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A B S T R A C T   

The adeno-associated virus (AAV) is one of the most potent vectors in gene therapy. The 
experimental profile of this vector shows its efficiency and accepted safety, which explains its 
increased usage by scientists for the research and treatment of a wide range of diseases. These 
studies require using functional, pure, and high titers of vector particles. In fact, the current 
knowledge of AAV structure and genome helps improve the scalable production of AAV vectors. 
In this review, we summarize the latest studies on the optimization of scalable AAV production 
through modifying the AAV genome or biological processes inside the cell.   

1. Introduction 

Adeno-associated viruses (AAV) are small viruses able to infect humans and other primate species. They are non-enveloped viruses 
belonging to the genus Dependoparvovirus, which belongs to the family Parvoviridae. This small (20 nm) virus was first identified as 
an Adenovirus (Ad) preparation contaminant in 1965 by Atchison et al. Atchison, Casto [1]. Several natural AAV serotypes are already 
known, with AAV2 being the best characterized and most commonly used. These serotypes differ in their capsid structure, leading to 
differences in their tropism and immunogenicity in host organisms. 

AAV has a relatively simple genome and is a non-pathogenic virus, which is why AAV vectors are promising viral vectors for gene 
therapy. Moreover, AAV has shown a low frequency of integration into the host genome [2,3], which indicates its safety to be used in 
clinical studies. Another advantage of AAV vectors is their ability to provide stable transgene expression, which lasts for over a year in 
some in vivo experiments. AAV has already been used to treat CNS [4] and retinal degenerative diseases, various types of muscular 
dystrophy, as well as heart, lung, and liver diseases. In addition to natural AAV serotypes, recombinant AAV (rAAV) serotypes are also 
included in pre- and clinical trials to treat different diseases, e.g., hemophilia B [5–7]. 

The first AAV-based gene therapy drug, Glybera, was for patients with lipoprotein lipase (LPL) deficiency [8]. Glybera was 
approved by the European Medicines Agency (EMA) in 2012, but later, in 2017, it was withdrawn from the market due to commercial 
failure. The current AAV-based gene therapy market has two FDA-approved AAV-based gene therapies: 1) Luxturna (voretigene 
neparvovec), approved in 2017 for Leber congenital amaurosis treatment, with subsequent European Commission approval in 
November 2018, and 2) Zolgensma, which was approved in 2019 for spinal muscular atrophy. The approval of these medications has 
dramatically impacted the field of AAV-based gene therapies. In addition, AAV has also been studied as a gene therapy tool for cancer 
treatment. The modification of AAV capsids to achieve a higher transduction efficiency toward cancer cells is one of the strategies used 
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for cancer cells targeting using AAV vectors [9]. Another strategy is the use of suicide gene therapy methods using AAV vectors. This 
approach triggers cell death processes caused by the delivery of transgenes to cancer cells [10,11]. 

AAV vectors are also used in the non-invasive chemogenetic technology called DREADDs (Designer Receptors Exclusively Activated 
by Designer Drugs) technology [12,13]. This technology is widely applied in behavioral neurosciences, where AAV- delivered 
DREADDs modulate G Protein Coupled Receptor (GPCR) activity in vivo. This GPCR modulation helps researchers understand the links 
between brain activity and behavior and the pathogenesis of the neural disease. AAV-DREADDs are successfully used to perform 
alcohol consumption studies in mice models [14] and in vitro studies of cellular neural networks [15]. Similarly, AAV vectors are used 
in different optogenetic approaches to cure different retinal degenerative diseases and glaucoma; with already clinical trials of retinal 
gene therapies going on, all of them are AAV delivery-based [16]. Another example of AAV vector application in optogenetics is using 
AAV vectors for hearing restoration studies in deaf gerbils and mice models [17,18]. These applications of AAV vectors in different 
scientific fields emphasize the importance of AAV production optimization to cover research needs. 

