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Abstract— Throughout the years, several hundred million people with rare genetic disorders have been receiving only symp-

tom management therapy. However, research and development efforts worldwide have led to the development of long-last-

ing, highly efficient, and safe gene therapy for a wide range of hereditary diseases. Improved viral vectors are now able 

to evade the preexisting immunity and more efficiently target and transduce therapeutically relevant cells, ensuring genome 

maintenance and expression of transgenes at the relevant levels. Hematological, ophthalmological, neurodegenerative, 

and metabolic therapeutic areas have witnessed successful treatment of hemophilia and muscular dystrophy, restoration 

of immune system in children with immunodeficiencies, and restoration of vision. This review focuses on three leading 

vector platforms of the past two decades: adeno-associated viruses (AAVs), adenoviruses (AdVs), and lentiviruses (LVs). 

Special attention is given to successful preclinical and clinical studies that have led to the approval of gene therapies: six 

AAV-based (Glybera® for lipoprotein lipase deficiency, Luxturna® for retinal dystrophy, Zolgensma® for spinal muscular 

atrophy, Upstaza® for AADC, Roctavian® for hemophilia  A, and Hemgenix® for hemophilia  B) and three LV-based 

(Libmeldy® for infantile metachromatic leukodystrophy, Zynteglo® for β-thalassemia, and Skysona® for ALD). The re-

view also discusses the problems that arise in the development of gene therapy treatments, which, nevertheless, do not 

overshadow the successes of already developed gene therapies and the hope these treatments give to long-suffering patients 

and their families. 
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INTRODUCTION

Gene replacement therapy seeks to correct a genet-

ic deficiency by delivering either a full-length copy or a 

functional part (mini-gene) of disease-causing gene to 

the patient’s cells. Introduction of a functional gene into 

the patient’s cells restores the protein activity and com-

pensates for the presence of a mutant allele. Depending on 

the type of target cells, gene replacement therapy can be 

divided into two main categories: somatic and germline:

• Somatic gene therapy relies on the delivery of a

functional nucleic acid into somatic cells, rather than the 

germ cells or gametes. While its effects are beneficial to 

the treated organism, they are not inherited by the off-

spring;

• Germline gene therapy, instead, is based on the de-

livery of a functional nucleic acid into gametocytes or gam-

etes, hence the transferred gene is passed to the offspring.

Germline gene therapy is a promising approach 

that gives hope of eradicating the majority of hereditary 

diseases that are passed from one generation to another. 

Delivery of a functional gene copy could be performed 

during the early embryonic development, reproduction, 

or in vitro fertilization, when the modified gamete cells 

fuse to form a zygote. In these cases, the functional copy 

of a gene is delivered to all cells of the developing embryo.

The germline gene therapy, similarly to genetic edit-

ing of embryos, is currently illegal in more than 40 coun-

tries due to the ethical concerns and potential misuse.

Somatic gene therapy aims to deliver corrected ge-

netic information to the tissues of an organism affected 

by pathology. In this case, the therapeutic nucleic acid 

1
EX2007 

Sarepta v. Trustees UPenn et al. 
IPR2024-00580



MINSKAIA et al.2158

BIOCHEMISTRY (Moscow) Vol. 88 Nos. 12-13 2023

is delivered to somatic cells, including undifferentiated 

stem cells. The introduced DNA either integrates into 

the host genome or exists as an extrachromosomal ge-

netic element (episome). Due to the inability of somatic 

cells to produce gametes (sperm or eggs), the transgene 

is not passed to the next generation.

Somatic gene therapy utilizes two major strategies:

• ex vivo: cells are removed from the body, a thera-

peutic gene is introduced using viral or non-viral deliv-

ery tools, and the modified cells are transplanted back 

into the patient;

• in vivo: a therapeutic gene is delivered into the 

cells using various vector systems by intravenous (sys-

temic) or local (in situ) administration.

Viral vectors are frequently chosen as delivery sys-

tems as they provide efficient distribution and expression 

of the therapeutic gene after a single injection, leading to 

a long-term response and even complete cure of patients 

with severe genetic disorders. During its 40-year history, 

gene therapy has made great strides and given hope to 

thousands of patients with limited or non-existent treat-

ment options, but it has also gone through a series of 

setbacks associated with severe adverse effects.

The emergence of new drug development platforms 

based on vectors or genetically modified somatic cells 

has radically changed the view on traditional therapy. 

To  date, about 3000 clinical trials of gene therapeutics 

have been registered, and thousands of drugs are at the 

preclinical trial stage [1]. Positive results from clinical 

studies have been demonstrated for a wide range of he-

reditary diseases, including hematological, immuno-

logical, ophthalmic, neurodegenerative, and metabolic 

disorders, as well as for several types of cancer. Gene 

therapy has made it possible to restore vision in patients, 

cure certain types of blood cancers, correct hemoglob-

inopathies and deficiencies of blood coagulation factors, 

and restore the immune system in children born with 

primary immunodeficiencies. The high efficacy of the 

first gene therapy products has accelerated their entry to 

the pharmaceutical market.

This review highlights three leading vector platforms 

of the past two decades that have been tested in preclini-

cal and clinical studies: adeno-associated viruses (AAVs), 

adenoviruses (AdVs), and lentiviruses (LVs). Special at-

tention is given not only to the successes already achieved 

in the gene replacement therapy using these vector sys-

tems, but also to the problems that arise in the process 

of developing gene therapy treatments, such as potential 

immunogenicity and, in some cases, lack of specificity.

AAVs: SAFER NON-INTEGRATING VECTORS 

FOR NON-DIVIDING CELLS

Since the first use of AAV in 1995 to deliver the 

cystic fibrosis transmembrane regulator (CFTR) gene to 

a patient with cystic fibrosis [2], AAV vectors have been, 

with rare exceptions, quite successfully used in the clin-

ic for the treatment of hemophilia [3], rheumatoid ar-

thritis [4], blindness [5], and many other diseases. Their 

effectiveness and versatility are attributed to their capacity 

to transduce a wide variety of both proliferating and non-

dividing terminally differentiated tissues [central nervous 

system (CNS), liver, muscle, and retina] and efficiently 

express transgenes for many years with an extremely low 

(0.1-0.5%) frequency of genomic integration [6-9].

The rep and cap genes in recombinant AAV (rAAV) 

vectors are replaced by a transgene and delivered by help-

er plasmids. The recombinant virus is produced via trans-

fection of packaging cells, such as HEK293, with three 

plasmid DNAs: (i) plasmid encoding the transgene flanked 

by ITRs (inverted terminal repeats); (ii) plasmid encod-

ing the rep and cap genes; and (iii) plasmid providing 

the adenoviral protein required for the AAV assembly. 

Unlike wild-type  (wt) AAV serotype 2 (AAV2), rAAV 

rep-deficient vectors are unable to integrate into the 

AAVS1-specific locus on chromosome 19 [10]. After cell 

entry and second strand synthesis, the vector exists as an 

episome in nondividing cells and does not integrate into 

the target cell genome.

Twelve AAV serotypes and 108 new natural isolates 

have been identified so far: serotypes 2, 3, 5, 6 and 9 are 

of the human origin, while serotypes 1, 4, 7, 8, 10 and 11 

were isolated from non-human primates. The serotypes 

differ by the mode of cell entry, tropism for tissues and 

receptors/co-receptors on the target cells (due to the 

differences in amino acid sequences typically occurring 

within the capsid hypervariable regions), intracellular 

activities, and expression patterns [11-13]. For example, 

AAV1 targets retina and skeletal muscles [14, 15], AAV5 

efficiently transduces lung and neuronal cells [16, 17], 

and AAV8 is up to 100 times more efficient in liver cells 

compared to other tested AAV serotypes [18]. The ease 

with which viral capsids can be modified and optimized 

gives the AAV system an additional advantage.

However, application of AAV vectors has certain 

limitations such as (i) slow onset of gene expression (due 

to the second DNA strand synthesis); (ii) pre-existing 
immunity to the AAV capsid; and (iii) small packaging 
capacity. The step of second DNA strand synthesis can 

be circumvented by using self-complementary  (sc) AAV 

vectors produced by mutating one of the two ITRs, 

which affects the ability of the rep-encoded protein to 

solve the replication intermediates and results in the 

packaging of complementary double-stranded DNA ge-

nomes. These scAAV vectors provide faster and a 10-fold 

higher level of transgene expression compared to sin-

gle-stranded AAVs [19, 20]. They have been successfully 

used in clinical trials for hemophilia B [21] and spinal 

muscular atrophy [22].

Immune response is one of the most critical fac-

tors limiting efficient and long-term transgene ex-
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Fig. 1. Strategies of directed AAV evolution. Capsid libraries are generated by error-prone PCR (polymerase chain reaction), insertion of random-

ized peptides into open loop structures, capsid protein shuff ling, or rational design. Selection process is based on the ability of libraries to trans-

duce target cells or to evade nAbs.

pression [23-25]. Pre-existing neutralizing antibodies 

(nAbs) against the AAV capsids, whose proportion in 

the antibody population increases after exposure to AAV 

[26, 27], can efficiently neutralize rAAVs [28]. A strong 

immune response can also be activated by the therapeu-

tic transgene itself [29].

Enrichment of novel synthetic AAV capsids ca-

pable of evading existing nAbs is achieved via two 

high-throughput strategies that put genetically modified 

AAV capsid libraries through “accelerated natural evolu-

tion”: (i) reverse genetics approach termed ancestral AAV 

sequence reconstruction, and (ii) AAV genome barcod-

ing (Fig. 1). Synthetic AAV capsids include AAVrh8R, 

AAVrh10, AAV6.2, AAV-DJ, and Anc80 [30].

When vector platform adaptation is not possible, 

anti-AAV nAbs can be removed from the circulation by 

plasmapheresis [31]. Pretreatment with IgG-cleaving 

endopeptidases, e.g., imlifidase (IdeS), can reduce the 

content of IgG antibodies in patient’s serum [32]. For 

example, a homologue of IdeS isolated from Streptococ-
cus zooepidemicus (IdeZ) efficiently removes anti-capsid 

nAbs in primates [33].

And finally, since the packaging capacity of AAV 

vectors is limited to ~4.7 kb, it is necessary to minimize 

the size of the expressed therapeutic transgene. Recom-

bination of vectors [34], trans-splicing of RNA [35], or 

protein trans-splicing via a cleaved intein [36, 37] can be 

used for expression of bigger transgenes.

The development of AAV-based therapies is mainly 

geared towards the treatment of monogenic disorders. 

The first in vivo gene therapy drug, Glybera® (alipo-

gene tiparvovec), approved by the European Medi-

cines Agency (EMA) in 2012 is an AAV1-based vector 

that delivers an enhanced version of lipoprotein lipase 

(LPLS447X) gene to muscle cells. Intramuscular injec-

tions at 30-70 sites in the upper and lower extremities 

led to the reduction in triglyceride levels and manifes-

tations of pancreatitis in most participants. Long-term 

assessment of these patients demonstrated stable and ef-

ficient expression of the therapeutic protein and a high 

safety of the drug [38-40]. However, Glybera® did not 

remain on EU market for long because of its high cost 

and low demand.

The treatment of previously incurable retinal dis-

eases has become possible due to the highly efficient 

AAV-mediated gene transfer into the eye cells and tis-

sues. The process of visual phototransduction is disrupt-

ed in patients with Leber’s congenital amaurosis type 2 

(LCA2) due to mutations affecting expression of func-

tional 65-kilodalton retinal pigment epithelial protein 

(RPE65). Three independent clinical studies with more 

than 30 participants demonstrated that AAV2-mediated 

subretinal delivery of the therapeutic RPE65 gene im-

proved vision for at least 3 years. The second dose of 

the vector, received by three patients in the other eye, 

improved retinal and visual functions with no immune 
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response [41-49]. Significant improvement of the visu-

al function was also observed in pediatric patients [50]. 

LCA2 became the first hereditary retinal disease for 

which the use of AAV vectors demonstrated impressive 

results [42-44, 51]. The AAV2-based drug Luxturna® 

(voretigene neparvovec-rzyl) delivering RPE65 gene was 

approved for commercial use in 2017 [5].

Encouraging results were obtained in the clinical 

trial for choroideremia (NCT01461213), a type of com-

plete blindness resulting from the slow and progressive 

degeneration of photoreceptors, choroid, and retinal pig-

ment epithelium [52]. Subretinal injections to 14 partici-

pants of the AAV2 vector delivering Rab-escort protein 1 

(REP1) significantly improved vision in two patients 

and increased retinal sensitivity in four other patients af-

ter six months of therapy.

Two clinical trials used AAV2 expressing an an-

ti-VEGF protein for the treatment of neovascular 

age-related macular degeneration (AMD) by subret-

inal (NCT01494805, 40 participants) or intravitreal 

(NCT01024998, 19 participants) injections. The third 

tested therapy, ADVM-022 (NCT03748784, 30 par-

ticipants), relied on the AAV7-mediated delivery of 

VEGF-binding protein (aflibercept) that blocked the 

growth and abnormal vascular permeability associated 

with wet AMD and diabetic retinopathy. Intravitreal in-

jections of this vector led to the improvement in mean 

corrected vision and visual acuity and decrease in the 

thickness of the central subfield of the macula [53].

AAV was also used to treat Duchenne muscular 

dystrophy (DMD), an X-linked neuromuscular genet-

ic disease that affects 1 in 3500-5000 males worldwide. 

DMD is caused by mutations in dystrophin, one of the 

largest proteins in human body. The discovery of a trun-

cated form of this protein (microdystrophin) in the stud-

ies of Becker muscular dystrophy has led to the devel-

opment of SRP-9001 (delandistrogene moxeparvovec) 

therapy [54]. Microdystrophin can be easily packaged 

together with striated muscle-specific αMHCK7 regu-

latory cassettes containing α-myosin combined heavy 

chain enhancer and creatine kinase version 7 promot-

er [55]. Forty-one participants were treated by systemic 

delivery of SRP-9001 to skeletal and cardiac muscles in 

clinical trial (NCT03769116). In another clinical trial 

(NCT03368742), SGT-001 infused intravenously pro-

vided AAV9 vector-mediated expression of microdystro-

phin. Although the results of the trial involving 16 par-

ticipants showed that 50-70% of muscle fibers expressed 

the therapeutic transgene leading to the reduction of 

muscle damage, some patients demonstrated side effects, 

with one patient developing immune response [56]. An-

other type of muscular dystrophy, limb-girdle muscular 

dystrophy (LGMD), was treated with SRP-9003 (bid-

ridistrogene xeboparvovec), which delivers β-sarco-

glycan (NCT03652259). The absence of β-sarcoglycan 

causes type 2E LGMD.

Zolgensma® (onasemnogene abeparvovec by No-

vartis), the third AAV-based therapy developed for the 

treatment of spinal muscular atrophy (SMA), has been 

approved in 45 countries, including US and Japan in 2019 

and Russia in 2022, with more than 2500 patients treated 

globally [22]. Zolgensma® provides the scAAV-driven 

expression of SMN1 (survival of motor neuron 1) gene in 

motor neurons to replace dysfunctional mutated SMN1 

in patients with SMA. At the time of market launch, the 

treatment cost over 2 million dollars per dose.

