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THEMES
1. What is the Spectrum of Human Disease Genes?
2. How are Human Disease Genes Inherited?
3. What are Treatments For Disease Genes Discussed in HC70A?
4. What are the Different Forms of Gene Therapy and What Types of 

Genes Can They Treat? 
5. What are the Different Types of Gene Therapy?
6. Germline Gene Therapy
7. Somatic Cell Gene Therapy

a. Ex Vivo
b. In Vivo

8. What Vectors are Used For Gene Therapy?
9. Using Gene Therapy to Treat SCID-ADA

a. What is SCID-ADA?
b. Retrovirus Genome & Life Cycle
c. Gene Therapy For SCID-ADA
d. Problems & Solutions

10. Ex Vivo Gene Therapy for Cancer – CAR-T
11. In Vivo Gene Therapy
12. ASO Gene Silencing For Dominant Genetic Disorders
13. Current Status of Gene Therapy
14. Gene Editing
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Most Disease Genes 
Are Autosomal 

Recessive
Fewer Are Sex-

Linked or Y-Linked or 
Mitochondrial
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Treatments Have Been Developed For 
Genetic Diseases We Have Discussed in 

HC70A/SAS70A

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

Therapy?
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What is Gene Therapy?

• 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
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Humans Have Been Genetically Engineered 
to Cure Genetic Diseases
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Gene Therapy for Pompe Disease 
with the Acid Alpha Glucosidase Gene
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Haley Hayes – recipient of 
Pompe disease gene therapy

Clinical Trials for 
Pompe Disease in 

Progress
pompediseasenews.com
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Gene Therapies for Hemophilia A & B
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Gene Therapy Strategies

Germline 
Gene Therapy

Somatic 
Gene Therapy

A somatic cell is 
any cell of a 

living organism 
other than the 
reproductive 

cells
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Germline Gene Therapy

Germline gene therapy is the transfer 
of DNA 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

Inject Gene into Fertilized Egg Engineer Stem Cells & Clone an Embryo
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Road Blocks

Dickey-Wiker Amendment-1995
Federal Funds Cannot Be Used To:

• Create Human Embryos For Research Purposes
• Fund Research in Which a Human Embryo Will Be 

Destroyed, Discarded, or Knowingly Subjected to Risk 
or Injury of Death 

2023 Congressional Budget (Expires 9/30/23)

• FDA Cannot Spend Any Money to Review Applications 
For Clinical Trials That Involve Human Embryos With 
Heritable Genetic Modifications (But…Male Mt Replacement Not 
Inherited & Egg Spindle Transfer Doesn’t Destroy Embryo)
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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?
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Germline Gene Therapy Has Been Used in Humans!
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Somatic Cell Gene Therapy –Ex Vivo and In Vivo

IN VIVO

EX VIVO
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1

2

3
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HPV (human 
papillomavirus) 

E6 gene

p53 tumor
suppressor

CANCER

˫ ˫

Somatic Gene Therapy Strategies

• Gene augmentation
– Treat recessive genetic 

diseases
• Targeted silencing of gene expression

– Treat dominant genetic diseases

• Gene editing or replacement
– Treat recessive or 

dominant genetic 
diseases

• Targeted killing of specific cells
– Treat cancers

18
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Ex Vivo Gene Therapy 
A Case Study for 
Severe Combined 
Immunodeficiency 

(SCID)

19

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, usually fatal unless 
treated, congenital disorders 

characterized by little or no immune 
response. 

20
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• ADA is an enzyme that degrades 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 (Enzyme Replacement Therapy – ERT)

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

ADA Causes the 
Degradation of Adenosine

(PEG-ADA)

Treatments for ADA-SCID

Block

Toxic

21

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

What “Tools” are Needed for 
Ex Vivo Somatic Cell Gene Therapy Protocols?

Consider Two Questions

22
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What Information is Needed Before 
Initiating Development of a Gene Therapy?

1.

2.

3.

4.

5.

23

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 of one or 

more genes?
3. 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?

http://learn.genetics.utah.edu
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What “Tools” are Needed for 
Ex Vivo Somatic Cell Gene Therapy Protocols?