The increasing number of clinical and preclinical studies using AAV-based gene therapy necessitates using cost-effective methods 
for AAV production. Many studies have been conducted to optimize the AAV production in both upstream and downstream stages [19, 
20]. Upstream optimization includes plasmid modifications, using different cell lines and transfection methods. Currently, the most 
widely used and available method for assembling AAV particles is the transfection of adherent HEK293 cell culture. However, the 
difficulty in scaling and the lack of efficiency in producing viral particles, even at a high percentage of transfection [21], has become an 
impetus for studying other assembly systems. The mainly used today are 1) HEK293 suspension culture [22,23], 2) SF9 insect cells with 
recombinant Baculovirus (rBV) expression vectors [24,25], 3) stable producer HeLa cells [26,27], and 4) platforms using 
replication-deficient herpes simplex virus (HSV) [28,29]. However, each platform has drawbacks and limitations regarding safety, 
flexibility, and versatility. For example, although suspension cultures are well scalable, not all cells receive the optimal number and 
ratio of plasmids during transfection, which can lead to a decrease in the proportion of full capsids. Utilization of insect cells Sf9 and 
rBV results in a different ratio of viral proteins than the wild type [25]. In addition, post-translational capsid modifications and viral 
DNA methylation in AAVs assembled in non-mammalian cells are different from AAVs assembled in HEK293 [30] and may account for 

Fig. 1. AAV genome flanked by ITRs, coding for Cap and Rep AAV genes.  
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treatment side effects. In the case of producer cell lines, creating new subclones for each serotype and transgene is time-consuming and 
challenging to manufacture. Thus, although these systems seem very promising, many optimizations will be required to overcome the 
existing difficulties and create a robust and universal platform. Another solution could be to modify the genome and structure of AAVs 
to improve production, such as increased yield, purity, and effectiveness. However, limitations still exist since the detailed biological 
processes of AAV are not fully understood. In our review, we focus on the most recent peer-reviewed articles from 2020 to 2023 in the 
field of AAV genome modifications to provide new and up-to-date information and results that could be used to achieve a better AAV 
production yield with increased purity, safety, and efficacy. We also mention articles from earlier years to give a complete overview of 
what has already been done. 

2. Brief background about AAV 

AAV particles consist of a 4.7-kb ssDNA genome packaged in the viral capsid which is ~260A in diameter [31]. This icosahedral 
capsid of ~3.8 MDa consists of 60 subunits of 3 distinct viral proteins (VPs), which vary only in their N-terminus [32] (Fig. 1). The 
small packaging capacity of AAV is considered one of the main limitations of using AAV vectors in gene therapy. 

The AAV genome is flanked by two inverted terminal repeats (ITRs), each of which is of approximately 145bp in length [33] 
(Fig. 2). ITRs play a primary role in AAV replication, transcription regulation, and genome packaging [34]. The AAV genome contains 
two main open reading frames (ORFs), under the control of 3 promoters (Fig. 1). The first ORF, located in the Cap gene, encodes for the 
three viral capsid proteins VP1, VP2, and VP3 (87 kDa, 72 kDa, 62 kDa, respectively) by alternative start codons, one for each protein 
[35]. Cap ORF also codes for the assembly activating protein (AAP), membrane-associated accessory protein (MAAP), and the X 
protein, which is involved in the AAV life cycle, particularly in increasing AAV2 autonomous DNA replication (no helper) in differ-
entiating keratinocytes, its natural host tissue, and in AAV2 DNA replication in Ad5-infected 293 cells [36]. 

Fig. 2. wt ITR structure.  
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Table 1 
ITR modifications and their effects on AAV production. Gray letters, nucleotides deleted in the ITR structure. Red letters, nucleotides modified in the ITR sequence. Changes are relative to wild-type ITR.  