Hemophilia is a life-threatening hematological dis-

ease caused by mutations in coagulation factors VIII 

(hemophilia A) or IX (hemophilia B) that occurs in 1 in 

5000-30,000 males worldwide. In its severe form (<1% 

coagulation factor activity), hemophilia causes spon-

taneous bleeding into joints and soft tissues. Current 

treatment is extremely expensive and relies on twice/

thrice-weekly intravenous infusions of either recom-

binant or plasma-derived FVIII/FIX proteins. Protein 

expression even at 5% of the normal level has a signifi-

cant effect on the frequency of bleeding. FVIII is mainly 

produced in endothelial cells, while FIX is synthesized 

in hepatocytes. Initial clinical trials demonstrated sig-

nificant improvements in patients with hemophilia B 

following AAV2-mediated gene transfer [3, 57, 58]. High 

doses of the drug (2×1012 gv/kg) resulted in FIX ex-

pression for more than 2 months with the peak activity 

levels of about 12%. Unfortunately, the cytotoxic T cell 

response to the AAV capsid halted FIX expression and 

led to a mild dose-dependent liver toxicity and asymp-

tomatic elevation of transaminases [3, 58, 59]. Further 

studies revealed the activity of CD8+ memory T cells 

against the capsid, which may have attacked trans-

duced hepatocytes. The second clinical trial combined 

immunosuppressive prednisolone treatment with the 

AAV8-based delivery of the codon-optimized FIX se-

quence [20, 60]. Switching to a different AAV serotype 

lowered the frequency of nAbs and made the therapy 

available to more patients. In preclinical trials, similar 

vector doses (up to 3×1012 gv/kg) sustained expression 

and improved the catalytic activity of FIX-Padua in an-

imal models of hemophilia B [3, 61-64]. In phase I/II 

clinical trial (NCT01687608) with 30 participants, ex-

pression of naturally occurring hyperactive FIX vari-

ant (R338L, FIX-Padua) was achieved using scAAV8 

vector. One patient who received an average dose of 

1×1012  gv/kg demonstrated stable protein expression 

at a level of 20-25% of normal expression [65, 66]. While 

patients in the medium dosage group showed transient 

protein expression in the absence of hepatotoxicity and 

immune response, those in the highest dose group lost 

the transgene expression and developed IFN-γ-pro-

ducing T cells in response to the AAV capsid even in a 

combination with prednisolone regimen. In other trials, 

more than 20 participants treated with various AAV-FIX 

vectors did not develop an immune response against 
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the FIX protein. In these trials, the AAV2 and AAV8 

vectors were administered intramuscularly (AAV2), intra-

hepatically (AAV2), or intravenously (AAV8) [3, 21, 58]. 

Sixty-eight clinical trials are currently testing the effi-

cacy of various gene therapies for the treatment of he-

mophilia A and B. To date, successful therapies include 

SPK-8011 (Spark200) and Roctavian® (formerly known 

as Valrox or valoctocogen roxaparvovec/BMN 270) 

for hemophilia A and SPK-9001 (fidanacogen elapar-

vovec), Hemgenix® (formerly known as AMT-061 or 

EtranaDez), and FLT180a (verbrinacogene setparvovec) 

for hemophilia  B. The results of clinical trials included 

the lack of need for enzyme replacement therapy (ERT) 

for 2 years or more in most patients, significant reduc-

tion in the frequency of spontaneous bleeding, and resto-

ration of plasma levels of coagulation factors after a sin-

gle injection, leading to the approval of two AAV5-based 

products, Roctavian® [67] and Hemgenix®, in 2022. 

As it was mentioned above, the use of capsid variants 

other than AAV2 (the most common natural AAV sero-

type) may enhance the transduction ability and decrease 

the immune response.

Non-monogenic disorders can also benefit from 

AAV gene therapy. For example, AAV1 vectors express-

ing SERCA2a (sarcoplasmic reticulum calcium ATPase) 

were delivered intracoronarily for the treatment of heart 

failure (NCT02346422), resulting in the improvement 

in the functional status and left ventricular function and 

the presence of specific biomarkers in almost all patients 

[68, 69]. Phase  II trial (NCT01966887) also showed re-

duction in the incidence of cardiovascular events and 

decrease in the average duration of hospitalization one 

year after the therapy [68].

In several clinical trials, AAV vectors have been uti-

lized for the treatment of the Parkinson’s disease (PD). 
Thus, the AAV2-mediated delivery of glutamic acid 

decarboxylase  (GAD) into the subthalamic nucleus re-

sulted in significant improvements in the motor func-

tion scores for at least 12 months post treatment and in 

a significant decrease in thalamic metabolism [70, 71]. 

In the phase II trial (NCT00643890), the treated group 

demonstrated a significantly greater improvement in the 

UPDRS (unified Parkinson’s disease rating scale) motor 

performance compared to the control group during the 

6-month follow-up period [71].

Aromatic L-amino acid decarboxylase (AADC) defi-
ciency affects the synthesis and secretion of neurotrans-

mitters, such as dopamine and serotonin, leading to 

the developmental delay, dystonia, hypotension, severe 

motor impairment, tongue protrusion, jaw spasms, and 

neurological impairment in infants. Patients affected by 

this disorder normally live for about 5 years due to se-

vere motor dysfunction. Interestingly, Taiwanese have a 

high prevalence of AADC deficiency due to the found-

er mutation IVS6+4 A>T. In the phase I/II clinical trial 

(NCT01395641), the AAV2 vector carrying the AADC 

gene was injected into the midbrain region of the pa-

tients [72, 73]. The patients gained weight 3-6 months 

post gene therapy, had better head control, and demon-

strated emotional stability and improved motor and cogni-

tive functions within 15-24 months of gene therapy [74]. 

Out of ten participants, three could sit with support, 

four could stand with support, and none experienced 

virus-associated toxicity. The success of clinical trials 

(NCT01395641 and NCT02926066) led to the registra-

tion of Upstaza® (eladocagene exuparvovec) in Europe 

in 2022.

CLINICAL LANDSCAPE OF AAV VECTORS

At present, the major therapeutic areas using AAV 

vectors include treatment of ophthalmological (26%), 

neurological (21%), metabolic (18%), hematological 

(15%), and musculoskeletal (9%) disorders (Fig. 2a, 

Table S1 in the Online Resource  1). In the last twen-

ty years, the total number of AAV-based therapies has 

increased in all therapeutic areas but especially in the 

treatment of ophthalmological and metabolic disor-

ders (Fig. 2b). Therapies directed at the treatment of 

ophthalmological disorders require low average dose 

(2.9×1011 gv/kg), have the highest efficacy, and demon-

strate a good safety profile with fewest treatment-emer-

gent serious adverse events (TESAEs).

Metabolic disorders are caused by the functional 

deficiency of proteins involved in metabolic regulation, 

which leads to a widespread tissue damage, multi-or-

gan dysfunction at the early age, and often death [75]. 

To achieve a necessary effect, patient treatment requires 

high average doses (1.85×1013 gv/kg) and, therefore, has 

a relatively low safety profile. The two other major areas 

that have seen a rise in the number of clinical trials in 

the last ten years are neurology and hematology.

Twenty-nine percent of AAV-based therapies re-

ported meeting the primary efficacy endpoint (Fig. 3a) 

and 44%  met the safety requirements (Fig. 3b, Table S1 

in the Online Resource 1). The highest efficacy (90%) 

was achieved in the treatment of musculoskeletal disor-

ders which, unfortunately, had the lowest safety profile, 

as it requires the highest dose (9.1×1013 gv/kg) compared 

to other therapeutic areas because of systemic adminis-

tration needed for correction of muscle cells of the en-

tire body [76].

Intravenous administration is the most common 

delivery route (38%, Fig. 4a, Table S1 in the Online Re-

source 1), the use of which has significantly increased 

in the last 10 years (Fig. 4b). It is followed by subretinal 

(17%) and intracranial routes (15%) due to the rise in the 

number of clinical trials in ophthalmology and neurology.

While the highest efficacy (80%) demonstrated in 

clinical trials has been achieved using intravenous admin-

istration (Fig. 5a), this delivery route demonstrated low 
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Fig. 2. AAV-based clinical trials by therapeutic area (a) and by year (b). The category “other” includes autoimmune, infectious, oncological, and 

pulmonary diseases.

a b

Fig. 3. Efficacy (a) and safety (b) of AAV-based gene therapies.

a b

Fig. 4. AAV-based clinical trials by administration route (a) and by year (b).

a b

safety profile with 7 clinical trials (29%) not meeting the 

safety requirements (Fig. 5b), which can be explained 

by the highest average dose (4.4×1013 gv/kg) required 

for achieving the therapeutic success [77]. Importantly, 

79% of all clinical trials have demonstrated high safe-

ty profile without TESAEs, and those using subretinal 

(77%) and intramuscular (70%) administration routes 

have demonstrated both high success rates and safety. 

Noteworthy, systemic and subretinal routes of adminis-

tration, which require higher doses, have greatly bene-

fited from the improvements at different stages of virus 

production, such as improved virus purification proto-

cols and use of suspension producer cells and stable cell 

lines as an alternative to transient transfection [78].
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Fig. 5. Efficacy (a, n = 101) and safety (b, n = 79) of AAV-based clinical trials by route of administration.

a b

Fig. 6. AAV capsids (a) and promoters (b) used in clinical trials. CBA/CBh, chicken beta-actin promoter; CMV, cytomegalovirus promoter.

a b

Among AAV serotypes, AAV2 (23%), AAV8 (15%), 

AAV9 (14%), and AAV5 (10%) are the most frequent-

ly used (Fig. 6a, Table S1 in the Online Resource 1), 

with AAV5 and AAV9 demonstrating the highest efficacy 

during clinical trials in the last 5 years followed by AAV8.

This can be attributed to the increase in therapies 

directed at the treatment of neurological (serotypes 

AAV5 and AAV9) and liver disorders (AAV8) [79]. Un-

fortunately, AAV9-based therapies caused the highest 

incidence of side effects compared to other serotypes, 

which can be due to systemic administration requiring 

high vector dose, off-target transduction, and elevated 

genotoxicity [80,81].

The highest success rates (80%) have been achieved 

in clinical trials based on new AAV serotypes, while nat-

urally occurring serotypes AAV1 and AAV2 have been 

the least successful due to the presence of nAbs in 70% 

of the population [62, 63] resulting in low viral trans-

duction efficiency [3, 64]. Popular synthetic AAV cap-

sids include AAVrh8R, AAVrh10, AAV6.2, AAV-DJ, and 

Anc80 [30, 82]. For example, AAVrh10 was used to de-

liver hAPOE2 (apolipoprotein E) to treat Alzheimer’s 

disease (NCT03634007), AAV.rh74  – to deliver β-sar-

coglycan to treat type 2E LGMD (NCT03652259), and 

AAV4D-C102  – to deliver hGLA (galactosidase A) to 

treat Fabry disease (NCT04519749).

Constitutive promoters, such as CMV (cytomegalo-

virus) and chicken beta-actin (CAG) promoters, provide 

strong transgene expression but bear high risks of inac-

tivation [83-85], overexpression-related toxicity [86-88], 

off-target expression [89, 90], and strong immune re-

sponse compared to tissue-specific promoters [91, 92]. 

Nevertheless, 35% of clinical trials relied on ubiquitous 

promoters, with CMV used in 38% and CAG in 43% of 

these trials (Fig. 6b, Table S1 in the Online Resource 1). 

Acute photoreceptor and retinal pigment epithelium 
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toxicity in response to AAV vectors with constitutive 

promoters CAG, CMV, and UbiC (but not with pho-

toreceptor-specific promoters) was observed in [93]. 

Tissue specific promoters, such as liver-, muscle-, eye-, 

and neuron-specific, demonstrated both improved safe-

ty profiles and the highest success rates compared to 

CMV and CAG promoters [94]. Thirty-three percent of 

clinical trials used vectors with tissue-specific promot-

ers. Liver-specific promoters (43% of studies), such as 

LP1 in AAV5-hFIXPadua and scAAV2/8-LP1-h FIXco 

for hemophilia B treatment, have been successfully de-

livered systemically, while eye-specific promoters (16% 

of trials) driving expression of RPGR (for retinitis pig-

mentosa) and RPE65 (for LCA2) via AAV 2/5 were ad-

ministered subretinally and intravitreally, respectively 

[95, 96]. Muscle-specific (20% of trials) and brain-spe-

cific (6% of trials) promoters have been successfully 

used for the targeted transgene expression in muscle 

and brain cells.

ADENOVIRUSES

Adenoviruses (AdVs), which are represented by more 

than 50 serotypes, were one of the first viral vectors used 

for in vivo gene therapy [97-99].

Three generations of AdV vectors have been engi-

neered for improved therapeutic performance: (i) remov-

al of the E1 and E3 subunits increased the packaging 

capacity of the first-generation AdV vectors to about 

7.5 kb [99, 100]; (ii) removal of the E1 and E4 subunits 

significantly reduced the immunogenicity of the second- 

generation AdV vectors [101]; while (iii) deletion of all 

viral genes increased the packaging capacity of the third- 

generation vectors to about 30 kb [102].

AdV vectors based on human AdV2 and AdV5 sero-

types have not found wide application in gene replace-

ment therapy and, instead, are used mostly for com-

bating cancer, production of vaccines against infectious 

diseases, and expression of immunostimulatory and 

apoptotic genes.

The advantages of these vectors include:

– high transduction efficiency in both non-dividing 

and dividing cells;

– broad tissue tropism;

– high packaging capacity (~36 kb);

– epichromosomal persistence in host cells;

– lack of integration into the host cell genome;

– availability of scalable manufacturing technolo-

gies [103].

AdV vectors were used for the expression of α-1 an-

titrypsin (A1AT) in rat hepatocytes and lungs [104, 105], 

CFTR (cystic fibrosis transmembrane conductance reg-

ulator) in lung tissues of patients with cystic fibrosis, 

and VEGF (vascular endothelial growth factor) in pa-

tients with peripheral vascular diseases [106, 107]. How-

ever, the death of a young patient with ornithine tran-

scarbamylase deficiency due to systemic inf lammation 

and multiple organ failure has negatively affected the 

research and development of gene therapy [108].

Although these viruses cause mild respiratory dis-

ease or conjunctivitis in healthy adults, several studies 

have shown that AdV vectors are highly immunogenic 

[109, 110]. Pre-existing immunity to the virus, emer-

gence of capsid-induced immune response, and adap-

tive immune response to de novo synthesized viruses 

and transgenes raise safety concerns and constitute key 

challenges in the development of AdV vectors [97, 111]. 

Utilization of either rare human serotypes with low sero-

prevalence (hAd2, hAd26, and hAd35) or various non-hu-

man AdV vectors (bovine, canine, chimpanzee, sheep, 

pig, and avian) helps overcome these issues.

AdVs have been used to deliver immunogenic factors 

for cancer prevention. Immunization against malignant 

cells induces expression of tumor-associated antigens 

and promotes antitumor immunity. The tested antigens 

include MAGE-A3 for solid tumors (NCT02285816), 

lung cancer (NCT02879760) and melanoma/cutaneous 

squamous cell carcinoma (NCT03773744), prostate 

specific antigen for prostate cancer (NCT00583752 and 

NCT00583024), and cancer embryonic antigen (CEA) 

for colorectal and pancreatic cancers (NCT03329248 

and NCT03387098, respectively).

γ-RETROVIRUSES: 

“TEMPERAMENTAL” INTEGRATING 

VECTORS FOR DIVIDING CELLS

Retroviral vectors have been extensively used for the 

treatment of monogenic disorders due to several advan-

tages such as (i) stable expression of the transgene as a 

result of integration into the host cell genome, (ii) large 

packaging capacity of about 9-12 kb, (iii) efficient trans-

duction of mammalian cells both in  vitro and in  vivo, 

and (iv) low immunogenicity [112, 113]. One of the great 

advantages of these viruses, namely, integration into the 

host cell genome, also presents a concerning disadvan-

tage as it bears the risk of insertional mutagenesis at the 

integration site caused by either disruption or incor-

rect activation of transcription of the adjacent genes. 

This unfortunate event has occurred in the X-SCID 

(X-linked severe combined immunodeficiency) clinical 

trials [114, 115]. The inability to transduce non-dividing 

cells, lower titers compared to other viral vectors, and 

low replication efficiency of self-inactivating  (SIN) vec-

tors also present serious concerns when choosing these 

vectors for gene replacement therapy [116].

Primary immunodeficiencies (PIDs), such as 

X-SCID, ADA-SCID (severe combined immunodefi-

ciency with adenosine deaminase deficiency), chronic 

granulomatous disease, and Wiskott–Aldrich syndrome, 
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are rare life-threatening genetic disorders that have a 

detrimental effect on the immune system. Children with 

severe PIDs are unable to fight off pathogens that are 

harmless to healthy, immunocompetent individuals, 

and suffer from recurrent infections (demonstrating sus-

ceptibility to certain pathogens), exhibit developmental 

delays, and without successful bone marrow transplanta-

tion, die within the first few years of their lives. Hemato-

poietic stem cell (HSC) transplantation is only available 

to about 20% of patients due to the lack of HLA (hu-

man leukocyte antigen)-matched donors [117]. The de-

velopment of autologous HSC-based gene therapy has 

opened new opportunities for the patient treatment in 

the absence of compatible donors and without immu-

nosuppressive regimen to prevent the graft-versus-host 

disease (GVHD) [9, 118-122].

