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Seminal demonstration of the possibility of stable ge-
netic modification of mammalian cells performed by 
Wacław and Elisabeth Szybalski opened the doors for 
gene therapy, the term coined by Wacław Szybalski al-
ready in 1962. In the next 60 years, numerous tools for 
gene delivery have been developed and applied for clini-
cal research, culminating in the registration of several 
genetic therapies in Europe and the USA. Some of these 
strategies, aimed to treat severe combined immunode-
ficiencies, inherited forms of blindness, spinal muscular 
atrophy, some cancers, and genetic anemias, are the real 
hope for patients suffering from previously incurable dis-
eases or the ones whose treatment was not effective. On 
the approaching 60th anniversary of gene therapy, com-
bined with the 100th anniversary of the birth of Profes-
sor Wacław Szybalski (September 9th, 1921), who passed 
away on December 16, 2020, here I present the summary 
of the most important aspects of clinical applications of 
genetic therapies.

Keywords: retroviral vectors, self-inactivating lentiviral vectors, AAV 
vectors, adenoviral vectors, CRISPR/Cas9, gene editing, Duchenne 
muscular dystrophy, spinal muscular atrophy, severe combined im-
munodeficiencies, β-thalassemia, sickle cell anemia, CAR-T, antisense 
oligonucleotides, siRNA

Received: 29 July, 2021; revised: 31 July, 2021; accepted: 31 July, 
2021; available on-line: 31 August, 2021

✉e-mail: jozef.dulak@uj.edu.pl
*This paper is dedicated to the memory of Professor Wacław 
Szybalski and Professor Anna Podhajska, whom I had the honor 
to meet for the first time in 1994 and who have been instrumen-
tal in developing my interest in medical biotechnology, and es-
pecially in gene therapy.
Acknowledgements of Financial Support: Financial support: 
MAESTRO 10 grant (2018/30/A/NZ3/00412) from the National Sci-
ence Center (NCN), CISTEM MSCA RISE (Z/H2O/00023) from the 
H2020 program (grant agreement No. 778354), and NMJ-on-a-chip 
(UMO-2019/01/Y/NZ3/00012) from the JPND initiative (Horizon 
2020) and NCN.
Abbreviations: AAV, adeno-associated viruses; ADA-PEG, aden-
osine deaminase-polyethylene glycol; ADA-SCID, adenosine 
deaminase-severe combined immunodeficiency syndrome; AIDS, 
acquired immunodeficiency syndrome; ALD, adrenoleukodystro-
phy; ALL, acute lymphoblastic leukemia; α-Gal, α-galactosidase A; 
BCLA11A, BAF Chromatin Remodeling Complex Subunit BCL11A.; 
BCMA, B-cell maturation antigen; CAR, chimeric antigen receptor; 
CAR-T cells, chimeric antigen receptor T cells; CCR5, C-C chemokine 
receptor type 5; cDNA, complementary DNA; CD4, cluster of dif-
ferentiation 4; CD19, cluster of differentiation 19; CD34, cluster of 
differentiation 34; CEP290, centrosomal protein 290; CGD, chronic 
granulomatous disease; c-Myc, c-Myc oncogene;  COVID-19, coro-
navirus disease 2019; CRISPR/Cas9, clustered regulated interspaced 
short palindromic repeats/CRISPR-associated 9; CSF3, colony 
stimulating factor 3; DMD, Duchenne muscular dystrophy; DNA, 
deoxyribonucleic acid; EB, epidermolysis bullosa; EMA, European 
Medicines Agency; ESC, embryonic stem cells; FDA, Food and Drug 
Administration; GM, glioblastoma multiforme; HAT medium, hy-
poxantine-aminopterin-thymidine medium; hATTR, hereditary tran-
sthyretin-mediated amyloidosis; HEK293 cells, human embryonic 
kidney 293 cells; HIV, human immunodeficiency virus; hNRNP-A1, 
heterogeneous nuclear ribonucleoprotein A1; HPRT, hypoxanthine-
guanine phosphoribosyl transferase; HR, homologous recombina-

tion; HSC, hematopoietic stem cells; HSPC, hematopoietic stem 
and progenitor cells; HSV1-GM-CSF, herpes virus 1-granulocyte 
macrophage-colony stimulating factor; HSV-TK, herpes virus thymi-
dine kinase; iPSC, induced pluripotent stem cells; ITR, inverted ter-
minal repeats; Klf4, Kruppel-like factor 4; LAMB3, Laminin Subunit 
Beta 3. LCA, Lebers’ congenital amaurosis;  LMO2, LIM domain only 
2; LPL, lipoprotein lipase; LPLD, lipoprotein lipase deficiency; LSD, 
lisosomal storage disease; MDS1/EVI1, MDS1 and EVI1 complex 
locus; mRNA, messenger ribonucleic acid; NHEJ, non-homologous 
end joining; NIH, National Institute of Health; NMJ, neuromuscu-
lar junctions; Oct4, octamer-binding transcription factor 4; OTC, 
ornithine transcarbamylase; RGD, arginine, glycine and aspartate; 
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INTRODUCTION

Traditionally, gene therapy is considered as the treat-
ment of diseases caused by a defined genetic mutation, 
which can be overcomed by restoration of expression of 
the correct version of a gene. Nevertheless, the idea of 
gene therapy has very much evolved from the original 
definition. While the replacement therapy, i.e. introduc-
ing the non-mutated version of the gene to substitute the 
faulty one, is still the bona fide gene therapy, one has to 
be aware that the genetic approaches, which are targeted 
at the molecular background of the diseases and employ 
the genetic strategies or nucleic acids as the medicines, 
are currently much more diverse. Hence, the dogmatic 
view on gene therapy is no longer valid, and the state-
ment that only replacement gene therapy represents the 
original one is unjustified, similarly to the belief that one 
gene encodes one protein. We are now fully aware of 
the complexity of the gene structure, but this does not 
abolish the validity and importance of the original “one 
gene – one protein” hypothesis. Similarly, the founding 
statements that gene therapy is about restoring the prop-
er version of the gene does not mean that it is limited 
only to such an approach.

Gene transfer with engineered vectors became a rou-
tine tool for research and is applied in numerous ex-
perimental therapies in animal models. According to 
the Gene Therapy Clinical Trials Worldwide (Journal 
of Gene Medicine site – GTCT (FMS19) (fmphost.
com)),up to this year, 3180 clinical trials of gene therapy 
have been performed, with more than 800 gene therapy 
trials ongoing in clinical development (High & Ron-
carolo, 2019). The first officially approved clinical trial 
of gene therapy has been performed in 1991, and up to 
date six gene therapies have been registered in Europe 
and the USA (Table 1). This number comprises classical 
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gene therapies in which the correct versions of mutated 
genes are introduced into the patients either directly, by 
an in vivo approach, or the disease is treated by an ex vivo 
modification of stem or progenitor cells which are then 
infused back into the patient. Nevertheless, numerous 
research has led in fact to development and registration 
of more than 20 genetic therapies in which nucleic acids 
are used to cure the diseases (Table 1). This is exempli-
fied by modification of T-lymphocytes to improve their 
elimantion of cancer cells (CAR-T cell therapies) (Ellis 
et al., 2021), and the application of siRNA or antisense 
oligonucleotides to remove the mutated nucleic acid, 
or antisense oligonucletotides to repair the mutation by 
exon skipping or exon inclusion (for review see: Winkle 
et al., 2021). In a much broader sense, genetic therapies 
also involve application of the coding mRNA sequences, 
which in the last year became famous thanks to the de-
velopment of mRNA vaccines against SARS-CoV-2. The 
same concerns also DNA-based (adenoviral) anti-SARS-
Cov-2 vaccines.

GENE DELIVERY TOOLS

When Wacław and Elizabeth Szybalski performed the 
first effective genetic modification of mammalian cells, 
they have used DNA isolated from healthy cells and in-
troduced it into cells lacking the hypoxanthine-guanine 
phosphoribosyl transferase (HPRT) enzyme (Szybalska 
& Szybalski, 1962). Such cells were not able to grow in 
the HAT medium, designed by them, which contains 
hypoxanthine, aminopterin, and thymidine. The HPRT-
devoid cells die in the HAT medium, because aminop-

terin blocks de novo synthesis of nucleic acids, while the 
lack of HPRT prevents the compensatory action of the 
salvage pathway of nucleotide synthesis, in which they 
are synthesized by HPRT and thymidine kinase from hy-
poxanthine and thymidine, respectively. The Szybalski’s 
approach was brilliant, but concomitantly very straight-
forward because at the time of their work they did not 
know the uncountable complexities of gene delivery and 
the barriers hindering effective genetic modification of 
the cells. According to the current knowledge, Szybalski’s 
experiment was even destined to failure, because the free 
nucleic acid is negatively charged and cannot normally 
enter (as the so-called naked DNA) into the mammalian 
cells due to the negatively charged cell membrane and 
other barriers, like extracellular matrix. Currently, we ap-
ply various positively charged molecules, such as cationic 
liposomes, polyamines, and dendrimers which neutralize 
the negative charge of DNA and change it to a positive 
one, which allows the DNA or RNA to enter into the 
cells (Fig. 1) (for review see: Belmadi et al., 2015). Nev-
ertheless, the successful modification achieved by Szybal-
ski was possible thanks to the high concentration of cal-
cium ions used for DNA precipitation, which neutralized 
the negative charge of DNA (Prof. Wacław Szybalski: 
personal communication).

The idea of gene therapy as a way to introduce the 
correct version of the mutated gene for the treatment 
of diseases was then coined by Wacław Szybalski and 
proposed at a series of conferences (for references see: 
Szybalski, 2013). The sixties and seventies of the former 
century were the time of development of various tools to 
modify the cells, with the application of calcium chloride 
and dextran sulfate as the effective methods for gene de-
livery (Table 2). They were, however, impractical from 
the point of in vivo gene transfer. The beginning of ge-
netic engineering, initiated by the discovery of restriction 
enzymes and ligases, allowing manipulation of nucleic 
acids through cutting and joining various sequences, led 
to the applications of plasmid vectors for the delivery of 
genes to mammalian cells. Nevertheless, an efficient ge-
netic modification of mammalian cells and its application 
in vivo became possible only when the knowledge on the 
structure and biology of viruses allowed their modifica-
tion to use them as safe viral vectors (for review see: 
(Wirth et al., 2013)) (Fig. 1).

