
GENE THERAPY



Gene therapy

 Choice and preparation of 
therapeutic NA  and of its vehicle

 Targeting to the desired tissue

Transfer of therapeutic nucleic acid (NA) 
into a tissue





More than 5,000 patients have been treated in last ~12 years worldwide

Gene therapy trials and diseases



General issues to address when 
planning a GT approach

üWhat tissue should be targeted?
üWhat type of vehicle should be used?
üWhat’s the expected duration of the effect?
üWhat route of administration?
üHow safe is the approach?



Types of GT



Transgenes

Integrated Not integrated

- stable expression;
may provide a cure

- expression is transient;
repeated treatments 

are necessary
- random insertions 
in heterochromatin 
can be inactivated; 

In euchromatin -- 
Can disrupt important host genes; 
Long-term consequences are unknown



Gene therapy and target organs



Methods of Nucleic Acid (NA) 
delivery

1-- Injection of naked NA into tissue by simple needle and syringe

2--NA transfer by liposomes 
(delivered by the intravascular, 

intratracheal, 
intraperitoneal or intracolonic routes)

3-- Viruses 
Viruses are genetically engineered 

so as not to replicate once inside the host. 
They are currently the most efficient means of gene transfer. 



Protocols by vectors



1--Injections of naked NA



Naked DNA Vector

Selection system

Replication system

Expression 
system



DNA vaccines

Cancer immunotherapy

Passive 
to increase the 

pre-existing immune response 
to cancer 

Active 

To initiate an immune 
response 

against a non recognized 
or poorly antigenic tumor 



West Nile Virus Recombinant DNA 
Vaccine 

There are currently 
no DNA vaccines 
approved for 
human therapy. 

Only for veterinary 
use (Nile fever in 
horses) 



French Muscular Dystrophy Association (AFM): DMD

Phase I trial on gene transfer for Duchenne/Becker's 
Muscular Dystrophy 

Nine patients in three groups, injected into radialis muscle: 

a single injection of 200 ug of plasmid with dystrophin 

a single injection of 600 ug of plasmid with dystrophin 

Two injections of 600 ug each of plasmid with dystrophin 

Muscle segment 
were taken out 
for examination

Phase 1 trial for safetyEarly 2000

GT in DMD with naked DNA



GT in human DMD
HUMAN GENE THERAPY 15:1065–1076 (November 2004)

Expression of dystrophin was found in 1 to 10 percent of muscle fibers 
for 50% of groups 1 and 2 ; for all 3 patients in group 3 

No immune reactions; no side effects 



Abstract 
Nine patients with Duchenne or Becker muscular dystrophy were injected via the radialis muscle
with a full-length human dystrophin plasmid, either once with 200 or 600 microg of DNA or
twice, 2 weeks apart, with 600 microg of DNA. In the biopsies taken 3 weeks after the initial
injection, the vector was detected at the injection site in all patients. Immunohistochemistry and
nested reverse transcription-polymerase chain reaction indicated dystrophin expression in six of
nine patients. The level of expression was low (up to 6% weak, but complete sarcolemmal
dystrophin staining, and up to 26% partial sarcolemmal labeling). No side effects were observed,
nor any cellular or humoral anti-dystrophin responses.

These results suggest that exogenous dystrophin expression can be obtained in
Duchenne/Becker patients after intramuscular transfer of plasmid, without adverse effects,
hence paving the way for future developments in gene therapy of hereditary muscular
diseases.

HUMAN GENE THERAPY 15:1065–1076 (November 2004)



GT with 
Morpholino Oligonucleotides 



In vivo GT of DMD: Eteplirsen

• Exondys 51 (Sarepta Therapeutics: 
approved in 2016 by the FDA 

• 30 nt phosphorodiamidate morpholino
oligomer (PMO) that promotes the 
cutting and exclusion of mutated exon 51 
(premature stop) during the splicing 
process of the dystrophin pre-mRNA. By 
binding to the exon, it blocks the binding 
of a protein that regulates splicing

•  In this way (exon skipping) the exon is 
lost but the reading frame is restored. 