The first clinical trials for the treatment of ADA-
SCID [120, 121, 123-125] and X-SCID [126] relied on 

in vitro transduction of HSCs with γ-retroviral MLV 

vectors encoding the γc gene (γ-chain of interleukin-2 

receptor, IL2RG) or the ADA gene [120, 121, 126]. 

Although ADA-SCID patients with the mutant enzyme 

adenosine deaminase (ADA) responsible for the elimi-

nation of toxic purine metabolites from the body, ex-

perienced some beneficial effects of this therapy, the 

overall results of clinical trial demonstrated the need 

for higher numbers of engrafted modified HSCs. It is 

worth mentioning that patients were also receiving ERT, 

which complicated interpretation of the effects of gene 

therapy. Successful reconstitution of immune system 

(without the need for ERT or protective environment) 

was observed in eight out of 10 participants of the sec-

ond ADA-SCID clinical trial [120, 121]. In subsequent 

clinical studies, the patients were preconditioned with 

a non-myeloablative regimen and ERT was discontin-

ued prior to the infusion of autologous HSCs expressing 

functional ADA enzyme [121, 127-129]. Physiologically 

relevant ADA levels and restoration of immune func-

tion were observed in several immune cell populations. 

Importantly, more than 40 participants did not develop 

viral vector-related genotoxicity. These results were very 

encouraging as without gene therapy, the life expectancy 

of these patients does not extend beyond infancy. Strim-

velis®, the first ex vivo ADA-SCID gene therapy prod-

uct, was approved in Europe in 2016.

X-SCID is characterized by the lack of T-cells, dys-

functional B-cells, and the absence of the development 

of natural killer (NK) cells. The results of X-SCID gene 

therapy supported the idea that modified cells have a 

selective advantage and can effectively restore immune 

function in patients. A clinical trial for the X-SCID 

treatment showed the recovery of immunity in 18 out 

of 20 patients without the need for ongoing ERT and 

protective environment. In patients who had received 

the modified HSCs, T/B cells and NK cells expressing 

γc transgenes were detected 10 months post treatment 

and their numbers and functional activity were compa-

rable to those in the healthy control group [126]. Unfor-

tunately, five out of 20 patients developed clonal T-cell 

leukemia as a consequence of vector integration near the 

proto-oncogene locus, four of these patients were receiv-

ing standard chemotherapy [115, 130-132]. Despite the 

genotoxicity-associated side effects, the results of these 

trials exceeded expectations and outcomes of conven-

tional treatment and demonstrated that the benefits of 

gene therapy far outweigh its risks.

Interestingly, analysis of modified cells in X-SCID 

patients who had developed leukemia demonstrated that 

integration occurred near the LMO2 gene locus, near 

the BMI1 and CCND2 proto-oncogenes [114, 115, 131, 

132]. It was shown that the retrovirus integrated into 

the host genome pseudo-randomly, preferring active-

ly transcribed DNA regions (near gene transcription 

start sites, regulatory elements, CpG islands), as well as 

conserved non-coding sequences and “hot spots” en-

riched in growth-controlling genes and proto-oncogenes 

[133-136]. The use of self-inactivating vectors lacking 

the long terminal repeat (LTR) enhancer or promoter 

reduced insertional mutagenesis and clonal expansion 

[137-139]. Phase  I/II clinical trials for the X-SCID 

treatment (NCT01410019, Paris; NCT01175239, London; 

and NCT01129544, USA) used a SIN γ-retroviral vec-

tor expressing a correct copy of the IL2RG gene for 

transduction of autologous HSCs [140]. The outcome 

of these trials was restoration of the T cell populations 

in most patients, leading to their ability to fight off in-

fections. Importantly, no adverse events associated with 

the insertional mutagenesis had been reported during 

the 3-year follow-up period, thus demonstrating the ef-

ficacy of these vectors. The observed speed of immune 

recovery was an additional evidence confirming the su-

periority of this approach over conventional haploidenti-

cal HSC transplantation [141]. While SIN-MLV vectors 

have reduced transduction efficiency, they do not in-

tegrate into the growth-related genes and transcription 

start sites compared to their conventional counterparts 

[142, 143]. This and related strategies, such as the use of 

chromatin insulators or alternative promoters, can lead 

to the development of new MLV vectors with improved 

genotoxicity profiles [114].

Retroviral vectors have also been used to treat the 

Wiskott–Aldrich syndrome (WAS), a rare PID charac-

terized by suppressed immune function in boys and re-

duced ability to form functional platelets due to the loss-

of-function mutations in the WAS protein (WASp). 

In 2006-2009, 10 patients received autologous HSCs 

transduced with a retrovirus – carrying a copy of the WAS 

gene following a mild myeloablation regimen [144, 145]. 

Successfully engrafted modified HSCs demonstrated 

proliferative and selective advantage over unmodified 

cells. The level of the therapeutic protein in these patients 

correlated with the improved clinical manifestations, 

9



MINSKAIA et al.2166

BIOCHEMISTRY (Moscow) Vol. 88 Nos. 12-13 2023

such as partial to complete elimination of bleeding, ec-

zema, immunodeficiency, and autoimmunity. However, 

1 to 5 years after the gene therapy, seven out of ten pa-

tients developed leukemia leading to the death of two 

patients.

LENTIVIRUSES: 

INTEGRATING VECTORS 

WITH LOW GENOTOXICITY

In 1996, human immunodeficiency virus (HIV) 

was first used as a lentiviral vector (LV) to efficiently de-

liver a transgene [146]. LV vectors have four important 

features that make them suitable for therapeutic trans-

gene delivery: (i) ability to transduce both dividing and 

non-dividing cells; (ii) integration into the host cell ge-

nome, which ensures long-term transgene expression; 

(iii) high packaging capacity (up to 9 kb) allowing ex-

pression of multiple therapeutic genes [147-149]; and 

(iv) relatively low immunogenicity [150, 151]. Transgene 

expression from LV vectors can be regulated by using in-

ducible promoters [152] and improved by utilizing en-

dogenous miRNAs for posttranscriptional regulation, 

thus dampening the transgene-induced immune re-

sponse [153]. Transduction efficiency can be improved 

by using LVs pseudotyped with simian immunodeficien-

cy virus and Ebola virus glycoproteins, as was demon-

strated for transduction of HSCs and retina [154].

LV vectors have become invaluable for ex vivo 

transgene delivery due to their reduced genotoxicity 

compared to γ-retroviral vectors [135, 139, 155]. More 

than a dozen completed clinical trials based on LV vec-

tors had been carried out to treat a variety of diseases, 

including metabolic disorders, cancer, and immune dis-

orders. The  number of ongoing trials has increased sig-

nificantly due to the LV safety profile compared to other 

retroviruses.

One of PIDs treated by the LV-based gene therapy 
is β-thalassemia, a disorder characterized by the loss of 

functional β-globin (an essential component of eryth-

rocyte hemoglobin), which result in premature death in 

the absence of treatment. The maintenance therapy for 

patients with this disorder, consisting of frequent blood 

transfusions and chelation therapy to prevent iron accu-

mulation, improves the quality and duration of life but 

has various side effects. The first successful treatment 

for β-thalassemia relied on the infusion of autologous 

HSCs transduced with the β-globin-encoding SIN-LV, 

following a myeloablative regimen. As a result of thera-

py, patients did not require blood transfusions and their 

hemoglobin levels remained stable for almost 2 years. 

The treatment was especially successful in patients with 

the βE type β-thalassemia who had some level of endog-

enous β-globin expression, while only partial correction 

was observed in patients with the β0/β0 type β-thal-

assemia who completely lacked the protein. Almost 

3  years after the gene therapy, a patient with the type 

βE β-thalassemia maintained hemoglobin levels com-

parable to those of healthy adults and did not require 

blood transfusion and iron chelation therapy, which sig-

nificantly improved the life quality [156, 157]. The gene 

therapy product Zynteglo® (LentiGlobinBB305) for 

the treatment of β-thalassemia (based on clinical tri-

als NCT03207009 and NCT02906202) was approved 

in 2022.

In patients with sickle cell anemia, red blood cells 

look sickle-shaped, lack f lexibility, and stick to the ves-

sel walls as a result of mutations in β-globin leading 

to the production of an abnormal form of hemoglo-

bin called hemoglobin S. The blockage of blood ves-

sels slows or stops blood f low, prevents oxygen from 

reaching nearby tissues, and causes pain. Transduction 

of HSCs with the LV vector expressing the therapeutic 

β-globin gene with the missense mutation βA-T87Q 

was successfully performed in a 13-year-old patient who 

was not responsive to conventional treatment [157, 158]. 

As a result, the patient no longer required blood transfu-

sions, as the levels of β-globin expression reached 47%. 

Phase III clinical trial for the treatment of sickle cell 

anemia (NCT04293185) is in the active phase and esti-

mated to complete in 2027.

It was also shown that infusion of modified HSCs 

expressing the wild-type lysosomal enzyme can posi-

tively inf luence the fatal CNS neurodegenerative dis-

orders X-linked adrenoleukodystrophy (ALD) caused by 

mutations in the ABCD1 gene and characterized by the 

accumulation of long-chain fatty acids that damage my-

elin. This disease usually has a very poor prognosis in 

the absence of allogeneic HSC transplantation. In one 

of the first ALD trials, two patients were administered 

HSCs transduced with the LV pseudotyped with the 

vesicular stomatitis virus (VSV-G) glycoprotein SIN G 

and expressing the ABCD1 gene. Demyelination in the 

brain stopped 14 months after the therapy in 1 patient 

and 20 months after the therapy in the second patient, 

and no new lesions were observed in both patients 

36 months post therapy [159]. The success of phase I/II 

(NCT01896102) and phase  III (NCT03852498) clini-

cal trials culminated in the registration of the LV-based 

product Skysona® for the treatment of cerebral ALD 

in 2022.

Twenty-nine out of thirty pediatric ADA-SCID 

patients did not require ERT as a result of clinical trial 

carried out at two US clinical centers that used autol-

ogous HSCs transduced with the LV vectors express-

ing the ADA transgene [160]. Following this success, 

the drug OTL-101 entered phase  III clinical trial 

(NCT04140539). SIN LVs with the cell-specific pro-

moter and codon-optimized ADA gene were also suc-

cessfully used in two clinical trials (NCT01380990 and 

NCT01852071) [161, 162] following non-myeloablative 
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regimen with busulfan. A significant increase in the total 

T cell counts and overall restoration of immune function 

were observed during the 36 months post treatment.

Based on preclinical studies, SIN-LVs for the treat-

ment of WAS (NCT01515462) have been developed 

three participants in the phase I/II clinical trial were ad-

ministered with ex vivo modified HSCs transduced with 

the LV-w1.6W vector expressing wild-type WASp gene, 

resulting in reliable, stable, and long-term HSC engraft-

ment, as well as improved T cell function. In addition to 

the stable WASp protein levels, significant improvement 

in the clinical symptoms (eczema and recurrent infec-

tions) and reduced disease severity were observed at 

6  months post gene therapy. Importantly, no insertion-

al mutagenesis or clonal expansion were detected within 

18-32 months after transplantation of modified HSCs, 

confirming the safety and efficacy of used LV vectors 

[163]. Encouraging results were also demonstrated in a 

group of patients participating in a similar gene therapy 

trial [164, 165].

Infantile metachromatic leukodystrophy is a fatal ge-

netic disorder with the symptoms appearing in the sec-

ond year of life and leading to the fatal outcome within 

the first 10 years of life. In this disorder, demyelination 

of the nervous system leads to severe motor and cogni-

tive impairments caused by the lack of arylsulfatase A 

(ARSA), which results in the accumulation of sulfatide 

in myelin-producing cells. Unfortunately, conventional 

bone marrow transplantation does not improve the out-

come of this disease and generally does not prevent the 

loss of motor function. In an attempt to cure this con-

dition, presymptomatic children were infused with au-

tologous SIN LV-modified HSCs delivering ARSA to 

the CNS following busulfan treatment (NCT01560182) 

[122]. Therapeutic levels of functional ARSA protein 

were detected two years post therapy; the participants 

demonstrated normal for their age motor and cognitive 

development, and, critically, no insertional mutagenesis 

was observed [159]. Following the success of this ther-

apy, the LV-based product for the ARSA gene delivery 

to HSCs, Libmeldy®, was registered in Europe in 2020.

APPROVED GENE THERAPIES

Excitingly, sixteen viral vector-based gene replace-

ment therapy products have been approved in the United 

States, European Union, and Russia, but their clinical 

investigation is still expanding [166].

Several anti-cancer gene therapy products have 

been approved so far. For example, Imlygic®, the first 

approved product for the treatment of melanoma, is 

based on a modified HSV1 expressing human granulo-

cyte-macrophage colony-stimulating factor (GM-CSF) 

gene in place of the viral genes γ34.5 and α47 that en-

code ICP34.5 (infected cell protein 34.5) and ICP47, 

respectively [167]. The recombinant virus can selectively 

replicate in malignant tissues due to the lack of ICP34.5, 

while the lack of ICP47 activates the host immune re-

sponse. Targeted expression of GM-CSF causes infiltra-

tion of dendritic cells and leads to the development of 

adaptive immune response against malignant cells [167]. 

The efficacy of Imlygic® against a variety of cancers, 

such as ovarian, pancreatic, and rectal cancers, soft tis-

sue sarcoma, and many others, is currently tested.

Gendicine®, the first AdV-based anti-cancer gene 

product, was approved in China in 2003 for treating head 

and neck squamous cell carcinoma [168]. It is based on 

human AdV5 in which the E1 gene was replaced by the 

gene encoding the pro-apoptotic p53 protein (human 

tumor suppressor) that blocks the cell survival pathways. 

Thousands of patients have been treated with Gendi-

cine®, who demonstrated a significantly better response 

when the gene therapy treatment was combined with 

chemotherapy, radiotherapy, and other conventional 

treatments [169]. Many Gendicine-based clinical trials 

for the treatment of other types of cancers, such as ovari-

an, lung, breast, liver, pancreatic, and colorectal cancers, 

are ongoing [169].

Oncorine®, an AdV-based therapy for the treat-

ment of late-stage refractory nasopharyngeal cancer, 

was approved in China in 2005 [170]. The recombinant 

virus selectively replicates in and lyses p53-deficient ma-

lignant cells as a result of viral E1B-55KD gene deletion 

[170]. Oncorine® is currently investigated in clinical tri-

als for the treatment of other cancer types, such as re-

fractory malignant ascites and hepatocellular carcinoma.

Rexin-G®, an RV-based gene therapy for the treat-

ment of solid tumors, was approved in the Philippines in 

2007. Expression of cyclin G1 in malignant cells leads to 

the G1 phase cell cycle arrest, apoptosis, and cell death. 

Several US-based phase I and II clinical trials have in-

vestigated this gene therapy approach for the treatment 

of breast, pancreatic, and other types of cancer [171-

173]. It was approved for the treatment of osteosarcoma 

and soft tissue sarcoma in 2008 and for pancreatic can-

cer in 2009 [166].

Six AAV vector-based treatments, namely, Gly-
bera® for the treatment of lipoprotein lipase deficiency, 

Luxturna® for retinal dystrophy, Zolgensma® for spinal 

muscular atrophy, Upstaza® for AADC, Roctavian® for 

hemophilia A, and Hemgenix® for hemophilia B, were 

approved in 2012, 2017, 2019, and 2022, respectively. 

The number of AAV-based phase  I/II clinical trials has 

significantly increased. AAV vectors have demonstrated 

clinical efficacy in the treatment of several monogenic 

metabolic, ophthalmological, neurological, and hema-

tological diseases [5, 174-176].