Modifications Effects 

Name Scheme Titer Transduction efficiency Transgene expression Genome 
encapsidation 

Contaminants 

ITRΔtrs 
(scAAV) 

– An increase in vitro from 5- to 
140-fold 

A higher level – – 

ITRΔBC A reduction by 
75% 

– An increase in vitro and 
in vivo 

Similar levels as 
wtITR 

– 

CpG-free ITR A 3-fold 
reduction 

– Similar levels as wtITR Similar levels as 
wtITR 

– 

L-AD/L-A’D’ A 3-fold 
reduction 

70% of wt ITR in vitro – – A lower level of contaminating helper and packaging 
plasmid backbones  
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The transcription of the second ORF, Rep ORF, is initiated at the P5 and P19 starting sites, and it results in the expression of AAV’s 
four non-structural proteins (Rep78, Rep68, Rep52, and Rep 40) using the alternative splicing of the transcripts. The large Reps (Rep78 
and Rep68) have been shown to possess site-specific [5] and strand specific endonuclease activity, DNA-RNA and DNA-DNA helicase 
activities [37–40], and DNA binding [39,41] functions, all of which appear to be required for viral replication, and site-specific 
integration into the host genome [42–45]. Small Reps (Rep52 and Rep40) are necessary for genome packaging. Although these Rep 
proteins are important for replication, they are not sufficient to generate a productive infection [5]. AAV requires coinfection with a 
helper virus, either adenovirus (Ad) or herpes simplex virus (HSV), for productive infection [46]. 

The first step in the AAV infection process is binding to cell surface receptors. AAV2, AAV3, and AAV6 bind to Heparan sulfate 
proteoglycan (HSPG) [47]. Other cell surface receptors for AAV binding are sialic acid for AAV1, AAV4, AAV5, and AAV6, and 
N-terminal galactose for AAV9 [48,49], while AAVrh10 binds to cell surface glycans with terminal galactose [50]. The binding of AAV 
to cell receptors is initiated by binding to attachment proteins on the cell surface, of which KIAA0319L (named AAVR) is well known 
[51]. Different types of attachment proteins and receptors are associated with different serotypes, and this diversity in receptor binding 
between serotypes defines the different tropisms of different serotypes. Although the available data about the interaction between all 
AAV serotypes, cell receptors, and proteins are not abundant, these data can be used for optimizing the production cell line of specific 
AAV serotypes. It may be helpful to conduct the AAV production process of a specific serotype with cell lines unfavorable for the 
serotype; with this, we can reduce the re-transduction of newly produced vectors into the manufacturing cells, which might lead to 
higher virus titer. The next step in AAV infection is endocytosis toward the nucleus. Different AAV endocytosis pathways were defined. 
For example, AAV2 infection has all the hallmarks of CLIC/GEEC endocytosis, which is a clathrin-independent endocytic pathway 
[52], while AAV5 infection pathway predominantly by clathrin-coated vesicles toward the Golgi apparatus [53]. AAV endosomal 
escape could be mediated by the ph drop inside this compartment, which leads to the exposure of the hidden phospholipase A2 (PLA2) 
domain located in the unique N terminus of capsid protein VP1 (VP1u) [3]. After that, AAV particles enter the nuclear pore complex 
[54], and the genome release happens during nuclear entry or within the nucleus [3,55] and localized around the nuclei co-localizing 
with euchromatin, where the active transcription and DNA repair occur [54]. For wild-type AAVs, the genome replication starts if a 
helper virus is present. In fact, this replication is mediated by the AAV-encoded Rep proteins, helper virus-encoded proteins, the host 
cell replication proteins RPA, RFC, PCNA, and DNA polymerase delta. [54]; and AAV ITRs serve as the origin of transcription to start 
the conversion of ssAAV into dsAAV. This is a rate-limiting step during AAV transduction, and that is why the use of 
self-complementary AAV (scAAV) genomes can bypass the synthesis of the second strand [3,56] and simultaneously escape ssDNA 
degradation, which enables the rapid onset of transgene expression by scAAV vectors [56]. However, due to robust gene expression, 
transgene products delivered via scAAV elicit a more robust immune response than transgenes delivered via a single-stranded AAV 
vector [57]. After uncoating, the single-stranded genomes convert to double-stranded multimeric circular concatemeric episomal 
forms that persist long-term in post-mitotic cells [54]. Notably, a short period of vector genome instability after dsDNA conversion 
leads to a significant loss of gene expression. Losses at each of these steps contribute to the overall efficiency of the vector in terms of 
the dose of VGP required to achieve each transduction event. The detailed mechanisms of AAV uncoating and trafficking toward the 
nucleolus stay of interest since these steps can affect the AAV new particle synthesis and the efficiency of viral genome packaging. That 
is why understanding these underlying mechanisms is essential, especially in AAV vector production protocols and AAV tropism 
studies in vivo. 

