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Abstract (EN) 

Recombinant adeno-associated virus (rAAV) is an emerging vector with broad applications in basic 

research, particularly due to its non-integrative nature, robust long-term expression, and low 

immunogenicity. This dissertation presents several innovative advancements in the application and 

production of recombinant adeno-associated virus (rAAV) for transgenic practices, addressing key 

challenges in model development, allele conversion, and scalable production. The research aims to expand 

rAAV's potential in genetic research, particularly in creating mouse models and optimizing gene delivery 

systems. A major achievement was the development of a rapid, responsive mouse model for SARS-CoV-2 

research, crucial during the COVID-19 pandemic. This model facilitated efficient testing of bi-specific 

antibodies and provided a valuable comparison to other transgenic models for viral infections. Additionally, 

the dissertation introduces a streamlined method for direct allele conversion in zygotes using ex vivo rAAV 

treatment, reducing breeding time and genotyping efforts. This approach supports the 3R principles of 

animal research by minimizing the number of animals required. Furthermore, a novel rAAV production 

method was developed, utilizing extracellular vesicles (EVs) as a biological matrix for scalable co-isolation 

of rAAV. This EV-AAV (EV-associated AAV) method offers a more efficient and less labor-intensive 

production process, maintaining or surpassing the performance of traditional techniques. Overall, this work 

contributes to the field of rAAV-based transgenic research, offering innovative methods that enhance the 

efficiency, scalability, and ethical standards of genetic research, with potential applications in both basic 

science and clinical therapy. 
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Abstrakt (CZ) 

Rekombinantní adeno-asociovaný virus (rAAV) je vektor s širokou aplikací v základním a klinickém 

výzkumu, zejména díky své neintegrační povaze, robustní dlouhodobé expresi a nízké imunogenicitě. Tato 

disertační práce představuje několik inovativních přístupů v aplikaci a produkci rAAV pro transgenní praxi, 

přičemž řeší klíčové výzvy v oblasti vývoje modelů, konverze alel a škálovatelné produkce. Cílem práce je 

rozšířit potenciál rAAV v genetickém výzkumu, zejména při tvorbě myších modelů a optimalizaci systémů 

transferu genů. Hlavním úspěchem bylo vyvinutí rychlého, humanizovaného myšího modelu pro výzkum 

SARS-CoV-2, který byl klíčový během pandemie COVID-19. Tento model umožnil efektivní testování 

bispecifických protilátek a poskytl cenné srovnání s jinými transgenními modely pro výzkum SARS-CoV-

2 infekcí. Disertační práce rovněž představuje zjednodušenou metodu přímé konverze alel v zygotách ex 

vivo pomocí rAAV, což vede ke zkracení doby chovu a počtu potřebných zvířat pro dosažení cílového 

genotypu, což je v souladu s principy 3R v oblasti výzkumu na zvířatech. Dále byla v rámci této práce 

vyvinuta nová metoda produkce rAAV, která využívá extracelulárních vesikulů (EV) jako biologické 

matrice. Metoda spočívá v produkci složeného vektoru EV-AAV (EV-asociovaný AAV) a nabízí 

efektivnější a méně náročný výrobní proces rAAV, který si zachovává nebo dokonce překonává výkonnost 

tradičních izolačních technik. Celkově tato práce přispívá k vývoji transgenního výzkumu založeném na 

rAAV, přičemž nabízí inovativní metody, které zvyšují efektivitu, škálovatelnost a etické standardy 

genetického výzkumu s potenciálními aplikacemi jak v základním výzkumu, tak potenciálně v klinické 

terapii. 
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1. Introduction 

1.1 Adeno-Associated Virus 

Wild-type adeno-associated virus (wtAAV) is a small, non-enveloped virus belonging to the 

Dependoparvovirus genus of the Parvoviridae family. It is classified as a dependovirus because it relies 

with its lytic cycle on helper viruses, such as adenovirus, herpesvirus or papillomavirus, for a productive 

replication1,2.  