• Administered by venous infusion (in vivo)
• Indicated for patients with exon 51 

mutation, which affects about 13% of 
patients with DMD. 

• Two other drugs act in a similar way:
– Golodirsen: FDA approved in 2019, exon 51 
– Viltolarsen: FDA approved in 2020, exon 53

5’-CTCCAACATCAAGGAAGATGGCATTTCTAG-3’ 



Small Interfering RNA (siRNA)



In vivo GT of FH: Leqvio

• INCLISIRAN (Leqvio®)
• Approved by AIFA 3-10-2022 to treat 

heterozygous familiar or non familiar 
hypercholesterolemia

• Prescribed in association to statins, or in 
case of statin intolerance

• PCSK9 binds LDL receptor and promotes 
its degradation

• DS siRNA directed against PCSK9, 
conjugated to triantennary-
acetylgalactosamine GalNAc (binds to 
ASGPR (asialoglycoprotein receptor), 
highly expressed in hepatocytes)

• Causes PCSK9 downregulation, thus 
preventing LDLR degradation

• Injected subcutaneously twice a year (in 
vivo)



siRNAs approved and in phase 3

2022



2--Liposomes

Therapeutic drugs

Spherical vesicle with a lipid bilayer



Liposomes are formed by the self-assembly of amphipathic 
molecules in an aqueous environment.

Anionic liposome



Cationic liposomes

positively charged (amino groups) lipid droplets
can interact with negatively charged DNA 

to wrap it up and deliver to cells

Positively charged lipid heads

Inside liposomes, DNA is resistant to degradation



Short half life in vivo
Liposomes are rapidly cleared from the circulation 
and largely taken up by the liver macrophages, after 
they are coated by plasma proteins (opsonization)  

How to overcome it?  

Kupffer cells 
= liver macrophages



Modified liposomes 
(stealth liposomes) 

hydrophilic polyethylene glycol (PEG), 
incorporated into liposome 

Increased half-life is due to 
a reduced coating (opsonisation) 
of these liposomes by plasma proteins 

Liver cells not able to uptake them 

Cholesterol, polyvinyl-pyrrolidone polyacrylamide lipids,
glucoronic acid lipids are working the same….



Immunoliposomes for active targeting

Antibodies to intracellular myosin 
target liposomes 

to the heart (infarcted areas)

Antibodies against 
tumor specific antigens 
will target them to tumors

examples



Advantages of liposomes

Cheaper than viruses 

No immune response
100-1000 times more plasmid DNA 

needed for the same transfer 
efficiency as for viral vector

Could serve as tumor specific vehicles 
(even without special targeting): better penetrate 
into tissues  with disrupted endothelial lining



In vivo GT of CF with liposomes

• http://www.cfgenetherapy.org.uk/

• A GT consortium, funded in 2001 in the UK that is experimenting an 
approach  based on liposomes administered by   a nebulizer or nasal 
inhalation to cure FC

– University of Oxford, 
– University of London 
– University of Edinburgh.

The UK Cystic Fibrosis Gene Therapy Consortium

http://www.cfgenetherapy.org.uk/


GL67A/pGM169

• GL67A: cationic liposome

• pGM169: plasmid encoding CFTR.

• Liposomes containing the CFTR gene dissolved in 
saline and administered by single 5 ml dose every 
28 days per aerosolization for one year



Lancet Respir Med 2015
Published Online July 3, 2015
http://dx.doi.org/10.1016/
S2213-2600(15)00245-3

Dr. Eric Alton

Fev = Forced Expiratory Volume



NEW TRIAL: nebulized CFTR Lentiviruses



2023



Liposomes with mRNA

• In recent years, the use of 
mRNA instead of 
plasmids to express 
transgenes is emerging. 