3. Modification of the AAV genome and structure for scalable, optimized AAV production 

3.1. Viral titer, transgene expression and encapsidation 

Testing AAV-based gene therapies during the preclinical and clinical phases requires large-scale production with significantly 
higher titers of vector particles than for in vitro experiments. Currently, AAV yield is increasing by using various cell lines, assembly 
systems, transfection types, and downstream stage optimization. However, several other approaches based on the modification of the 
rAAV genome or structure can be used to obtain a higher titer of pure and functional AAV viral particles. Examples of these approaches 
are discussed in the following sections. 

3.1.1. ITRs structure modifications 
Sequence changes in ITRs can significantly affect the replication and encapsidation of AAV, which leads to more efficient pro-

duction of viral particles or improved vector variants. Invention of a self-complementary AAV (scAAV) [58], which is a crucial 
component of a treatment for spinal muscular atrophy named Zolgensma [59], was made by ITR sequence modification. This structure 
is obtained by removing the trs from one of the ITRs (Table 1), thereby preventing Rep68/78 cleavage, resulting in duplication of 
vector genomes linked by the altered internal ITR [58]. Delivery of a duplicated genome to the nucleus promotes self-annealing with 
the formation of a double-stranded DNA structure without the need to complete the second strand. Thus, transcription of the gene of 
interest and, as a result, the expression of the encoded protein, starts sooner and sustains at higher levels [60]. 

Another approach to modifying the ITR sequence is to remove or mutate non-essential ITR structural elements. Most often, attempts 
to alter the ITR sequence led to disruption of replication and/or encapsidation of viral genome [58,61–64]. However, some deletions in 
ITR sequences, or even the AAV genomes containing only one ITR structure, do not affect the ability to package the AAV genome 
[65–67]. In 2017, Zhou et al. continued to study the effect of ITR region deletion on rAAV packaging and expression. Suggesting that 
the BB’ and CC’ regions may not be essential for rAAV replication and encapsidation [68,69], a modified ITR (ITRΔBC rAAV) [64] 
(Table 1) was created. It was shown that deletions of these regions in two ITRs did not affect encapsidation, but reduced rAAV titer by 
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75%. The presence of the Rep binding element (RBE) and trs in the AA’ region recognizable by Rep68/78 [70–72] explains the 
preserved packaging of rAAV. The reason for the reduced titer of ITRΔBC rAAV may be related to absence of RBE’, which is also 
necessary for interaction of large Rep proteins, leading to unwinding of ITRs and formation of a “stem-loop’’ structure on the trs [63, 
73]. The absence of RBE’ in rAAV plasmids lead to a lower replication rate compared to wild type [74], which is consistent with an 
8-fold decrease in viral genomic DNA replication of ITRΔBC rAAV. Therefore, it could be a cause of reduced viral titer. Surprisingly, 
transgene expression of the ITRΔBC rAAV system was higher than wild type, both in vitro and in vivo [64]. It was shown that DNA 
molecules with palindromic terminal repeats constrained in a T-shaped hairpin conformation at the ends are liable to a loss of gene 
expression mediated by ataxia telangiectasia mutated (ATM) [75]. The deletion of the BB’ and CC’ regions lead to replacing a tran-
scriptionally silent T-shaped hairpin [75] with a plain U-shaped hairpin unaffected by ATM-dependent silencing [75,76]. Therefore, 
the U-shaped HP ends of ITRΔBC that remained intact by ATM may cause increased expression of rAAV, which is consistent with 
reported rAAV transduction enhancement due to loss of ATM function [77]. In addition, the Mre11 (MRN) complex, which also 
recognizes and interacts with AAV ITRs during AAV infection [78,79], limits AAV transduction. In the presence of MRN inhibitor a 
change in transduction efficiency was observed, always lower with ITRΔBC rAAV, in comparison to rAAV with a wt ITR, suggesting 
that deletion of the BB’ and CC’ regions decreases the inhibition effect of the MRN complex on AAV expression. 