In its natural state, wild-type AAV is not known to cause any human diseases and is considered non-

pathogenic. However, it can establish latent infections in human cells, where its genome persists either as 

episomal DNA or integrates into the host chromosome mostly at specific site on chromosome 19 (19q13-

qter), termed the AAVS1 site3–5. This unique characteristic of wild-type AAV has contributed to its use as 

a platform for developing recombinant AAV vectors (rAAV) suitable for gene therapy applications. 

Recombinant AAV vectors exhibit reduced toxicities and are non-pathogenic, making them safe and 

effective candidates for delivering therapeutic genes to target cells6.  

1.1.1 General molecular principle of AAV replication  

The main AAV helper viruses are adenoviruses (i.e. AdV5), herpesviruses (i.e. HSV-1 or human 

cytomegalovirus HCMV) and papillomaviruses (i.e. human papillomavirus type 16, HPV-16), where the 

most studied interactions are with adenovirus type 5 (AdV5) and herpes simplex virus type 1 (HSV-1)7–9. 

Since helper-free production system is derived from AdV (specifically AdV5) helper virus, the following 

text will focus on the role this helper virus in wtAAV life cycle.  The requirement for wtAAV/rAAV 

replication mediated by AdV is co-infection of the host cell with both viruses. In general, AdV types carry 

genes essential for AAV replication, namely E1A, E1B (E1B19K and E1B55K), E2A, E4orf6 and virus-

associated RNA (VA RNA)9. In the following sections, the function of these factor in the context of AAV 

replication will be briefly described. 

The genome of wtAAV is a single-stranded DNA molecule approximately 4.7 kilobases (kb) in size, 

containing two open reading frames (ORFs) that encode essential replication (Rep), capsid (Cap) and 

accessory proteins. Rep proteins (Rep78, 68, 52 and 40) are mediating the viral DNA replication in host 

cell, while Cap proteins (viral protein 1-3, VP1-3) form the viral capsid that encloses the viral genome. 

Accessory proteins, Assembly-Activating Protein (AAP), Membrane Associated Accessory Protein 

(MAAP) and protein X ensure capsid assembly, stabilization and release (Fig.1)10 . 
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AAV genes 

AAV replication is dependent on the Rep proteins encoded by the Rep genes, which include Rep78, Rep68, 

Rep40, and Rep52. These proteins play a crucial role in facilitating DNA replication and encapsidation into 

the AAV capsid. Rep proteins contain an SF3 helicase domain, while the larger Rep proteins (Rep78 and 

Rep68) also possess an origin binding domain (OBD) at the N-terminus and a protein kinase binding site 

at the C-terminus. The N-terminal OBD domain of the large Rep proteins exhibits ATP-dependent 

endonuclease activity and binds specifically to the Rep-binding site (RBS) motif within the ITR (inverted 

terminal repeat) and p5 promoter sequence11,12. The C-terminal domain consists of a zinc-finger motif and 

a PKA inhibitor-like motif; the former is responsible for cell cycle arrest, while the latter inhibits AdV DNA 

replication13–15. This C-terminal domain is characteristic of Rep52 and Rep78, but not Rep40 or Rep68. 

The Rep proteins display significant plasticity in their interactions with DNA substrates, allowing them to 

adopt different oligomeric states depending on the DNA they bind. Their activity and binding capacity are 

further regulated by post-translational modifications, such as phosphorylation, ubiquitination, and 

sumoylation, which can lead to either inactivation or degradation of the proteins12,13.    

Rep78 is an unstructured protein encoded by the only non-spliced transcript from the p5 promoter (Fig.1). 

All Rep proteins inhibit transcription from the p5 and p19 promoters in the absence of a helper virus. 

However, when the helper virus is present, this inhibition is relieved, allowing for the production of Rep78 

and Rep68 proteins. The more active these promoters become, the more Rep78 and Rep68 are produced16,17. 