• mRNA does not need to 
enter the nucleus and be 
transcribed 

• Less stable, therefore it 
needs to be conveyed: 
lipid nanoparticles 
(liposomes or solid 
nanoparticles)



In vitro synthesis of mRNA

https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.sciencedirect.com%2Fscience%2Farticle%2Fpii%2FS0142961217307639&psig=AOvVaw17H6zlJhv5HSiHRpIcgrPM&ust=1636052953884000&source=images&cd=vfe&ved=0CAsQjRxqFwoTCPCczavy_PMCFQAAAAAdAAAAABAu


mRNA Vaccine: Comirnaty (Pfitzer) and Spikevax (Moderna)



3-- GT with Viral Vectors



Benefits
• High efficiency of transduction
• Possibility of integration

Drawbacks

• May generate new dangerous viruses by recombination with viruses in the host
• Insertional mutagenesis (for those that randomly integrate in the genome)
• Immunological reactions
• May carry DNA of limited length
• Expensive



MOST COMMON VIRAL VECTORS
Retroviruses

Adenoviruses

Adeno-associated viruses

Lentiviruses

can create double-stranded DNA copies of their RNA genomes. Can 
integrate into genome. MoMLV, 

dsDNA viruses that cause respiratory, intestinal, and eye infections 
in humans. Virus for common cold

ssDNA viruses that can insert their genetic material 
at a specific site on chromosome 19

Similar to Retroviruses. Derived from HIV, may infect quiescent cells and integrate 
randomly.



"minimal”
retrovirus

Contains:

Env

Gag

Pol
POL = Reverse 
Transcriptase;

RNAàDNA

Retrovirus  



Integration!!!!



Retroviral Genome

capside, polimerase,
 envelope genes 

Repeated Sequences: 
Contain a promoter and allow the 
insertion in the genome

Packing signal; 
Allows RNA 
encapsidation



Therapeutic GENE

For use in GT :
“attenuated” viruses, containing 

“therapeutic gene”, packing sequences and repeated 
sequences

This virus goes to the patient
(unable to replicate)

Helper Virus– cannot pack (P); 
Allows the replication of attenuated virus

The helper virus
Is necessary to 

produce  
the attenuated virus

in  cell culture



Retroviral vectors can infect dividing 
cells only

In dividing cells nuclear 
membranes are broken down, 
so viral genome can enter and 
integrate into the chromosome 

Preintegration complex (PIC) 
of retroviruses  is not able to 
penetrate nuclear membrane.

Infection of dividing cells only 



Amphotropic retroviruses

capable of infecting both mouse cells and human cells 
Moloney murine leukaemia virus (MMLV), 

Treatment could be tested in mouse

After removing of all non-essential parts 
carrying capacity for retroviral vectors 

is approximately 7.5 kb 
(not enough for some approaches)



Tissue tropism of retroviruses

In humans, retroviruses use 
sodium-dependent phosphate transporters 

Pit-1 and Pit-2 for entry

In humans 
this receptor is expressed widely.



Treatments performed with 
retroviral systems

Severe Combined Immunodoficiency (SCID): 
ADA-SCID and X-linked SCID



ADA gene therapy story

Three separate laboratories published the gene sequence in 1983

ADA protein has been characterized in the late 1970s

W. French Anderson (NIH); in the late summer of 1990, the FDA 
was sufficiently convinced by the preliminary laboratory data 

to approve the first human gene therapy trials
 using the MMLV-based delivery vector

September 14, 1990.   Mature T-cells GT

Ashanti DeSilva; advanced stage of SCID; 4 yr old; 
Cynthia Cutshall January 31, 1991



1st Clinical trial for ADA SCID
(mature T cells)

MoMLV ADA

IL-2



Ex vivo GT of ADA SCID
(Ashanti DeSilva) 

There was a significant improvement although
the injections had to be repeated 

because T cells live 
for only 6-12 months in the blood 

The specific benefit of the gene therapy was 
unclear because she

continued to receive ADA-PEG  

Science, 1995



Next attempt: Hematopoietic Stem Cells (HSC)
Make more room for transgenic T cells by suppressing host bone marrow

Aiuti A et al., 2002 (Science)

2 patients with ADA SCID:

1) HSC (CD 34+) infected with retro-ADA.