The most recent modification of the ITR sequence was based on the similarity between ITR and promoter structures. In 2020, Earley 
and colleagues discovered multiple transcription start sites (TSS) primarily concentrated in a 40 bp region that contained the RBE [80]. 
TSS presence in the ITR sequence, in addition to high content of cytosine and guanine (64–70%), and high CpG dinucleotide frequency 
(83–95%) resemble transcriptionally active CpG islands (CGI), which are the most common type of promoters in vertebrates [81–84]. 
It can be assumed that ITRs act as CGI type promoters and possibly play a role in the life cycle of wild-type AAV. In addition, 
unmethylated CGIs are immunostimulants [85], the elimination of which can lead to a decrease in the immune response to gene 
therapy [86–89]. In a recent study, Pan lab found that ITRs completely free of CpG motifs (Table 1) reduce vector yield by about 3-fold, 
but contribute to the same genome encapsidation level as wild type ITRs [90]. The lower titer of vectors without CGIs can be explained 
by reduction of replication of the vector genome, which is predictable, as CGIs are usually the origin of replication [91–93]. Sur-
prisingly, wild-type ITR vectors and CpG-free ITR vectors showed similar levels of transgene expression and copy number of the vector 
genome in vivo [90]. 

3.1.2. MAAP modification 
In 2021, Galibert et al. examined the biology of MAAP2 in AAV production in more detail. It turned out that truncation and 

inactivation of MAAP led to higher levels of expression of Rep and AAP proteins. The presence of full-length MAAP demonstrated a 
specific degradation product of VP proteins. The absence of at least the last 10 amino acids at the C-terminus of the MAAP protein 
reduced the degradation of the capsid and increased the expression of capsid proteins, while other truncated forms of MAAP 
completely prevented the degradation of the AAV2 capsid, which led to a 3.5-fold increase in assembled capsids for some variants. It 
can be assumed that MAAP somehow affects the processes of capsid degradation and the stability of VPs [94]. It also can be assumed 
that, since truncated forms or inactivated MAAP leads to increased expression of the AAP, this protein directly leads to the prevention 
of degradation of VPs and an increase in their stability. 

3.1.3. The role of AAP 
In 2010, Assembly Activating Protein (AAP) was identified in the AAV2 genome [95]. It is one of the Cap gene proteins, resulting 

from an additional nested, alternative ORF (ORF2) and translation initiation at a nonconventional translation starting site. This study 
showed that this 23 KDa protein plays a positive role in co-transporting newly synthesized VPs to the nucleolus, where it is located, and 
plays a positive role in capsid assembly. 

Although the study of AAP2 demonstrated that this protein is essential for capsid assembly, such a trend is only occasionally 
observed. Analysis of different AAV serotypes showed that the AAP requirement varies significantly depending on the virus serotype. 
In 2017, Grosse et al. and Early et al. demonstrated that the absence of AAP decreased the titers of viral particles from about 2.5 to 3000 
times compared to the wild type [96,97], These studies revealed the independence of AAV4, AAV5, and AAV11 from AAP in capsid 
assembly. Further research in 2018 suggested that serotype dependence on AAP fell into three categories: (i) AAP-independent, (ii) 
AAPC - independent, or (iii) AAP-dependent [98] (Table 2). 