High levels of Rep78 result in the formation of hexameric oligomers, which exhibit ATPase, helicase, 

endonuclease, ligase, and DNA-binding activities18. These functions are essential for AAV DNA 

replication, integration, and gene regulation. Rep78 also interacts with various cellular proteins, 

significantly affecting the cell cycle by disrupting chromatin structure, inhibiting Cdc25A, sequestering 

E2F-1, activating pRb, and overall promoting S-phase arrest14,19,20. Furthermore, Rep78 interacts with 

several other proteins, including PC4, p53, and high-mobility group non-histone protein 1, while also 

blocking PKA and PrKK, and activating ATM and caspase-3. These interactions often lead to programmed 

cell death, making the abundance of Rep78 ultimately toxic for the host cell (Fig.2)14,18. 

Rep68 is a product of a C-terminally spliced mRNA transcript from the p5 promoter (Fig.1). It has 

endonuclease and DNA-binding activity, both mediated by its N-terminal domain. Rep68 is essential for 

the oligomerization of the Rep78/Rep68 complex, which is responsible for unwinding and processing viral 

DNA12,13,21. The C-terminal region of Rep68 contains an atypical 14-3-3 binding motif. When 

phosphorylated, Rep68 interacts with 14-3-3 proteins, which are regulators of cell division and apoptosis 

(Fig.2). This interaction causes the re-localization of Rep68 and reduces its binding to the ITR, ultimately 

leading to decreased viral DNA replication. The Rep68-14-3-3 interaction may regulate Rep68 levels and 
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modulate its role in the interplay between AAV and the helper virus22. In the absence of a helper virus, 

Rep68 contributes to the inhibition of the p5 promoter. In the presence and active replication, it is involved 

in arresting both the G1 and G2 phases of the cell cycle (Fig.2)19. 

Rep40 and Rep52 are products of spliced transcripts expressed from the p19 promoter (Fig.1). Both contain 

an SF3 helicase domain, Rep40 lacks the PKA binding motif, but includes a 14-3-3 binding motif. Similar 

to Rep52, the primary role of Rep40 is to facilitate the translocation of single-stranded DNA (ssDNA) into 

the AAV capsid (Fig.2)22. 

Rep52 exhibits 3'-5' helicase polarity, while Rep40 interacts with both the 3' and 5' ends of DNA, suggesting 

that Rep40 can bind both ssDNA and double-stranded DNA (dsDNA). This indicates that Rep40 likely 

unwinds dsDNA, converting it into ssDNA, which is more suitable for processing by Rep5211. The helicase 

activity of Rep40 is ATP-dependent and requires the protein to oligomerize. In contrast, Rep52 can bind 

and process DNA in its monomeric state11,23. 

Viral proteins (VPs) are products of the Cap gene, which is driven by the p40 promoter (Fig.1). This gene 

produces three transcripts: VP1, VP2, and VP3. Full-length Cap transcription generates VP1, while 

alternative splicing and start codons lead to the production of VP2 and VP3. These VP proteins are critical 

components of the AAV capsid, protecting the single-stranded DNA (ssDNA) genome from external 

factors24,25. 

VP1 is essential for efficient host cell infection and contains a phospholipase A2 (PLA2) domain. This 

domain remains enclosed within the capsid and is exposed to the surface only when the virus is endocytosed 

into the endosome. The enzymatic activity of PLA2 is crucial for endosomal escape and the subsequent 

transport of the viral genome into the nucleus (Fig.5)26–28. 

Both VP1 and VP2 proteins contain a highly conserved Ser/Thr triplet motif, which is necessary for 

intracellular trafficking, transduction, viral assembly, and regulation of AAV genome expression26,29,30. 

Although VP2 is non-essential for viral infectivity, it is frequently used in capsid engineering and 

modification31. 

The most critical capsid protein is VP3, which forms the structural core of the AAV capsid. VP3 consists 

of eight β-barrel motifs, an α-helix, and loops that connect the β-barrels. While the motifs are highly 

conserved, the loops contain exposed variable regions that determine the binding affinity of different AAV 

serotypes to their specific target receptors31–33. 