Three LV vector-based treatments, Libmeldy® for 

infantile metachromatic leukodystrophy, Zynteglo® for 

treatment of β-thalassemia, Skysona® for treatment of 

ALD, were also approved.
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Fig. 7. Current clinical trials by viral vector (a) and therapeutic area (b) [1].

a b

ONGOING CLINICAL TRIALS

Over 3000 gene therapy clinical trials based on vi-

ral vectors had been started, completed, and approved 

in the past thirty years. While ongoing clinical trials use 

more than ten vector types, they mainly rely on AAVs 

(49% of all clinical trials) and AdVs (29% of all trials) 

(Fig. 7a). Gene therapy approaches are tested mostly for 

the treatment of ophthalmological (14% of trials), neu-

rological, metabolic (both 10% of trials), and hemato-

logical (9% of trials) disorders (Fig. 7b) [1].

Clinical trials for the treatment of monogenic dis-

orders (mucopolysaccharidosis and Fanconi anemia) 

and various types of cancers (melanoma, hepatocellular 

carcinoma, head and neck, breast, lung, and prostate 

cancers) are ongoing [1]. An outstanding clinical poten-

tial of these therapies is ref lected by the fact that many 

of them enter early-stage trials and many products have 

been proven safe and reached late-stage trials.

Approved AdV vector-based trials, both ongoing 

and completed, are focused mainly on infectious diseas-

es and cancer. AdV vectors induce a strong pro-inflam-

matory response, which makes them highly potent tools 

for the treatment of cancer. The clinical trials mainly 

rely on AdV5 and AdV26 serotypes followed by EnAdV 

(chimeric serotype enadenotucirev), AdV VCN-01 

and AdV5/35 (both human AdV5-based), and ChAdV 

(chimpanzee AdV), the latter becoming an important 

serotype due to its safety profile [177, 178]. The an-

ti-cancer gene therapy candidates deliver genes encod-

ing IFN-γ, IL-12, IL-15, 4-1BBL, and many others. 

Due to the high transgene expression and immunoge-

nicity, these vectors are ideal candidates for the devel-

opment of vaccines against hepatitis B, SARS-2 (se-

vere acute respiratory virus-2), HIV, tuberculosis (TB), 

and other infectious pathogens [179]. In the past few 

years, the use of AdV vectors has declined, as AAV and 

LV vectors started to dominate the clinical trial land-

scape [180].

By mid-2023, the number of AAV-based trials 

reached 262 with more than 7% phase  III trials ap-

proved, ongoing, or completed. Late-stage trials mainly 

focus on hematological diseases (hemophilia A and B), 

neurological diseases (spinal muscular atrophy), oph-

thalmological diseases (retinitis pigmentosa), and mus-

culoskeletal disorders (DMD).

Historically, RV vectors had been used for the treat-

ment of monogenic diseases, different types of cancer, 

and HIV. However, their application has declined due to 

the inability to transduce non-dividing cells and the risk 

of insertional mutagenesis [130]. The long-term safe-

ty of RV vectors has been assessed for fifteen years in 

30  patients in Italy [181]. Only one RV-based therapy 

product, Strimvelis, was approved for the treatment of 

ADA-SCID as a result of hundreds of trials.

The number of LV-based approved, ongoing, or 

completed clinical trials has been steadily but surely in-

creasing over the last ten years due to the ability of these 

vectors to transduce both dividing and non-dividing 

cells and low genotoxicity [182, 183]. A safer, modified 

SIN LV vector was used for the treatment of 65 HIV 

patients with no side effects for over 8 years post gene 

therapy [184]. While current active trials investigate gene 

therapy for a wide variety of diseases, they are predomi-

nantly focused on the treatment of monogenic diseases, 

infectious diseases, and cancer. The treatment of solid 

tumors is the focus of cancer clinical trials because of the 

ability of viral vectors to transduce solid tumors more effi-

ciently. The landscape of monogenic disease trials includes 

ophthalmological, metabolic, neurological, hematologi-

cal, musculoskeletal, and cardiovascular diseases [166].

CONCERNS: GENOTOXICITY AND SHEDDING

Both non-viral and viral factors can cause geno-

toxicity. The dose, nature of transgene, age of recipient, 

and disease state (immunodeficient patients are more 
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prone to dysregulation of proto-oncogenes) can influence 

genotoxicity, while the origin of a viral vector and its de-

sign, integration site, and type of targeted cells can cause 

genotoxicity as a result of proto-oncogene upregulation.

Inf lammation, random integration affecting nor-

mal genes, upregulation of proto-oncogenes, and inser-

tional mutagenesis can not only lead to the disruption or 

dysregulation of gene expression, but also cause clonal 

expansion and oncogenesis [185]. Adjacent proto-on-

cogenes can be activated by (i) epigenetic gene silenc-
ing, in which viral vector-induced gene methylation in-

hibits expression of neighboring genes due to histone and 

DNA methylation expansion; (ii) promoter insertion; and 

(iii) gene transcript truncation (loss-of-function muta-

tions in tumor suppressor genes) [119, 186-188]. Differ-

ent vectors display different cell-specific integration pro-

files. To overcome this hurdle, viral vectors with a lower 

risk of insertional mutagenesis (SIN vectors [186,  189]), 

enhancer-blocking chromatin insulators [190], and vec-

tor-targeting microRNA have been developed [191].

It is important to understand the effects of the vec-

tor on the immune system before proceeding to clini-

cal trials, as acute immune response can lead to severe 

complications, and, in some instances, lethal outcomes 

[192]. Previous exposure to a viral serotype used in the 

therapeutic vector can result in a strong immune re-

sponse due to pre-existing nAbs, thus decreasing the 

clinical efficacy and inf lammation as a result of geno-

toxicity [192]. While up to 80% of the world population 

has been exposed to the AAV serotypes  1 and 2, other 

AAV serotypes are known to vary geographically. For ex-

ample, AAV2 nAbs are prevalent in more than 50% of 

407 samples from Africa compared to 30% of 100 sam-

ples from the Unites States, while AAV8 nAbs were prev-

alent in about 30% of samples from Africa compared to 

about 15% of samples from the United States [188-190].

And finally, virus shedding may be a cause of con-

cern. Some studies showed that viral vectors can be ex-

creted (‘shed’) from the blood, urine, saliva, and stool 

for up to a week after injection. General guidelines rec-

ommend caution between days 14 and 30 after vector 

administration for both health care professionals and 

family members [194-196].

CONCLUSION

More than 6000 rare diseases affect over 300 mil-

lion people worldwide with devastating effects. Half 

of rare diseases affect children, 30% of whom will die 

before the age of 5 [197]. As few existing convention-

al therapies only manage the symptoms, new effective 

approaches, such as gene and cell therapies, have been 

long overdue. In contrast to conventional treatments, 

gene therapy drugs are mostly offered as a single-shot 

treatment, alleviating the burden of daily treatments.

Although not all inherited disorders can be treat-

ed with this unique approach, better results are usually 

achieved if the presymptomatic treatment has been used, 

and not all individuals respond uniformly, gene therapy 

offers a life-saving solution for patients with rare and 

often fatal disease. By now, effective and long-lasting 

gene therapy treatments have been developed for many 

disorders. As a result of research and development ef-

forts, improved viral vectors are now able to evade pre-

existing immunity, target and transduce therapeutically 

relevant cells more efficiently, ensure genomic mainte-

nance, and express relevant levels of a transgene. Fur-

ther focus on improving the efficacy and safety of viral 

vectors while reducing the necessary therapeutic dose, 

off-target effects, and production costs will ensure the 

success of gene therapy. It should be also mentioned 

that gene therapies often get accelerated approval, there-

fore, long-term follow-up is essential to ensure the du-

rability of response or the long-term safety of newly ap-

proved therapies. Whereas hematological, neurological, 

and ophthalmological therapeutic areas have witnessed 

successful treatment of hemophilia and spinal muscular 

atrophy, restoration of the immune system in children 

with immunodeficiencies, and improvement of visual 

acuity, the majority of neurodegenerative and metabol-

ic disorders are still “waiting in the wings”. Undoubt-

edly, this brings hope to the patients with rare genetic 

disorders (and their families) of an improved quality of 

life and significantly longer life expectancy – something 

that so many healthy individuals take for granted.

Contributions. E.M. manuscript concept, writing 

and editing, preparation of figures; A.G. clinical data 

analysis and preparation of figures; A.E. manuscript 

writing, R.I. manuscript editing, A.K. manuscript con-

cept and editing.

Funding. This study was supported by the Rus-

sian Science Foundation (project no.  22-14-20046). 

A.D.E. was supported by the Russian Science Founda-

tion (project no.  22-14-20046). E.M., A.G., A.K., and 

R.A.I. were supported by the internal projects GTH-

RND-2011 and GTH-RND-2112.

Ethics declarations. The authors declare no con-

f licts of interest. This article does not contain descrip-

tion of studies with the involvement of humans or ani-

mal subjects performed by any of the authors.

Electronic supplementary material. The online 

version contains supplementary material available at 

https://doi.org/10.1134/S0006297923120179.

REFERENCES

 1. Mahoney, A. L. G., Nassif, N. T., O’Brien, B. A., and 

Simpson, A. M. (2022) Viral Vectors in Gene Therapy and 
Clinical Applications in Molecular Cloning, IntechOpen.

13



MINSKAIA et al.2170

BIOCHEMISTRY (Moscow) Vol. 88 Nos. 12-13 2023

 2. Flotte, T., Carter, B., Conrad, C., Guggino, W., Reyn-

olds, T., Rosenstein, B., Taylor, G., Walden, S., and 

Wetzel, R. (1996) A phase I study of an adeno-associated 

Virus-CFTR gene vector in adult CF patients with mild 

lung disease, Hum. Gene Ther., 7, 1145-1159, doi: 10.1089/

hum.1996.7.9-1145.

 3. Manno, C. S., Arruda, V. R., Pierce, G. F., Glader, B., 

Ragni, M., Rasko, J., Ozelo, M. C., Hoots, K., Blatt, P., 

Konkle, B., et  al. (2006) Successful transduction of liver 

in hemophilia by AAV-Factor IX and limitations imposed 

by the host immune response, Nat. Med., 12, 342-347, 

doi: 10.1038/nm1358.

 4. Mease, P. J., Hobbs, K., Chalmers, A., El-Gabalawy, H., 

Bookman, A., Keystone, E., Furst, D. E., Anklesar-

ia, P., and Heald, A. E. (2009) Local delivery of a re-

combinant adenoassociated vector containing a tumour 

necrosis factor α antagonist gene in inf lammatory ar-

thritis: A phase  1 dose-escalation safety and tolerability 

study, Ann. Rheum. Dis., 68, 1247-1254, doi: 10.1136/ard.

2008.089375.

 5. Russell, S., Bennett, J., Wellman, J. A., Chung, D. C., 

Yu, Z. F., Tillman, A., Wittes, J., Pappas, J., Elci, O., 

McCague, S., et al. (2017) Efficacy and safety of vore-

tigene neparvovec (AAV2-hRPE65v2) in patients with 

RPE65-mediated inherited retinal dystrophy: a ran-

domised, controlled, open-label, phase 3 trial, Lancet, 
390, 849-860, doi: 10.1016/S0140-6736(17)31868-8.

 6. Trapani, I. (2019) Adeno-associated viral vectors as a tool 

for large gene delivery to the retina, Genes (Basel), 10, 

287, doi: 10.3390/genes10040287.

 7. Chang, Y. X., Zhao, Y., Pan, S., Qi, Z. P., Kong, W. J., 

Pan, Y. R., Li, H. R., and Yang, X. Y. (2019) Intramus-

cular injection of adenoassociated virus encoding human 

neurotrophic factor 3 and exercise intervention contribute 

to reduce spasms after spinal cord injury, Neural Plast., 
2019, 3017678, doi: 10.1155/2019/3017678.

 8. Giannakopoulos, A., Quiviger, M., Stavrou, E., Ver-

ras, M., Marie, C., Scherman, D., and Athanassiadou, A. 

(2019) Efficient episomal gene transfer to human hepatic 

cells using the pFAR4-S/MAR vector, Mol. Biol. Rep., 46, 

3203-3211, doi: 10.1007/s11033-019-04777-9.

 9. Gaspar, H. B., Cooray, S., Gilmour, K. C., Parsley, 

K. L., Zhang, F., Adams, S., Bjorkegren, E., Bayford, J., 

Brown, L., Davies, E. G., et al. (2011) Immunodeficien-

cy: Hematopoietic stem cell gene therapy for adenosine 

deaminase-deficient severe combined immunodeficiency 

leads to long-term immunological recovery and metabol-

ic correction, Sci. Transl. Med., 3, 97ra80, doi: 10.1126/

scitranslmed.3002716.

 10. Kotin, R. M. (2011) Large-scale recombinant adeno-as-

sociated virus production, Hum. Mol. Genet., 20, R2-R6, 

doi: 10.1093/hmg/ddr141.

 11. Wu, Z., Asokan, A., and Samulski, R. J. (2006) Adeno- 

associated virus serotypes: vector toolkit for human 

gene therapy, Mol. Ther., 14, 316-327, doi: 10.1016/

j.ymthe.2006.05.009.

 12. Schaffer, D. V., Koerber, J. T., and Lim, K.-Il (2008) Mo-

lecular engineering of viral gene delivery vehicles, Annu. 
Rev. Biomed. Eng., 10, 169-194, doi: 10.1146/annurev.

bioeng.10.061807.160514.

 13. Colella, P., Ronzitti, G., and Mingozzi, F. (2018) Emerg-

ing issues in AAV-mediated in vivo gene therapy, Mol. 
Ther. Methods Clin. Dev., 8, 87-104, doi: 10.1016/j.omtm.

2017.11.007.

 14. Mingozzi, F., Meulenberg, J. J., Hui, D. J., Basner- 

Tschakarjan, E., Hasbrouck, N. C., Edmonson, S. A., 

Hutnick, N. A., Betts, M. R., Kastelein, J. J., Stroes, 

E. S., et al. (2009) AAV-1-mediated gene transfer to skel-

etal muscle in humans results in dose-dependent activa-

tion of capsid-specific T cells, Blood, 114, 2077-2086, doi: 

10.1182/blood-2008-07-167510.

 15. Lebherz, C., Maguire, A., Tang, W., Bennett, J., and Wil-

son, J. M. (2008) Novel AAV serotypes for improved ocu-

lar gene transfer, J. Gene Med., 10, 375-382, doi: 10.1002/

jgm.1126.

 16. Ojala, D. S., Amara, D. P., and Schaffer, D. V. (2015) Ade-

no-associated virus vectors and neurological gene therapy, 

Neuroscientist, 21, 84-98, doi: 10.1177/1073858414521870.

 17. Sen, D., Balakrishnan, B., Gabriel, N., Agrawal, P., Ro-

shini, V., Samuel, R., Srivastava, A., and Jayandharan, G. 

R. (2013) Improved adeno-associated virus (AAV) sero-

type 1 and 5 vectors for gene therapy, Sci. Rep., 6, 1832, 

doi: 10.1038/srep01832.

 18. Kattenhorn, L. M., Tipper, C. H., Stoica, L., Geraghty, 

D. S., Wright, T. L., Clark, K. R., and Wadsworth, S. C. 

(2016) Adeno-associated virus gene therapy for liv-

er disease, Hum. Gene Ther., 27, 947-961, doi: 10.1089/

hum.2016.160.

 19. McCarty, D. M. (2008) Self-complementary AAV vectors; 

advances and applications, Mol. Ther., 16, 1648-1656, 

doi: 10.1038/mt.2008.171.

 20. Nathwani, A. C., Gray, J. T., Ng, C. Y. C., Zhou, J., 

Spence, Y., Waddington, S. N., Tuddenham, E. G. D., 

Kemball-Cook, G., McIntosh, J., Boon-Spijker, M., 

et  al. (2006) Self-complementary adeno-associated virus 

vectors containing a novel liver-specific human factor IX 

expression cassette enable highly efficient transduction of 

murine and nonhuman primate liver, Blood, 107, 2653-

2661, doi: 10.1182/blood-2005-10-4035.

 21. Nathwani, A. C., Tuddenham, E. G. D., Rangarajan, S., 

Rosales, C., McIntosh, J., Linch, D. C., Chowdary, P., 

Riddell, A., Pie, A. J., Harrington, C., et al. (2011) Ad-

enovirus-associated virus vector-mediated gene trans-

fer in hemophilia  B, N.  Engl. J. Med., 365, 2357-2365, 

doi: 10.1056/nejmoa1108046.

