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Points we will address

• Lecture 1:
– What is gene therapy?
– How do you deliver DNA to cells?
– Discuss some of the “land-mark” gene therapy studies.

• This will include gene therapy successes and failures.
– “Evolution” of a gene therapy vector. 

• Lecture 2: How can gene therapy be used to treat 
muscle disease?
– before this lecture, please read “The ethics of human gene transfer” by 

Jonathan Kimmelman in Nature Reviews Genetics Volume 9 pages 239- 
244.



Gene Therapy
• Gene therapy involves delivering therapeutic DNA 

to a patient.

• Gene therapy may be used to:
– alter or supplement the function of a mutated gene by 

providing a copy of the normal gene
– directly alter and/or repair the mutated gene
– provide a gene that adds missing functions or regulates 

the expression of another gene

• Success is dependent on two factors:
– ability to get the gene into an appropriate cell
– ability to express the transgene



Number of Gene Therapy Clinical Trials 
Approved – by Year



Gene Therapy By Country 
(March 2011)

Total number of trials:  1703



Classes of Gene Therapy Target 
Diseases

• Genetic disease
– e.g. Cystic fibrosis, Duchenne muscular dystrophy
– require life-long expression of corrective gene

• Acquired disease
– e.g. cancer, HIV
– may only require expression of corrective gene for as 

long as the disease persists



Gene Therapy Clinical Trials 
(March 2011)

Total number of trials:  1703



Stages of Gene Therapy Studies
• Preclinical

– demonstrate efficacy and safety in at least two animal models 
– refine experimental protocol (e.g. vector choice, single or 

multiple doses, route of administration, etc)
• Clinical

– Phase I - assess safety and toxicity (few patients)
– Phase II - assess safety and efficacy (larger number of patients)
– Phase III - assess efficacy
– Phase IV - “postmarketing surveillance”

– At all stages, serious adverse events must be reported 
immediately



Phases of Clinical Trials

2004 Data

2011 Data



Factors to consider when 
designing a gene therapy strategy
• Therapeutic transgene expression?

– Short- versus long-term
– organ/tissue-specific or ubiquitous
– regulated expression (how much is expressed or when 

during development)
• Many cells or only a few?
• Ex vivo versus in vivo? 

These factors will affect the choice of gene delivery 
system (often referred to as a “vector”)



Gene Delivery Vectors used in 
Human Clinical Trials 

(March 2011)



Choice of vector

• Non-integrating
– e.g. plasmid DNA, adenovirus, poxvirus, 

adeno-associated virus (AAV) 

• Integrating 
– e.g. retrovirus, lentivirus



DNA
• Direct injection of plasmid DNA can lead to 

expression of transgene
• advantages:  simple, relatively safe, ease of large- 

scale production, lack of specific immune 
responses

• disadvantages:  relatively inefficient, typically 
transient expression, “patchy”

• good as DNA vaccines



Improvement to DNA delivery

• Physical
– gene gun
– electroporation
– hydrodynamic injection

• Chemical
– cationic lipids
– polymer-based systems



• Advantages
– can be made replication defective
– high transduction efficiency

• both dividing and non-dividing cells 
• many different cell types and tissues

– relatively large cloning capacity – up to 36 kb
– can be grown to high titer

• Disadvantages
– transient transgene expression (few days to weeks)
– frequently leads to inflammatory and immune responses

• Recent advances in vector design
– “fully-deleted” Ad vectors can provide very long-term therapeutic 

gene expression

Adenovirus Vector



Poxvirus
• Large linear, dsDNA genome (~175 to 300 kb)
• Human poxvirus – Smallpox

– 20 and 60% mortality rate, over 80% in children
– During the 20th century, smallpox caused 300–500 

million deaths
– Eradicated in 1977

• The vaccine for smallpox is “vaccinia virus”
– derived from a cowpox virus

• Current gene therapy vectors are based on vaccinia or other 
species (fowlpox or canarypox) and are used mostly as vaccines 
(anti-HIV or anti-cancer)

• More recently, vaccinia has been developed as an oncolytic virus
– engineered to specifically replicate in and kill cancer cells but not normal 

cells. 