Membrane assembly-activating protein (MAAP) is encoded within the VP1 region and is controlled by 

the p40 promoter (Fig.1). MAAP contains both non-polar and polar domains, which are essential for 
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membrane anchoring and mediating the extracellular secretion of AAV particles (Fig.8). Additionally, 

MAAP plays a protective role by preventing capsids from entering degradative subcellular compartments34.  

Assembly activating protein (AAP), like MAAP, is transcribed from the p40 promoter within the Cap 

gene region35. AAP is essential for AAV capsid assembly as it contributes to the stability and transport of 

VP proteins. The N-terminus of AAP contains hydrophobic domains that interact with the C-terminus of 

VP proteins, functioning as a chaperone36. Although the AAP-VP interaction is transient, it ensures the 

cotransport of VP proteins into the nucleus. In addition to its chaperone role, the C-terminal domain of AAP 

mediates the oligomerization of AAP itself. These oligomers interact with VP proteins, stabilizing and 

protecting them from degradation35,37,38. 

Protein X is a 155-amino acid auxiliary protein transcribed from the p81 promoter (Fig.1). It has been 

reported to enhance DNA replication, particularly in HEK293 cells during rAAV production39. 

The investigation into the molecular principles underlying coinfection with AdVs and AAVs led to the 

identification of essential AdV factors necessary for controlled rAAV production in cellular systems. The 

analysis and application of crucial AdV genes resulted in the development of helper-virus-free production 

systems, which are widely utilized for rAAV production in gene therapy research40. This innovation has 

significantly advanced the use of rAAV vectors in preclinical and clinical studies, offering promising 

prospects for the treatment of various genetic disorders and diseases41. 

AAV2 ITR (inverted terminal repeat) serves as the origin of replication and includes two smaller 

palindromes (B-B' and C-C') nested within a larger stem palindrome (A-A', Fig.2). The ITR can exist in 

two configurations: flip (with B-B' near the 3' end) and flop (with C-C' near the 3' end). A unique sequence, 

D, is found only once at each genome end, remaining single-stranded. The ITR contains a Rep-binding 

element (RBE) where Rep78 and Rep68 proteins bind (Fig.2)42. The RBE has a consensus sequence of 5'-

GNGC-3'. Rep78 and Rep68, as ATP-dependent helicases, remodel the A-A' region to form a stem-loop, 

exposing the terminal resolution site (trs) in a single-stranded form43,44. These Rep proteins introduce a nick 

at the trs (Fig.2). An additional RBE (RBE') helps stabilize the interaction between the Rep proteins and 

the ITR44. 

Adenovirus genes 

E1A and E2A are the most essential proteins for activation of the AAV p5 and p19 promotors and regulation 

of AAV Rep proteins45,46 (Fig.1 and 2). Specifically, p5 promoter contains E1A-inducible element, which 

is activated upon E1A binding, and in parallel E1A interacts with Yin Yang 1 (YY1) ubiquitous 

transcription factor (originating from the host cell) repressing p5 promoter. The E1A-YY1 interaction 
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neutralizes the repression effect of YY147,48. Due to their size E1 genes are often present in helper-free 

systems in form of a constitutively expressed cassette integrated in producer cells genome (Fig.3)41.  

 

Figure 1: Schematic comparison of wtAAV and rAAV genome 

(a) Wild-type AAV genome consists of genes coding for replication protein Rep78, Rep68 (expressed by p5 promoter), 

Rep52 and Rep40 (expressed by p19). Downstream capsid and accessory proteins (AAP and MAAP) are expressed 

from p40 promoter. Within Cap gene resided gene coding for protein X controlled by p80 promoter. (b) rAAV genome 

has Rep and Cap genes replaced by transgenic cassette of interest. Rep and Cap genes are supplied in trans as pAAV-

Rep/Cap plasmid during rAAV production. Both wtAAV and rAAV genomes are flanked by two ITR sequences 

(adapted from Catalán-Tatjer et al. 2024). 

Abbreviations: ITR - inverted terminal repeat, AAP – assembly activating protein, membrane assembly-activating 

protein – MAAP. Created in Biorender.  