VIRAL VECTORS

Viral vectors are the most commonly used tools for 
gene therapy, with the retroviral/lentiviral, adenoviral, 

Table 1. Genetic therapies registered by EMA and/or FDA and the mode of their actions (vaccines not included) (as of July 2021)
(Brand name first)

In vivo delivery of 
correct version of 
mutated gene

Ex vivo gene 
replacement in 
stem/progenitor 
cells

Ex vivo engineering 
of T-lymphocytes for 
anti-cancer therapies 
(CAR-T therapies)

Oncolytic vi-
ruses

Antisense oligonucleotides/siRNAs for gene inhibi-
tion or gene repair
(siRNA – names ends with: ran; DNA oligos – en)

 Inhibition of 
mRNA expression

Exon inclu-
sion

Exon skipping

Glybera (alipogene 
tiparvovec)
Luxturna (voretige-
ne neparvovec-rzyl)
Zolgensma (ona-
semnogene abepar-
wowec)

Strimvelis
Zynteglo (beti-
beglogene auto-
temcel)
Limbeldy (ati-
darsagene auto-
temcel)

Kymriah (tisagenlec-
leucel)
Yescarta (axicabtage-
ne ciloleucel)
Tecartus (brexucabta-
gene autoleucel)
Abecma (idecabtage-
ne vicleucel)
Breyanzi (lisocabtage-
ne maraleucel)

Imlygic (Talimo-
gene laherpare-
pvec; T-VEC)

Onpattro (pati-
saran) Tegsedi 
(inotersen)
Givlaari (givosiran)
Leqvio (inclisiran)
Oxlumo (luma-
siran)

Spinraza (nu-
sinersen)

Exondys 51 
(eteplirsen)
Vyondys 53 
(golodirsen)
Viltepso (vito-
larsen)
Amnodys 45 
(casimersen)

Figure 1. Major modes of gene delivery used in clinical gene 
therapies
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Table 2. Some major milestones and achievements in gene therapy

Year Milestone/achievement Who/where Comments

1962
First effective modification of 
mammalian cells by delivery 
of DNA from healthy cells

Wacław and Elisabeth Szy-
balski

HPRT-lacking cells were successfully transfected 
thanks to the high concentration of calcium ions 
in the media

1970s–1990s
Calcium phosphate, liposo-
mes, dendrimers for trans-
fection of non-viral vectors 
(plasmids)

Many researchers
Effective for in vitro delivery; liposomes are also 
currently used for the delivery of mRNA based 
anti-SARS-COV-2 vaccines

1970s–1990s
Genetic engineering – plasmid 
vectors used for gene transfer; 
manipulation of retroviral, 
adenoviral, and AAV vectors

Many researchers

Development of packaging cells (such as HEK293) 
allowed efficient production of high titer vectors; 
usage of naturally occurring serotypes and genetic 
manipulation permits targeting vectors to diffe-
rent cell types; problems exist with the immune 
response to vectors due to pre-existing antibodies; 
problems with insertional mutagenesis in case of 
retroviral vectors

1989 Retroviral vector’s first modifi-
cation of patients’ cells

Steven Rosenberg et al. NIH 
Bethesda, USA

Terminally sick melanoma patients received an 
infusion of autologous leukocytes transduced with 
the retroviral vector

1991 First gene therapy trial – ADA-
-SCID

Michael Blaese et al, NIH 
Bethesda, USA

Patients received genetically modified lymphocytes 
in addition to ADA-PEG

1999
Death of Jesse Gelssinger in 
the clinical trial of gene thera-
py for ornithine transcarbamy-
lase deficiency

Philadelphia, USA
This death was due to the pre-existing immunity 
to adenoviruses which aggravated when large 
doses of adenoviral vector were injected into the 
patient

2000 First successful retroviral gene 
therapy of X-SCID

Marina Cavazanna-Calvo & 
Alain Fischer, Paris

Similar studies at the same time initiated by Adrian 
Thrasher et al. in London

2003
T-cell lymphoproliferative 
disease in 25% patients of 
X-SCID trials

Paris & London
Four patients in Paris, one in London (one patient 
died, others effectively cured); Leukemia develo-
ped as the consequence of vector integration into 
LMO2 oncogene

2003
Gendicine registered in China 
(Adenoviral p53 transfer for 
head and neck squamous 
carcinoma)

Sibiono GeneTech Similar approach did not achieve acceptance of 
FDA

2000–2010 Self-inactivating lentiviral 
vectors Many researchers Better safety profile for permanent cell modifica-

tion

2006 & 2007

Induced pluripotent stem cells 
(iPSC) achieved by genetic 
reprogramming of somatic 
cells (retroviral overexpression 
of four transcription factors: 
Oct4, Sox2, Klf4 and c-Myc)

Shinya Yamanaka, Kyoto, 
Japan

Nobel prize in 2012 (together with John Gurdon); 
iPSCs became the tool for disease modelling and 
therapy

2012 Glybera (alipogene tiparvovec) UniQure (The Netherlands) AAV1 vector with LPL gene injected into the mu-
scles

2013 Gene editing by CRISPR/Cas9
proposed by Emannuelle 
Charpentier, Jenniffer Doud-
na, and Virginijus Siksnys

2018 – Kavli prize for E. Charpentier, J. Doudna and 
V. Siksnys
2020 – Nobel prize for E. Charpentier and J. Do-
udna

2015
Oncolytic herpes virus talimo-
gene laherparepvec (HSV1-
-GM-CSF)

Imlygic, Amgen Approved for melanoma; intratumoral injection

2016

Strimvelis registered
(autologous CD34+ transduced 
with retroviral vector harbo-
ring adenosine deaminase 
gene)

Orchard Therapeutics (the 
strategy was developed 
in San Raffaele Hospital in 
Milan)

In contrast to X-SCID, CGD and Wiskott-Aldrich 
gene therapy, the insertional mutagenesis has not 
occurred in ADA-SCID gene therapy (however, 
recent report suggests that it might have occurred 
in one patient)

2016 (since 
2017 in Europe)

Nusinersen (Spinraza) – anti-
sense oligonucleotide targe-
ting intron to restore proper 
splicing of SMN2 gene and 
synthesis of SMN protein

Ionis Pharmaceuticals/Biogen
Injected intrathecally (oligonucleotides do not 
cross the blood-brain barrier); has to be given eve-
ry four months; applicable to all SMA patients

2016 First patient treated with the 
iPSC-derived cells

Masayo Takahashi, Kobe, 
Japan

Autologous iPSC differentiated into retinal pigment 
epithelial cells to treat adult macular degeneration

2017

First CAR-T therapy registered 
by FDA:
Tisagenlecleucel (Kymriah) (in 
2018 by EMA)
Axicabtagene cilolecuel 
(Yescarta) – (in 2018 by EMA)

Novartis/Lite Pharma
Kite Therapeutics

Autologous gene-modified T -cells for intravenous 
infusion
For ALL refractory patients younger than 25 yr of 
age
For certain types of non-Hodgkin lymphoma



362											           2021J. Dulak

2017
Voretigene neparvovec-rzyl 
(Luxturna) registered in USA 
(in 2018 in Europe)

Spark Therapeutics AAV2-vector harboring RPE65 cDNA for RPE65 
Leber’s congenital amaurosis; injected subretinally

2017

Gene therapy for junctional 
epidermolysis bullossa – auto-
logous epidermal progenitors 
modified with retroviral vector 
harboring LAMB3 cDNA

Hirsch et al (M. De Luca, G. 
Pellegrini) – Bochum, Germa-
ny – & Modena, Italy

Five years after the treatment which restored the 
healthy epidermis the patient is in very good con-
ditions

2019 Onasemnogene aberparvovec 
(Zolgensma) Novartis AAV9-SMN1 by intravenous infusion

2019 `
Conditional approval of Zyn-
teglo
(betibeglogene autotemcel)

bluebird bio Modification of autologous CD34+ cells with lentivi-
ral vector harboring the proper β-globin gene

2020 EMA approves LimbeldyTM 

(OTL-200)
Orchard Therapeutics & San 
Raffaele – Telethon Institute 
(Milan)

Autologous CD34+ cells transduced with lentiviral 
vector harboring human arylsulfatase-A (ARSA) 
gene for metachromatic leukodystrophy

2020 mRNA and adenoviral vacci-
nes for SARS-COV-2

mRNA – Pfizer/BioNtech
Moderna
Adenoviral – AstraZeneca; 
Janssen, Gamaleya

Hundreds of millions of people vaccinated in De-
cember 2020 and the first half of 2021

2020
CRISPR/Cas9 gene-editing 
applied to
Leber’s congenital amaurosis 
patients

Allergan & Editas Medicine at 
Oregon Health and Science 
Medicine Center

Subretinal injection of sgRNA/Cas9 (AGN-151587 
(EDIT-101) targeted to a mutation in the CEP290 
gene

2021
Gene editing & gene inhi-
bition for the treatment of 
β-thalassemia and sickle cell 
disease

Vertex Pharmaceuticals & 
CRISPR Therapeutics
bluebird bio

CRISPR/Cas9 gene-editing of BCL11A enhancer in 
CD34+ cells allows switching on the fetal γ-globin 
expression and appears to be effective in two tre-
ated patients
shRNA inhibition of BCL11A gene

2021

Abecma (idecabtagene vicleu-
cel) registered by the FDA
Breyanzi (lisocabtagene ma-
raleucel)
approved by the FDA

bluebird bio
Bristol Myers Squibb

CAR-T cells therapy for relapsed or refractory mul-
tiple myeloma patients – directed against B-cell 
maturation antigen
CAR-T cells therapy for the treatment of adult 
patients with refractory or relapsed large B-cell 
lymphoma

Table 3. Advantages and drawbacks of major viral vectors used in gene therapies

Type of 
vector

Features Advantages Risk and limitations Mitigation approaches for 
potential problems/other 
approaches

Gamma-re-
troviral

Capacity ~8kb Very well-known biology, 
ease of manipulation,

Integration – propensity for 
gene regulatory regions

Self-inactivating lentiviral 
vectors
Risk of insertional mutage-
nesis may be also linked 
with the transgene

Lentiviral Capacity ~ 8kb Infect non-dividing cells Difficulties in production
Long term studies not yet 
known

Self-inactivating vectors
Restriction of expression 
to a given cell type by e.g. 
incorporation of miRNA re-
cognition sequence in 3’UTR