2) Administration of  myelosuppressive drugs 
(busulfan) to block the growth of bone 
marrow  (but not to destroy it) to make 'space' 
for engineered marrow to implant, expand and 
grow better 

Results: amelioration of immunological 
functions (including antigen-specific 
response) 
Reduction of toxic metabolites. 
Both patients are currently at home and  
are healty. 



Update of the protocol

Group of 10 patients treated with hematopoietic stem cells, transgenic for the ADA 
gene, implanted in mielosuppressive conditions.

After 4 years from the therapy, patient are all alive and healthy. 
Hematopoietic stem cells are stably implanted and are differentiatd 
into ADA-producing mieloid and lymphoid cells.

 Conclusions: “GT associated to mielosuppression represents an 
unharmful and effective  approach in patients with ADA SCID” 



Strimvelis®: approval by the European 
Medicines Agency (EMA). The first stem 

cell-based gene therapy protocol approved in 
the world!

Approval! June 2016



X-Linked SCID: clinical trial 

Dr Alain Fischer, 
Necker Hopital, Paris 

( 1995-1997)

•  15 patients, 1-9 month of age 

• Pick up of bone marrow , selection of CD34+ 
precursors

•3 daily exposure to the retroviral vector containing 
cDNA for the gc chain

•Reinfusion of bone marrow



Results of X-SCID gene therapy

• can live normal lives at home instead of inside a sterile "bubble"; 
• have normal numbers of T cells of both the CD4 and CD8 subsets; 

• have responded to several childhood immunizations, including 
diphtheria, tetanus and polio by producing both T cells and 
antibodies specific for these agents. 

• Antibody production is sufficiently good that they have no need for 
periodic infusions of immunoglobulin (IG).

3,5 years after stem cells GT 
This X-SCID children (14 out of 15)

Alain Fischer at Necker Hospital, Paris

Science. 2000 Apr 28;288(5466):669-72. 



Leukemia in X-SCID treated patients

In 2 cases therapeutic gene insert itself 
near the LMO2 proto-oncogene

The US Food and Drug Administration (FDA) halted 27 gene therapy trials 

LMO2 = LIM domain Only 2
 transcription regulator,  plays a role in angiogenesis

Rearranged in T-ALL. 
Transgenic mice with enforced expression of LMO2

 in their thymocytes develop T cell leukemias…

2002:



Update 2014:
Self inactivating SIN-γc retrovirus

Oncogene

Elongation factor 1a promoter





ADENOVIRUSES
non-enveloped viruses 

containing a linear double stranded DNA genome
40 serotypes known; 
most causing respiratory infections in humans 

can infect both 
dividing and nondividing cells 

Icosahedral capside
12 antenna-like fiber projections 
for virus attachmentwww.nobel.se



Attachment via CAR,
internalization via integrins

Adenoviral particles 
are disrupted in endosome

CAR: Coxsackie Adenovirus Receptor 
(ubiquitous)



Adenoviral vectors for gene therapy

Adenoviral genome of 36 Kb contains over a dozen genes 



Adenoviral vectors do NOT integrate

Any therapy based on adenoviral gene transfer 
would require repeated applications of the vector 

increased risk of recombination, 
especially if wild type infection occur simultaneously 

Risk of toxicity and immune responses



• Purified adenovirus may be 
injected in the mouse tail vein.

• It infects almost exclusively the 
liver.

• Ideal approach for GT targeting 
the liver (e.g. metabolic 
diseases).