E2A is a single-stranded DNA binding protein (ssDBP) apart from mediating AAV DNA replication, the 

protein is also involved in processing of Rep proteins (Fig.2). Rep protein can further interact with E2A 
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and recruit it to AAV viral replication compartments (VRC1*). E2A protein plays role in variety of processes 

from AAV replication, mRNA processing and export, or capsid production46,49,50.    

E1B gene complex codes for two oncoproteins E1B19K and E1B55K with distinct functions. E1B19K 

subunit mediates inhibition of E1A-induced apoptosis and triggers autophagy during AdV infection51. 

E1B19K factor is not required for AAV replication, but rather increases AAV titer yields52. E1B55K binds 

and inhibits the tumour suppressor protein p53, thus promotes cell-cycle progression and inhibit apoptosis53.   

In the context of AAV replication E1B55K functions together with E4orf6 (Open reading frame 6 of early 

region 4) as a helper factor (Fig.2). This complex promotes AAV second strand synthesis and viral DNA 

replication (Fig.2)54. In addition, E1B55K enhances export of AAV mRNA and inhibits export of host cell 

mRNA, both increasing AAV gene expression54.  

E4orf6 has a major role as part of E1B55K-E4orf6 complex in mRNA export and AAV replication, 

specifically in second-strand synthesis of the viral genome (Fig.2). However, most important role of E4ofr6 

is promotion of degradation of Mre1, crucial part of Mre11/Rad50/NBS1 (MRN) complex, an important 

mediator of the cellular DNA-damage response55. MRN complex represses AAV transduction and 

replication. It has been reported that E4orf6 is the most crucial, AdV-origin factor, needed for effective 

AAV production. Rep and Cap proteins can compensate for lack of other abovementioned factors in AAV 

production, but they cannot compensate for E4orf6. However, E4orf6 also negatively impacts AAV 

replication by promoting the degradation of newly assembled AAV capsids and Rep53 via ubiquitin-

dependent manner. In contrast, Rep proteins can inhibit expression of E4ofr6 gene to establish balance 

between two separate stages of AAV replication. This ambiguous function of E4orf6 is an example of 

hurdle between AdV and AAV replication. This interaction allows for fine-tuning of expression profiles of 

both viruses in coinfected cells56,57.  

VA RNA (viral associated RNA) is generally responsible for RNA-mediated inhibition of the cellular 

innate immune protein dsRNA-activated kinase (PKR). Inhibition of PKR prevents induction of PKR-

mediated shut-down of general translation, leading to efficient virus protein synthesis and interferon 

resistance of AdVs58. AAV p40-generated RNAs naturally trigger PKR in the host cells, which often leads 

to inhibition of AAV protein synthesis. Therefore, VA RNA enhances expression of AAV Cap proteins by 

inhibiting PKR pathway (Fig.2)59.  

 

1* VRC:  Viral replication compartments are specialized structures in host cells where viral genomes and replication 

machinery concentrate, enhancing viral replication and protecting against host defenses. 
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Figure 2: Contribution of host cell, AdV and AAV factors to AAV replication 

Schematic description of the AAV genome replication shows structure and elements of AAV inverted terminal repeat 

(ITR,0.). Green boxes describe roles of AAV derived molecules (green shapes) in AAV genome (black) replication. 

Purple boxes and text describe function and effects of AdV-derived on AAV genome replication. Blue text, shapes 

and boxes depict host cell originated molecules involved in AAV genome replication (adapted and modified from 

Meier et al. 2020 and Catalán-Tatjer et al. 2024).   

Abbreviations: RBE - Rep-binding element; RNA pol II – RNA polymerase II; pol δ – DNA polymerase delta, MRN 

- Mre11/Rad50/NBS1 (MRN) complex; PKR - dsRNA-activated kinase; RFC – replication factor C; PCNA - 

Proliferating cell nuclear antigen; MCM – mini-chromosome maintenance protein; pRb - Retinoblastoma protein; p53 

– tumor suppressor protein; E2F-1 - Transcription factor E2F1. Created in Biorender. 