 22. Mendell, J. R., Al-Zaidy, S., Shell, R., Arnold, W. D., 

Rodino-Klapac, L. R., Prior, T. W., Lowes, L., Alfano, L., 

Berry, K., Church, K., et al. (2017) Single-dose gene-re-

placement therapy for spinal muscular atrophy, N. Engl. J. 
Med., 377, 1713-1722, doi: 10.1056/nejmoa1706198.

 23. Calcedo, R., Morizono, H., Wang, L., McCarter, R., 

He,  J., Jones, D., Batshaw, M. L., and Wilson, J. M. 

14



VIRAL VECTORS IN GENE THERAPY 2171

BIOCHEMISTRY (Moscow) Vol. 88 Nos. 12-13 2023

(2011) Adeno-associated virus antibody profiles in new-

borns, children, and adolescents, Clin. Vaccine Immunol., 
18, 1586-1588, doi: 10.1128/CVI.05107-11.

 24. Erles, K., Sebökovà, P., and Schlehofer, J. R. (1999) 

Update on the prevalence of serum antibodies (IgG and 

IgM) to adeno-associated virus (AAV), J. Med. Virol., 59, 

406-411, doi: 10.1002/(sici)1096-9071(199911)59:3<406::

aid-jmv22>3.0.co;2-n.

 25. Li, C., Narkbunnam, N., Samulski, R. J., Asokan, A., 

Hu, G., Jacobson, L. J., Manco-Johnson, M. L., Mona-

han, P. E., Riske, B., Kilcoyne, R., et al. (2012) Neutral-

izing antibodies against adeno-associated virus examined 

prospectively in pediatric patients with hemophilia, Gene 
Ther., 19, 288-294, doi: 10.1038/gt.2011.90.

 26. Wright, J. F. (2008) Manufacturing and characterizing 

AAV-based vectors for use in clinical studies, Gene Ther. 
2008 1511, 15, 840-848, doi: 10.1038/gt.2008.65.

 27. Grieger, J. C., and Samulski, R. J. (2012) Adeno-Associ-

ated virus Vectorology, Manufacturing, and Clinical Ap-

plications, in Methods in Enzymology, Academic Press, 

doi: 10.1016/B978-0-12-386509-0.00012-0.

 28. Schultz, B. R., and Chamberlain, J. S. (2008) Recombi-

nant adeno-associated virus transduction and integration, 

Mol. Ther., 16, 1189-1199, doi: 10.1038/mt.2008.103.

 29. Valdmanis, P. N., Lisowski, L., and Kay, M. A. (2012) 

RAAV-Mediated tumorigenesis: still unresolved after 

an AAV assault, Mol. Ther., 20, 2014-2017, doi: 10.1038/

mt.2012.220.

 30. El Andari, J., and Grimm, D. (2021) Production, pro-

cessing, and characterization of synthetic AAV gene ther-

apy vectors, Biotechnol.  J., 16, 2000025, doi: 10.1002/

biot.202000025.

 31. Bertin, B., Veron, P., Leborgne, C., Deschamps, J. Y., 

Moullec, S., Fromes, Y., Collaud, F., Boutin, S., Latour-

nerie, V., van Wittenberghe, L., et al. (2020) Capsid-spe-

cific removal of circulating antibodies to adeno-associat-

ed virus vectors, Sci. Rep., 10, 864, doi: 10.1038/s41598-

020-57893-z.

 32. Leborgne, C., Barbon, E., Alexander, J. M., Hanby, H., 

Delignat, S., Cohen, D. M., Collaud, F., Muraleetha-

ran, S., Lupo, D., Silverberg, J., et al. (2020) IgG-cleaving 

endopeptidase enables in vivo gene therapy in the pres-

ence of anti-AAV neutralizing antibodies, Nat. Med., 26, 

1096-1101, doi: 10.1038/s41591-020-0911-7.

 33. Elmore, Z. C., Oh, D. K., Simon, K. E., Fanous, M. M., 

and Asokan, A. (2020) Rescuing AAV gene transfer from 

neutralizing antibodies with an IgG-degrading enzyme, 

JCI Insight, 5, e139881, doi: 10.1172/jci.insight.139881.

 34. Ghosh, A., Yue, Y., Lai, Y., and Duan, D. (2008) A hybrid 

vector system expands adeno-associated viral vector pack-

aging capacity in a transgene-independent manner, Mol. 
Ther., 16, 124-130, doi: 10.1038/sj.mt.6300322.

 35. Lai, Y., Yue, Y., Liu, M., Ghosh, A., Engelhardt, J. F., 

Chamberlain, J. S., and Duan, D. (2005) Efficient in vivo 

gene expression by trans-splicing adeno-associated viral vec-

tors, Nat. Biotechnol., 23, 1435-1439, doi: 10.1038/nbt1153.

 36. Chew, W. L., Tabebordbar, M., Cheng, J. K. W., Mali, P., 

Wu, E. Y., Ng, A. H. M., Zhu, K., Wagers, A. J., and 

Church, G. M. (2016) A multifunctional AAV-CRISPR-

Cas9 and its host response, Nat. Methods, 13, 868-874, 

doi: 10.1038/nmeth.3993.

 37. Li, J., Sun, W., Wang, B., Xiao, X., and Liu, X. Q. (2008) 

Protein trans-splicing as a means for viral vector-medi-

ated in vivo gene therapy, Hum. Gene Ther., 19, 958-964, 

doi: 10.1089/hum.2008.009.

 38. Stroes, E. S., Nierman, M. C., Meulenberg, J. J., Frans-

sen, R., Twisk, J., et al. (2008) Intramuscular admin-

istration of AAV1-lipoprotein lipaseS447X lowers tri-

glycerides in lipoprotein lipase-deficient patients, Arte-
rioscler. Thromb. Vasc. Biol., 28, 2303-2304, doi: 10.1161/

ATVBAHA.108.175620.

 39. Gaudet, D., de Wal, J., Tremblay, K., Déry, S., van 

Deventer, S., Freidig, A., Brisson, D., and Méthot,  J. 

(2010) Review of the clinical development of alipo-

gene tiparvovec gene therapy for lipoprotein lipase de-

ficiency, Atheroscler. Suppl., 11, 55-60, doi: 10.1016/

j.atherosclerosissup.2010.03.004.

 40. Carpentier, A. C., Frisch, F., Labbe, S. M., Gagnon, R., 

De Wal, J., Greentree, S., Petry, H., Twisk, J., Brisson, D., 

and Gaudet, D. (2012) Effect of alipogene tiparvovec 

(aav1-lpls447x) on postprandial chylomicron metabolism 

in lipoprotein lipase-deficient patients, J. Clin. Endocrinol. 
Metab., 97, 1635-1644, doi: 10.1210/jc.2011-3002.

 41. Bennett, J., Ashtari, M., Wellman, J., Marshall, K. A., 

Cyckowski, L. L., Chung, D. C., McCague, S., Pierce, 

E. A., Chen, Y., Bennicelli, J. L., et al. (2012) Gene ther-

apy: AAV2 gene therapy readministration in three adults 

with congenital blindness, Sci. Transl. Med., 4, 120ra15, 

doi: 10.1126/scitranslmed.3002865.

 42. Bainbridge, J. W. B., Smith, A. J., Barker, S. S., Rob-

bie,  S., Henderson, R., Balaggan, K., Viswanathan, A., 

Holder, G. E., Stockman, A., Tyler, N., et al. (2008) Effect 

of gene therapy on visual function in Leber’s congenital 

amaurosis, N. Engl. J. Med., 358, 2231-2239, doi: 10.1056/

NEJMOA0802268.

 43. Cideciyan, A. V., Hauswirth, W. W., Aleman, T. S., 

Kaushal, S., Schwartz, S. B., et al. (2009) Human RPE65 

gene therapy for leber congenital amaurosis: persistence of 

early visual improvements and safety at 1 year, Hum. Gene 
Ther., 20, 999-1004, doi: 10.1089/hum.2009.086.

 44. Maguire, A. M., Simonelli, F., Pierce, E. A., Pugh, E. N., 

Mingozzi, F., Bennicelli, J., Banfi, S., Marshall, K. A., 

Testa, F., Surace, E. M., et al. (2008) Safety and efficacy 

of gene transfer for Leber’s congenital amaurosis, N. Engl. 
J. Med., 358, 2240-2248, doi: 10.1056/nejmoa0802315.

 45. Cideciyan, A. V., Aleman, T. S., Boye, S. L., Schwartz, 

S.  B., Kaushal, S., Roman, A. J., Pang, J. J., Sumaro-

ka,  A., Windsor, E. A. M., Wilson, J. M., et al. (2008) 

Human gene therapy for RPE65 isomerase deficiency acti-

vates the retinoid cycle of vision but with slow rod kinetics, 

Proc. Natl. Acad. Sci. USA, 105, 15112-15117, doi: 10.1073/

pnas.0807027105.

15



MINSKAIA et al.2172

BIOCHEMISTRY (Moscow) Vol. 88 Nos. 12-13 2023

 46. Hauswirth, W. W., Aleman, T. S., Kaushal, S., Cideciyan, 

A. V., Schwartz, S. B., et al. (2008) Treatment of Leber 

congenital amaurosis due to RPE65 mutations by ocular 

subretinal injection of adeno-associated virus gene vector: 

short-term results of a phase I trial, Hum Gene Ther., 19, 

979-990, doi: 10.1089/HUM.2008.107.

 47. Jacobson, S. G., Cideciyan, A. V., Ratnakaram, R., 

Heon, E., Schwartz, S. B., et al. (2012) Gene therapy for 

leber congenital amaurosis caused by RPE65 mutations: 

safety and efficacy in 15 children and adults followed up 

to 3 years, Arch. Ophthalmol., 130, 9-24, doi: 10.1001/ar-

chophthalmol.2011.298.

 48. Simonelli, F., Maguire, A. M., Testa, F., Pierce, E. A., 

Mingozzi, F., Bennicelli, J. L., Rossi, S., Marshall, K., 

Banfi, S., Surace, E. M., et al. (2010) Gene therapy for 

Leber’s congenital amaurosis is safe and effective through 

1.5 years after vector administration, Mol. Ther., 18, 

643-650, doi: 10.1038/mt.2009.277.

 49. Testa, F., Maguire, A. M., Rossi, S., Pierce, E. A., Me-

lillo, P., Marshall, K., Banfi, S., Surace, E. M., Sun, J., 

Acerra, C., et al. (2013) Three-year follow-up after uni-

lateral subretinal delivery of adeno-associated virus in pa-

tients with leber congenital amaurosis type 2, Ophthalmol-
ogy, 120, 1283-1291, doi: 10.1016/j.ophtha.2012.11.048.

 50. Maguire, A. M., High, K. A., Auricchio, A., Wright, J. F., 

Pierce, E. A., Testa, F., Mingozzi, F., Bennicelli, J. L., 

Ying, G. shuang, Rossi, S., et al. (2009) Age-dependent 

effects of RPE65 gene therapy for Leber’s congenital am-

aurosis: a phase 1 dose-escalation trial, Lancet, 374, 1597-

1605, doi: 10.1016/S0140-6736(09)61836-5.

 51. Boye, S. E., Boye, S. L., Lewin, A. S., and Hauswirth, 

W. W. (2013) A comprehensive review of retinal gene ther-

apy, Mol. Ther., 21, 509-519, doi: 10.1038/mt.2012.280.

 52. MacLaren, R. E., Groppe, M., Barnard, A. R., Cottriall, 

C. L., Tolmachova, T., et al. (2014) Retinal gene therapy in 

patients with choroideremia: initial findings from a phase 

1/2 clinical trial, Lancet, 383, 1129-1137, doi: 10.1016/

S0140-6736(13)62117-0.

 53. Kiss, S., Osborne, A., Hoang, C., and Turpcu, A. (2020) 

ADVM-022 intravitreal gene therapy for neovascu-

lar AMD – results from the phase 1 OPTIC Study, Mol. 
Ther., 28, 220-221.

 54. Harper, S. Q., Hauser, M. A., DelloRusso, C., Duan, D., 

Crawford, R. W., Phelps, S. F., Harper, H. A., Robinson, 

A. S., Engelhardt, J. F., Brooks, S. V., et al. (2002) Mod-

ular f lexibility of dystrophin: implications for gene therapy 

of Duchenne muscular dystrophy, Nat. Med., 8, 253-261, 

doi: 10.1038/nm0302-253.

 55. Salva, M. Z., Himeda, C. L., Tai, P. W. L., Nishiuchi, E., 

Gregorevic, P., Allen, J. M., Finn, E. E., Nguyen, Q. G., 

Blankinship, M. J., Meuse, L., et al. (2007) Design of tis-

sue-specific regulatory cassettes for high-level rAAV-me-

diated expression in skeletal and cardiac muscle, Mol. 
Ther., 15, 320-329, doi: 10.1038/sj.mt.6300027.

 56. BRIEF-Solid Biosciences Announces Clinical Hold 

On SGT-001 Phase I/Ii Clinical Trial | Reuters. URL: 

https://www.reuters.com/article/brief-solid-biosciences-

announces-clinic/brief-solid-biosciences-announces-

clinical-hold-on-sgt-001-phase-i-ii-clinical-trial-idINA-

SC09SB8/.

 57. Kay, M. A., Manno, C. S., Ragni, M. V., Larson, P. J., 

Couto, L. B., McClelland, A., Glader, B., Chew, A. J., 

Tai, S. J., Herzog, R. W., et al. (2000) Evidence for gene 

transfer and expression of factor IX in haemophilia B pa-

tients treated with an AAV vector, Nat. Genet., 24, 257-261, 

doi: 10.1038/73464.

 58. Manno, C. S., Chew, A. J., Hutchison, S., Larson, P. J., 

Herzog, R. W., Arruda, V. R., Tai, S. J., Ragni, M. V., 

Thompson, A., Ozelo, M., et al. (2003) AAV-mediated 

factor IX gene transfer to skeletal muscle in patients with 

severe hemophilia B, Blood, 101, 2963-2972, doi: 10.1182/

blood-2002-10-3296.

 59. Mingozzi, F., Maus, M. V., Hui, D. J., Sabatino, D. E., 

Murphy, S. L., Rasko, J. E. J., Ragni, M. V., Manno, 

C. S., Sommer, J., Jiang, H., et al. (2007) CD18+ T-cell re-

sponses to adeno-associated virus capsid in humans, Nat. 
Med., 13, 419-422, doi: 10.1038/nm1549.

 60. Nathwani, A. C., Gray, J. T., McIntosh, J., Ng, C. Y. C., 

Zhou, J., Spence, Y., Cochrane, M., Gray, E., Tudden-

ham, E. G. D., and Davidoff, A. M. (2007) Safe and effi-

cient transduction of the liver after peripheral vein infusion 

of self-complementary AAV vector results in stable thera-

peutic expression of human FIX in nonhuman primates, 

Blood, 109, 1414-1421, doi: 10.1182/blood-2006-03-010181.

 61. Meng, Y., Sun, D., Qin, Y., Dong, X., Luo, G., and 

Liu,  Y. (2021) Cell-penetrating peptides enhance the 

transduction of adeno-associated virus serotype 9 in the 

central nervous system, Mol. Ther. Methods Clin. Dev., 21, 

28-41, doi: 10.1016/j.omtm.2021.02.019.

 62. Boutin, S., Monteilhet, V., Veron, P., Leborgne, C., Ben-

veniste, O., Montus, M. F., and Masurier, C. (2010) Prev-

alence of serum IgG and neutralizing factors against ade-

no-associated virus (AAV) types 1, 2, 5, 6, 8, and 9 in the 

healthy population: Implications for gene therapy using 

AAV vectors, Hum. Gene Ther., 21, 704-712, doi: 10.1089/

hum.2009.182.