Adenoviral Capacity up to 38 kB 
(in case of helper-
-dependent vectors), 
usually less, ~8.5 kb

Easily infect numerous cell 
types independently of cell 
cycles;
Large scale and high titer 
production possible

High risk of systemic inflam-
mation
Preexisting immunity dimini-
shes expression efficacy

Elimination of viral sequen-
ces to limit the inflammatory 
response
Change of serotype for the 
2nd injection

AAV Capacity up to 4,5 kB Non-pathogenic
Permanent transduction of 
the post-mitotic cells – neu-
rons, skeletal myoblasts, 
cardiomyocytes
Several serotypes demon-
strating tropism for specific 
cell types

Size of the transgene vs size of 
the gene – this is a drawback 
in case of DMD, not in the case 
of SMA
Risk of side effect – immune re-
sponse – antibodies to capsid; 
activation of cytotoxic T
lymphocytes killing transduced 
cells;
Immunity against transgene 
protein,e.g. dystrophin (but not 
the case for SMN, as its small 
amount is produced from the 
SMN2 gene )

Various serotypes to target 
specific cells
Delivery of truncated version 
of the gene (microdystro-
phins for DMD; shortened 
factor VIII for treatment of 
hemophilia A)
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and adeno-associated viral (AAV) vectors comprising 
the vast majority of application in clinical trials of 
gene therapies (see The Gene Therapy Clinical Trials 
Worldwide: https://a873679.fmphost.com/fmi/webd/
GTCT) (Fig.  1, Table 3). The strategy of their appli-
cation for treatment of patients relies on the removal 
of unnecessary genes, particularly those which are re-
sponsible for pathogenicity of the virus, making the 
vectors safe but still retaining the capacity to deliver 
nucleic acid into the cells (for reviews see: (Giacca & 
Zacchigna, 2012; Dunbar et al., 2018; High & Ron-
carolo 2019; Li & Samulski, 2020). First of all, the 
genes responsible for viral replication are deleted in 
order to prevent replication of the vector after injec-
tion into the patient. Second, additional genes are re-
moved to restrict the immune reaction to the vectors 
and to increase the capacity for the transgene (thera-
peutic gene). In the case of integrating retroviral/
lentiviral vectors, the modifications also concern the 
sequences which may limit the effect of integration 
in the unwanted sites. The latter and other modifi-
cations arise as the result of side effects observed in 
early clinical trials (see below). Hence, the potential 
and safety of future genetic therapies will hopefully 
increase thanks to the combination of basic research 
and observation of the outcomes of clinical trials.

The consequence of such manipulations is dependent 
on the type of the vector. First, various vectors have dif-
ferent packaging capacities, hence their application for 
delivery of a given sequence may be dictated by the size 
of the viral genome (Table 3). Second, depending on the 
viral properties, the vector can allow only for the tran-
sient modification of the cells, as without integration the 
vector is lost by the dividing cells. Nevertheless, even 
non-integrating vectors can provide long-term expression 
in post-mitotic cells, such as muscle fibers or neurons, if 
they are not eliminated by the immune response (Li & 
Samulski, 2020). Third, the efficacy of transduction may 
depend on the cell cycle state of the cell being trans-
duced, as some vectors transduce only the dividing cells 
due to their inability to pass the nuclear membrane. This 
is the case of the gamma-retroviral vectors which unlike 
the lentiviral vectors cannot transduce cells when they 
do not proliferate (High & Roncarolo, 2019).

The persistence of the introduced gene expression is 
dependent not only on the integration, but also on the 
immunogenicity of the vector used. As a large number 
of viral particles is injected into the patient and in the 
same way the amount of viral proteins particularly pre-
sent in the capsid are exposed to the immune system of 
the patient, the pre-existing immunity may lead to rapid 
elimination of the vector and vanishing of the efficacy 
of therapy. This is of concern for adenoviral and to a 
lesser extent for AAV vectors, as the pre-existing neu-
tralizing antibody can lead to vector elimination, but can 
also cause a strong inflammatory response, particularly in 
the case of adenoviral vectors. In an extreme situation, 
this can create the risk of death, as it, unfortunately, 
happened in the well-known ornithine transcarbamylase 
(OTC) trial in 1999, when 18-years old Jesse Gelsinger 
had died a few days after intravenous injection of the 
OTC-harboring adenovirus (Dunbar et al., 2018). The 
same concerns the potential risk of the lower effective-
ness of the adenoviral vector-based vaccines, although 
the ongoing “life” trials with the anti-SARS-CoV-2 vac-
cines indicate that the fears may not be fulfilled.

The critical problem associated with the vectors’ 
safety is their capacity to integrate into the cell genome. 
While the permanent cell modification is necessary for 
the life-long effect of gene therapy in inherited diseases, 
the usually random vector integration exposes patients 
to the risk of side effects that have to be balanced with 
the benefits of the therapy. This is the best exemplified 
in the case of gene therapy of immunodeficiency syn-
dromes, in which the hematopoietic stem and progenitor 
cells (HSPC) are transduced with retroviral vectors. In 
original studies with the treatment of the X-linked se-
vere combined immunodeficiency syndrome (X-SCID) 
(see below), modified gamma-retroviral vectors have 
been used. These trials have demonstrated high effi-
cacy resulting in the restoration of the immune system 
of boys suffering from the lack of the proper γc chain 
gene, the mutation responsible for this X-SCID form 
of immunodeficiency. However, within a few years af-
ter therapy, 25% of boys experienced an uncontrolled 
T cell proliferative response due to vector integration in 
the promoter of the LMO2 gene, leading to an acute T-
cell lymphoproliferative disorder (Staal et al., 2019; Kohn 

Figure 2. Regulation of gene expression used in experimental gene therapies

https://a873679.fmphost.com/fmi/webd/GTCT
https://a873679.fmphost.com/fmi/webd/GTCT
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& Kohn, 2021). As a consequence, clinical trials with 
the gamma-retroviral vectors in X-SCID were stopped. 
Similar problems have been observed in a few other im-
munodeficiency diseases, such as the Wiskott-Aldrich 
(Braun et al., 2014) and the chronic granulomatous dis-
ease – CGD (Braun et al., 2014; Stein et al., 2010), with 
the latter caused by insertion in the MDS1/EVI1 gene. 
Researchers determined to solve this problem switched 
to the HIV-based lentiviral vectors, which thanks to the 
possibility of modification resulting in self-inactivation 
appear to be a safer approach (Staal et al., 2019). Better 
lentiviral vector safety is also linked to their integration 
into the transcriptionally active regions, in contrast to 
gammaretroviruses, demonstrating propensity to promot-
ers (Wu et al., 2003; Montini et al., 2009; Trono, 2012).

Efficacy of transduction of the cells is strictly de-
pendent on the presence of receptors for a given virus 
on the cell surface. Therefore, when targeting different 
cells is necessary, different serotypes of vectors can be 
used. For adenoviral vectors, changing of serotypes in 
case of repeated injection may also limit the vector elim-
ination and increase the effectiveness. Different AAV 
serotypes characterized by dependence on various recep-
tors allow an efficient transduction of difficult to reach 
tissues, like the central nervous system or the heart after 
intravenous injection (Li & Samulski, 2020). Efficacy of 
therapeutic gene expression also depends on the endoge-
nous machinery of the cells allowing efficient expression 
of viral genes after transduction. This can happen in the 
case of AAV vectors, which are single-stranded DNA, 
and their expression in the cells is dependent on previ-
ous formation of double-stranded DNA. To overcome 
this problem, self-complementary AAV vectors are used 
(Li & Samulski, 2020).

A variety of viral serotypes and viruses allow modi-
fication of different cell types. Nevertheless, due to the 
obvious reasons relating to the ease of their manipula-
tion, based on extensive studies, some vectors predomi-
nate both in research and clinical applications. These are 
retroviral vectors, including the lentiviral ones based on 
HIV, adenoviral vectors, and AAV vectors (Fig. 1; Ta-
ble  3) https://a873679.fmphost.com/fmi/webd/GTCT. 
Besides modifications necessary for the safety of the vec-
tors, other manipulations allow improving the targeting 
of vectors to different cells by experimenting with the 
proteins on the surface of the viral capsid. Introduction 
of proper regulatory sequences can increase not only the 
level of expression of the therapeutic gene, but by ap-
plying cell-specific promoters it can additionally target 
and limit gene expression to a given cell type (Fig. 2). 
Regulation of gene expression is also possible by apply-
ing regulatory sequences activated by specific molecules, 
like antibiotics (doxycycline), hormones (tamoxifen), or 
incorporating sequences responding to environmental 
stimuli, like the changes in the oxygen level (for review 
see: Jazwa et al., 2013) (Fig. 2). Targeting gene expression 
to given cells and preventing expression in unwanted 
cell types is possible by including regulatory sequences 
in the 3’region of the transgene (therapeutic gene), such 
as the ones recognized by specific microRNAs, mainly 
those which demonstrate a cell-limited expression (Nal-
dini, 2019; Kraszewska et al., 2020). However, as our 
recent study indicates (Kraszewska et al., 2020), the cel-
lular specificity of miRNAs has to be carefully checked 
as it can be not as well restricted as the original studies 
claimed. On the other hand, overexpression of cell- and 
organ-specific microRNAs is promising in experimental 
gene therapy studies, e.g. in heart diseseases (for review 
see: (Cannatà et al., 2020; Braga et al., 2021)).

 All of the above-discussed types of vectors have been 
applied in registered clinical gene therapies, which will be 
briefly described below. However, it is not possible here 
to discuss numerous aspects of experimental gene ther-
apy in different diseases, and the readers are therefore 
referred to other, excellent reviews (Dunbar et al., 2018; 
High & Roncarolo, 2019; De Luca et al., 2019; Korpela 
et al., 2021).

CLINICAL APPLICATIONS OF GENE THERAPY

Coincidentally, close to the time when Wacław and 
Elisabeth Szybalski had been performing their experi-
ments, the rare genetic disease, caused by a mutation in 
the X chromosome-located HPRT gene, has been rec-
ognized by Michael Lesch and William Nyhan. This se-
vere neurological disease, manifested by autoaggressive, 
self-mutilating behavior of affected patients, and devel-
opment of uric acid stones in the kidneys and joints 
is since that time named the Lesch-Nyhan syndrome 
(Kelley & Andersson, 2014). Unfortunately, despite the 
enormous development of gene therapy strategies, the 
Lesch-Nyhan syndrome is not treatable, due to the com-
plexity of this genetic disorder, which would most prob-
ably require gene therapy early in life, even in utero, and 
difficult if not impossible manipulation of the nervous 
system cells.