1.1.2 Helper-Virus Free System and Production of rAAV vector  

The life cycle of AAV relies on helper viruses. The helper virus-free system has been derived from AdV5 

interaction with AAV in HEK293 cells. This system employs selected functional AdV factors—namely E1 

(E1A and E1B), E2A, E4orf6, and VA RNA—to provide the necessary helper functions. 

The system consists of three main components: 

1. a transfer plasmid carrying the gene of interest. 

2. two packaging plasmids: Rep/Cap and Helper. 

3. a transgenic HEK293 cell line. 

In this setup, the E1A and E1B factors are constitutively expressed by the transgenic HEK293 cells. The 

helper plasmid integrates E2A, E4orf6, and VA RNA. The pAAV-Rep/Cap plasmid supplies Rep genes 

(Rep78, Rep68, Rep40), capsid genes (VP1-3), and accessory genes (AAP, MAAP). 

In the helper virus-free method, the three plasmids are simultaneously transfected into HEK293 cells. 

Within the transfer plasmid (pAAV-GOI), the therapeutic expression cassette is flanked by AAV inverted 

terminal repeats (ITRs), which serve as the AAV replication origin and enable selective packaging of the 

transgenic cassette into AAV capsids (Fig.3)41. 

Following transient transfection in mammalian cells, mature AAV virions are harvested from the cell 

culture medium or cell lysate and subsequently purified for downstream purposes. The development of the 

adenoviral helper (pAd-Helper) plasmid has facilitated this process, making it independent of viral infection 

(Fig.3)41,60.  

AAV vectors produced using this method have been extensively utilized in preclinical studies to establish 

proof of principle and have also been used to generate clinical-grade AAV vectors for human trials40,61,62.  
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Figure 3: Key components of helper virus-free rAAV production  

Transfer plasmid (pAAV-GOI) carries gene of interest (GOI) flanked by ITR sequence; Packaging plasmid: 

replication/capsid plasmid (pAAV-Rep/Cap) supplies Rep78, Rep68, Rep52 and Rep40, VP1-3, MAAP, AAP, X 

proteins enhancing replication of rAAV and packaging in host cell. Helper plasmid (pAd-Helper) activates rAAV 

replication via AdV5-derived genes: E2A, E4, VA RNA gene. Packaging plasmid and transfer plasmid are delivered 

in HEK293 producer via triple transfection using a transfection reagent (e.i. polyethylenimine – PEI or calcium 

phosphate – CaPO4). rAAV are harvested from culture medium and cell lysate. Created in Biorender. 

1.1.3 rAAV serotypes and tropism  

The names of AAV serotypes include two numerical designations separated by a slash, indicating the ITR 

and serotype. For instance, AAV2/8 has a type 2 ITR (genome element) and a type 8 serotype (capsid 

element). Most vectors contain type 2 ITRs derived from the AAV2 serotype. The serotype refers to the 

type of capsid used to package an rAAV vector, determining the virus's ability to infect specific cell types63.  

AAV serotypes are defined by their lack of efficient cross-reactivity with neutralizing sera specific to other 

known serotypes. Based on this definition, only AAV1–5 and AAV7–9 are considered true serotypes. 

Variants like AAV6, 10, and 11 do not fit this definition64–66. AAV6's serology is nearly identical to AAV1, 

and the serological profiles of AAV10 and AAV11 are not well characterized 67. 

The AAV capsid surface exhibits affinity to primary and secondary receptors that facilitate binding to target 

cells. The variable strength of interaction with these receptors defines the AAV serotype, with each serotype 

exhibiting specific tropism and a preference for infecting specific cell populations. Researchers can select 

the most suitable AAV serotype for targeting the desired tissue by choosing the appropriate virus serotype, 

dictated by variations in capsid proteins (Fig.4)6. Capsid proteins are the subject of thorough study in the 

context of developing tissue- or cell-type-specific rAAV particles, or conversely, broadening their tropism. 