Adeno-associated virus
• Non-enveloped, 4.7 kb ssDNA genome
• Advantages

– Does not elicit strong inflammatory or immune responses
• Disadvantages

– Small cloning capacity (only ~5.0 kb)
– Somewhat difficult to grow up large quantities of vector



Retrovirus

• e.g. Moloney murine leukemia virus
• produced in packaging cell lines

– these cell lines produce all the viral proteins – you just need 
to introduce your therapeutic gene-of-interest in an 
appropriate plasmid

• can be “pseudo-typed” to alter cell tropism
– change the virus attachment protein so that the virus can 

bind more efficiently to a variety of cells (e.g. VSV G- 
protein)



Retrovirus

packaging element
- gets the DNA into the virion

5’ and 3’ inverted terminal 
repeats – involved in genome 
replication

proteins required for replication 
and packaging of the viral genome



Retrovirus
• Advantages

– 10 kb cloning capacity 
– integrate into genome of target cell
– do not transfer virus protein coding sequences

• Disadvantages
– only integrate in actively dividing cells
– integration could lead to gene activation or inactivation
– low titer
– sometimes leads to production of replication competent 

retrovirus (RCR)



Lentivirus

• e.g. human immunodeficiency virus type I
• similar in many respects to MoMLV
• main advantage:  can transduce non-dividing cells
• main disadvantage: it’s HIV
• alternatives:  SIV, FIV 

Very promising preclinical results have been 
obtained using HIV-based vectors



Gene Therapy – The first real success?





SCID Patients Lack Key Immune Cells

These cells are essential for
a healthy immune system



Remove blood
cell sample

Infect with virus carrying
therapeutic gene

Expand cells
in the lab

Reintroduce 
cells into patient

1 to 11 months of age





T-lymphocyte counts after treatment



RESULT – 2.5 years after treatment
In 9 treated patients, correction of the immunodeficiency 
eradicated established infections and allowed patients to 

have a normal life

CONCLUSION
Gene therapy can safely correct the immune deficiency of 

patients with SCID 



Science - January 17, 2003

Science - January 24, 2003

Science - October 4, 2002 Gene Therapy Experiments Put on Hold
Federal authorities have temporarily suspended three gene therapy 
experiments — two of them in Los Angeles — following news that a 
third child in a similar French study has developed leukemia and that one 
of the three has died.
Los Angeles - Times March 4, 2005 

A fourth child in this
trial also developed
leukemia.
March 2007



• “There was speculation that protocol differences may have 
distinguished it from the French trial in terms of leukaemia 
risk. The current leukemia case proves this hypothesis to 
be qualitatively wrong, and indicates that SCID-X1gene 
therapy in its current form…carries a high risk of 
leukaemia induction.”



LMO2 and Leukemia
Four patients with leukemia in the SCID trial had retroviral insertion near 
the LMO2 gene

- LMO2 is a bridging molecule in some transcription factor complexes
- it is not clear why LMO2 causes T-cell leukemia

The risk of oncogenic insertional mutagenesis in humans as a consequence of
gene therapy with the use of a retrovirus vector was deemed to be low.

-Subsequent studies have shown that retrovirus vectors preferentially 
integrate into promoter regions of genes

LMO2-induced
leukemia can also
occur “naturally”
through chromosomal
translocation.



Vector Immunogenicity vs. Duration of 
Transgene Expression
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Adenovirus

• Icosohedral, non-enveloped virion of ~70 to 100 nm
• linear dsDNA of ~36 kb
• viral genes divided into early (E1-E4) and late (L1-L5) 

transcription regions, depending on whether they are 
expressed before or after DNA replication
– early proteins are involved in turning-on other regions of the viral 

and cellular genome (E1 and E4), modulating the host immune 
response (E3), or DNA replication (E2).

– late proteins are structural proteins for virion formation
• cause only mild, self-limiting illness in infected individuals

– respiratory illness, keratoconjunctivitis, or gastroenteritis
– not associated with neoplasmic disease



Human Adenovirus Type 5
Linear double-stranded genome of ~36 kb

E1, E2, E3 and E4 are “early” genes which are expressed before 
viral DNA replication during wildtype virus infection.