Nevertheless, it took almost 30 years till the time 
when the first controlled clinical trials of gene therapy 
have been performed. Historically, the first vectors ap-
plied for human gene therapy were the retroviral ones. 
In 1989 the first controlled transduction of lympho-
cytes of a patient suffering from end-stage melanoma 
was performed (Rosenberg et al., 1990). The approach 
was aimed not to treat the disease, but to demonstrate 
the feasibility of the retroviral vectors to stably modify 
the cells. The marker gene, encoding bacterial neomycin 
transferase, was incorporated into the retroviral back-
bone and the tumor-infiltrating lymphocytes of the pa-
tient collected two months after delivery demonstrated 
its expression (Rosenberg et al., 1990; Culver et al., 1991).

Gene therapy of severe combined immunodeficiencies

In the next years, retroviral vectors were used to mod-
ify the cells of severely immunodeficient patients suffer-
ing from adenosine deaminase-type of the disease (ADA-
SCID). The first controlled clinical trial of gene therapy 
for this type of immunodeficiency was performed in two 
girls at NIH in Bethesda by Blaese and co-workers in 
1991 (Culver et al., 1991). The outcome was successful, 
as the modified cells were found in their blood 4  years 
after the injection (Blaese et al., 1995) and some, al-
though very rare, modified lymphocytes were detected 
after 12 years (Muul et al., 2003). Nevertheless, from the 
scientific point of view, the experiment was not stringent 
enough. Due to various reasons, the patients have not 
been treated only with the genetically modified cells, but 
have been also injected with the then-registered ADA-
PEG. As this ready-to-use enzyme appeared to be the 
effective treatment for those ADA-SCID patients who 
do not qualify for the allogeneic bone marrow transplan-
tation, the outcome of the first gene therapy cannot be 
ascribed only to the effect of genetically modified cells. 
However, ADA-PEG has to be given through-out the 
whole life, the cost of the treatment is high (Table 4), 
and there is a risk of development of intolerance.

In 2000, another, fully successful gene therapy has 
been reported by French researchers. The team of 

https://a873679.fmphost.com/fmi/webd/GTCT
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Marina Cavazzana and Alain Fischer from the Necker 
Hospital in Paris have treated boys suffering from the 
X-SCID, caused by a mutation in the γc chain of the 
interleukin receptor (IL2RG) (Cavazzana-Calvo et al., 
2000). The disease is fatal if not treated by bone mar-
row transplantation and the patients, named “bubble 

boys”, are at a risk of death due to even mild infec-
tions. Moreover, unlike the ADA-deficiency, this disease 
cannot be treated by an enzyme replacement therapy, 
as the γc protein is membrane-bound. Allogeneic bone 
marrow transplantation is the therapy of choice for the 
X-SCID patients, however, its success is limited, associ-

Table 4. Costs of some registered and conditionally approved genetic therapies in Europe and the USA

Drug
(producer/supplier)

Vector /type of 
nucleic acid

Indication Number of patients 
to be treated

Cost per dose/
patient

Management therapies/
other therapies available

Glybera
(UniQure)

AAV1 with LPL 
gene

Lipoprotein lipase 
deficiency (LPLD)

prevalence of LPLD – 
1-2 per million;
till 2018 only 31 
patients treated (but 
mostly in clinical 
trials, as the price of 
the drug was restric-
tive – finally the drug 
has been withdrawn 
from the market)

1.2 million € Restricting fat in diet; 
lipid-lowering therapy 
(not sufficiently effec-
tive)

Strimvelis
(GlaxoSmithkline/Or-
chard Therapeurtics )

CD34+ modified 
with ADA gene 
(lentiviral)

ADA -SCID Approx. 15 patients/
year in Europe; 12 in 
the USA

594,000 € Enzyme replacement 
(ADA-PEG)– ~ 3.6 mil-
lion € for one patient 
over 4 years

Luxturna
(Spark Therapeutics/
Novartis)

AAV2 with RPE65 
gene

RPE65 mutation
(Leber’s congeni-
tal amaurosis)

1,000-2,000 in the 
USA
10-20 children born 
/year

360,000 €/eye
720,000 € total

No other efficient thera-
py available

Zolgensma
(Novartis)

AAV9 with SMN1 
gene

Spinal muscular 
atrophy

About 800 patients in 
Poland;
30-50/year

1,8 million €
($2,100 000 in US; 
or $ 425,000/year 
over 5 years)

Spinraza (see below)

Spinraza (nusinersen)
Ionis Pharmaceuticals/
Biogen

Antisense oligo-
nucleotide

Spinal muscular 
atrophy

As above 635,000 €/1st year
318,000 € there-
after

Zolgensma (see above)

Kymriah tisagenlec-
leucel
(Novartis)

CAR-T for CD19 
antigen common 
on B cells

B-cell acute lym-
phoblastic leu-
kemia (ALL) – in 
patients up to 25 
years old

2,500 case/year in the 
USA; roughly 600 do 
not respond to stan-
dard treatment

400,000 €
($ 475,000)

The cost of the drug 
does not include the 
cost of management 
of the cytokine release 
syndrome & other com-
plications

Yescarta (axicabtagene 
ciloleucel)
(Kite Pharma/Gilead)

CAR-T for CD19 
antigen

Diffuse Large B-
-cell lymphoma

24,000 cases/year in 
USA

316,000 €
($373,000)

As above

Tecartus (brexucabta-
gene autoleucel)
(Kite Pharma/Gilead)

CAR-T for CD19 
antigen

Mantle cell lym-
phoma (a subset 
of non-Hodgking 
lymphoma)

15,000 patients in 
USA

316,000 €
($373,000)

Similar as Yescarta, 
targets the same CD19 
antigen, different manu-
facturing process

Zynteglo
(bluebird bio)

Autologous 
CD34+ modified 
with lentiviral 
vector with 
proper β-globin 
gene

β--thalassemia Global incidence – 
1:100,000

1,525,000 €
($ 1,800 000)

Blood transfusion - side 
effects affect patients’ 
life quality and expec-
tancy;
Allogeneic bone marrow 
transplantation available 
only for a minority of 
patients

(T-VEC) Talimogene la-
herparepvec (Imlygic)

Oncolytic herpes 
virus

Melanoma 55,000 €
($ 65,000)

To be applied after all 
other anti-cancer thera-
pies failed

Exondys 51 (eteplirsen) 
(Sarepta)
Conditional approval 
by FDA, not approved 
by EMA;
Vyondys 53 (Golodir-
sen) – Sarepta and 
Viltepso (vitolarsen) – 
NS Pharma

Exon skipping 
oligonucleoti-
de –
Eteplirsen skips 
exon 51, golodir-
sen and vitolar-
sen exon 53

Duchenne mu-
scular dystrophy

DMD incidence is 
about 1:5,000 boys; 
exon skipping is 
amenable to patients 
with given mutation 
(about 14% in case of 
eteplirsen; about 8% 
for golodirsen and 
vitolarsen

255,000 €
($ 300,000/year)

Deflazacort (steroid) – $ 
89,000/year
(but prednisolone is 
much cheaper) – howe-
ver, steroids do not cure 
DMD

Onpattro (patisiran)
(Alnylam)

siRNA targeting 
tranthyretin 
mRNA

Hereditary trans-
thyretin-media-
ted amyloidosis 
(hATTR)

About 50,000 patients 
worldwide

380,000 €
($ 450,000/year
(~$10,000 per vial)

No effective treatment; 
potentially liver trans-
plant in the early phase 
of the disease
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ated with a risk of side effects, and hindered by lack of 
a sufficient number of donors. To overcome these limi-
tations, the French team modified the patients’ bone 
marrow-derived HSPC with the gamma-retroviral vec-
tors harboring the γc chain encoding sequence. Similar 
success was soon thereafter achieved by Adrian Trasher 
and co-workers working at the Great Ormond Street 
Hospital in London (Gaspar et al., 2004). The reinfused 
modified cells repopulated the bone marrow and the 
outcome of therapy was breathtaking, as the restoration 
of the immune system has been observed in 18 out of 
20 treated patients (Kohn & Kohn, 2021). Unfortu-
nately, at 2–14 years after the therapy, in 6 out of 20 
treated patients, an uncontrolled proliferation of T-cells 
was observed which resembled the ALL ((Staal et al., 
2019; Kohn & Kohn, 2021). These patients have been 
effectively cured of leukemia but one, who unfortuna-
tely have died (Hacein-Bey-Abina et al., 2010). A de-
tailed analysis revealed that the problem was caused by 
the vector-induced insertional mutagenesis. Although 
its integration is random, it appeared that incorporation 
into the promoter of the LMO2 gene, regulating prolif-
eration of hematopoietic cells, caused the uncontrolled 
cell growth (Hacein-Bey-Abina et al., 2003). The studies 
have been stopped and the efforts have been concen-
trated on the development of safer vectors. It has been 
later demonstrated that the HIV-based lentiviral vectors 
can be manipulated in a way allowing their self-inac-
tivation, limiting the risk of uncontrolled activation of 
the oncogenes (Staal et al., 2019; Kohn & Kohn, 2021). 
Accordingly, recent clinical trials performed in the USA 
demonstrated some effectiveness of the lentiviral vec-
tor-based gene therapy in X-SCID (De Ravin et al., 
2016; Mamcarz et al., 2019), X-linked chronic granulo-
matous disease (Kohn et al., 2020), and recently they 
have been shown to be highly efficient in a clinical trial 
in 50 ADA-SCID patients (Kohn et al., 2021).

Interestingly, although exactly the same gammaret-
roviral vector was used, gene therapy of ADA-SCID 
immunodeficiency appeared to be very successful, 
with a 100% survival rate of patients over 2 to 13 
years after therapy, and devoid of serious side effects 
(Cicalese et al., 2016). These results finally led to reg-
istration of Strimvelis (Hoggatt, 2016). Accordingly, 
Strimvelis is an approach in which the autologous 
CD34+ HSPC of patients suffering from ADA-SCID 
are transduced in vitro with a gammaretroviral vector 
harboring the proper ADA gene sequence. Strimv-
elis was the 2nd gene therapy officially registered in 
Europe, preceded by Glybera approved in 2012 (Ylä-
Herttuala, 2012), which, however, has been withdrawn 
due to the very high price, lack of interest, and con-
cerns of the cost-effectiveness benefits.