In vivo GT with adenoviruses: liver tropism



In vivo GT of OTC deficiency: 
mouse models (Spfash)

GT with Ad-mOTC: 
excellent results in 
restoring OTC and 
circulating urea levels



Jesse Gelsinger , an 18-year-old from Arizona
died after fast developing fever and organ failures

Human trial for OTC deficiency 
(Upenn 1999)

6 escalation doses i.h. ; up to 1013 at the dose level 6 

third generation Ad-hOTC vector 

NIH's National Gene Vector Laboratories' facility in UPenn 

Cause of death:
massive immune reaction

After his death, all gene therapy trials in the United States were halted



GENDICINE
(gene + medicine)

• First drug in the world 
approved for cancer GT 
(Chinese FDA, in 2003)

• Used in the treatment of
– Head and neck squamous cell

carcinoma 
– lung carcinoma

• Adenovirus expressing
recombinant p53, injected in 
the tumor



Re-introduction of p53 in cancer  cells

p53 blocks  
angiogenesis:
Downregulates  VEGF 
production and 

Upregolates two anti-angiogenic 
molecules:
1)Thrombospondin;
 2) Insulin-like growth factor 1 
binding protein (IGF1BP). 

Bystander effect on  
non transgenic cells:

p53 does not have a toxic 
effect on normal cells but 

kills cancer cells



COVID-19 Vaccines
Astrazeneca/Johnson & Johnson



Single stranded DNA viruses, simple, non- 
pathogenic they require a helper virus (usually 
an adenovirus) to replicate.  

Have two genes (cap e rep) located between 
two inverted repeats.

The cap gene encodes proteins of the viral  
capside while the rep gene for viral  
replication and integration proteins. 

May infect many cellular types 

The viral DNA may integrate, into the host 
chromosome, but with very low efficiency.

ADENO-ASSOCIATED VIRUS (AAV)



AAV in GT



Adeno-associated virus 

Pros:

Nonpathogenic

Infects non dividing cells
Stable expression

Cons:

Limited size of the host genes 

The production requires a lot of work



Helper

Transfer
GOI

Rep/Cap

HEK-293 
cells





AAV serotypes and their tropism
TARGET TISSUE AAV Serotype

Skeletal muscle AAV1***, AAV6**, AAV7*, 
AAV8***, AAV9***

Heart AAV1***, AAV3*, AAV4*, AAV6**, 
AAV8*, AAV9**

Lung AAV1*, AAV4**, AAV5**, AAV6**, 
AAV9***

Liver AAV1*, AAV3***, AAV4*, AAV5**, 
AAV6*, AAV8**

T Cells AAV6*

CNS AAV1*, AAV2**, AAV5**, AAV6*, 
AAV7*, AAV8**, AAV9**

Hematopoietic stem cells AAV2*, AAV3*, AAV6*

Embryonic stem cells, iPSC AAV6*

Kidney AAV2*, AAV4**, AAV5*

Pancreas AAV1, AAV6*

Color Key: * mice / * large animals: dogs, pigs, sheep, rabbits, cats / * human (tissue or clinical 
trial) / AAV serotypes specificity verified by SIRION



AAV and Gene Therapy

Wang D et al., Nature reviews drug discovery, 2019



FDA approved AAV in Gene Therapy

Name Company Disease 
Treatment Approval Date Serotype

Luxturna®
Spark 
Therapeutics, 
Inc.

RPE65-mutation-
associated retinal
dystrophy

2017 AAV2

Zolgensma® Novartis Gene 
Therapies, Inc.

certain types of 
spinal muscular
atrophy (SMA)

2019 AAV9

Hemgenix® CSL Behring LLC certain kinds of 
Hemophilia B 2022 AAV5

Elevidys Serepta 
Therapeutics

Duchenne 
muscular 
dystrophy

2023 AAVrh74

Roctavian™ BioMarin Hemophilia A 2023 AAV5

https://sparktx.com/press_releases/fda-approves-spark-therapeutics-luxturna-voretigene-neparvovec-rzyl-a-one-time-gene-therapy-for-patients-with-confirmed-biallelic-rpe65-mutation-associated-retinal-dystrophy/
https://sparktx.com/press_releases/fda-approves-spark-therapeutics-luxturna-voretigene-neparvovec-rzyl-a-one-time-gene-therapy-for-patients-with-confirmed-biallelic-rpe65-mutation-associated-retinal-dystrophy/
https://sparktx.com/press_releases/fda-approves-spark-therapeutics-luxturna-voretigene-neparvovec-rzyl-a-one-time-gene-therapy-for-patients-with-confirmed-biallelic-rpe65-mutation-associated-retinal-dystrophy/
https://www.zolgensma.com/
https://www.zolgensma.com/
https://www.hemgenix.com/
https://investorrelations.sarepta.com/news-releases/news-release-details/sarepta-therapeutics-announces-fda-approval-elevidys-first-gene
https://investorrelations.sarepta.com/news-releases/news-release-details/sarepta-therapeutics-announces-fda-approval-elevidys-first-gene
https://www.biomarin.com/our-treatments/products/roctavian-valoctocogene-roxaparvovec-rvox/