Vector Immunogenicity vs. Duration of 
Transgene Expression
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E1B-deleted Ad
• Conditional replication
• E1B-deleted Ad will not replicate in p53+ cells

– will replicate in, and kill, p53- cells

• p53 is mutated in about half of all cancers
– these tumors are refractory to chemotherapy or 

radiation

• provides a mechanism to selectively kill tumor 
cells

E1B
region deleted from the virus



Replication of E1B-deleted Ad

Wildtype Ad 
in normal cell

E1B-deleted Ad in
normal cell (p53+)

E1B-deleted Ad in
tumor cell (p53-)

E1B inhibits p53
virus reproduces 
unchecked

Lysis of infected 
cell

With no E1B, virus
is unable to replicate
efficiently

Healthy cell is
not destroyed

With no p53, virus 
can replicate freely

Lysis of infected 
cell

Note:  the actual mechanism of action for this virus is more complex

E1B
p53



ONYX-O15 (dl1520) and Tumor 
Growth in Mice

Tumor cells (C33Ap53- or U87p53+) were injected subcutaneously into immunodeficient mice.  
After the tumors had reached ~150 microlitre volume, the tumors were injected with 
ultraviolet-inactivated wildtype Ad, wildtype Ad or E1B-deleted Ad (dl1520) - three doses of 
108 pfu administered every other day.  Tumor volume was monitored 5 weeks after injection 
(Panel A and B) or weekly (Panel C) after injection.

untreated
treated



A phase I study of Onyx-015, an E1B attenuated 
adenovirus, administered intratumorally to patients 

with recurrent head and neck cancer 

• 22 patients treated with E1B-deleted vector
– 107-1011 plaque forming units (pfu) per patient

• evidence of viral replication in 4 of 22 patients, all 4 were 
mutant for p53

• using “conventional” response criteria
– no response was observed

• using “non-conventional” response criteria
– 3 patients showed partial response (necrosis within injected tumor)
– 2 showed minor response
– 8 patients had stable disease for 8 weeks

• no adverse events (minor flu-like symptoms in some patients) 

Ganly et al. Clinical Cancer Research 6:798, 2000





E1-deleted Ad

• Replication defective
• a.k.a. first-generation Ad vectors
• must be propagated in an E1-complementing cell 

line (e.g. 293 cells)
• cloning capacity of ~8kb
• even though the vectors are replication defective in 

normal cells, this does not affect their ability to get 
the viral DNA to the nucleus and express some viral 
(and therapeutic) proteins

E1A-/E1B-



E1-deleted Ad Vector Characteristics

• Advantages
– replication defective (E1 deleted)
– high transduction efficiency

• both dividing and non-dividing cells 
• many different cell types and tissues

– relatively large cloning capacity (8 kb)
– can be grown to high titer



Immunotherapy for cancer (Ad-IL-2)

• Interleukin-2 (IL-2)
– cytokines

• soluble, hormone-like proteins that act as a messenger between cells
• stimulate or inhibit the growth and activity of various immune cells 
• essential for a coordinated immune response and can also be used as 

immunologic adjuvants

– IL-2 stimulates activity of a variety of immune cells, 
including cytotoxic T-lymphocytes (T-killer cells)



Tumor Model

Tumor model:  tumor cells were injected into the hind 
flank of animals, 3 weeks later the tumor was injected with 
AdIL-2, control Ad or no vector.



Tumor Regression mediated by Ad-IL-2
Tumor Size

Ad-IL-2 treated

Control Ad

No virus

Mouse Survival

Ad-IL-2 treated

Controls

Addison et al. PNAS 92:8522, 1995



• 23 patients, 107-1010 virus particles
• 60% of patients showed local inflammation
• 24% incomplete tumour regression at site of injection
• biopsies

– tumor necrosis
– lymphocytic infiltrates (CD3 and CD8)
– hIL-2 mRNA detected in 80% of samples at 7 days
– no hIL-2 protein detected in tumours after 7 days

• elevated Ad5 antibodies in all patients





In October 2003, Shenzhen SiBono 
GenTech (Shenzhen, China) obtained 
a drug license in China for its Ad-p53 
gene therapy vector for treatment of 
head and neck squamous cell 
carcinoma

Total patients treated to date:
(2003-mid 2007): 8,700 

Foreign patients treated to date:
(2003-mid 2007): 1,800



“Record $3.8 M in Gendicine(R) Orders in One Day Sells Out All Available Product; 
Promising Reported Results Drive Unprecedented Demand”
(September 2007) 

Gendicine
the most prominent observed side effect is self-limited fever; in nearly 80% of the cases, 

temperatures ranged from 37.5C to 39.5C occurring usually 2 to 4 hrs after administration and 
lasting for approximately 2 to 6 hrs. Other rare side effects include chills, pain at the injection 

site, discomfort, fatigue, nausea, and diarrhea. 