The several years-long clinical trials and observa-
tions performed at the San Raffaelle Hospital in Milan 
have proven that Strimvelis is effective and safe for 
more than 40 children for whom the allogeneic hap-
loidentical bone marrow transplantation was not pos-
sible or who did not qualify for the enzyme replace-
ment therapy with ADA-PEG due to unwanted side 
effects (Ferrua & Aiuti, 2017). Currently, the longest 
survival reported after ADA-SCID gene therapy is 18 
years, although five of the initial 22 subjects treated 
required additional allogeneic bone marrow transplan-
tation or ADA-PEG therapy due to failure of gene 
therapy (Tucci et al., 2021). After registration Strim-
velis has been applied in Milan in 12 subjects so far 
(Tucci et al., 2021). Similar positive results have been 
noted in patients treated in the frame of clinical trials 

in the UK and USA, with no evidence of serious in-
sertional mutagenesis (Shaw et al., 2017).

What is crucial for the success of the HSPC-based 
autologous gene therapy is elimination, at least partial, 
of the non-modified autologous hematopoietic stem/
progenitor cells (HSPC), to create room for the trans-
planted cells. This is achieved by myeloablation, per-
formed by an alkylating agent (mostly busulfan) treat-
ment (for review see: De Luca et al., 2019; Ferrari et al., 
2021). Emptying the niche facilitates the modified cells’ 
engraftment and improves restoration of the immune 
system. Withholding the enzyme replacement therapy, 
offered as the first choice for the ADA patients, is also 
a prerequisite for expansion of the gene-corrected cells 
(for references see: High & Roncarolo, 2019). The my-
eloablative approach is, however, linked to the risk of 
toxicity, bone marrow failure, and secondary tumor de-
velopment (Ferrari et al., 2021).

Recently, the results of clinical trials on CD34+ cells 
modified with lentiviral vectors harboring the ADA 
gene have been published (Kohn et al., 2021). The 
studies performed in the USA and UK demonstrated a 
very high efficacy of the therapy, reaching almost 100% 
correction of CD34+ cells and restoration of the im-
mune system. This approach may offer an additional 
level of efficacy and safety. Although Strimvelis is reg-
istered and its safety is demonstrated, one has to be 
aware of the still certain risks of side effects. Recently, 
the T-lymphoproliferative disease has been noted in a 
Strimvelis-treated patient three years after the therapy 
(Kohn et al., 2021), and studies are underway to eluci-
date if there is a link with gene therapy.

Gene therapy of leukodystrophies

Hematopoietic stem cells (HSCs) home to bone mar-
row niches where they can self-renew, differentiate 
and continuously generate blood cells and the immune 
cells. Gene therapy based on HSPC modification is ap-
plied in treatment of blood disorders, such as severe 
immunodeficiencies and anemias. It is also presumed 
that HSPC which differentiate into the macrophages, 
may contribute to the treatment of some neurological 
diseases, in which macrophages derived from modified 
hematopoietic progenitors could pass the blood-brain 
barrier and secrete the missing factors. Based on this 
rationale, bone marrow transplantation is considered 
to ameliorate the nervous system damage caused by 
the lack of proper metabolic enzymes. Allogeneic bone 
marrow transplantation has been thus applied for the 
treatment of leukodystrophies. However, this approach 
has limited efficacy and is prone to side effects. There-
fore, as a potentially better alternative, genetic modifi-
cation of autologous HSPC is tested for the treatment 
of adrenoleukodystrophy (ALD) or metachromatic leu-
kodystrophy (Poletti & Biffi, 2019). In these trials, the 
lentiviral vectors have been used to modify patients’ 
CD34+ cells. Of note, the first phase clinical trials dem-
onstrated effectiveness of the autologous gene therapy 
for X-linked ALD (Eichler et al., 2017) and early-onset 
metachromatic leukodystrophy (Biffi et al., 2013; Sessa 
et al., 2016). It appears, however, that the timing of the 
therapy is crucial and to achieve the effect it has to be 
initiated before the symptom develops. Nevertheless, 
there is a hope for further development and as an indi-
cation of that the European Medicines Agency (EMA) 
approved OTL-200 (LimbeldyTM) in 2020, which is 
comprised of autologous CD34+ cells transduced 
with lentiviral vector harboring human arylsulfatase-
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A (ARSA) gene. This product, developed by Orchard 
Therapeutics in collaboration with the San Raffaele-
Telethon Institute in Milan, is indicated for treatment 
of patients with metachromatic leukodystrophy. Its reg-
istration was based on at least seven year long clinical 
benefits observed in 30 out of 33 treated patients (Tuc-
ci et al., 2021; https://www.ema.europa.eu/en/news/
new-gene-therapy-treat-rare-genetic-disorder-metachro-
matic-leukodystrophy).

Gene therapy of β-thalassemia and sickle cell disease

Zynteglo (betibeglogene autotemcel), produced by 
bluebird bio, is the recently registered gene therapy for 
treatment of β-thalassemia. In this approach, the ret-
roviral vector harboring a proper human β-globin gene  
(bA-T87Q globin) is transduced to autologous CD34+ 
cells of the patients. The results of clinical trials have 
demonstrated a long, up to 56 months transfusion in-
dependence of the treated patients’ (Thompson et al., 
2018), which made the justification for the conditional 
approval of Zynteglo by EMA. The therapy has been 
registered for patients who have to be 12 years of age or 
older, with transfusion-dependent β-thalassemia (High & 
Roncarolo, 2019).

The bluebird bio company is also elaborating on the 
development of a similar strategy for the sickle cell dis-
ease (SCD). Nevertheless, recently this study (Clinical-
Trials.gov:  NCT02140554) has been suspended when 
one of the participants developed an acute myeloid 
leukemia/myelodysplastic syndrome (Jones & DeBaun, 
2021).

The very interesting strategy for therapy of 
β-thalassemia and SCD is currently tested with the ap-
plication of gene editing approaches. Besides expression 
of a proper β-globin gene, which is mutated in these dis-
eases, researchers are trying to elaborate one restoration 
of the fetal hemoglobin expression. As the gene for the 
fetal γ-chain is not mutated in the patients, and it has 
been active when in utero, its therapeutic expression can 
be potentially safer, as there will be no immune response 
to the fetal globin. Recently, the results of clinical trials 
of a few patients have been published, and are discussed 
below (see: Gene editing).

FIRST REGISTERED GENE THERAPIES

Although Strimvelis is the first effectively applied reg-
istered gene therapy, it was not the first one that was 
officially approved. In 2003, the Chinese medical agency 
has registered Gendicine, an adenoviral vector harbor-
ing correct p53 for use together with radiotherapy in 
patients with the head and neck cancer (Guo & Song, 
2018). However, the effectiveness of Gendicine is dis-
putable and it has to be noted that exactly the same 
strategy (Senzer & Nemunaitis, 2009), despite years of 
clinical trials, did not receive authorization from FDA in 
the USA.

In 2012, EMA has registered Glybera, an AAV1 vec-
tor harboring the lipoprotein lipase (LPL) gene, for ap-
plication in familial LPL-deficient patients (Ylä-Herttuala, 
2012), a very rare disease characterized by acute pancrea-
titis. Its registration was associated with discussion on 
the real effectiveness of Glybera. These concerns and 
the high cost, exceeding one million Euro, influenced 
application of the therapy, which after registration was in 
fact given to only one patient and finally this medicine 
was withdrawn from the market.

AAV-BASED GENE THERAPIES

AAV vectors are small DNA vectors, built by single-
stranded DNA containing 4.8 kilobases nucleotides (for 
review and references see: (Li & Samulski, 2020)). The 
original AAV virus contains only two genes, rep encod-
ing proteins responsible for viral replication, and cap en-
coding the capsid proteins and an assembly-activating 
protein. The AAV vectors have been considered as par-
ticularly promising tools for gene therapy due to wild 
type AAV’s capacity to integrate into a specific site on 
the 19th chromosome (19q13.4 qtr; AAVS1). Moreover, 
due to the fact that AAV were not linked to any known 
disease and hence were recognized as nonharmful, and 
because of their specific integration site, they were con-
sidered as particularly promising for therapy of inherited 
diseases. However, during preparation of the vectors, 
when the rep and cap genes are removed, the specific in-
tegration capacity is lost. Then it appeared that integra-
tion is dependent not only on the presence of the ITR 
sequences at the 5’ and 3’ end of AAV, but also requires 
the rep protein. However, due to the small capacity of 
AAVs, removal of the rep gene is necessary, moreover, 
the rep proteins are involved in viral replication, induce 
immune response and when expressed at the high level 
are toxic for the cells. Nevertheless, the ease of manip-
ulation of the AAV vectors, several existing serotypes, 
and the overall safety, resulted in their widespread appli-
cation despite the loss of specific integration. Moreover, 
when AAV vectors target the non-dividing cells, such 
as neurons or muscles, they can persist for a long time 
even without integration (although some integration, but 
not a specific ones, can be still achieved due to the ITR 
sequences).

The safety of AAVs was supported by the lack of 
known diseases caused by these viruses. Nevertheless, in 
the course of gene therapies performed, it was revealed 
that preexisting immunity (AAV neutralizing antibodies), 
as well as induction of the immune response when high 
doses of AAV vectors are delivered, can result in an ag-
gravated inflammatory response. This problem has been 
observed in some gene therapy trials of hemophilia, in 
which it was diminished with corticosteroids. Unfortu-
nately, recently in trials of myotubular myopathy two un-
expected deaths had occurred. However, this might be 
linked to a higher dose applied in these patients, as the 
patients receiving a lower amount of AAV did well and 
demonstrated improvement (Sun & Roy, 2021).

Nevertheless, the AAV vectors are among the most 
successful in regard to clinical gene therapies. So far, 
three AAV-based gene medicines have been registered, 
although as mentioned, AAV1 Glybera has been with-
drawn. However, AAV9 Zolgensma (for treatment of 
spinal muscular atrophy) and AAV2 Luxturna (for treat-
ment of the Leber’s congenital amaurosis) appear to be 
effective. Overall, the AAV vectors are used so far in 
more than 200 human studies (Sun & Roy, 2021).

Luxturna

Inherited retinal diseases cause visual disability with 
a high frequency of 1:1000. Nevertheless, these diseases 
are heterogeneous and comprise a large group of more 
than 300 monogenic diseases (for references see: Cideci-
yan et al., 2021). Hence, various genetic strategies might 
be necessary to treat them.

