated and By Whom? 



HC70A Examples of Animal & 
Plant Germline Gene Therapy 



•  Lasts Only One Generation – “Dies” With the Patient 
•  Analogous to a Medical Treatment – A “Drug” 
•  Established Regulatory Process For Working With 

Patients and Experimental Diseases 
•  Established Regulatory Procedures For Carrying Out 

Gene Therapy Studies With Humans Using Recombinant 
DNA  

Somatic Cell Gene Therapy – In Vivo and Ex Vivo 
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Viral Vectors Used to Deliver Genes to 
Cells in Somatic Cell Gene Therapy 

Natural Process – High Efficiency 
Similar to Bacteriophages and Agrobacterium  



Retrovirus and Adeno-associated 
Virus Life Cycles 

In Vivo Gene Therapy Ex Vivo Cell Gene Therapy 



Case Study of Using Retrovirus 
Ex Vivo Gene Therapy for Severe 
Combined Immunodeficiency (SCID) 

Replacement of Recessive Mutant Genes 



Severe Combined Immunodeficiency Diseases (SCID) 
David Vetter 
“Bubble Boy”  
Died at Age 12 

Types of SCIDs 
Adenosine deaminase deficiency 
X-linked severe combined 
immunodeficiency 
Purine nucleoside phosphorylase 
deficiency 
Reticular dysgenesis 
Omenn syndrome 
Bare lymphocyte syndrome 
JAK3 
Artemis/DCLRE1C 

X-linked	SCID	

ADA	SCID	

Relative Frequency of the Different 
Molecular Defects in SCID 

A Group of Rare, Sometimes Fatal, 
Congenital Disorders Characterized by 

Little or No Immune Response.  



•  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-SCID patients can be treated with PEG-ADA, a stabilized 

form of the enzyme 

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

•  32,213 kb Gene 
•  Chromosome 20 
•  12 Exons 
•  1,092 kb mRNA 
•  323 aa protein 

Degradation of Adenosine 

(PEG-ADA)	

Treatments for ADA-SCID 



Ex Vivo Gene Therapy for ADA- 
Severe Combined Immunodeficiency (SCID) 

ADA-SCID Clinical Trial Started in 1990 

1. Bone Marrow cells 
with mutant ADA gene 
are isolated from SCID 

patient 

2. Therapeutic ADA gene 
incorporated into virus 

3. Retrovirus infects 
cells, transfers 
therapeutic ADA 

gene 4. Cells are grown 
in culture to 

ensure ADA gene 
is active 

5. Genetically altered 
cells are reimplanted 

to produce ADA 

ADA  
cDNA 

Vector & Switch 



A Retrovirus and Its Genome 

•  5’ long terminal repeat 
(LTR) – strong switch 
& integration 

•  3’ LTR – strong 
switch, integration & 
transcriptional 
termination 

•  psi (Ψ) – packaging 
element needed to 
package the RNA 
genome into the viral 
particle 

•  gag – structural (coat) 
proteins 

•  pro - protease 
•  pol – reverse 

transcriptase 
•  env – envelope 

proteins 

7-12 kb 
RNA 

Genome 



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

Env 

Gag 

Pol 
Endocytosis 

QuickTime™ and a
 decompressor

are needed to see this picture.

Retroviruses Integrate Their Genomes Into Human Cells 
Retrovirus Life Cycle 



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 (Provirus 
Minus Ψ) 

3.  Packages Therapeutic 
Transcript (RNA contains Ψ) 

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  
1992 

•  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 
2020 



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) 
•  Incomplete Understanding Of Disease 

Biology 
•  Human Error - Failure To Adhere To 

Strict NIH And IRB Procedures 
(Experimental Therapies) 



•  Gelsinger Had A Mild Form Of 
Ornithine Transcarbamylase (OTC) 
Deficiency – Results In An Inability 
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 X-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 

2002 1999 



Viral	Switch	
	

Retroviral Switches 
Can Activate 

Proto-Oncogenes 
and Induce Cancers 

LTR THERAPEUTIC 
GENE 

LTR 
PSI 

A Typical Retrovirus 
Gene Therapy Vector 



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 

•  Develop New And Safer Vectors 
o  Lentivirus 

o  Adeno Associated Virus 



Development of Self-Inactivating (SIN)  
Lentiviral Vectors 

1.  First Generation 
Vectors Often Caused 
Leukemia Because 
They Inserted Viral 
DNA Next To Proto 
Oncogenes (Cancer 
Causing Genes). 

2.  The 5’ LTR Of The 
Viral Vector Is A 
Powerful Switch That 
Can Activate Proto- 
Oncogenes And Cause 
Cancers To Form. 