How long do the treatments last?
Treatments may last from 1 to 3 months, depending on the patient’s condition and his/her 

specific response to treatment. 

How much will treatment cost? 
The amount of treatment costs will be based on diagnosis and treatments undergoing. 

Generally speaking, it will be around USD 25,000-35,000 / month.

Beijing GreatWall International Cancer Center
http://www.cancertherapychina.com

http://www.cancertherapychina.com/


First generation Ad vectors
• Even though E1-deleted vectors cannot replicate, they still stimulate strong 

immune responses which result in elimination of the “infected cell”
– good for cancer therapy
– bad for treatment of genetic diseases (e.g. cystic fibrosis)

• Immune responses include
– Humoral (antibody)

• Prevents readministration of the vector
– Cellular

• Formation of cytotoxic T-lymphocytes which kill infected cells
• Caused, at least in part, by expression of viral protein off the vector backbone

• Solution?  Attenuate the virus more extensively



Ad vectors deleted of all protein coding 
sequences

• Advantages:
– very large capacity for foreign DNA (~36 kb)
– safe
– no chance of viral gene expression

• Problem:
– How do you grow a virus that lacks all viral genes?

• Must co-replicate the fully-deleted Ad in the presence of a 
“helper” virus

All genes deleted



Gene Therapy for Obesity

• Leptin – potent modulator of weight and food intake
• Mutation of the leptin gene results in morbid obesity
• Can gene therapy be used to correct leptin deficiency in mice? 

Untreated mice

Fully-deleted Ad

Normal/untreated mice

Time after treatment (days)

E1-deleted Ad





Recombinant Adenovirus Gene Transfer in 
Adults with Partial Ornithine 

Transcarbamylase Deficiency (OTCD)

• OTC involved in urea metabolism
– OTCD results in build up of ammonia in blood and brain
– Severe cases are lethal (usually die within 2 weeks of birth)
– Mild disease can be somewhat managed by drugs and protein- 

restricted diet
• patients are at a continual risk of life-threatening encephalopathy, 

coma and brain damage

• Phase I trial
• “second-generation” Ad vector
• dose escalation study starting at 2x109 particles/kg
• direct injection into portal vein



Jesse Gelsinger

• Received highest dose - 3.8 x 1013 particles of 
Ad-OTC (6x1011 particles/kg)

• September 17, 1999
– Within 12 hours of receiving the adenoviral vector, patient 

experienced fever, nausea, and back pain.  
– The following morning, patient experienced elevated ammonia 

levels and jaundice.  
– During days 2-4, patient experienced disseminated 

intravascular coagulation, adult respiratory distress syndrome, 
and kidney and liver failure. 

– Patient died four days after vector administration.



• What went wrong?
– The researchers and institute were cited for several 

procedural problems
• Jesse should not have been treated

– As a symptomatic male, he should have been the third patient treated 
in his cohort – he was treated second

– His blood ammonia levels were above permitted levels
• The researchers did not report two previous severe adverse events
• The consent form did not properly outline the risks

– Two non-human primates treated with a related vector died

• Other issues
– Could Jesse provide informed consent?
– Did researchers have a conflict of interest? 

Jesse Gelsinger





Adverse Results Do Not Invalidate the 
Rationale of Gene Therapy

• “Apparent "failures" in early phaseI/II or even phase III studies do not 
necessarily indicate a therapeutic wild-goose chase. Because gene therapy is 
highly experimental and many patients are desperately ill, serious adverse 
events and even deaths will occur. 

It is vital to understand the reasons for unexpected results or clinical failures to 
allow the development of corrected procedures and improved experimental 
methods. 

For example, problems with polio vaccines due to persistence of live disease- 
causing poliovirus in incompletely inactivated preparations and the presence of 
SV40 in the vaccine were identified early, corrected, and used to develop 
improved programs.”

• Theodore Freidmann, Science March 24, 2000
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