Mutation in the RPE65 gene leads to the damage of 
retinal pigment cells and finally results in the blindness 
of the affected patients, creating one of the groups of 

https://www.ema.europa.eu/en/news/new-gene-therapy-treat-rare-genetic-disorder-metachromatic-leukodystrophy
https://www.ema.europa.eu/en/news/new-gene-therapy-treat-rare-genetic-disorder-metachromatic-leukodystrophy
https://www.ema.europa.eu/en/news/new-gene-therapy-treat-rare-genetic-disorder-metachromatic-leukodystrophy
http://ClinicalTrials.gov:
http://ClinicalTrials.gov:
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Leber congenital amaurosis, the most severe and child-
hood-onset blindness (Chen et al., 2021). RPE65 encodes 
an enzyme converting all-trans-retinyl ester to 11-cis reti-
nol, a necessary component of the visual cycle in the ret-
inal pigment epithelium. An AAV vector harboring the 
RPE65 gene gained approval by FDA after a phase III 
clinical trial and a 4-year follow up which demonstrated 
effectiveness of the therapy. It is sold under the name 
Luxturna (voretigene neparvovec-rzyl) by Spark Thera-
peutics in the USA and by Novartis in other countries 
(Maguire et al., 2021) (Table 1 and 4).

The efficacy of AAV in the treatment of blindness 
is the consequence of several factors. First, the eye is 
immune-privileged, hence the immune response against 
the transgene and the vector is limited. Second, although 
treatment of blindness requires permanent expression 
of a therapeutic gene and despite the fact that the AAV 
vectors do not specifically integrate, this does not hinder 
transfection efficacy as the transduced epithelial pigment 
cells do not divide.

Localized expression of RPE65 can treat this form of 
inherited blindness, however, one has to remember that 
not all of these diseases qualify for AAV delivery due 
to the size of the affected gene. Accordingly, in another 
form of Leber’s congenital amaurosis, caused by a muta-
tion in the CEP290 gene, gene-editing strategy started to 
be tested recently (Ledford, 2020) (see below).

One also has to note the stem cell-based therapy ap-
proaches to treat a genetic blindness caused by improper 
retina functioning. The pigment epithelial cells obtained 
by differentiation of embryonic stem cells (ESC) are 
tested in the Stargardt’s disease and the results of the 
early trials are promising (Schwartz et al., 2015). The 
ESC-derived pigment epithelial cells are also applied for 
the treatment of adult macular degeneration (da Cruz 
et al., 2018). In Japan, early-stage clinical trials with in-
duced pluripotent stem cells (iPSC)-derived epithelium 
have been initiated in such patients. In this approach, 
performed so far in one patient, the pigment epithelial 
cells are obtained by differentiation of autologous iPSC 
(Mandai et al., 2017).

Although stem cell therapies are not ”classical” gene 
therapy, one has to remember that the action of cells 
obtained by differentiation of stem cells is to restore 
proper expression of the missing gene(s). In such a case, 
stem cells, such as HSPC, can be considered as the vehi-
cle of the proper gene. These can be also differentiated 
cells when direct delivery of stem cells is not possible 
due to the risk associated with pluripotent stem cells 
(ESC or iPSC), which when undifferentiated, can form 
teratomas in the patients.

GENETIC THERAPIES FOR SPINAL MUSCULAR 
ATROPHY

After cystic fibrosis, spinal muscular atrophy (SMA) 
is the 2nd most common autosomal recessive disor-
der in humans, and it is also the most common genetic 
cause of death in childhood (Wirth, 2021; Wirth et al., 
2020), with the incidence from 1:6000 to 1:10 000. SMA 
is caused by a mutation in the SMN1 (survival motor 
neuron) gene. SMN1 is a ubiquitous protein, involved 
in transcriptional regulation and intracellular trafficking, 
and its lack particularly results in a selective motor neu-
ron death. Accordingly, the most common feature of 
SMA is the loss of spinal motor neurons, and due to 
the impairment in the functions of neuromuscular junc-
tions (NMJ), the disease is characterized by a progressive 

weakness and atrophy of the proximal voluntary muscles 
(Wirth, 2021; Wirth et al., 2020).

As described in a very comprehensive recent review 
(Wirth, 2021), the vast majority of SMA patients (96%) 
carry a homozygous deletion of exon 7 and 8 or exon 
7 alone, while others have point mutations. Based on 
the severity of the disease, it is classified into six types. 
The SMA0 type is considered to comprise less than 1% 
of SMA patients, and newborns survive only a few days 
to weeks. The SMA1 type is the most common one, in-
volving 50% of the SMA cases and 1:10,000 live births. 
The children affected never sit up and usually die before 
the age of 2 years. The SMA2 patients (30%) can sit up, 
but never walk and their survival is reduced similarly to 
SMA3a patients (10%), who start to walk but finally lose 
ambulation at 18 months to 50 years. In two other sub-
types, SMA3b (9%) and SMA4 (less than 1%) there are 
some walking impairments but occur later in life and the 
life span of the patients is not affected (Wirth, 2021).

 Mutation in the Smn gene in mice is embryonically 
lethal. In humans, the severity of SMA depends on the 
number of copies of SMN2, the second, almost identi-
cal gene, whose duplication is specific only for primates 
(Wirth et al., 2020). SMN2 differs from SMN1 only in 
five nucleotides. However, a point mutation in exon 7 
results in its exclusion during alternative splicing, and the 
amount of the normal SMN protein is thus reduced. Be-
cause of that, the severity of SMA depends on the num-
ber of SMN2 copies in the SMA patients. The major-
ity of SMA1 type patients have only two copies of the 
SMN2 gene (73%), while about 7% have only one copy, 
and 20% have three copies. In contrast, 78% of SMA2 
patients have three copies of the SMN2 gene, hence de-
spite the mutation the amount of normal SMA protein 
generated is sufficient to allow the survival of patients 
to adulthood. Still, about 16% of SMA2 patients have 
only two SMN2 copies and therefore demonstrate more 
severe conditions. On the other hand, majority of the 
SMA3a and SMA3b patients have either three or four 
copies of SMN2, and the persistent walking ability in 
SMA3b is thanks to a larger amount of SMA protein 
derived from four copies of the SMN2 gene present in 
60% of these patients (Wirth, 2021).

The first effective genetic therapy for SMA was nusin-
ersen, registered by FDA in 2016. Nusinersen (with 
brand name Spinraza), is an intrathecally delivered anti-
sense oligonucleotide (for review see: Wirth et al., 2020). 
The injection route is due to the incapacity of the oligo-
nucleotide to pass the blood-brain barrier which requires 
its direct delivery to the cerebrospinal fluid. Nusinersen 
is targeted to the splicing site of exon 7. Its binding to 
pre-mRNA allows inclusion of exon 7 in the generated 
mRNA, by blocking recruitment of the splicing repressor 
hnRNP-A1 (Wirth, 2021). As a consequence, the amount 
of a proper SMA protein is significantly increased. Due 
to the limited half-life of the oligonucleotides, the ther-
apy has to be repeated and the four injections per year 
are very costly, reaching $ 375,000 per year (Table  4). 
Nevertheless, clinical trials have demonstrated the 
Nusinersen’s effectiveness in patients of all SMA types 
and the therapy is registered both in the USA and Eu-
rope. Moreover, in many countries, including Poland, the 
treatment is covered by the state health insurance. Ac-
cording to a recent review, so far over 10,000 patients 
are treated worldwide (Wirth, 2021). When Nusinersen 
was applied to presymptomatic individuals who prob-
ably will develop SMA1 or SMA2, the study showed 
that treatment resulted in independent walking of almost 
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90% of patients (De Vivo et al., 2019; for review see: 
Mendell et al., 2021b).

In 2020, Risdiplam (Evrysdi; RG7916), an oral small 
molecule targeted therapy for SMA has been registered 
(Baranello et al., 2021). The final outcome achieved by 
Risdiplam is similar to Spinraza, because Risdiplam also 
increases the level of properly spliced mRNA of SMN2. 
Nevertheless, this is not genetic therapy but direct target-
ing of a mutation with small molecule. Risdiplam works 
by facilitating recruitment of the U1-snRNP particles 
to the splice donor site of intron 7 of the SMN2 gene 
(Wirth, 2021). This compound has to be taken daily and 
may offer an advantage over Spinraza due to the mode 
of delivery and the (future) cost. However, the price still 
remains high, being $ 100,000–340  000/year, depending 
on the weight of the patient (Wirth, 2021).

In 2019, the FDA approved a classical gene therapy 
for SMA. Zolgensema (AVXS-101; onasemnogene aber-
parvovec), is an AAV9 type vector with the SMN1 gene 
driven by a strong chicken β-actin promoter (Mendell et 
al., 2017). It is delivered only once by a systemic intra-
venous injection, which makes this approach particularly 
attractive. The outcomes of Zolgensma application in 
children with SMA were spectacular in the phase I trial. 
In some cases, the children with SMA1 type not only 
survived beyond the previously not passed barrier of two 
years, but even gain the ability to walk (Wirth, 2021). 
Ongoing analysis confirms the effectiveness of this 
therapy (Mendell et al., 2021a). In Europe, Zolgensma is 
applied to patients with three or less copies of SMN2, 
but its application is limited to children of less than two 
years old and below 13.5 kg of weight in the USA and 
up to 21 kg in EU, due to the increased with age risk 
of gaining the AAV antibodies during typical infections 
occurring in children (Wirth, 2021). Zolgensma’s serious 
limitation is the enormously high price of $ 2.1 million 
which makes it the most expensive medicine.