3.  Sin Vectors Have 
Transcriptionally 
Disabled LTRs. They 
Are Less Likely To 
Activate Adjacent 
Genes. 

(Switch)	



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 
–  But - 5 of 20 SCID-X1 Subjects  

Experienced Leukemia-like T 
Lymphoproliferation In Another 
Study 

•  ADA-SCID Gene Therapy 
Product Named Strimvelis From 
GlaxoSmithKline (Sold To 
Orchard Therapeutics) 

•  Approved For Use In Europe In 
May 2016, First Used March 
2017 

•  One Time Treatment Costs 
$714,000, With Money-back 
Guarantee 



Ex Vivo Retrovirus Gene Therapy Combined with Blood 
Stem Cells Can Target Other Blood Diseases 

•  SCID Artemis 
•  SCID Rag-1 
•  SCID ADA 
•  Sickle Cell Disease 
•  Thalassaemia 
•  Chronic 

Granulomatous 
Disease 

•  Leucocyte Adhesion 
Deficiency 

•  Wiskott Aldrich 
Syndrome 

•  X-linked 
Lymphoproliferative 
Syndrome  



Using Ex Vivo Gene Therapy 
to Cure Cancer 
Cell Engineering 



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 

2013 



Chimeric Antigen Receptor (CAR-T) Cell Strategy 



Ex-Vivo CAR-T Gene Therapy for  
Chromic Lymphocytic Leukemia (CLL) 

Engineering 
Chimeric 
Antigen 
Receptor 

Gene 
Tumor Cells 

T-Cells 
(CAR-T) 

 
The Antigen 
is Specific 
For the 

Tumor and 
Binds to 
Tumor 

Receptors on 
Cell Surface 

Tumor-Specific Antigen 

Receptor 



Retrovirus Ex-Vivo Gene Therapy for  
Chromic Lymphocytic Leukemia (CLL) 

Antibody To 
B Cell Protein 

B cell protein 

B cell 

CAR T cell 

Results 
1.  CAR T Cells Expanded More Than 1,000 Fold And Persisted More Than Six Months 
2.  Estimated That Each CAR T Cell Killed More Than 1,000 Cancer Cells 
3.  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 

4.  45 Of 75 Leukemia Patients Saw Complete Regressions With Cars 

B-Cell 
Destroyed 

Engineered T-Cell 

Protocol 
1.  Removed T Cells From 

Patients 
2.  Engineer Gene Encoding 

Chimeric Antigen 
Receptor (CAR) That 
Recognizes A Protein 
On The Surface Of B 
Cells 

3.  Transferred CAR Gene 
Into T Cells To Allow 
Them To Target B 
Cells 

4.  Infused CAR T Cells 
Back Into Patients 



•  Treatment For     
B-cell Acute 
Lymphoblastic 
Leukemia 

•  Approved August 
30, 2017 

•  $475,000 Per 
Treatment 
Course 

•  Treatment For Non-
Hodgkin Lymphoma 

•  Approved October 
18, 2017 

•  $373,000 Per 
Treatment Course 

Two CAR-T Cell Gene Therapies Treatments 
Have Been by the FDA 



In Vivo Gene Therapy 
Using Viral Vectors 

Replacement of Mutant Recessive Genes 



Adeno-Associated Viruses Are Viruses that Have a 
5kb Single Stranded Genome, Infect a Wide Range of 

Cell Types, and Are Excellent Vectors For  
In Vivo Gene Therapy 

Replacement of Defective Recessive Genes 



Adeno-Associated Viruses Infect 
a Wide Range of Cell Types……. 

Making Them the “Favorite” Vector For Gene Delivery to Many 
 Different Organs 



Many Different Genetic Diseases Are 
Being Treated With In Vivo Gene Therapy 



Hemophilia A & B Gene Therapy 

Companies sponsoring hemophilia gene therapy clinical trials 



Pompe Disease 

https://ncats.nih.gov/pubs/features/trnd-pompe 

Haley Hayes – recipient of 
Pompe disease gene therapy 



Spinal Muscular Atrophy (SMA) Gene Therapy 
•  Spinal Muscular Atrophy Is An Autosomal Recessive Neurodegenerative Disease 
•  Number One Genetic Cause Of Infant Mortality, With Life Expectancy Of <2 

Years 
•  Characterized By Progressive Muscle Weakness Caused By A Loss Of Specialized 

Nerve Cells (Motor Neurons) In The Spinal Cord And Brainstem 
Motor Neurons 



Spinal Muscular Atrophy Gene Therapy 

Protocol For Phase 1 Clinical Trial 
§  Transferred The SMN Gene Into The AAV9 

Vector 
§  AAV9 When Infused Into A Vein Can Move 

Across The Blood-brain Barrier To The 
Central Nervous System 

§  Patients Were Given A Single Of Intravenous 
AAV9-SMN Treatment – 3 At A Low Dose And 
12 At A High Dose 