1.

2.

3.

4.

25

What “Tools” are Needed for 
Ex Vivo Somatic Cell Gene Therapy Protocols?

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

high level expression of the gene
3. Vector to transfer the gene into the cells
4. Autologous cells (obtained from the same individual) 

or non-autologous cells

26
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Ex Vivo Gene Therapy for ADA-
Severe Combined Immunodeficiency (SCID)

ADA-SCID Clinical Trial Started in 1990

1. T 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, 
produce ADA

(1) Therapeutic 
Gene

(2) Vector & (3) Switch

(4) Autologous Cells
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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

Ex Vivo In VivoVectors Used in 2021

NoYes

How do You Use Viruses to Transfer
the Therapeutic Gene into Cells?

28
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Retrovirus Life Cycle
1. Entry into cell 
and loss of 
envelope

2. Viral RNA 
genome converted 
into double 
stranded DNA

3. Viral DNA 
integrated into 
host genome

4. Provirus 
DNA genome 
transcribed 
into RNA

5. Production of 
viral proteins

6. RNA genome 
packaged into 
virus particle 
and released

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

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

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

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

• gag – structural (coat) 
proteins

• pro - protease
• pol – reverse 

transcriptase
• env – envelope proteins

Not Required in Vector

30
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LTR
PSI GAG POL ENV

LTR

Retrovirus

Retroviral Vector
THERAPEUTIC GENE

31

LTR
PSI GAG POL ENV

LTR

Retrovirus

Retroviral Vector
THERAPEUTIC GENE

How is this 
RNA genome 
packaged into 

a virus 
particle?

LTR THERAPEUTIC
GENE

LTRRetroviral 
Gene Therapy 

Vector

PSI

32
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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 Y)

3. Packages Therapeutic 
Transcript (RNA contains Y)

1. Infect Target 
Cells

2. Check For 
Presence of 
Gene

3. Transfer To 
Patient

A.

B.

C.

Packaging Cell Line
(Made Previously)

33

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

ADA-SCID Clinical Trial Started in 1990

1. T 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, 
produce ADA

(1) Therapeutic 
Gene

(2) Vector & (3) Switch

(4) Autologous Cells

34
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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
2018
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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
• Human error - failure to adhere to strict NIH        

and IRB procedures (experimental therapies)
• Incomplete understanding of disease biology
• Insertional mutagenesis causing other diseases   

(e.g., leukemia)

2002

3 of 17 patients in clinical trial for X-
SCID gene therapy developed clonal 

lymphoproliferative disorder – a 
leukemia

Gelsinger died while undergoing gene 
therapy of systemic inflammatory 
response syndrome – an immune 

reaction to the adenovirus vector

1999
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Viral Switch

Retroviral Switches 
Can Activate

Proto-Oncogenes 
and Induce Cancers

LTR THERAPEUTIC
GENE

LTR
PSI

A Typical Retrovirus 
Gene Therapy Vector
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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 and Use of New And Safer Vectors
o Lentivirus

o Adeno Associated Virus (AAV)

39



20

Development of Self-Inactivating (SIN) Vectors
1. First generation 

vectors often caused 
leukemia because 
they inserted viral 
DNA next to proto 
oncogenes (cancer 
causing genes).

2. The 5’ and 3’ LTRs of 
the viral vector are 
powerful switches 
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)

40

Using Stem Cell for 
Ex Vivo Gene 

Therapy

Dr. Pei-Yun Lee

41
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General Strategy for Use of 
Hematopoietic Stem Cells (HSCs) in Gene Therapy

1

2 3

4

Lentivirus vector
1. Harvest stem cells 

from patient.