The focus of the study is on naturally occurring variants of capsid proteins or unique variants generated 

through machine-guided design to obtain capsids with unique delivery features68–70.  Fig.4 summarizes 

commonly used capsid serotypes and their tropism towards certain tissue and cell types71–73. While many 

serotypes overlap in their affinity, some serotypes are more efficient at delivering to certain tissues than 



20 

 

others. More detailed information on cell membrane surface factors interacting with specific capsid 

serotypes, can be found in sub-chapter 1.1.4 rAAV cargo delivery and expression of GOI, Tab. 1. 

Figure 4. Adeno-associated virus serotypes and their tropism  

Overview of tropism of the main AAV serotypes by definition of Earley et al. 2020. Data compiled from Wu et al. 

(2006) and Issa et al. (2023). Serotypes capable of transducing zygotes/embryos are as reported by Chen et al. (2019). 

Created in Biorender. 

 

1.1.4 rAAV cargo delivery and expression of GOI 

The recombinant adeno-associated virus (rAAV) life cycle involves several critical steps: attachment, 

internalization, intracellular trafficking, nuclear transport, uncoating, and gene expression. 

The life cycle begins with the attachment of the virus to the target cell (Fig.5). During this step, the rAAV 

capsid interacts with a primary (glycan) receptor on the cell surface, while integrins and growth factor 

receptors serve as co-receptors (secondary protein receptor) to facilitate viral entry. For instance, the AAV2 

serotype primarily binds to heparan sulphate proteoglycan and utilizes co-receptors such as the fibroblast 
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growth factor receptor74, hepatocyte growth factor receptor75, laminin receptor76, and integrins αVβ5 and 

α5β177,78 . These interactions enable the AAV2 serotype to exhibit broad tissue tropism (Tab.1)79. 

Other AAV serotypes interact with different proteins and receptors on the cell membrane. For example, 

AAV4 binds to O-linked 2,3-sialic acid with affinity for the central nervous system (CNS), specifically 

targeting ependymal cells.79 AAV5 interacts with N-linked sialic acid and uses the platelet-derived growth 

factor receptor as a co-receptor, facilitating broad interaction with CNS cells and airway epithelial cells79. 

AAV1 and AAV6 also interact with N-linked sialic acid, targeting tissues such as embryonic cells73. 

Additionally, AAV9 binds to N-linked galactose, enabling it to cross the blood-brain barrier80,81.  

Genome-wide screens have identified novel host proteins essential for rAAV transduction, termed entry 

factors. One example is KIAA0319L, also known as AAV receptor (AAVR), a glycoprotein that has been 

proven to act as a universal AAV receptor, mediating the transduction of both wild-type and engineered 

rAAV capsids82. Another key entry factor is G protein coupled receptor 108 (GPR108), a member of the G 

protein-coupled receptor (GPCR) superfamily, which facilitates many interaction events across various 

AAV serotypes (Tab.1)83. 

Table 1: The major receptors, co-receptors, entry factors, involved in the interaction of various AAV serotypes 

with their respective cell surface receptors. 

Serotype  Glycan (primary) 

receptors  

Protein (secondary) co-

receptors 

Entry factor Reference 

AAV2/1 AAVR, SIA unknown AAVR, GPR108 84,85 

AAV2/2 AAVR, HSPG integrin αVβ5 and α5β1, 

hFGFR, hHGFR, LamR 

AAVR, GPR108 74,75,77,78,84,86 

AAV2/3 AAVR, HSPG hHGFR, LamR AAVR, GPR108 76,84,87 

AAV2/4 SIA unknown GPR108  

AAV2/5 AAVR, SIA PDGFR AAVR 84,88 

AAV2/6 AAVR, SIA EGFR AAVR, GPR108 84,85,89 

AAV2/7 unknown unknown AAVR, GPR108  

AAV2/8 AAVR LamR AAVR, GPR108 76,84 

AAV2/9 N-linked galactose of SIA, 

AAVR 

LamR AAVR, GPR108 76,81,84 

Platelet-derived growth factor receptor (PDGFR), Hepatocyte growth factor receptor (hHGFR), Fibroblast growth 

factor receptor (hFGFR), Laminin receptor (LamR), Epidermal growth factor receptor (EGFR), α2–3 and α2–6 N-

linked sialic acid (SIA), universal AAV receptor (AAVR/ KIAA0319L) 
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Internalization  

Following receptor binding, the virus is internalized by the cell through endocytosis. It has been reported 

that approximately 13% of AAV2 particles in the vicinity of HeLa cells are internalized within 1.2 seconds. 