 63. Kruzik, A., Fetahagic, D., Hartlieb, B., Dorn, S., Kop-

pensteiner, H., Horling, F. M., Scheif linger, F., Reipert, 

B. M., and de la Rosa, M. (2019) Prevalence of anti-ad-

eno-associated virus immune responses in international 

cohorts of healthy donors, Mol. Ther. Methods Clin. Dev., 
14, 126-133, doi: 10.1016/j.omtm.2019.05.014.

 64. Jiang, H., Couto, L. B., Patarroyo-White, S., Liu, T., 

Nagy, D., Vargas, J. A., Zhou, S., Scallan, C. D., Som-

mer, J., Vijay, S., et al. (2006) Effects of transient im-

munosuppression on adenoassociated, virus-mediated, 

liver-directed gene transfer in rhesus macaques and impli-

cations for human gene therapy, Blood, 108, 3321-3328, 

doi: 10.1182/blood-2006-04-017913.

 65. Monahan, P., Walsh, C. E., Konkle, B. A., Powell, J. S., 

Josephson, N. C., et  al. (2015) Update on a phase 1/2 

open-label trial of BAX335, an adeno-associated virus 8 

16



VIRAL VECTORS IN GENE THERAPY 2173

BIOCHEMISTRY (Moscow) Vol. 88 Nos. 12-13 2023

(AAV8) vector-based gene therapy program for hemophil-

ia B, J. Thromb. Haemost., 13, 87, doi: 10.1111/jth.12993.

 66. Herzog, R. W. (2015) hemophilia gene therapy: caught 

between a cure and an immune response, Mol. Ther., 
23, 1411-1412, doi: 10.1038/mt.2015.135.

 67. Ozelo, M. C., Mahlangu, J., Pasi, K. J., Giermasz, A., 

Leavitt, A. D., Laffan, M., Symington, E., Quon, D. V., 

Wang, J.-D., Peerlinck, K., et al. (2022) Valoctocogene 

roxaparvovec gene therapy for hemophilia  A, N.  Engl. J. 
Med., 386, 1013-1025, doi: 10.1056/NEJMOA2113708.

 68. Jessup, M., Greenberg, B., Mancini, D., Cappola, T., 

Pauly, D. F., Jaski, B., Yaroshinsky, A., Zsebo, K. M., 

Dittrich, H., and Hajjar, R. J. (2011) Calcium upregula-

tion by percutaneous administration of gene therapy in 

cardiac disease (CUPID): A phase 2 trial of intracoronary 

gene therapy of sarcoplasmic reticulum Ca2+-ATPase in 

patients with advanced heart failure, Circulation, 124, 304-

313, doi: 10.1161/CIRCULATIONAHA.111.022889.

 69. Jaski, B. E., Jessup, M. L., Mancini, D. M., Cappola, T. 

P., Pauly, D. F., Greenberg, B., Borow, K., Dittrich, H., 

Zsebo, K. M., and Hajjar, R. J. (2009) Calcium upregu-

lation by percutaneous administration of gene therapy in 

cardiac disease (CUPID trial), a first-in-human phase 

1/2 clinical trial, J. Card. Fail., 15, 171-181, doi: 10.1016/

j.cardfail.2009.01.013.

 70. Kaplitt, M. G., Feigin, A., Tang, C., Fitzsimons, H. L., 

Mattis, P., Lawlor, P. A., Bland, R. J., Young, D., Stry-

bing, K., Eidelberg, D., et al. (2007) Safety and toler-

ability of gene therapy with an adeno-associated virus 

(AAV) borne GAD gene for Parkinson’s disease: an open 

label, phase I trial, Lancet, 369, 2097-2105, doi: 10.1016/

S0140-6736(07)60982-9.

 71. LeWitt, P. A., Rezai, A. R., Leehey, M. A., Ojemann, 

S. G., Flaherty, A. W., et al. (2011) AAV2-GAD gene ther-

apy for advanced Parkinson’s disease: a double-blind, sh-

am-surgery controlled, randomised trial, Lancet Neurol., 
10, 309-319, doi: 10.1016/S1474-4422(11)70039-4.

 72. Hwu, W. L., Muramatsu, S. I., Tseng, S. H., Tzen, K. Y., 

Lee, N. C., Chien, Y. H., Snyder, R. O., Byrne, B. J., Tai, 

C. H., and Wu, R. M. (2012) Gene therapy for aromatic 

L-amino acid decarboxylase deficiency, Sci. Transl. Med., 
4, 134ra61, doi: 10.1126/scitranslmed.3003640.

 73. Lee, N. C., Muramatsu, S. I., Chien, Y. H., Liu, W. S., 

Wang, W. H., Cheng, C. H., Hu, M. K., Chen, P. W., Tzen, 

K. Y., Byrne, B. J., et al. (2015) Benefits of neuronal prefer-

ential systemic gene therapy for neurotransmitter deficien-

cy, Mol. Ther., 23, 1572-1581, doi: 10.1038/mt.2015.122.

 74. Tai, C. H., Lee, N. C., Chien, Y. H., Byrne, B. J., Mura-

matsu, S. I., Tseng, S. H., and Hwu, W. L. (2022) Long-

term efficacy and safety of eladocagene exuparvovec in 

patients with AADC deficiency, Mol. Ther., 30, 509-518, 

doi: 10.1016/J.YMTHE.2021.11.005.

 75. Alexander, I. E., Cunningham, S. C., Logan, G. J., and 

Christodoulou, J. (2008) Potential of AAV vectors in the 

treatment of metabolic disease, Gene Ther., 15, 831-839, 

doi: 10.1038/gt.2008.64.

 76. Blankinship, M. J., Gregorevic, P., and Chamberlain, 

J. S. (2006) Gene therapy strategies for Duchenne mus-

cular dystrophy utilizing recombinant adeno-associat-

ed virus vectors, Mol. Ther., 13, 241-249, doi: 10.1016/

j.ymthe.2005.11.001.

 77. Duan, D. (2016) Systemic delivery of adeno-associated 

viral vectors, Curr. Opin. Virol., 21, 16-25, doi: 10.1016/

j.coviro.2016.07.006.

 78. Clément, N., and Grieger, J. C. (2016) Manufacturing of 

recombinant adeno-associated viral vectors for clinical tri-

als, Mol. Ther. Methods Clin. Dev., 3, 16002, doi: 10.1038/

mtm.2016.2.

 79. Zhu, J., Huang, X., and Yang, Y. (2009) The TLR9-

MyD88 pathway is critical for adaptive immune respons-

es to adenoassociated virus gene therapy vectors in mice, 

J. Clin. Invest., 119, 2388-2398, doi: 10.1172/JCI37607.

 80. Sands, M. S. (2011) AAV-mediated liver-directed gene 

therapy, Methods Mol. Biol., 807, 141-157, doi: 10.1007/

978-1-61779-370-7_6.

 81. Saraiva, J., Nobre, R. J., and Pereira de Almeida, L. (2016) 

Gene therapy for the CNS using AAVs: the impact of sys-

temic delivery by AAV9, J. Control. Release, 241, 94-109, 

doi: 10.1016/j.jconrel.2016.09.011.

 82. Mendell, J. R., Sahenk, Z., Lehman, K., Nease, C., Low-

es, L. P., Miller, N. F., Iammarino, M. A., Alfano, L. N., 

Nicholl, A., Al-Zaidy, S., et al. (2020) Assessment of sys-

temic delivery of rAAVrh74.MHCK7.micro-dystrophin in 

Children with Duchenne muscular dystrophy: a nonran-

domized controlled trial, JAMA Neurol., 77, 1122-1131, 

doi: 10.1001/jamaneurol.2020.1484.

 83. Stein, S., Ott, M. G., Schultze-Strasser, S., Jauch, A., 

Burwinkel, B., Kinner, A., Schmidt, M., Krämer, A., 

Schwäble, J., Glimm, H., et al. (2010) Genomic instability 

and myelodysplasia with monosomy 7 consequent to EVI1 

activation after gene therapy for chronic granulomatous 

disease, Nat. Med., 16, 198-204, doi: 10.1038/nm.2088.

 84. Prösen, S., Stein, J., Staak, K., Liebenthal, C., Volk, 

H. D., and Krüger, D. H. (1996) Inactivation of the very 

strong HCMV immediate early promoter by DMA CpG 

methylation in  vitro, Biol. Chem. Hoppe. Seyler., 377, 

195-201, doi: 10.1515/bchm3.1996.377.3.195.

 85. Brooks, A. R., Harkins, R. N., Wang, P., Qian, H. S., 

Liu,  P., and Rubanyi, G. M. (2004) Transcriptional si-

lencing is associated with extensive methylation of the 

CMV promoter following adenoviral gene delivery to mus-

cle, J. Gene Med., 6, 395-404, doi: 10.1002/jgm.516.

 86. Chandler, R. J., La Fave, M. C., Varshney, G. K., Trive-

di, N. S., Carrillo-Carrasco, N., Senac, J. S., Wu, W., 

Hoffmann, V., Elkahloun, A. G., Burgess, S. M., et al. 

(2015) Vector design inf luences hepatic genotoxicity after 

adeno-associated virus gene therapy, J. Clin. Invest., 125, 

870-880, doi: 10.1172/JCI79213.

 87. Kornegay, J. N., Li, J., Bogan, J. R., Bogan, D. J., 

Chen, C., Zheng, H., Wang, B., Qiao, C., Howard, J. F., 

and Xiao, X. (2010) Widespread muscle expression of an 

AAV9 human mini-dystrophin vector after intravenous 

17



MINSKAIA et al.2174

BIOCHEMISTRY (Moscow) Vol. 88 Nos. 12-13 2023

injection in neonatal dystrophin-deficient dogs, Mol. 
Ther., 18, 1501-1508, doi: 10.1038/mt.2010.94.

 88. Lange, A. M., Altynova, E. S., Nguyen, G. N., and Saba-

tino, D. E. (2016) Overexpression of factor VIII after AAV 

delivery is transiently associated with cellular stress in he-

mophilia A mice, Mol. Ther. Methods Clin. Dev., 3, 16064, 

doi: 10.1038/mtm.2016.64.

 89. Watakabe, A., Ohtsuka, M., Kinoshita, M., Takaji, M., 

Isa, K., Mizukami, H., Ozawa, K., Isa, T., and Yamam-

ori,  T. (2015) Comparative analyses of adeno-associated 

viral vector serotypes 1, 2, 5, 8 and 9 in marmoset, mouse 

and macaque cerebral cortex, Neurosci. Res., 93, 144-157, 

doi: 10.1016/j.neures.2014.09.002.

 90. Klein, R. L., Dayton, R. D., Leidenheimer, N. J., Jan-

sen, K., Golde, T. E., and Zweig, R. M. (2006) Efficient 

neuronal gene transfer with AAV8 leads to neurotoxic lev-

els of tau or green f luorescent proteins, Mol. Ther., 13, 

517-527, doi: 10.1016/j.ymthe.2005.10.008.

 91. Follenzi, A., Battaglia, M., Lombardo, A., Annoni, A., 

Roncarolo, M. G., and Naldini, L. (2004) Targeting 

lentiviral vector expression to hepatocytes limits trans-

gene-specific immune response and establishes long-term 

expression of human antihemophilic factor IX in mice, 

Blood, 103, 3700-3709, doi: 10.1182/blood-2003-09-3217.

 92. Gernoux, G., Guilbaud, M., Dubreil, L., Larcher, T., 

Babarit, C., Ledevin, M., Jaulin, N., Planel, P., Moulli-

er, P., and Adjali, O. (2015) Early interaction of adeno-as-

sociated virus serotype 8 vector with the host immune 

system following intramuscular delivery results in weak 

but detectable lymphocyte and dendritic cell transduction, 

Hum. Gene Ther., 26, 1-13, doi: 10.1089/hum.2014.070.

 93. Xiong, W., Wu, D. M., Xue, Y., Wang, S. K., Chung, 

M. J., Ji, X., Rana, P., Zhao, S. R., Mai, S., and Cepko, 

C. L. (2019) AAV cis-regulatory sequences are correlat-

ed with ocular toxicity, Proc. Natl. Acad. Sci. USA, 116, 

5785-5794, doi: 10.1073/pnas.1821000116.

 94. Burdett, T., and Nuseibeh, S. (2022) Changing trends 

in the development of AAV-based gene therapies: a me-

ta-analysis of past and present therapies, Gene Ther., 

30, 323-335, doi: 10.1038/s41434-022-00363-0.

 95. Georgiadis, A., Duran, Y., Ribeiro, J., Abelleira-Her-

vas,  L., Robbie, S. J., et al. (2016) Development of an 

optimized AAV2/5 gene therapy vector for Leber congen-

ital amaurosis owing to defects in RPE65, Gene Ther., 23, 

857-862, doi: 10.1038/gt.2016.66.

 96. Beltran, W. A., Cideciyan, A. V., Boye, S. E., Ye, G.  J., 

Iwabe, S., et al. (2017) Optimization of retinal gene ther-

apy for X-linked retinitis pigmentosa due to RPGR mu-

tations, Mol. Ther., 25, 1866-1880, doi: 10.1016/j.ymthe.

2017.05.004.

 97. Crystal, R. G. (2014) Adenovirus: the first effective 

in  vivo gene delivery vector, Hum. Gene Ther., 25, 3-11, 

doi: 10.1089/hum.2013.2527.

 98. Benihoud, K., Yeh, P., and Perricaudet, M. (1999) Ade-

novirus vectors for gene delivery, Curr. Opin. Biotechnol., 
10, 440-447, doi: 10.1016/S0958-1669(99)00007-5.

 99. Liu, Q., and Muruve, D. A. (2003) Molecular basis of the 

inf lammatory response to adenovirus vectors, Gene Ther., 
10, 935-940, doi: 10.1038/sj.gt.3302036.

 100. Amalfitano, A., Hauser, M. A., Hu, H., Serra, D., Begy, 

C. R., and Chamberlain, J. S. (1998) Production and 

characterization of improved adenovirus vectors with the 

E1, E2b, and E3 genes deleted, J.  Virol., 72, 926-933, 

doi: 10.1128/jvi.72.2.926-933.1998.

 101. Wen, S., Schneider, D. B., Driscoll, R. M., Vassalli, G., 

Sassani, A. B., and Dichek, D. A. (2000) Second-gen-

eration adenoviral vectors do not prevent rapid loss of 

transgene expression and vector DNA from the arteri-

al wall, Arterioscler. Thromb. Vasc. Biol., 20, 1452-1458, 

doi: 10.1161/01.ATV.20.6.1452.

 102. Sakhuja, K., Connelly, S., Reddy, P. S., Ganesh, S., Can-

taniag, F., Pattison, S., Limbach, P., Kayda, D. B., Kadan, 

M. J., and Kaleko, M. (2003) Optimization of the gener-

ation and propagation of gutless adenoviral vectors, Hum. 
Gene Ther., 14, 243-254, doi: 10.1089/10430340360535797.

 103. Lee, C. S., Bishop, E. S., Zhang, R., Yu, X., Farina, 

E.  M., Yan, S., Zhao, C., Zeng, Z., Shu, Y., Wu, X., et 

al. (2017) Adenovirus-mediated gene delivery: poten-

tial applications for gene and cell-based therapies in the 

new era of personalized medicine, Genes Dis., 4, 43-63, 

doi: 10.1016/j.gendis.2017.04.001.

 104. Rosenfeld, M. A., Siegfried, W., Yoshimura, K., Yoneya-

ma, K., Fukayama, M., Stier, L. E., Pääkkö, P. K., Gilar-

di, P., Stratford-Perricaudet, L. D., Perricaudet, M., et al. 

(1991) Adenovirus-mediated transfer of a recombinant 

α1-antitrypsin gene to the lung epithelium in vivo, Science, 

252, 431-434, doi: 10.1126/science.2017680.

 105. Jaffe, H. A., Danel, C., Longenecker, G., Metzger, M., 

Setoguchi, Y., Rosenfeld, M. A., Gant, T. W., Thorgeirs-

son, S. S., Stratford-Perricaudet, L. D., Perricaudet, M., 

et al. (1992) Adenovirus-mediated in vivo gene transfer and 

expression in normal rat liver, Nat. Genet., 1, 372-378, doi: 

10.1038/ng0892-372.

