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Biological basis for the recombinant adeno-associated 
virus-mediated gene delivery

Adeno-associated viruses (AAV, Dependoparvovirus, 
Parvoviridae) were discovered as impurities in laboratory 
preparations of adenoviruses. The interest in AAV, which had 
long been purely scientific, moved into a practical plane in 
connection with the development of gene therapy.

AAV infectious particles are icosahedral. The capsid is 
assembled of three types of protein subunits, variants of which 
determine the specificity of viral particles in relation to the 
recipient's immune system (serotype). The genome is flanked 
with inverted terminal repeats (ITR) of T-shaped secondary 
structure, which prime the complementary DNA synthesis in the 
infected cell nucleus. In addition, ITR serve as recombinogenic 
sequences for the formation of transcribed concatemeric 
molecules of viral DNA; they also provide a replication origin 
and a packaging signal. The AAV genome contains two coding 
genes, rep and cap, with multiple reading frames — rep for the 
factors of replication and particle assembly and cap for capsid 
proteins. It is important to emphasize that AAV life cycle can only 
be maintained upon coinfection of the host cell with other viruses.

Viral mechanisms for the delivery of genetic material are 
widely used in molecular medicine. For their implementation, 
a prototype viral genome sequences are distributed over 

different carrier (vector) DNA molecules. Structuring and 
regulatory elements of the virus are cloned into one vector, 
with a therapeutic module (cargo) subsequently incorporated 
to obtain a composite (recombinant) unit intended for the 
packaging and delivery. Coding sequences of own genes of the 
virus are cloned into another vector. The use of vectorized DNA 
fragments that complement one another functionally while being 
physically disconnected is called trans-complementation. This 
is a 'kill two birds with one stone' solution, as (1) the extraction 
of viral coding sequences makes room for the cargo; (2) the 
delivery is safe for the target cell, as certain genes essential 
for self-maintenance of the virus have been removed from the 
recombinant version of its genome intended for the delivery. 
Production of viral particles proceeds in a living eukaryotic 
cell. Having received both vectors, this cell begins to produce 
infectious particles containing the recombinant viral DNA.

Recombinant AAVs (rAAVs) represent a promising platform 
for in vivo gene delivery. Compared with alternative systems, 
rAAVs have a number of advantages:

1) the absence of human pathogens among known AAV 
strains offsets the risks associated with sporadic transgression 
of the virus to the wild type;

2) rAAV sequences do not integrate in the target cell 
genomes, which is a principal safety factor for in vivo applications 
(in humans, wild-type AAVs are capable of integration into 
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genomic locus AAVS1, which results in latency. The integration 
is based on structural similarity between ITR and AAVS1 and 
requires participation of viral proteins Rep. Recombinant AAVs 
are devoid of rep coding sequences and do not integrate);

3) small infectious particles of AAV (20–26 nm) have higher 
penetrating capacity compared to retro- and lentiviruses 
(100–200 nm), certain AAV serotypes can cross the blood-
brain barrier.

At the same time, rAAV gene therapy platforms have a 
number of drawbacks, first of all, the expensive complex 
production and the need of using genetic elements of other 
viruses (adeno-, herpes simplex, or baculo-) as a potential 
source of biological contamination. Other disadvantages of 
rAAV platforms include the risk of excessive immune response 
to the therapy and tight restrictions on the size of the cargo 
[1–3].

Indications for the rAAV-mediated gene delivery

Despite its historical focus on monogenic autosomal-recessive 
disorders, the scope of indications for the use of gene therapy 
with rAAV delivery is much wider. The possibility of using rAAV is 
being actively investigated for conditions with complex etiology, 
including not only genetic, but also environmental factors: heart 
failure [4, 5], joint inflammatory diseases [6], neurological and 
neurodegenerative diseases [7–9], malignant tumors [10, 11], 
and morbid viral infections [12].

Therapeutic goals of the rAAV-mediated gene delivery

Therapeutic goal of nucleic acid delivery refers to molecular 
mechanisms of the compensatory effect. For monogenic 
diseases, a default option is functional replacement of the 
mutant gene copies with properly operating transcriptional 
units. As an alternative to gene replacement, the therapy may 
be aimed at correction of signaling pathways by adding active 
genes (gene addition), specific shutdown of target genes by 
transgene expression products at the level of transcription, 
translation, or protein (gene silencing), as well as delivery of 
DNA templates for genome editing e.g. CRISPR-based (gene 
editing) [2].