In 2017, Grosse et al. demonstrated that production of functional vector particles, which was determined as the numbers of GFP- 

Table 2 
Dependence of AAV serotype on AAP. Green boxes indicate AAP-independent serotypes (complete absence of 
AAP resulted in » 1% of WT titer). Yellow boxes indicate AAPC-independent serotypes (absence of the C- 
terminal two-thirds of AAP resulted in >10% of WT titer). Red boxes indicate AAP-dependent serotypes 
(complete absence of AAP resulted in ~1% of WT titer) [98]. 
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expressing cells after transduction, in the absence of AAP could be restored by co-expression of trans AAP from different serotypes [96] 
(Fig. 3A). Interestingly, AAV3 production increased by about 1.5 times with the co-expression of several AAP serotypes, which in-
dicates a direct AAV3 assembly dependency on AAP preservation. Additionally, AAP4 and AAP5 more efficiently restore the pro-
duction of AAV4 and AVV5, likely due to the significant difference in capsid and AAP sequences of these serotypes from all others [96, 
99]. Interestingly, AAP overexpression in AAP-expressing AAV variants does not increase the yields of functional particles, whether 
wild type or chimeric variants [96,100]. Therefore, if artificial AAV variants do not produce functional particles or have a low yield 
titer, this is not necessarily associated with alerted AAP. Instead, this may reflect the presence of inherent deficiencies in the capsid for 
assembly into virions that cannot be overcome with AAP [100].This is consistent with another experiment, where co-expression of 
recombinant AAP from AAVDJ, a chimeric capsid created by DNA shuffling of eight different serotypes (primarily AAV2, 8, and 9) was 
performed [100] (Fig. 3B). It was revealed that AAPDJ rescued the production of these three AAVs without AAP to an almost similar 
degree as each AAP itself. In addition, it successfully worked with other serotypes, except for AAV4 and AAV5. Moreover, a subsequent 
study of 60 different chimeric AAP demonstrated the retention of at least some of their activity to rescue AAP knock-out mutants. 
Therefore, generation of chimeric AAP during chimeric AAV production is most likely not a limiting factor. 

However, in 2018, Viney and colleagues studied AAV chimeric capsids, in which the VP3 sequence was taken from AAV6, and VP1 
and VP2 from different serotypes. They found that, although these chimeras have, on average, 3 logs lower viral titer, they show an 
enhanced transducing ability, compared to wild-type AAV6 (from 1.5 to 2 logs). Assuming that this could be caused by AAP knock-out 
due to a change in its sequence, the key amino acid sequence of the wild-type AAP6 N-terminus (amino acids from 13 to 27) was 
restored. As a result, it led to complete recovery of the virus titer and reduction of transduction efficiency to the levels of wild type 
AAV6. In addition, chimeras with an altered AAP genome demonstrate reduced expression of all three capsid proteins [101]. Although 
it is impossible to deny the essential role of AAP for the stable production of the capsid, whether additional expression of AAP will 
affect the assembly and functionality of chimeric capsids needs to be further studied. Additional studies of AAPs of various serotypes 
are required to understand the biology of AAV assembly better and further apply this knowledge to produce recombinant viral 
particles. 

3.2. Modification of AAV production dynamics; full vs empty capsids 

3.2.1. Dynamics of AAV replication and packaging 
Understanding biological processes during AAV production helps optimize the conditions and materials used in production for 

better yield. In 2021, the first mechanistic-based kinetic model of rAAV production was presented by Nguyen et al. They made the 
model on HEK293 cells. According to this model and literature data, AAV DNA replication in cells begins about 12 h post-transfection 
(hpt), much later than capsid assembly. The replication peaks at 24 hpt and reaches a plateau up to 48 hpt. In contrast, capsid for-
mation begins in the first hours after transfection and reduces by 24 hpt. As a result, capsids, which are made first, leave the nucleus 
without DNA and the packaging of AAV genome is limited due to the lack of available capsids. That is why changes in DNA replication 
kinetics at initial points could impact the production of complete virions. To facilitate DNA replication along with capsid formation, 
the Rep and Cap proteins may be split into two different plasmids to ensure earlier gene expression of the Rep genes. In 2016, 
Emmerling and colleagues described a system with split and modified Rep and Cap genes. They have shown that this system allowed an 
increase of the titer by over two times compared to standard plasmids. Moreover, a shortened helper plasmid (10 236 bp instead of 15 
263 bp) significantly increased vector yield (2,7 × 10^5 VG/cell), which was explained by increase in transfection efficiency and copy 
number of required genes per given amount of transfected DNA in the case of the short plasmid [102]. 