2. Culture and enrich 
for stem cells

3. Use lentivirus to 
transfer 
therapeutic gene 
into stem cells

4. Transfuse stem 
cell with 
corrected gene 
back into patient

42

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 Don Kohn
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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

– There is currently no FDA 
approved SCID gene therapy
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Many Diseases that are Being Targeted Using 
Ex Vivo Gene Therapy with Hematopoietic Stem Cells

• SCID Artemis
• SCID Rag-1
• Sickle cell disease
• β-thalassaemia
• Chronic 

granulomatous 
disease

• Leucocyte adhesion 
deficiency

• Wiskott Aldrich 
Syndrome

• X-linked 
lymphoproliferative 
syndrome 

45
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Ex Vivo Gene 
Therapy to Control 

Cancers

46

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
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Chimeric Antigen Receptor (CAR) T Cell Strategy
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Ex-vivo Gene Therapy for 
Lymphocytic Leukemia

CAR T cell Protocol
• Removed T cells from 

patients
• Created gene encoding 

Chimeric Antigen Receptor 
(CAR) that recognize a 
protein on the surface of 
B cells

• Transferred CAR gene 
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
– 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

Antibody to B 
cell protein

B cell protein

B cell
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Provenge Prostate Cancersipuleucel-T

FDA-Approved Car-T Cell Gene Therapies
(as of 12/16/2022)

2022

2017

2017

2021

2022

2021

2022

FDA 
Approval

50

In Vivo 
Gene Therapy

51
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What “Tools” are Needed for Ex Vivo 
In Vivo Somatic Cell Gene Therapy Protocols?

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

high level expression of the gene
3. Vector to transfer the gene into the cells
4. Ability to target the vector to desired cells 

Autologous cells (obtained from the same individual) 
or non-autologous cells

52

Adeno-Associated (AAV) Viruses have a 
5kb Single Stranded Genome and are 

Excellent Vectors For In Vivo Gene Therapy

Replacement of Defective Recessive Genes

53
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Adeno-Associated Viruses Infect a 
Wide Range of Dividing and Non-

Dividing Cell Types……

…..Making Them the “Favorite” Vector for 
Gene Delivery to Many Different Organs

54

Many Different Genetic Diseases are Being 
Treated with In Vivo Gene Therapy

55
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Blindness - Leber Congenital Amaurosis (LCA) 

§ 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

A Gene Therapy for LCA
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LCA Gene Therapy Using RPE65 & AAV2 
Protocol
§ Subretinal injection of adeno-associated 

viruses (AAV2) with RPE65 gene. AAVs… 
§ do not generally provoke antibody 

formation
§ infects nondividing cells of many different 

tissues
§ has little or no integration of viral DNA 

into the host genome 
Results
• Patients showed statistically significant 

improvement in vision in Phase 3 clinical 
trials, with 65% showing maximum possible 
improvement

• Improvements maintained up to three years

§ FDA Approval December 19, 2017
§ $425,000 per eye
§ Money-back guarantee CAROLINE & COLE CARPER
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Spinal Muscular Atrophy (SMA)
• 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

(Survival of Motor Neuron)
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In-vivo Gene Therapy for SMA Type 1

Protocol for Phase 1 Clinical Trial
§ Transferred the SMN1 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 treatment 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

FDA Approved Gene Therapy for SMA Type 1 
$2.1M per dose – when approved in 2019, it was 
the most expensive drug in the world

59
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Use of Antisense 
Oligonucelotides and In Vivo 

Gene Therapy to Treat 
Dominant Genetic Disorders 

Gene 
Expression 
Silenced

Dominant Mutant Gene

Toxic Protein

60

Examples of Dominant Genetic Diseases 

Properly 
folded TTR 
protein is 

soluble

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

• One cause is a dominant mutation in the 
superoxide dismutase (SOD1) gene

• Mutant SOD1 Protein is Toxic to Motor 
Neurons

Hereditary Transthyretin (hATTR) Amyloidosis
• A dominant mutation in the transthyretin (TTR) 

gene causes the protein to fold abnormally.
• The abnormal TTR protein aggregates into 

amyloid fibrils in a number of organs, eventually 
causing death

Improperly 
folded TTR 

protein forms 
aggregates
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Antisense Oligonucleotides (ASOs) are Complementary to mRNA, 
and They Can Be Used to Degrade Specific mRNAs or 

Alter Splicing of Specific Pre-mRNAs

Allele-specific ASOs anneal to 
complementary mRNA, marking the 

mRNA for destruction.

Recessive normal allele can now 
function properly

Allele-specific ASOs anneal to 
complementary pre-mRNA, altering 

splicing, and resulting in the 
elimination of Exon 51. 