The choice of administration route depending 
on target structures

Local administration of the drug is a proper choice for 
pathological processes localized in accessible anatomical 
compartments (eyeball, joint). For pathologies of the central 
nervous system (CNS), the drug can be injected into a 
specific area of the brain or cerebrospinal fluid; however, both 
procedures are highly invasive. The feasibility of minimally 
invasive systemic administration of viral particles depends on 
clinical situation.

For local administration of rAAV, the choice of serotype 
is non-critical. By contrast, when the drug is administered 
systemically, the success of therapy largely depends on the 
choice of serotype for the most selective transduction of target 
organs and tissues. The liver and the muscles are targeted 
more effectively than other organs.

The liver can be targeted with almost any known human 
AAV serotype. This is consistent with the fact that the majority of 
natural AAV strains in humans and primates infect hepatic and 
splenic tissues. Hepatocytes represent the primary target for 
a number of monogenic metabolic disorders, including familial 
hypercholesterolemia (LDLR), ornithine transcarbamylase 

deficiency (OTC), Crigler-Najjar syndrome (UGT1A1), hemophilia 
A (F8), hemophilia B (F9), glycogen storage disease type 
Ia (G6PC), and mucopolysaccharidosis type I, II, IIIA or VI 
(respectively, IDUA, IDS, SGSH or ARSB).

The muscles can be targeted with AAV8 and AAV9 
serotypes. Nosological scope for primary targeting of muscle 
tissues includes Duchenne muscular dystrophy (DMD), Pompe 
disease (GAA), and X-linked myotubular myopathy (MTM1). 
It is important to note that the transduced muscle tissue can 
serve as a secreted polypeptide factory for the treatment of 
non-muscle diseases.

Transduction of CNS neurons and glial cells requires either 
highly invasive injection techniques or the use of AAV serotypes 
capable of crossing the blood-brain barrier (AAV9, AAVrh.10). 
Monogenic CNS disorders, for which the use of rAAV platforms 
is considered relevant, include spinal muscular atrophy 
(SMN1), aromatic L-amino acid decarboxylase deficiency 
(DDC), Canavan disease (ASPA), GM1 gangliosidosis (GLB1), 
mucopolysaccharidosis type III (GNS, HGSNAT, NAGLU, 
SGSH), Rett syndrome (MECP2), and Batten disease (CLN2, 
CLN6) [2].

The importance of serotype

Design of rAAV serotypes produced an entire area of applied 
research. At the systemic level, the serotype must ensure 
effective drug targeting with minimal immunogenicity (the 
immune response can be directed towards transgene expression 
product if it is foreign. At the subcellular level, the serotype 
must ensure (1) particle integrity during endosomal transport 
(endosomal escape) and (2) particle resistance to proteasomal 
degradation in cytosol before transportation to the nucleus, 
where viral DNA exits the capsid. Serotype design is based 
on modifying the structure of AAV capsid proteins encoded by 
cap gene. Contemporary approaches for obtaining capsids 
with enhanced properties include directed evolution, rational 
design, and natural discovery.

Directed evolution stands for artificial selection of successful 
variants after random modification of the template by using 
polymerase chain reaction of low fidelity (error-prone PCR) or 
multiple fragment swapping between different variants of the 
same sequence (capsid shuffling). Rational design means 
targeted optimization of a serotype using protein engineering 
methods. Alterations in polypeptide structure are introduced at 
the level of the coding templates. Site-directed mutagenesis 
allows single substitutions at antigenically relevant amino 
acid positions in a polypeptide. For example, substitutions 
of tyrosine residues exposed at the particle surface can 
significantly increase the efficacy of endosomal transport after 
particle internalization and their resistance to proteasomal 
degradation in the cytosol; a corresponding enhancement of 
transduction efficiency has been demonstrated in a mouse 
model [13]. Modification of epitopes in the already assembled 
capsids can be carried out by chemical methods [14]. Another 
area of rational capsid design for rAAV is creation of cap 
chimeric genes. The selectivity of targeting can be enhanced by 
introducing integrin-binding motifs or immunoglobulin-like ScFv 
domains with high affinity to surface markers of target cells.