The history of the development of the treatment of 
SMA demonstrates the power of genetic approaches. 
Several features of the SMN1 gene and the nature of 
the disease facilitated the establishment of this effec-
tive AAV therapy. The small size of the SMN1 gene al-
lows its cloning into the AAV vector. Comparison with 
Duchenne muscular dystrophy (DMD), another common 
genetic disease, caused by mutations in the dystrophin 
gene on the X-chromosome (for review see: (Łoboda & 
Dulak, 2020)) also shows how a variety in the disease 
mechanisms and the extent of the tissues to be affected 
hinders the development of effective therapies for DMD 
despite enormous knowledge generated. As described, 
for SMA there are now three registered medicines target-
ing the genetic cause of the disease. For DMD there are 
four registered antisense oligonucleotides – eteplirsen, 
casimersen and vitolarsen (Table 1), causing exon skip-
ping and restoring the reading frame which allows partial 
restoration of a truncated dystrophin expression. How-
ever, their effectiveness is limited and the approval of 
them by the FDA was conditional (Łoboda & Dulak, 
2020; Ferlini et al., 2021; Winkle et al., 2021). Moreover, 
as SMN is expressed from the SMN2 gene, correction 
of SMN2 splicing or gene transfer of SMN1 and conse-
quently increased production of SMN protein does not 
induce an immune response, unlike in the case of DMD 
(for reviews see: Łoboda & Dulak, 2020; Wirth, 2021).

Nevertheless, despite efficient means to increase the 
SMN protein level in SMA patients, the problems with 
the lack of SMN during fetal development and not suf-
ficient level of this protein in other organs will undoubt-
edly have to be addressed when the treated patients will 

grow. The comorbidities in other organs, even with im-
provement in the central nervous system (targeted by the 
intrathecally delivered antisense oligonucleotides) have to 
be carefully monitored (Wirth, 2021). A very early initia-
tion of treatment might be one of the key features here 
((Ramos et al., 2019; Kong et al., 2021), as observed in a 
mouse model of SMA, in which elevation of the SMN 
levels during the first three days after birth prevented the 
disease, while treatment after day 5 was almost ineffec-
tive (Kariya et al., 2014). However, achieving a high level 
of the SMN protein for a long time might also cause 
problems, as toxic effects of high AAV9-SMN overex-
pression have been observed in aged mice (citation of 
conference presentation in Wirth, 2021). Elaborating on 
other therapies, relying on the disease-modifying path-
ways has to be also considered.

ANTI-CANCER GENETIC THERAPIES

At the beginning of gene therapy, adenoviral vec-
tors have been considered as the very promising tools 
for treatment of diseases in which permanent expression 
is not required. This particularly concerns cancers, but 
these vectors have been also tested for other conditions, 
including the monogenic inherited diseases. A large ca-
pacity of the genome, which in the case of the so-called 
gutless vectors can harbor even up to 36 kb of nucleo-
tides (Table 2) was regarded as the real advantage (Józ-
kowicz & Dulak, 2005). In addition, the relative ease in 
the production of large titers of adenoviral vectors makes 
them an excellent tool for the large-scale synthesis nec-
essary for clinical trials. The concerns were related to the 
high inflammatory features of adenoviruses, which were 
dependent both on the preexisting immunity, as well as 
the necessity of using high viral titers which due to the 
expression of viral proteins exposed the patients to the 
risk of a systemic inflammatory reaction (for reviews see: 
Bessis et al., 2004; Liu & Muruve, 2003).

Clinical gene therapy trials of cancer constitute the 
largest number of so far performed or ongoing gene 
therapies. Nevertheless, despite huge efforts, successful 
outcomes did not appear for a long time. Apparently, 
the complexity of cancer diseases and mechanisms hin-
ders applications of these and similar approaches.

Besides the already mentioned p53-gene therapy of 
the head and neck cancer, among numerous studies 
which have not led so far to a formal approval is the 
suicide gene therapy for glioblastoma multiforme (GM), 
the most malignant brain tumor. The principle of sui-
cide therapy relies on a localized delivery of the gene 
encoding the protein – an enzyme, which is able to me-
tabolize the then intravenously delivered prodrug, con-
verting it into an effective drug killing the cells in which 
the suicide gene is expressed (for review: (Sheikh et al., 
2021)). In regard to GM, a very promising approach 
was a clinical trial coordinated by Seppo Yla-Herttuala 
from the University of Eastern Finland in Kuopio. Af-
ter tumor resection, the adenoviral vector harboring a 
herpes virus thymidine kinase (HSV-TK) (Cerepro, siti-
magene ceradenovec) was applied into the tumor area 
of the brain and the patients were injected with ganci-
clovir, the substrate for TK, which upon phosphoryla-
tion blocks DNA replication. The patients were con-
comitantly treated with temozolomide, the chemotherapy 
of choice in GM. Despite very promising initial clinical 
trials (Immonen et al., 2004), randomized phase 3 trials 
performed in several European countries did not show 
the real advantage of the HSV-TK gene therapy applied 
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together with temozolomide over patients treated only 
with chemotherapy (Westphal et al., 2013), and this ap-
proach was not approved by EMA (Cerepro: Withdrawn 
application|European Medicines Agency (europa.eu)

The success of gene therapies in cancer is on the other 
hand exemplified in ex vivo approaches, aimed at boost-
ing the patients’ cell capacity to kill tumor cells. Genetic 
modification of the patients’ T lymphocytes with lenti-
viral vectors containing a gene encoding chimeric anti-
gen receptors (CAR) arms these cells against the tumors 
(Milone & O’Doherty, 2018). The chimeric receptors in 
the CAR-T therapies registered so far mostly target the 
CD19 protein common on the surface of B cells. This is 
the mechanism of action of Tisagenelecleucel (Kymriah) 
and axicabategene ciloleucel (Yescarta) for treatment of 
B-cell acute lymphoblastic leukemia and diffuse large B-
cell lymphoma (a type of non-Hodgkin lymphoma), re-
spectively. In 2020 and 2021, Tecartus (brexucabtagene 
autoleucel) for mantle cell lymphoma, Abecma (idecabta-
gene vicleucel) for multiple myeloma and Breyanzi (liso-
cabtagene maraleucel) for large B-cell lymphoma were 
approved (Ellis et al., 2021; Munshi et al., 2021) (Table  1, 
Table 2). Abecma targets a B-cell maturation antigen 
(BCMA), unlike the other CAR-T cell therapies regis-
tered so far, which target the CD19 protein.

Gene therapy of cancer can be also executed by virus-
es able to fully replicate only in the tumor cells. These 
oncolytic viruses, due to some mutations, cannot per-
form the full cycle in normal cells, but they can effec-
tively replicate and finally kill the tumor cells lacking e.g. 
the correct p53 gene (Kaufman et al., 2016). Although 
such an approach is not classical gene therapy, the fact 
that the vectors can be additionally manipulated makes 
them an example of genetic therapy. In Europe and the 
USA, in 2015, the IMLYGIC (T-VEC, talimogene la-
herparepvec) has been registered. This is a herpes sim-
plex virus additionally harboring the CSF3 gene (coding 
for granulocyte-macrophage colony-stimulating factor; 
GM-CSF) which is applied for unresectable melanoma 
recurrent after initial injection (for review see: Koch et 
al., 2020). However, the real efficacy of this therapy still 
needs verification (Larocca et al., 2020).

RNA AS THERAPEUTICS

The field of RNA was raised to a great importance 
in the 21st century. Discovery of efficient mechanisms 
of gene silencing by siRNA, followed by elucidation of 
the important roles of microRNAs, created hopes for 
applications of these strategies for therapeutic purposes. 
However, despite long efforts, clinical applications were 
limited until recent years, when the siRNA targeting the 
transthyretin amyloid mRNA in hereditary variant tran-
sthyretin amyloidosis patients (hATTRv) was registered 
in 2018 by the FDA and EMA. Patisaran (Urits et al., 
2020) can be used in patients suffering from this very 
rare disease affecting about 5,000–10,000 people world-
wide. Of note, for the hATTR treatment an antisense ol-
igonucleotide inotersen has been also recently registered 
(Benson et al., 2018) (Table 1). Currently, a few other 
siRNA therapeutics have been approved by the EMA 
and/or FDA. Among them are givosiran for acute he-
patic porphyria, inclisiran for hereditary familial hyper-
cholesterolemia, and lumasiran for primary hyperoxaluria 
type 1 (Table 1) (for review see: (Winkle et al., 2021)). 
And, as is very well known, the COVID-19 pandemic 
demonstrates the utility of mRNA anti-SARS-CoV-2 

vaccines, as well as, of course, those based on adenoviral 
vectors (for review see: Sadarangani et al., 2021).

PROMISING EXAMPLES OF EXPERIMENTAL CLINICAL 
TRIALS OF GENE THERAPY

Hemophilia

Hemophilia is the most common X-linked disease. 
In hemophilia A, the inability of blood clotting is due 
to the lack of a proper gene for factor VIII, while in 
hemophilia B for factor IX. The factor IX, due to the 
size of its cDNA, is a good candidate for AAV-based 
gene therapies. Clinical studies, preceded by long-term 
experiments in dogs (Manno et al., 2006), have demon-
strated the effectiveness of intravenous administration 
of AAV with factor IX cDNA to target the liver of he-
mophilia B patients (Manno et al., 2006; Nathwani et al., 
2011; Nathwani et al., 2014; George et al., 2017). How-
ever, problems appear with the pre-existing antibodies to 
AAV capsids. Similar drawbacks can be encountered in 
the treatment of hemophilia A, where additionally due to 
the very large size of factor VIII cDNA, only its trun-
cated form can be applied by AAVs (Rangarajan et al., 
2017).

Epidermolysis bullosa (EB)

EB comprises several severe rare diseases in which 
the lack of various proteins, such as collagen XVII or 
laminins, causes continuous detachment of the epidermis 
associated with severe, often extreme suffering of the 
patients. There are no effective treatments and together 
with continuous pain, as well as a permanent risks of in-
fections, some patients are under the threat of develop-
ment of cancer (for review see: De Luca et al., 2019).

This is the case in junctional EB in which a muta-
tion in the LAMB3 gene results in the lack of laminin 
332. In the previous decade, the Italian scientists, led by 
Michele De Luca and Graziella Pellegrini, performed an 
initial trial in an adult EB patient, whose epidermal stem 
cells were isolated from the undamaged part of the skin 
and modified ex vivo with retroviral vector harboring the 
LAMB3 gene (Mavilio et al., 2006). The modified, cured 
epidermis was cultured and small pieces were placed on 
the damaged skin area of the patient where they adhered 
and partially restored the healthy skin and persisted for 
more than six years (De Rosa et al., 2014).