The truncated protein can function 
properly.

62

ASO Gene Therapy for 
Transthyretin-mediated Amyloidosis

• Protocol
– Create an ASO against mutant 

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

FDA Approved 2018

(Not classified as a 
gene therapy 

treatment – why not?)
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Current Status of 
Gene Therapy

64

Timeline of Regulatory Authority 
for Gene Therapy in the USA

65
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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 (CBER) 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

• CBER reviews and approves applications for gene therapy 
clinical trials

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

http://www.genetherapynet.com/united-states-of-america.html
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FDA Approved Gene Therapy Products
(12/16/22)

LCA Blindness 2017
CAR-T Therapy 2017

Spinal Muscular Atrophy 2019

Car-T Therapy 2021

Car-T Therapy 2022

Metastatic Melanoma 2015

Car-T Therapy 2021

Car-T Therapy 2022

Hemophilia B 2022

β Thalassemia 2022 Bladder Cancer 2022

2017

CAR-T Therapy 2017

Car-T Therapy 2022
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Some Issues With Human Gene Therapy

§ More Information is Needed

§ Germline Gene Therapy  

§ Consent

§ Eugenics & the “Slippery 
Slope” Towards Enhancement

§ Availability for Everyone

68

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

Hemgenix
(CSL 

Behring)
$3.5M

ZolgenSMA
(Novartis)

$2.1M

Onpattro
(Alnylam)
$0.5M/year

Factor IX 
replacement 

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

year

ADA 
replacement 

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

year

Zynteglo
(Bluebird)

$2.8M

Transfusion 
and chelation 

therapy -
$100,000 and 
$150,000 per 

year
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Gene Editing &
Human Gene Therapy

Dominant & Recessive Genes
Germline & Somatic Cell Gene Therapy

Editing Does it All!

70

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

Somatic Cell Gene Therapy
1. Clone Cas9 & Guide 

RNAs
2. Transform Cells Using 

Relevant Vector
3. Edit Target Gene 

Sequence

Somatic Cell Germline

71
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• Disease
– Sickled cells are rapidly destroyed, causing 

anemia and jaundice
– Sickled cells block blood flow through vessels, 

potentially resulting in lung, spleen, kidneys, eyes 
and liver damage, pain, and strokes

• Cause
– Recessive mutation results in a single amino acid 

change in the β subunit of hemoglobin (Hb)
– HbS folds abnormally, forming HbS fibers that 

cause red blood cells to have a sickle shape

• Current Therapies
– Blood transfusions
– Hydroxyurea – decreases pain
– Bone marrow (stem cell) transplant

Sickle Cell Disease

https://www.youtube.com/watch?v=mQ8Ola_C5po&t=8s
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Sickle Cell Disease Gene Therapies
1. CRISPR Gene Editing Therapy 
to Activate Fetal Hb Gene in Adults

2. CRISPR Gene Editing Therapy 
to Repair the HbS Gene

3. Gene Augmentation Therapy 
to Replace the HbS Gene

Oxygen Binds 
More Fetal 
Hb Strongly 
than Adult 

Hb 
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Phase 1/2/3 Gene Editing Therapy 
Clinical Trials Currently in Progress 

for these Diseases (02/28/23)

Phenylketonurias
B Cell Leukemia
Gastrointestinal Epithelial Cance
Duchenne Muscular Dystrophy
Severe Combined Immunodeficiencies (SCID)
Sickle Cell Disease
Carcinoma, Non-Small-Cell Lung
T Cell Lymphoma
Renal Cell Carcinoma
Transthyretin-Related (ATTR) Familial Amyloid Polyneuropathy
HIV-1-infection
Multiple Myeloma
Melanoma
Non-muscle-invasive Bladder Cancer
Pancreatic Cancer
Chronic Lymphocytic Leukemia
Transfusion Dependent Beta Thalassemia
Beta-Thalassemia
Leber Congenital Amaurosis 10
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The End!!
Lectures on the History, Science, and 
Applications of Genetic Engineering……

…….On to Genetic Engineering & the Law

76
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