Finally, new relevant AAV serotypes can be discovered 
by analyzing high-throughput data produced by ‘omics’ 
technologies. Competent borrowing from nature should always 
involve comprehensive examination of the available options. 
The majority of natural AAV strains are species-specific: some 
infect humans, other infect mice, etc. The prevalence of AAV-
specific antibodies in human populations may reach 80% [15]. 
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If we 'dress' our therapeutic construct in the capsid of one of 
the human AAV strains, the immune system may quickly attack 
the drug, the titer will decrease rapidly, and the transduction will 
be ineffective. On the other hand, if we take a capsid (serotype) 
very distant from human serotypes (e.g. murine), then, firstly, 
we risk an excessive immune response with the most severe 
consequences. Secondly, the affinity of the particles to the 
receptors at the surface of target cells may not be strong 
enough, since murine AAV serotypes have been adapted to 
murine receptors by the evolution, and the transduction will fail 
as well. The problem has two solutions.

1. When borrowing serotypes from closely related species, 
the risk of excessive immune response is moderate. At the same 
time, the patient lacks high-affinity prêt-à-porter antibodies, 
while receptors at the surface of target cells may recognize such 
particles satisfactorily thus promoting efficient transduction. 
This is not just an idea; for example, in the designation of the 
serotype AAVrh.10, already established in clinical studies, ‘rh’ is 
derived from ‘rhesus monkeys’ (Macaca mulatta).

2. It is also possible to use serotypes once present in 
the human virome but already dismissed by evolution. Such 
ancestral serotypes, to which we harbor no antibodies, are found 
by computational methods of evolutionary genetics in silico.

In the practical aspect, it is important to understand 
that serotype design is a formidable task, which requires 
comprehensive functional testing. To generate options is 
easy enough, but their proper evaluation is methodologically 
challenging. Today, only about a dozen different rAAV serotypes 
have been promoted to clinical applications, including trials, 
with AAV2 being the most favored. The list includes several 
relatively new serotypes with enhanced targeting properties, 
most notably AAV8, AAV9, and AAVrh.10 [2].

Design of therapeutic modules

Design of cargoes for rAAV-mediated gene delivery is tricky. 
ITR are the only sequences left from the prototype viral 
genome, with the rest space reserved for a therapeutic 
module. A minimal cassette comprises a promoter, a coding 
sequence, and a 3′ noncoding region with polyadenylation 
and transcription termination signals. The packaging size limit 
is 4,700 nucleotides, including ITR. Experimental attempts 
of packaging for constructs larger than 5,200 nucleotides 
produced particles containing fragments of variable length with 
truncated (chopped off) 5′ termini. Such defective particles 
were capable of delivering reporter genes in vitro only at a 
high multiplicity of infection, which is completely unacceptable 
for in vivo applications [3]. The principles and pitfalls of the 
therapeutic module engineering are given in Table.

Manufacturing options

Production of recombinant viruses harnesses eukaryotic cells 
as biological factories. The most convenient solutions involve 
special cell lines genetically modified for the task — the so-
called packaging cell lines with certain (but not all) genes 
required for the production of recombinant viral particles built 
into their own chromosomes.

The first packaging cell lines for rAAV were HeLa cells stably 
transfected with (i. e. they are having built-in copies of) rep-cap 
genes and the rAAV genome per se — a therapeutic module 
flanked with ITR. Production of rAAV particles in this system is 
triggered by infection of the cells with adenovirus (AdV). A serious 
drawback of this system is the presence of adventitious AdV 
(inactivated by heating the isolates at 56 °C for 30–60 minutes, to 

which rAAV is resistant.) Another disadvantage of this system is 
nonversatility, as a new line of genetically modified HeLa cells had 
to be obtained for each new construct-serotype combination [22]. 
More recent systems for rAAV manufacturing used replication-
deficient herpes simplex virus (HSV) as a helper [23].