In 2015, the same group of Italian researchers work-
ing together with German clinicians saved the life and 
restored the healthy skin in a 7-year old boy suffering 
from this disease. The conditions of this patient before 
treatment were very poor and he was kept in a phar-
macological coma due to the damage of almost 70% of 
his skin and recurrent sepsis caused by infections with 
Staphylococcus aureus and Pseudomonas aeruginosa. Large frag-
ments of healthy epidermis obtained from the patient’s 
epidermal stem cells modified with a retroviral vector 
harboring proper LAMB3 gene were generated in the 
laboratory and placed on the extremely affected body of 
the boy. The spectacular results demonstrate almost total 
healing of the skin and two years after the treatment the 
boy was able to attend school and participate in sport 
exercisies, an activity not available for children with this 
severe disease (Hirsch et al., 2017). Five years after treat-
ment, the boy’s conditions are very good (Prof. Graziella 
Pellegrini, personal communication).

http://europa.eu
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Lysosomal storage diseases

Another recent example can be the lentivirus-mediated 
gene therapy for the ultra-rare Fabry disease, a lysosomal 
disorder in which patients lacking the α-galactosidase A 
(α–Gal A) enzyme develop a progressive lysosomal ac-
cumulation of globotriaosylceramide, which besides nu-
merous painful syndromes finally leads to a stroke and 
myocardial infarction. In a recent gene therapy clinical 
trial, five patients have been treated with autologous 
CD34+ cells transduced with lentiviral vector harboring 
the α–Gal A sequence. Interestingly, within a week all 
patients started to produce a near-normal level of the 
enzyme and the effects have already persisted in at least 
one patient for three years post-infusion. Three patients 
decided to discontinue the enzyme replacement therapy 
(Khan et al., 2021).

Several other lysosmal storage diseases (LSD) are also 
the target of pre-clinical and in some cases early clinical 
trials of gene therapy. As in the case of the mentioned 
above metachromatic leukodystrophy (Tucci et al., 2021) 
and Fabry disease (Khan et al., 2021), clinical studies so 
far concentrate on the ex vivo gene therapy of autologous 
hematopoietic progenitor cells transudced with lentiviral 
vectors harboring a relevant therapeutic gene. Recent 
comprehensive reviews ((Tucci et al., 2021; Massaro et 
al., 2021) describe in more details the trials in which the 
CD34+ cells are to be transduced with N-sulfoglucosa-
mine sulfohydrolase cDNA for treatment of mucopoly-
sacharidosis type III, α-L-iduronidase for the Hurler var-
iant of mucopolisacharidosis type I, β-glucocerebrosidase 
cDNA for the Gaucher disease and the cystinosin gene 
for cystinosis. Some of the LSDs are also considered as 
targets for gene editing strategies (Massaro et al., 2021) 
and a first one was initiated in a patient with type II mu-
copolisacharidosis (the Hunter’s syndrome) (see: First in 
vivo human genome editing trial, Nature Biotechnology, Jan-
uary 2018)

GENE EDITING

Currently, gene editing approaches particularly con-
centrate on the application of CRISPR/Cas9, due to the 
simplicity of designing the tools to specifically target a 
gene to mutate or repair it. In contrast to the zinc-finger 
or TALEN strategies, which historically preceded CRIS-
PR/Cas9 (Wood et al., 2011), the latter does not require 
the design of the protein to target the gene of interest. 
The ease to program and synthesize the single guide 
RNAs (sgRNAs) and relative simplicity to deliver them 
together with the Cas9 enzyme (they can be both trans-
duced with the AAV vectors, which makes them suitable 
for in vivo approaches) led relatively quickly to initiation 
of clinical trials which will be discussed later. Neverthe-
less, historically, the first clinical gene editing approach 
was performed with application of the zinc-finger nucle-
ase strategy (ZFN) (Tebas et al., 2014).

ZFN consists of a tandem array of Cys2His2 zinc fin-
gers, combined with the FokI nuclease. Each tandem ar-
ray recognizes approximately three base pairs of DNA. 
Importantly, the FokI nuclease, which is bacterial type 
II restriction endonuclease, does not recognize any spe-
cific DNA sequence but it gains the cutting specificity 
when it dimerizes. Accordingly, the properly designed 
zinc finger proteins (ZFP) target the specific regions on 
the opposite DNA strands and allow dimerization of 
FokI connected with ZFP. Cutting of DNA initiates the 
repairing mechanisms and the DNA can be corrected 
either by homologous recombination (HR), when the 

correct sequence homologous to the targeted region is 
delivered to the cells, or by non-homologous end join-
ing (NHEJ). HR is mostly applied when the aim is to 
repair the mutation, and NHEJ is applied when a muta-
tion in the sequence is desired (for review see: Urnov et 
al., 2010).

Observation of the so-called “Berlin patient”, in 
whom the bone marrow transplantation for treatment 
of leukemia also caused a remission of an HIV infec-
tion, created the background for gene editing interven-
tion in AIDS patients. In this patient, the transplanted 
bone marrow was derived from the donor who had a 
mutation in the CCR5 gene. The deletion of 32 bp in 
CCR5 sequence did not impair the donor’s CD4+ T-cell 
function, but it rendered these cells resistant to infection 
to HIV and led to the diminishment and disappearance 
of the HIV viral load (Zou et al., 2013).

This observation was the rationale for a clinical trial 
in 12 AIDS patients, whose T cells have been ex vivo 
treated with adenoviral vector-based zinc-fingers to mu-
tate the CCR5 (Tebas et al., 2014). The infusion of such 
edited cells resulted in a quick increase in the number of 
CD4 T cells which persisted in the circulation for almost 
one year and the blood level of HIV DNA decreased in 
most of the patients (Tebas et al., 2014). Recently, the 
same group has performed a similar trial in which the 
CCR5 in T lymphocytes has been targeted by CRISPR/
Cas9 (Tebas et al., 2021). However, mixed results of the 
studies indicate that although it has a strong biological 
rationale, its effectiveness needs improvement. Of note, 
the FokI enzyme used in ZFN and TALENs was intro-
duced by Wacław Szybalski, Anna Podhajska and S.C. 
Kim as the universal restriction enzyme (Podhajska & 
Szybalski, 1985; Kim et al., 1988), and then proved use-
ful in the Human Genome Project.

The simplicity of the CRISPR/Cas9 editing makes 
it rather an obvious choice for future clinical develop-
ments. In 2020, a first clinical trial has been initiated in 
patients suffering from Leber’s congenital amaurosis type 
10 (LCA10), the most common form of LCA (about 
30%), caused by a mutation in the CEP290 gene (Led-
ford, 2020). This is a different form than RPE65-LCA, 
which can be now treated with Luxturna, as discussed 
above. The CEP290 gene is much bigger than RPE65 
(the cDNA for CEP290 is 8000 nucleotides) (Burnight 
et al., 2014), and hence the AAV vectors cannot be used 
to deliver it to the retina (Ledford, 2020). It is hoped 
that with the CRISPR/Cas9 approach, correction of the 
mutation should restore the proper level of CEP290 in 
photoreceptors.

Recently, the first results of the clinical application of 
CRISPR/Cas9 strategy for the treatment of one patient 
with transfusion-dependent β-thalassemia and one with 
SCD have been published. Although the mutations in 
both diseases are different, both concern the β-globin 
gene. The same gene editing strategy could be applied 
in both diseases, as the target for CRISPR/Cas9 can be 
the BCL11A gene – an erythroid-specific enhancer re-
pressing γ-globin expression, hence switching off this 
fetal hemoglobin production after birth. In these two pa-
tients, their CD34+ cells have been ex vivo targeted with 
CRISPR/Cas9 directed to BCL11A to mutate it and in 
this way to abolish its expression. The patients received 
an infusion of their own edited cells after myeloablation 
and one year later, both patients demonstrated a high 
level of BCL11A edition in the bone marrow and blood. 
Importantly, an increase in fetal hemoglobin, transfu-
sion independence, and elimination of vaso-occlusive 
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episodes, the latter in the patient with SCD, have been 
observed (Frangoul et al., 2021).

Moreover, gene editing can allow correction of muta-
tion in the β-globin gene of sickle cell disease patients, 
although the low efficacy of homology-directed repair 
in HSPC must be overcome. A new approach of “base 
editing” offers an additional promise, in which even the 
silencing of BCL11A can be combined with the repair 
of the globin mutation (Zeng et al., 2020)

In another study published at the same time, Esrick 
et. al have used the shRNA delivered by lentiviral vec-
tors to CD34+ cells to silence BCL11A. Six SCD pa-
tients have been treated and followed up for at least six 
months, during which a robust induction of fetal hemo-
globin was observed and clinical manifestations of SCD 
were reduced or absent (Esrick et al., 2021).

SUMMARY

Since Elisabeth and Wacław Szybalski performed the 
first permanent modification of mamalian cells thanks 
not only to the brave and genious idea, but also a lit-
tle bit of luck always necessary in breakthrough experi-
ments, numerous approaches have been established, 
making genetic modifications not only the obvious and 
indispensable research tools, but also convincingly prov-
ing its medical rationale and utility. Correction of the 
HPRT-deficient cells with DNA isolated from normal 
cells was possible thanks to the high content of calcium 
ions, which neutralized the negative charge of DNA and 
allowed its entrance into the HPRT-negative cells. In the 
late 60ties and 70ties of the 20th century, calcium chlo-
ride became the routine tool for nonviral gene delivery. 
The development of numerous other neutralizing vehi-
cles, like cationic liposomes, polyamines and dendrimers 
allow the effective transfection of cells in vitro. Recent-
ly, application of liposomes for delivery of RNA anti-
SARS-CoV-2 vaccines has demonstrated a large utility 
of this type of in vivo gene administration. The success 
of clinical gene therapy has been possible thanks to the 
enormous work of basic science researchers, elucidating 
the nature of viruses and modifying their properties for 
safe clinical applications. The potential for therapeutic 
genetic manipulation has been recently spectacularly in-
creased thanks to the gene-editing technology. Due to 
their simplicity, the CRISPR/Cas9 based strategies are 
the first choice, but one has to remember that applica-
tion of the universal FokI restriction enzyme, applied for 
the first time by Anna Podhajska and Wacław Szybalski 
to manipulate bacterial genome, has opened the possi-
bility for use of the FokI protein in combination with 
zinc fingers or TALEN to modify the mammalian cells. 
Wacław Szybalski’s ideas and experiments were initiated 
at the time when the discovery of DNA structure was 
accepted and awarded with a Nobel prize in 1962, and 
add enormously to these seminal scientific discoveries. 
Establishing the background for gene manipulation to 
treat diseases can be considered as one of the greatest 
achievements of science. The legacy of Wacław Szybalski 
should stay with the growing knowledge and application 
of molecular biology.
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