Fig. 3. Trans-complementation of 10 AAP-depleted helper plasmids with 10 AAP variants [96,100].  
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3.2.2. Rep genes modifications 
The Rep gene of AAV2 is widely used for manufacturing different AAV serotypes with varied efficiency. Using the Rep gene 

corresponding to the produced serotype instead of Rep2 may increase the number of complete viral particles. The utilization of AAV1, 
6, or 8 Rep genes demonstrated low or absent VP expression and reduced protein expression of spliced Rep proteins, Rep68 and Rep40, 
compared to Rep2 construction, which could be explained by the different activity of the Cap gene promoter p40, located at the 3′ end 
of the Rep gene, or by some mechanisms at the stage of mRNA splicing. To restore the expression of capsid and Rep proteins, the 3′-end 
of the AAV2 Rep (part of the 3′-end responsible for the zinc finger domain) was introduced into AAV1 or AAV6. Surprisingly, this 
strategy did not work with AAV8, where expression of the VPs was restored using the 3′-end region of AAV1 Rep encoding the DNA- 
binding domain. 

Based on these results, Mckenna and colleagues created chimeric Rep genes consisting of AAV1, AAV2, AAV6, and AAV8 domains 
with a common 3′-end of the AAV2 Rep gene. These chimeric combinations increased the proportion of total capsids by 2–4 times for 
several tested serotypes [103]. Thus, using chimeric Rep genes instead of the standard AAV2 Rep for producing viral particles may be a 
promising approach to reducing the proportion of empty virions, thereby increasing transduction efficiency. 

3.2.3. The role of MAAPMAAP 
As a viral egress factor, can also play a role in AAV production dynamics. In a study published in 2021, Elmore and colleagues 

conducted a series of experiments that demonstrated that reduced expression of MAAP8 resulted in a 2-day delay in virus secretion 
with minimal change in total virus titer. This influence of MAAP expression on AAV dynamics affects the harvest time point of 
assembled AAV vectors from cell lysate and medium (supernatant) [104]. 

3.3. Reducing AAV production contaminants 

3.3.1. P5-promoter modification 
In addition to the role of the Rep gene modification in reducing the proportion of empty capsids, some modifications can also help 

remove non-viral DNA impurities in the assembled virions. In 2022, Brimble and colleagues [105] identified packaged contaminant 
sequences from upstream of the AAV P5 promoter on the Rep-Cap production plasmid into rAAV vectors. In this study, researchers 
demonstrated that DNA contaminants associated with the P5 promoter can be transcribed and efficiently translated in vitro and in vivo. 
The contaminants could also establish antigen-specific immunity of CD8+ T cells in mice. Thus, these contaminants negatively affect 
the efficiency of AAV vector usage in gene therapy. A possible reason for the packaging of these contaminants is the proximity of a Rep 
binding site (RBS) and a Rep nicking site of the P5 promoter, which may be the cause for packaging sequences of impurities adjacent to 
P5. (Fig. 4). Although the in vivo activity of the upstream P5 promoter was shown in liver cells, there is still a need to study such activity 
in other tissues. This is especially important with the ongoing engineering of new AAV capsids, where the transduction efficiency of a 
serotype toward an organ could be so high that these contaminants could cause a severe negative effect. 

To overcome this problem, a modified promoter was obtained by physically separating the Rep nicking site from the RBS in P5 by 
spacer sequences of about 5bp or 100bp. In the same study, the system of separating the Rep nicking site from RBS was tested for its 
efficiency in large-scale AAV production. The results showed that this system led to lower contaminants with the same viral titer and 

Fig. 4. P5 promoter structure and modified promoter structure.  
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that these vectors were potent when injected in mice at the same level as vectors produced by the conventional P5 plasmid. 
Thus, overall, this system provided a decrease in Rep-Cap plasmid contamination, regardless of the serotype and transgene used, 

while maintaining the virus titer [105]. Therefore, the Rep gene modifications could significantly improve the quality of the produced 
viral vectors [106]. 