Results 
§  All 15 Children Treated Were Alive At 20 

Months Or Older And Did Not Require 
Ventilation  
§  Other Studies Show That Only 8% Of 

Untreated Children Survive To 20 
Months Without Ventilation 

§  Of 12 Patients Given The High Dose, 11 
Sat Unassisted, 9 Rolled Over, 11 Fed 
Orally And Could Speak, And 2 Walked 
Independently 

Evelyn 
Villarreal 



Blindness - Leber Congenital Amaurosis (LCA) Gene Therapy  

§  Degenerative Disease 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 

Cideciyan et al. PNAS 2008;105:15112 



In Vivo Gene Therapy Clinical Trials With 
Adeno-Associated Viral Vectors 



Using ASOs and In Vivo Gene Therapy to 
Silence Gene Activity and Treat  

Dominant Genetic Disorders  

Late Onset Genetic Diseases 
Huntington’s Disease 

Lou Gehrig’s Disease (ALS) 

Gene 
Expression 
Silenced 



Using ASOs and In Vivo Gene Therapy to 
Treat ALS or Lou Gehrig’s Disease –A 

Dominant Genetic Disease 

Allele-Specific Oligonucleotide Anneals to 
Complementary mRNA Region Inhibiting mRNA 

translation and/or Marking mRNA for Destruction 
Recessive Normal Allele Can Now Function Properly 

Toxic ALS 
Proteins 
Inhibit 

Normal ALS 
Proteins 



Gene Editing & 
Human Gene Therapy 

 
Dominant & Recessive Genes 

Germline & Somatic Cell Gene Therapy 
Editing Does it All! 

 



How To Use the CRISPR-Cas System 
For Editing Specific Genes 

1.  Clone Cas9 & Guide 
RNAs 

2.  Transform Cells Using 
Relevant Vector 

3.  Edit Target Gene 
Sequence 

Somatic Cell Germline 



Brian Madeux – First Human Gene 
Editing Therapy Patient - 2018 

Gene Editing Clinical Trials 

Gene Therapy for Hunter’s Syndrome 



US Regulatory Authority for Gene Therapy 
•  Department Of Health And Human Services Has Been Charged With 

Oversight Of Clinical Trials (DHHS) 
–   Office For Human Research Protections  

•  All Research Involving Human Subjects Undergo Institutional 
Review Board Review (IRB)  

–  U.S. Food And Drug Administration (FDA)  
•  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 

•  FDA Cannot Review Applications For Clinical Trials That Involve 
Human Embryos With Heritable Genetic Modifications 

•  National Institutes Of Health Oversees The Conduct Of Federally Funded 
Clinical Trials (NIH and RAC) 
–  Recombinant DNA Advisory Committee (RAC) Review Human Gene 

Transfer Research On Behalf Of The NIH Through The Office Of 
Biotechnology Activities  



Gene Therapy Comes of Age 



Current Status of 
Gene Therapy 



Approved Gene Therapy Products Worldwide 
$10B Market By 2024 

P53 tumor suppressor deficiency 
Marketed in China 2004 

ADA-SCID 
European Medicines Agency 
Approved in 2016 

LCA Blindness 
FDA Approved 2017 

2017 

CAR-T Therapy 
FDA Approved 2017 

Glybera 
Lipoprotein lipase deficiency 
Marketed in Europe 2012 

Hereditary Transthyretin Amyloidosis 
FDA Approved 2018 

AVXS-101  Spinal Muscular Atrophy 
Anticipated FDA Approval in 
2019 



Availability for Everyone? 

•  Global Gene Therapy Market is forecast to hit $363 million by 2022 
•  Novartis says SMA gene therapy is cost-effective at $4-5M per patient 
•  therapies for hemophilia are in development at drugmakers BioMarin, Spark 

Therapeutics and UniQure 
–  New gene therapies that aim to cure hemophilia, a disease affecting the blood's ability 

to clot, may carry prices of $1.5 million or more, analysts at Leerink 
–  Factor replacement therapy is the current treatment for people with hemophilia, and is 

estimated to cost between $580,000 and $800,000 a year for adult patients 
•  Luxturna 

–   received a price tag of $850,000 
•  Biomarin – hemophilia $2-3M range 
•  Glybera: The Drug That Costs $1 Million Per Treatment 

October 2017 

Hemophilia 
(Many) 

Est. $1.5-3M 

AVXS-101 
(Novartis) 
Est. $4-5M 

Onpattro 
(Alnylam) 

Factor 
replacement 

therapy - $580,000 
and $800,000 per 

year 

ADA replacement 
therapy - $100,000 
and $350,000 per 

year 



The End!! 
Lectures on the History, Science, and 
Applications of Genetic Engineering…… 

…….On to Genetic Engineering & the Law 