 106. Zabner, J., Couture, L. A., Gregory, R. J., Graham, S. M., 

Smith, A. E., and Welsh, M. J. (1993) Adenovirus-mediat-

ed gene transfer transiently corrects the chloride transport 

defect in nasal epithelia of patients with cystic fibrosis, 

Cell, 75, 207-216, doi: 10.1016/0092-8674(93)80063-K.

 107. Rosengart, T. K., Lee, L. Y., Patel, S. R., Sanborn, T. A., 

Parikh, M., et al. (1999) Angiogenesis gene therapy: 

Phase  I assessment of direct intramyocardial administra-

tion of an adenovirus vector expressing VEGF121 cDNA 

to individuals with clinically significant severe coronary 

artery disease, Circulation, 100, 468-474, doi: 10.1161/

01.CIR.100.5.468.

 108. Wilson, J. M. (2018) Lessons Learned from the Gene 

Therapy Trial for Ornithine Transcarbamylase Deficien-

cy, in Getting to Good: Research Integrity in the Biomedical 
Sciences, Academic Press.

 109. Wohlfart, C. (1988) Neutralization of adenoviruses: kinet-

ics, stoichiometry, and mechanisms, J.  Virol., 62, 2321-

2328, doi: 10.1128/jvi.62.7.2321-2328.1988.

18



VIRAL VECTORS IN GENE THERAPY 2175

BIOCHEMISTRY (Moscow) Vol. 88 Nos. 12-13 2023

 110. Hong, S. S., Habib, N. A., Franqueville, L., Jensen, S., 

and Boulanger, P. A. (2003) Identification of adenovi-

rus (Ad) penton base neutralizing epitopes by use of sera 

from patients who had received conditionally replicative 

Ad (Addl1520) for treatment of liver tumors, J. Virol., 77, 

10366-10375, doi: 10.1128/jvi.77.19.10366-10375.2003.

 111. Muruve, D. A. (2004) The innate immune response to 

adenovirus vectors, Hum. Gene Ther., 15, 1157-1166, 

doi: 10.1089/hum.2004.15.1157.

 112. Doi, K., and Takeuchi, Y. (2015) Gene therapy using ret-

rovirus vectors: vector development and biosafety at clin-

ical trials [in Japanese], Uirusu, 65, 27-36, doi: 10.2222/

jsv.65.27.

 113. Ghosh, S., Brown, A. M., Jenkins, C., and Campbell, K. 

(2020) Viral vector systems for gene therapy: a comprehen-

sive literature review of progress and biosafety challenges, 

Appl. Biosaf., 25, 7-18, doi: 10.1177/1535676019899502.

 114. Kohn, D. B., and Candotti, F. (2009) Gene therapy 

fulfilling its promise, N.  Engl. J. Med., 360, 518-521, 

doi: 10.1056/nejme0809614.

 115. Hacein-Bey-Abina, S., Von Kalle, C., Schmidt, M., 

McCormack, M. P., Wulffraat, N., Leboulch, P., Lim, A., 

Osborne, C. S., Pawliuk, R., Morillon, E., et  al. (2003) 

LMO2-associated clonal T cell proliferation in two pa-

tients after gene therapy for SCID-X1, Science, 302, 

415-419, doi: 10.1126/science.1088547.

 116. Uren, A. G., Kool, J., Berns, A., and Van Lohuizen, M. 

(2005) Retroviral insertional mutagenesis: past, pres-

ent and future, Oncogene, 24, 7656-7672, doi: 10.1038/

sj.onc.1209043.

 117. Griffith, L. M., Cowan, M. J., Notarangelo, L. D., Kohn, 

D. B., Puck, J. M., Pai, S. Y., Ballard, B., Bauer, S. C., 

Bleesing, J. J. H., Boyle, M., et al. (2014) Primary Im-

mune Deficiency Treatment Consortium (PIDTC) re-

port, J. Allergy Clin. Immunol., 133, 335-347, doi: 10.1016/

j.jaci.2013.07.052.

 118. Cavazzana-Calvo, M., Payen, E., Negre, O., Wang, G., 

Hehir, K., Fusil, F., Down, J., Denaro, M., Brady, T., 

Westerman, K., et al. (2010) Transfusion independence 

and HMGA2 activation after gene therapy of human 

β-thalassaemia, Nature, 467, 318-322, doi: 10.1038/na-

ture09328.

 119. Aiuti, A., Biasco, L., Scaramuzza, S., Ferrua, F., Cicalese, 

M. P., Baricordi, C., Dionisio, F., Calabria, A., Giannel-

li, S., Castiello, M. C., et al. (2013) Lentiviral hematopoi-

etic stem cell gene therapy in patients with wiskott-aldrich 

syndrome, Science, 341, doi: 10.1126/science.1233151.

 120. Smart, B. A. (2009) Gene therapy for immunodeficiency 

due to adenosine deaminase deficiency, Pediatrics, 124, 

447-458, doi: 10.1542/peds.2009-1870AAAA.

 121. Aiuti, A., Slavin, S., Aker, M., Ficara, F., Deola, S., 

Mortellaro, A., Morecki, S., Andolfi, G., Tabucchi, A., 

Carlucci, F., et al. (2002) Correction of ADA-SCID by 

stem cell gene therapy combined with nonmyeloabla-

tive conditioning, Science, 296, 2410-2413, doi: 10.1126/

science.1070104.

 122. Biffi, A., Montini, E., Lorioli, L., Cesani, M., Fuma-

galli, F., Plati, T., Baldoli, C., Martino, S., Calabria, A., 

Canale, S., et al. (2013) Lentiviral hematopoietic stem cell 

gene therapy benefits metachromatic leukodystrophy, Sci-
ence, 341, doi: 10.1126/science.1233158.

 123. Blaese, R. M., Culver, K. W., Miller, A. D., Carter, C. S., 

Fleisher, T., Clerici, M., Shearer, G., Chang, L., Chi-

ang,  Y., Tolstoshev, P., et al. (1995) T lymphocyte-di-

rected gene therapy for ADA-SCID: Initial trial results 

after 4 years, Science, 270, 475-480, doi: 10.1126/science.

270.5235.475.

 124. Bordignon, C., Notarangelo, L. D., Nobili, N., Ferra-

ri,  G., Casorati, G., Panina, P., Mazzolari, E., Mag-

gioni, D., Rossi, C., Servida, P., et al. (1995) Gene ther-

apy in peripheral blood lymphocytes and bone marrow for 

ADA- immunodeficient patients, Science, 270, 470-475, 

doi: 10.1126/science.270.5235.470.

 125. Kohn, D. B., Weinberg, K. I., Nolta, J. A., Heiss, L. N., 

Lenarsky, C., Crooks, G. M., Hanley, M. E., Annett, G., 

Brooks, J. S., El-Khoureiy, A., et al. (1995) Engraftment 

of gene-modified umbilical cord blood cells in neonates 

with adenosine deaminase deficiency, Nat. Med., 1, 

1017-1023, doi: 10.1038/nm1095-1017.

 126. Cavazzana-Calvo, M., Hacein-Bey, S., De Saint Basile, G., 

Gross, F., Yvon, E., et al. (2000) Gene therapy of human 

severe combined immunodeficiency (SCID)-X1 disease, 

Science, 288, 669-672, doi: 10.1126/science.288.5466.669.

 127. Candotti, F., Shaw, K. L., Muul, L., Carbonaro, D., 

Sokolic, R., Choi, C., Schurman, S. H., Garabedian, E., 

Kesserwan, C., Jagadeesh, G. J., et al. (2012) Gene ther-

apy for adenosine deaminase-deficient severe combined 

immune deficiency: Clinical comparison of retrovi-

ral vectors and treatment plans, Blood, 120, 3635-3646, 

doi: 10.1182/blood-2012-02-400937.

 128. Aiuti, A., Cassani, B., Andolfi, G., Mirolo, M., Bias-

co, L., Recchia, A., Urbinati, F., Valacca, C., Scaramuz-

za, S., Aker, M., et al. (2007) Multilineage hematopoietic 

reconstitution without clonal selection in ADA-SCID pa-

tients treated with stem cell gene therapy, J. Clin. Invest., 
117, 2233-2240, doi: 10.1172/JCI31666.

 129. Gaspar, H. B. (2012) Gene therapy for ADA-SCID: De-

fining the factors for successful outcome, Blood, 120, 

3628-3629, doi: 10.1182/blood-2012-08-446559.

 130. Hacein-Bey-Abina, S., von Kalle, C., Schmidt, M., Le 

Deist, F., Wulffraat, N., McIntyre, E., Radford, I., Vil-

leval, J.-L., Fraser, C. C., Cavazzana-Calvo, M., et  al. 

(2003) A serious adverse event after successful gene 

therapy for X-linked severe combined immunodefi-

ciency, N.  Engl. J. Med., 348, 255-256, doi: 10.1056/

nejm200301163480314.

 131. Hacein-Bey-Abina, S., Garrigue, A., Wang, G. P., Souli-

er, J., Lim, A., Morillon, E., Clappier, E., Caccavelli, L., 

Delabesse, E., Beldjord, K., et al. (2008) Insertional onco-

genesis in 4 patients after retrovirus-mediated gene therapy 

of SCID-X1, J. Clin. Invest., 118, 3132-3142, doi: 10.1172/

JCI35700.

19



MINSKAIA et al.2176

BIOCHEMISTRY (Moscow) Vol. 88 Nos. 12-13 2023

 132. Howe, S. J., Mansour, M. R., Schwarzwaelder, K., Bar-

tholomae, C., Hubank, M., et al. (2008) Insertional mu-

tagenesis combined with acquired somatic mutations caus-

es leukemogenesis following gene therapy of SCID-X1 

patients, J. Clin. Invest., 118, 3143-3150, doi: 10.1172/

JCI35798.

 133. Rohdewohld, H., Weiher, H., Reik, W., Jaenisch, R., and 

Breindl, M. (1987) Retrovirus integration and chromatin 

structure: Moloney murine leukemia proviral integration 

sites map near DNase I-hypersensitive sites, J. Virol., 
61, 336-343, doi: 10.1128/jvi.61.2.336-343.1987.

 134. Vijaya, S., Steffen, D. L., and Robinson, H. L. (1986) 

Acceptor sites for retroviral integrations map near DNase 

I-hypersensitive sites in chromatin, J. Virol., 60, 683-692, 

doi: 10.1128/jvi.60.2.683-692.1986.

 135. Cattoglio, C., Facchini, G., Sartori, D., Antonelli, A., Mic-

cio, A., Cassani, B., Schmidt, M., von Kalle, C., Howe, S., 

Thrasher, A. J., et al. (2007) Hot spots of retroviral inte-

gration in human CD34+ hematopoietic cells, Blood, 110, 

1770-1778, doi: 10.1182/blood-2007-01-068759.

 136. Cattoglio, C., Pellin, D., Rizzi, E., Maruggi, G., Corti, G., 

Miselli, F., Sartori, D., Guffanti, A., Di Serio, C., Ambro-

si, A., et al. (2010) High-definition mapping of retroviral 

integration sites identifies active regulatory elements in hu-

man multipotent hematopoietic progenitors, Blood, 116, 

5507-5517, doi: 10.1182/blood-2010-05-283523.

 137. Modlich, U., Navarro, S., Zychlinski, D., Maetzig, T., 

Knoess, S., Brugman, M. H., Schambach, A., Charri-

er, S., Galy, A., Thrasher, A. J., et al. (2009) Insertional 

transformation of hematopoietic cells by self-inactivating 

lentiviral and gammaretroviral vectors, Mol. Ther., 17, 

1919-1928, doi: 10.1038/mt.2009.179.

 138. Xu, W., Russ, J. L., and Eiden, M. V. (2012) Evaluation 

of residual promoter activity in γ-retroviral self-inactivat-

ing (SIN) vectors, Mol. Ther., 20, 84-90, doi: 10.1038/

mt.2011.204.

 139. Montini, E., Cesana, D., Schmidt, M., Sanvito, F., Pon-

zoni, M., Bartholomae, C., Sergi, L. S., Benedicenti, F., 

Ambrosi, A., Di Serio, C., et al. (2006) Hematopoietic 

stem cell gene transfer in a tumor-prone mouse model 

uncovers low genotoxicity of lentiviral vector integration, 

Nat. Biotechnol., 24, 687-696, doi: 10.1038/nbt1216.

 140. Hacein-Bey-Abina, S., Pai, S.-Y., Gaspar, H. B., Ar-

mant,  M., Berry, C. C., Blanche, S., Bleesing, J., 

Blondeau, J., de Boer, H., Buckland, K. F., et al. (2014) 

A  modified γ-retrovirus vector for X-linked severe com-

bined immunodeficiency, N.  Engl. J. Med., 371, 1407-

1417, doi: 10.1056/nejmoa1404588.

 141. Touzot, F., Moshous, D., Creidy, R., Neven, B., 

Frange, P., Cros, G., Caccavelli, L., Blondeau, J., Mag-

nani, A., Luby, J. M., et al. (2015) Faster T-cell develop-

ment following gene therapy compared with haploidentical 

HSCT in the treatment of SCID-X1, Blood, 125, 3563-

3569, doi: 10.1182/blood-2014-12-616003.

 142. Modlich, U., Bohne, J., Schmidt, M., von Kalle, C., 

Knöss, S., Schambach, A., and Baum, C. (2006) Cell-cul-

ture assays reveal the importance of retroviral vector de-

sign for insertional genotoxicity, Blood, 108, 2545-2553, 

doi: 10.1182/blood-2005-08-024976.

 143. Cavazza, A., Cocchiarella, F., Bartholomae, C., 

Schmidt,  M., Pincelli, C., Larcher, F., and Mavilio,  F. 

(2013) Self-inactivating MLV vectors have a reduced geno-

toxic profile in human epidermal keratinocytes, Gene 
Ther., 20, 949-957, doi: 10.1038/gt.2013.18.

 144. Boztug, K., Schmidt, M., Schwarzer, A., Banerjee, P. P., 

Díez, I. A., Dewey, R. A., Böhm, M., Nowrouzi, A., 

Ball, C. R., Glimm, H., et al. (2010) Stem-cell gene ther-

apy for the Wiskott-Aldrich syndrome, N.  Engl. J. Med., 
363, 1918-1927, doi: 10.1056/NEJMOA1003548.

 145. Braun, C. J., Boztug, K., Paruzynski, A., Witzel, M., 

Schwarzer, A., et al. (2014) Gene therapy for Wiskott- 

Aldrich syndrome-long-term efficacy and genotoxicity, 

Sci. Transl. Med., 6, doi: 10.1126/scitranslmed.3007280.

 146. Naldini, L., Blömer, U., Gallay, P., Ory, D., Mulligan, R., 

Gage, F. H., Verma, I. M., and Trono, D. (1996) In vivo 

gene delivery and stable transduction of nondividing cells 

by a lentiviral vector, Science, 272, 263-267, doi: 10.1126/

science.272.5259.263.

 147. Zhu, Y., Feuer, G., Day, S. L., Wrzesinski, S., and 

Planelles, V. (2001) Multigene lentiviral vectors based on 

differential splicing and translational control, Mol. Ther., 
4, 375-382, doi: 10.1006/mthe.2001.0469.

 148. Yu, X., Zhan, X., D’Costa, J., Tanavde, V. M., Ye, Z., 

Peng, T., Malehorn, M. T., Yang, X., Civin, C. I., and 

Cheng, L. (2003) Lentiviral vectors with two indepen-

dent internal promoters transfer high-level expression of 

multiple transgenes to human hematopoietic stem-pro-

genitor cells, Mol. Ther., 7, 827-838, doi: 10.1016/

S1525-0016(03)00104-7.

 149. Tian, J., and Andreadis, S. T. (2009) Independent and 

high-level dual-gene expression in adult stem-progen-

itor cells from a single lentiviral vector, Gene Ther., 16, 

874-884, doi: 10.1038/gt.2009.46.

 150. Abordo-Adesida, E., Follenzi, A., Barcia, C., Sciascia, S., 

Castro, M. G., Naldini, L., and Lowenstein, P. R. (2005) 

Stability of lentiviral vector-mediated transgene expression 

in the brain in the presence of systemic antivector immune 

responses, Hum. Gene Ther., 16, 741-751, doi: 10.1089/

hum.2005.16.741.