LPLD: Glybera
(2012)

• In 2012, the European Committee approved alipogene tiparvovec (Glybera): an 
AAV1 expressing the LPL gene

• Administered in a single session, through a series of injections in the leg muscles -
up to 60. The treatment is supposed to last at least ten years.

• Glybera was the first gene therapy to receive marketing authorization in Europe;

• It earned the name "million-dollar drug", causing its manufacturer, uniQure, to 
remove the drug after two years on the European market and only a single patient 
treated.

• As of 2018, only 31 people worldwide have received Glybera but uniQure has no 
plans to sell the drug in the United States or Canada

AAV1-LPL



OTC Deficiency: 
DTX301

30/01/2019: First patient benefits from gene therapy trial with AAV-ODC vector: 
DTX301 (By Ultragenyx)

“The clinical trial Simon has taken part in uses a one-time intravenous infusion gene transfer 
to deliver a working copy of the OTC gene to the liver, offering a potential new way to treat 
the disease that directly targets the genetic defect, rather than just treating the symptoms. If 
successful – as seems to be the case for Simon – the liver cells will produce the OTC protein that is 
needed for a normal life.”

A patient at the Queen Elizabeth Hospital Birmingham (QEHB) was the first person in the world to take 
part in a pioneering gene therapy trial for Ornithine Transcarbamylase (OTC) deficiency, a rare disease 
that causes toxic levels of ammonia to build up in the blood.

Simon Smith

Update Apr 22, 2021: Phase 3 clinical trial has been announced, based on the positive results from
phase 1/2.  50 patients will be enrolled, starting from the second half of 2021.

AAV8-ODC



DMD: Elevidys
Delandistrogene moxeparvovec

• Approved by FDA and EMA 
in 2023

• AAVrh74 expressing micro-
dystrophin, a shortened but 
functional protein (138 kDa)

• Treatment of children aged 
four through five years of 
age

•  Single IV infusion of 1-2 hrs



Lentivirus

• RNA viruses.

• May infect non dividing cells 
(e.g. heart and brain).

• Random Integration in the 
genome  (insertional mutagenesis)

• Very little immunological 
ractions

• Elevated transduction 
efficiency.

• Excellent perspective for in vivo 
GT.



Lentiviral genome (HIV)

• Genes:
– structural gag pol env
– regulatory tat rev
– accessory nef vpr vpu vif



Lentiviral production

Concentration by 
ultracentrifugation

HeLa cells

Titration

Harvest at 24 
and 48 hrs



Approved ex vivo GT with Lentiviruses

• Zynteglo
• Approved by FDA (2022) and EMA 

(2019)
• Treatment of people twelve years and 

older with transfusion- dependent beta 
thalassemia (TDT)

• autologous CD34+ hematopoietic stem 
cells and progenitor cells transduced with 
the BB305 lentiviral vector expressing 
the β-globin (βA-T87Q) gene

• Skysona (Elvandogene)
• Approved by FDA (2022) and EMA 

(2021)
• Treatment of cerebral 

adrenoleukodystrophy (CALD, X-
Linked) in boys aged 4 to 17 

• HSC transduced with a lentivirus 
expressing the ABCD1 gene

Very long chain fatty acids accumulation





CASGEVY: 
THE FIRST CRISPR/Cas9-BASED THERAPY

Approved in UK Nov 16th 2023
For the treatment of Sickle cell Anemia