3.3.2. ITR modification 
Using a PCR-amplified transgene with one copy of the AD sequence (Table 1) instead of the vector plasmid is also efficient for 

packaging rAAV, which allows for longer transgenes (~230 nucleotides), and also reduces the amount of DNA contaminants in viral 
particles [107–109]. The packaging efficiency of such rAAVs (rAAV-L-AD/DA) became higher than rAAV-pAD, and also contaminating 
helper and packaging plasmid backbones were found at deficient levels, which means that L-AD does not recombine with plasmids to 
form chimeric products. The rAAV-L-AD provided in vitro transduction efficiency by ~70% (10^5 VG/cell), while the transduction 
efficiency of rAAV-pAD was negligible because viral particles with non-vector genomes and empty particles compete for receptor 
binding with full particles, inhibiting its transduction efficiency [110]. 

3.3.3. MAAP modification for less contaminants 
The effect of MAAP on the packaging of production plasmids was also found. At 72 h post-transfection, wild-type AAV2 was 

observed to be contaminated with the antibiotic resistance gene at a level of 3.5%. Lack of MAAP expression resulted in contamination 
reaching 47%, compared to the AAV genome. Moreover, in the absence of MAAP, most of the contaminating DNA comes from the 
AAV2 genomic plasmid. MAAP may be responsible for recognizing the AAV genome by the D-sequence of AAV ITR, which is not 
involved in forming the Holliday structure. Only the stable truncated form of MAAP at the C-terminus showed levels of contamination 
similar to that of the wild type. In addition, this variant contributed to an increased level of viral particles containing the AAV genome 
[94]. Thus, MAAP plays a significant role in the biology of AAV and the production of viral particles, thereby representing a promising 
object for research and optimization of the assembly process. 

4. Conclusion 

The fact that AAVs have different and wild range tropism to organs and tissues makes them applicable in studies relating to 
different diseases. AAV vectors are an excellent tool for the infection of many animal models, including rodents, rabbits, dogs, min-
ipigs, and non-human primates. These models enable the researchers to find the optimal animal model for their studies and help to test 
different gene therapy methods, vector efficiency and safety, the lifespan of a gene therapy trial, the immunogenicity of the delivered 
vector and transgene, and possible side effects after a gene therapy procedure [111]. It is vital to mention that for some AAV serotypes, 
the tropism varies between species, making it challenging to transfer the therapy from pre-clinical to clinical trials. The increased 
interest in using AAV as a platform for disease treatment makes it essential to improve vectors to achieve higher transduction effi-
ciency, more specific tropism, less immune response, and more stable transgene expression. As previously mentioned in this review, 
introducing specific modifications to the AAV genome can help improve the production yield with higher titer and fewer contaminants. 
These modifications can also improve the safety of the gene therapy, as increasing the full/empty capsid ratio will reduce the 
immunogenicity of the vector dose and make it more concentrated and, thus, more functional. All mentioned modifications can be 
effectively used in in vivo studies when a qualified scalable production of AAV is established. In the last decade, a significant number of 
discoveries have been made regarding the AAV genome. However, the mechanisms and fundamental biology of AAV, with the con-
sequences on the productivity and integrity of the vector after genome modifications, still need to be fully understood. The modifi-
cations of the AAV genome is a part of an extensive range of changes to be applied during the AAV production cascade, from the 
upstream to downstream stages. A further understanding of the recently discovered MAAP and X proteins, the chimeric structures of 
the REP and AAP, and AAV biological processes during particle assembly will help in more effective and faster optimization of AAV 
vectors production to reach the ultimate goal of finding the most efficient gene therapy vectors for different diseases. 
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