The majority of currently established protocols for rAAV 
manufacturing employ a line of HEK293 cells with two built-in 
AdV genes, E1a and E1b. Other necessary AdV genes reside 
in the helper plasmid fed into the system only at the start of the 
production cycle. The separation of AdV genes into different 
vehicle molecules is due to safety concerns: co-existence of 
significant portion of the AdV genetic material in a cell can lead to 
recombination restoring a replication-competent AdV, contagious 
and potentially hazardous. Another plasmid, called cis-plasmid, 
carries the replication template — a therapeutic module flanked 
by ITR. Yet another vehicle molecule required for the production, 
called trans-plasmid, contains coding sequences of rep and 
cap — these are AAV genes, expression of which is indispensable 
for the replication of rAAV DNA and the packaging of viral 
particles. All three plasmids involved in the production (helper, 
cis-, and trans-) are genetically engineered molecules with 
structures thoroughly verified by sequencing. The plasmids are 
amplified in E. coli to amounts required for the transfection.

Transfection is a gentle non-viral method of delivering genetic 
material to eukaryotic cells. In transfection, genetic material enters 
the cell by means of phagocytosis (in contrast with transduction, 
which involves the use of viral delivery mechanisms). DNA is 
incorporated into colloidal particles of some suitable physiologically 
neutral substance (calcium phosphate, lipofectamine, 
polyethyleneimine) and these particles are fed to the cells. Most 
transfection protocols use the same scheme: plasmid DNA is 
diluted with a small volume of serum-free medium or saline, so is 
the filler substance; the aliquots are combined, incubated to form 
phagocytable complexes, and added to the cells. It is important to 
note that the HEK293E1ab cell line has been adapted for suspension 
growth in order to enhance the yields [2, 24].

Replication of rAAV in living cells may be accompanied by 
capturing small fragments of cellular genetic material by the virus. 
Considering that both HeLa and HEK293 cell lines are derived 
from humans, the safety of such capturing events is questionable. 
Contamination of therapeutic constructs with cellular sequences 
can facilitate their integration into the patient's genome, causing 
genotoxic effects. To circumvent this problem, it was proposed to 
use insect Sf9 cells in combination with compatible baculovirus 
helper sequences; the concept seems to work out [25].

Regardless of a particular protocol used for rAAV 
production, not only the culture medium (supernatant) but 
also the cells must be collected at the end of the production 
cycle, since a significant portion of the particles remain trapped. 
(In retro- and lentivirus manufacturing, it is usually sufficient 
to collect the supernatant.) A huge amount of free viral and 
non-viral DNA in the cell lysates makes a DNAse treatment 
mandatory. In addition, there is always an admixture of empty 
and underassembled particles, which must be eliminated by 
centrifugation in a CsCl or iodixanol density gradient followed by 
several rounds of chromatography. Purification of rAAV particles 
by ultracentrifugation is possible for research applications only 
and cannot be scaled up for manufacturing purposes [26].

Conclusion

The global clinical experience with rAAV is actively expanding, 
and the interest in this research area remains very high. The first 
rAAV-based drug fully approved for clinical use was Glybera® 
(a.k.a. Alipogene tiparvovec, uniQure; the Netherlands) 
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designed to treat the autosomal-recessive lipoprotein lipase 
(LPL) deficiency. The enzyme, produced predominantly by 
adipose and muscle tissues which release it into the blood, 
is functioning at the inner surface of endothelial lining of the 
capillaries in extrahepatic tissues. Patients with LPL deficiency 
experience severe impairment of triglyceride metabolism. The 
active ingredient of Glybera® is constituted by viral particles 
with AAV1 serotype, containing a copy of the LPL gene with 
expression-enhancing elements. Glybera® is administered 
intramuscularly by multiple injections once in every 10 years. 
The drug was approved for clinical use in Europe in 2012, but 
withdrawn from the European Community Register of Orphan 
Medicinal Products in 2017 due to commercial failure; as of 
2018, the treatment was received by 31 patients [27, 28].

Another rAAV-based drug, Luxturna® (a.k.a. Voretigene 
neparvovec, Spark Therapeutics; USA), is known as the 

first rAAV-based gene therapy approved by the U.S. Food 
and Drug Administration agency (FDA) in 2017. Luxturna® 
is used to treat the RPE65-dependent congenital Leber 
amaurosis, a severe autosomal recessive oculopathy that 
manifests from birth. The active ingredient of Luxturna® 
is constituted by viral particles with AAV2 serotype, 
containing a copy of the RPE65 gene with expression-
enhancing elements. The drug is administered by 
subretinal injection [29].