 151. Baekelandt, V., Eggermont, K., Michiels, M., Nuttin, B., 

and Debyser, Z. (2003) Optimized lentiviral vector pro-

duction and purification procedure prevents immune 

response after transduction of mouse brain, Gene Ther., 
10, 1933-1940, doi: 10.1038/sj.gt.3302094.

 152. Vigna, E., Cavalieri, S., Ailles, L., Geuna, M., Loew, R., 

Bujard, H., and Naldini, L. (2002) Robust and efficient 

regulation of transgene expression in vivo by improved 

tetracycline-dependent lentiviral vectors, Mol. Ther., 5, 

252-261, doi: 10.1006/mthe.2002.0542.

 153. Brown, B. D., Venneri, M. A., Zingale, A., Sergi, L. S., 

and Naldini, L. (2006) Endogenous microRNA regulation 

suppresses transgene expression in hematopoietic lineages 

20



VIRAL VECTORS IN GENE THERAPY 2177

BIOCHEMISTRY (Moscow) Vol. 88 Nos. 12-13 2023

and enables stable gene transfer, Nat. Med., 12, 585-591, 

doi: 10.1038/nm1398.

 154. Duisit, G., Conrath, H., Saleun, S., Folliot, S., Pro-

vost,  N., Cosset, F. L., Sandrin, V., Moullier, P., and 

Rolling, F. (2002) Five recombinant Simian immunode-

ficiency virus pseudotypes lead to exclusive transduction 

of retinal pigmented epithelium in rat, Mol. Ther., 6, 446-

454, doi: 10.1006/mthe.2002.0690.

 155. Beard, B. C., Dickerson, D., Beebe, K., Gooch, C., 

Fletcher, J., Okbinoglu, T., Miller, D. G., Jacobs, M. A., 

Kaul, R., Kiem, H. P., et al. (2007) Comparison of 

HIV-derived lentiviral and MLV-based gammaretroviral 

vector integration sites in primate repopulating cells, Mol. 
Ther., 15, 1356-1365, doi: 10.1038/sj.mt.6300159.

 156. Walters, M. C., Rasko, J., Hongeng, S., Kwiatkowski, J., 

Schiller, G. J., Kletzel, M., Ho, P. J., Vichinsky, E., von 

Kalle, C., Cavazzana, M., et al. (2015) Update of results 

from the Northstar Study (HGB-204): a phase 1/2 study 

of gene therapy for beta-Thalassemia major via trans-

plantation of autologous hematopoietic stem cells trans-

duced ex-vivo with a lentiviral beta AT87Q-globin vector 

(LentiGlobin BB305), Blood, 126, 201-201, doi: 10.1182/

blood.v126.23.201.201.

 157. Cavazzana, M., Ribeil, J.-A., Payen, E., Suarez, F., Beu-

zard, Y., Touzot, F., Cavallesco, R., Lefrere, F., Chre-

tien, S., Bourget, P., et al. (2015) Outcomes of gene ther-

apy for severe sickle disease and beta-thalassemia major 

via transplantation of autologous hematopoietic stem 

cells transduced ex vivo with a lentiviral beta AT87Q-glo-

bin vector, Blood, 126, 202-202, doi: 10.1182/blood.

v126.23.202.202.

 158. Malik, P. (2016) Gene therapy for hemoglobinopathies: 

tremendous successes and remaining caveats, Mol. Ther., 
24, 668-670, doi: 10.1038/mt.2016.57.

 159. Cartier, N., and Aubourg, P. (2010) Hematopoietic Stem 

Cell Transplantation and Hematopoietic Stem Cell Gene 

Therapy in X-linked Adrenoleukodystrophy, Brain Pathol., 
20, 857-862, doi: 10.1111/j.1750-3639.2010.00394.x.

 160. Kohn, D. B., Shaw, K. L., Garabedian, E., Carbonaro- 

Sarracino, D. A., Moore, T. B., De Oliveira, S. N., 

Crooks, G. M., Tse, J., Shupien, S., Terrazas, D., et al. 

(2019) Lentiviral gene therapy with autologous hemato-

poietic stem and progenitor cells (HSPCs) for the treat-

ment of severe combined immune deficiency due to ade-

nosine deaminase deficiency (ADA-SCID): results in an 

expanded cohort, Blood, 134, 3345-3345, doi: 10.1182/

blood-2019-123432.

 161. Gaspar, H. B., Buckland, K. F., Rivat, C., Himoudi, N., 

Gilmour, K. C., and et al (2014) Immunological and 

metabolic correction after lentiviral vector mediated hae-

matopoietic stem cell gene therapy for ADA deficiency, 

Hum. Gene Ther., Conference: Annual Conference of the 

British-Society-for-Gene-and-Cell-Therapy, Vol. 25.

 162. Cicalese, M. P., and Aiuti, A. (2015) Clinical applications 

of gene therapy for primary immunodeficiencies, Hum. 
Gene Ther., 26, 210-219, doi: 10.1089/hum.2015.047.

 163. Qasim, W., and Gennery, A. R. (2014) Gene therapy for 

primary immunodeficiencies: Current status and fu-

ture prospects, Drugs, 74, 963-969, doi: 10.1007/s40265-

014-0223-7.

 164. Ferrua, F., Cicalese, M. P., Galimberti, S., Scaramuz-

za, S., Giannelli, S., Pajno, R., Dionisio, F., Biasco, L., 

Castiello, M. C., Casiraghi, M., et al. (2015) Safety and 

clinical benefit of lentiviral hematopoietic stem cell gene 

therapy for Wiskott-Aldrich syndrome, Blood, 126, 

259-259, doi: 10.1182/blood.v126.23.259.259.

 165. Chu, J. I., Henderson, L. A., Armant, M., Male, F., 

Dansereau, C. H., MacKinnon, B., Burke, C. J., Cava-

naugh, M. E., London, W. B., Barlan, I. B., et al. (2015) 

Gene therapy using a self-inactivating lentiviral vector im-

proves clinical and laboratory manifestations of Wiskott- 

Aldrich syndrome, Blood, 126, 260-260, doi: 10.1182/

blood.v126.23.260.260.

 166. Zhao, Z., Anselmo, A. C., and Mitragotri, S. (2022) Viral 

vector-based gene therapies in the clinic, Bioeng. Transl. 
Med., 7, e10258, doi: 10.1002/btm2.10258.

 167. Raman, S. S., Hecht, J. R., and Chan, E. (2019) Talimo-

gene laherparepvec: review of its mechanism of action and 

clinical efficacy and safety, Immunotherapy, 11, 705-723, 

doi: 10.2217/imt-2019-0033.

 168. Pearson, S., Jia, H., and Kandachi, K. (2004) China 

approves first gene therapy., Nat. Biotechnol., 22, 3-4, 

doi: 10.1038/nbt0104-3.

 169. Xia, Y., Li, X., and Sun, W. (2020) Applications of re-

combinant adenovirus-p53 gene therapy for cancers 

in the clinic in China, Curr. Gene Ther., 20, 127-141, 

doi: 10.2174/1566523220999200731003206.

 170. Liang, M. (2018) Oncorine, the world first onco-

lytic virus medicine and its update in China, Curr. 
Cancer Drug Targets, 18, 171-176, doi: 10.2174/

1568009618666171129221503.

 171. Gordon, E. M., and Hall, F. L. (2010) Rexin-G, a targeted 

genetic medicine for cancer, Expert Opin. Biol. Ther., 10, 

819-832, doi: 10.1517/14712598.2010.481666.

 172. Chawla, S. P., Bruckner, H., Morse, M. A., Assudani, N., 

Hall, F. L., and Gordon, E. M. (2019) A phase I-II study 

using rexin-G tumor-targeted retrovector encoding a dom-

inant-negative cyclin G1 inhibitor for advanced pancreat-

ic cancer, Mol. Ther. Oncolytics, 12, 56-67, doi: 10.1016/

j.omto.2018.12.005.

 173. Chawla, S. P., Chua, V. S., Fernandez, L., Quon, D., Sa-

ralou, A., Blackwelder, W. C., Hall, F. L., and Gordon, 

E.  M. (2009) Phase  I/II and phase  II studies of targeted 

gene delivery in  vivo: intravenous rexin-g for chemother-

apy-resistant sarcoma and osteosarcoma, Mol. Ther., 17, 

1651-1657, doi: 10.1038/mt.2009.126.

 174. Mueller, C., Gernoux, G., Gruntman, A. M., Borel, F., 

Reeves, E. P., Calcedo, R., Rouhani, F. N., Yachnis, A., 

Humphries, M., Campbell-Thompson, M., et al. (2017) 

5 Year expression and neutrophil defect repair after gene 

therapy in alpha-1 antitrypsin deficiency, Mol. Ther., 25, 

1387-1394, doi: 10.1016/j.ymthe.2017.03.029.

21



MINSKAIA et al.2178

BIOCHEMISTRY (Moscow) Vol. 88 Nos. 12-13 2023

 175. Bennett, J., Wellman, J., Marshall, K. A., McCague, S., 

Ashtari, M., DiStefano-Pappas, J., Elci, O. U., Chung, 

D. C., Sun, J., Wright, J. F., et al. (2016) Safety and dura-

bility of effect of contralateral-eye administration of AAV2 

gene therapy in patients with childhood-onset blindness 

caused by RPE65 mutations: a follow-on phase 1 trial, Lan-
cet, 388, 661-672, doi: 10.1016/S0140-6736(16)30371-3.

 176. George, L. A., Sullivan, S. K., Giermasz, A., Rasko, 

J. E. J., Samelson-Jones, B. J., Ducore, J., Cuker, A., Sul-

livan, L. M., Majumdar, S., Teitel, J., et al. (2017) Hemo-

philia B gene therapy with a high-specific-activity factor 

IX variant, N. Engl. J. Med., 377, 2215-2227, doi: 10.1056/

nejmoa1708538.

 177. Dicks, M. D. J., Spencer, A. J., Edwards, N. J., Wadell, G., 

Bojang, K., Gilbert, S. C., Hill, A. V. S., and Cottingham, 

M. G. (2012) A novel chimpanzee adenovirus vector with 

low human seroprevalence: improved systems for vector 

derivation and comparative immunogenicity, PLoS One, 

7, e40385, doi: 10.1371/journal.pone.0040385.

 178. Guo, J., Mondal, M., and Zhou, D. (2018) Develop-

ment of novel vaccine vectors: chimpanzee adenovi-

ral vectors, Hum. Vaccines Immunother., 14, 1679-1685, 

doi: 10.1080/21645515.2017.1419108.

 179. Tatsis, N., and Ertl, H. C. J. (2004) Adenoviruses as 

vaccine vectors, Mol. Ther., 10, 616-629, doi: 10.1016/

j.ymthe.2004.07.013.

 180. Ginn, S. L., Amaya, A. K., Alexander, I. E., Edel-

stein,  M., and Abedi, M. R. (2018) Gene therapy clini-

cal trials worldwide to 2017: an update, J. Gene Med., 20, 

e3015, doi: 10.1002/jgm.3015.

 181. Stirnadel-Farrant, H., Kudari, M., Garman, N., Imrie, J., 

Chopra, B., Giannelli, S., Gabaldo, M., Corti, A., Zan-

can, S., Aiuti, A., et al. (2018) Gene therapy in rare diseas-

es: the benefits and challenges of developing a patient-cen-

tric registry for Strimvelis in ADA-SCID, Orphanet J. Rare 
Dis., 13, 49, doi: 10.1186/s13023-018-0791-9.

 182. Milone, M. C., and O’Doherty, U. (2018) Clinical use of 

lentiviral vectors, Leukemia, 32, 1529-1541, doi: 10.1038/

S41375-018-0106-0.

 183. Zufferey, R., Dull, T., Mandel, R. J., Bukovsky, A., 

Quiroz, D., Naldini, L., and Trono, D. (1998) Self-in-

activating lentivirus vector for safe and efficient in vivo 

gene delivery, J.  Virol., 72, 9873-9880, doi: 10.1128/

jvi.72.12.9873-9880.1998.

 184. McGarrity, G. J., Hoyah, G., Winemiller, A., Andre, K., 

Stein, D., Blick, G., Greenberg, R. N., Kinder, C., Zolo-

pa, A., Binder-Scholl, G., et al. (2013) Patient monitor-

ing and follow-up in lentiviral clinical trials, J. Gene Med., 
15, 78-82, doi: 10.1002/jgm.2691.

 185. Baldo, A., den Akker, E., Bergmans, H., Lim, F., and 

Pauwels, K. (2014) General considerations on the bio-

safety of virus-derived vectors used in gene thera-

py and vaccination, Curr. Gene Ther., 13, 385-394, 

doi: 10.2174/15665232113136660005.

 186. Cesana, D., Sgualdino, J., Rudilosso, L., Merella, S., 

Naldini, L., and Montini, E. (2012) Whole transcriptome 

characterization of aberrant splicing events induced by 

lentiviral vector integrations, J.  Clin. Invest., 122, 1667-

1676, doi: 10.1172/JCI62189.

 187. Touw, I. P., and Erkeland, S. J. (2007) Retroviral insertion 

mutagenesis in mice as a comparative oncogenomics tool 

to identify disease genes in human leukemia, Mol. Ther., 
15, 13-19, doi: 10.1038/sj.mt.6300040.

 188. Suerth, J. D., Labenski, V., and Schambach, A. (2014) 

Alpharetroviral vectors: from a cancer-causing agent to a 

useful tool for human gene therapy, Viruses, 6, 4811-4838, 

doi: 10.3390/v6124811.

 189. Moiani, A., Paleari, Y., Sartori, D., Mezzadra, R., Mic-

cio, A., Cattoglio, C., Cocchiarella, F., Lidonnici, M. R., 

Ferrari, G., and Mavilio, F. (2012) Lentiviral vector inte-

gration in the human genome induces alternative splic-

ing and generates aberrant transcripts, J.  Clin. Invest., 
122, 1653-1666, doi: 10.1172/JCI61852.

 190. Emery, D. W. (2011) The use of chromatin insula-

tors to improve the expression and safety of integrat-

ing gene transfer vectors, Hum. Gene Ther., 22, 761-774, 

doi: 10.1089/hum.2010.233.

 191. David, R. M., and Doherty, A. T. (2017) Viral vectors: the 

road to reducing genotoxicity, Toxicol. Sci., 155, 315-325, 

doi: 10.1093/toxsci/kfw220.

 192. Huang, X., and Yang, Y. (2009) Innate immune rec-

ognition of viruses and viral vectors, Hum. Gene Ther., 
20, 293-301, doi: 10.1089/hum.2008.141.

 193. Calcedo, R., Vandenberghe, L. H., Gao, G., Lin, J., and 

Wilson, J. M. (2009) Worldwide epidemiology of neutral-

izing antibodies to adeno-associated viruses, J. Infect. Dis., 
199, 381-390, doi: 10.1086/595830.

 194. Bubela, T., Boch, R., and Viswanathan, S. (2019) Recom-

mendations for regulating the environmental risk of shed-

ding for gene therapy and oncolytic viruses in Canada, 

Front. Med., 6, 58, doi: 10.3389/fmed.2019.00058.

 195. Schenk-Braat, E. A. M., van Mierlo, M. K. B., Wage-

maker, G., Bangma, C. H., and Kaptein, L. C. M. (2007) 

An Inventory of Shedding Data from Clinical Gene 

Therapy Trials, J. Gene Med., 9, 910-921, doi:  10.1002/

jgm.1096.

 196. Blind, J. E., McLeod, E. N., and Campbell, K. J. (2019) 

Viral-mediated gene therapy and genetically modi-

fied therapeutics: A primer on biosafety handling for 

the health-system pharmacist, Am.  J. Heal. Pharm., 76, 

795-802, doi: 10.1093/ajhp/zxz056.

 197. The Lancet Diabets & Endocrinology (2019) Spot-

light on rare diseases, Lancet Diabetes Endocrinol., 7, 75, 

doi: 10.1016/S2213-8587(19)30006-3.

Publisher’s Note. Pleiades Publishing remains neu-

tral with regard to jurisdictional claims in published maps 

and institutional affiliations.

View publication stats

22