In 2019, another rAAV-based drug, Zolgensma®, for the 
treatment of autosomal-recessive spinal muscular atrophy, 
received FDA approval [30]. The query "adeno-associated 
virus" currently yields a list of 159 studies at ClinicalTrials.gov 
[31]. The clinical trials are in progress, and since there are still 
more questions than answers in this area, we can expect them 
to gain momentum.

Table. Design of cargo sequences for rAAV-mediated gene therapy

Basic 
requirements

Problems Possible solutions Examples and comments

The 
therapeutic 

effect should 
be maximized

Transgene expression level may 
be insufficient

Use strong promoters e. g. cytomegalovirus (CMV) promoter

Use additional regulatory 
elements facilitating transgene 

expression

e. g. introns-enhancers, 
 the woodchuck hepatitis virus posttranscriptional regulatory element 

(WPRE)

Add the Kozak consensus 
sequence

CCACCATG or CCACCATGG, where ATG is the translation initiation 
codon

Optimize codon usage and 
GC content

Eliminate inhibitory motives
including cryptic splice sites and terminators, as well as secondary 

structures that undermine stability of the transcript

Supraphysiological expression 
levels of transgene in target and 
off-target tissues may be toxic

The effect was described for transgenes of MECP2 (hepatotoxicity) in 
a mouse model of Rett syndrome [16] and HexA/HexB (neurotoxicity) 

in a primate model of GM2 gangliosidosis [17]

Transgene 
expression 

must be 
specific

Transgene expression in 
off-target structures may 
significantly enhance the 
immune response to the 

product

Use tissue-specific promoters

Add binding sites for 
microRNA species highly 

expressed in antigen-
presenting cells to the 3' 
noncoding region of the 

transgene

Professional antigen-presenting cells express microRNA miR‑142‑3p. 
Addition of miR‑142‑3p binding sites to the construct reduces 
transgene expression in macrophages and dendritic cells, thus 

suppressing immune response to the product [18]

Accomodation 
of large 

transgenes

Coding sequences of certain 
genes are lengthy

Save space by creating mini- 
and microgens encoding 
incomplete polypeptides 
with (partially) preserved 

functionalities

Clinical potential of this approach is being investigated for Duchenne 
disease (DMD), CEP290- associated form of Leber congenital 

amaurosis, and dysferlinopathy (DYSF) [2]

Deliver coding sequences in 
portions

The engineering strategy is as follows: divide the open reading 
frame at a boundary between protein domains and clone the 

fragments into two different vectors for packaging into separate viral 
particles, while complementing each construct with recombinogenic 
sequences flanked by splice sites for the excision from pre-mRNA. 
Alternatively, use post-translational reunification of the protein by 
the intein-mediated protein trans-splicing; this route is feasible for 

some clinically significant polypeptides (dystrophin, Cas9). Given the 
low efficiency of polypeptide integrity reconstitution in experimental 

systems, discussion of clinical applications for such approaches 
would be premature. Since the success depends on probability of 

simultaneous infection of the same target cell with two different 
particle types, it may require an increase in the viral load compared 

with the standards [2,19]

Enhancement 
of the 

transgene 
presence in 
target cells

The transgene exists in the form 
of non-replicated concatemeric 
molecules (episomes) inevitably 
diluted in mitotically active cell 

populations

Stimulate integration with due 
regard to genotoxicity risks

Recombinant AAV-based platforms are the method of choice for 
in vivo gene delivery largely because of their safety compared to 

retro- and lentiviruses, which become incorporated into the host cell 
genome upon the transduction. Extremely rare events of spontaneous 
partial integration of rAAV material into human genome are clinically 

irrelevant [20]. Site-specific integration of rAAV transgenes can 
be achieved by genome editing; however, such interventions are 
associated with increased risks of genotoxicity. Undesirable side 

effects on chromosomal environment in the case of transgene 
integration can be reduced by adding insulator elements [21]
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