Additionally, recombinant AAV2 (rAAV2) particles are trafficked to the nucleus within 15 minutes of 

internalization, highlighting the rapid and highly conserved nature of this process90,91.  

The process of internalization can occur through several pathways, including caveolin- and clathrin-

dependent mechanisms, as well as clathrin- and caveolin-independent pathways92. One major clathrin- and 

caveolin-independent route is micropinocytosis, mediated by the Ras-related C3 botulinum toxin substrate 

1 (RAC1) protein, along with clathrin-independent carriers (CLICs) in glycosylphosphatidylinositol (GPI)-

anchored protein-enriched endosomal compartments (GEECs, Fig.5)93,94. Interestingly, it has been reported 

that clathrin, caveolin, or micropinocytosis may not be essential for rAAV transduction. Studies 

investigating specific internalization pathways typically inhibit these pathways to assess their impact on 

rAAV transduction efficiency. These studies have demonstrated that such inhibition often has no effect on 

rAAV uptake or, in some cases, can even enhance uptake in certain cell types, while reducing it in 

others94,95. Another important factor influencing rAAV transduction is co-infection with adenovirus, which 

can modulate the cellular processes involved in rAAV internalization96. Thus, the internalization pathway 

utilized by rAAV is both cell type- and context-dependent95. 

Cellular trafficking 

Once inside the cell, the virus must be transported to the nucleus through a process known as intracellular 

trafficking, which involves sorting the endocytosed cargo. To reach the nucleus, rAAV must navigate 

several trafficking compartments, including the early endosome (EE), late endosome (LE), and the Golgi 

apparatus. Viral trafficking is initiated in the EE, which communicates with the trans-Golgi network (TGN) 

through bidirectional exchange. Efficient transduction of rAAV particles often requires transit through the 

Golgi (Fig.5) 97–99. Some serotypes, such as rAAV2, can undergo endocytic processing through the LE, 

although the maturation of rAAV in the LE may be cell type-dependent (Fig.5)100. A key factor affecting 

rAAV transduction is the degradation of viral capsids through the ubiquitin-proteasome system, autophagy, 

or endoplasmic reticulum-associated protein degradation (ERAD). Inhibiting the ERAD or the ubiquitin-

proteasome system has been shown to increase the transduction efficiency of several rAAV serotypes. 

Additionally, mutating one or more surface-exposed tyrosine (Tyr) or threonine (Thr) residues prevents 

their phosphorylation, thereby reducing capsid ubiquitination101. This, in turn, lowers the degradation rate 

and enhances the likelihood of the capsid reaching the nucleus. The activation of the ubiquitin-proteasome 

system, ERAD, or autophagy is often dose-dependent, with higher doses of rAAV more likely to trigger 

these responses. Notably, proteasomal degradation of rAAV capsids can provoke a capsid-specific T-cell 
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response, which is a common issue in clinical applications102. Proteasome inhibitors have been shown to 

reduce this immune response103.  

Endosomal escape 

To enter the nucleus, rAAV must first escape from endosomal or trans-Golgi network (TGN) compartments 

into the cytoplasm. Once released, the capsids accumulate in the perinuclear space104. The process of 

endosomal escape is facilitated by conformational changes in response to acidic pH, such as the exposure 

of the phospholipase A2 (PLA2) domain within the VP1 protein. Other contributing factors to this escape 

process include the self-proteolytic activity of the rAAV capsid, the entry factor GPR108, and the protease 

activity of cathepsins (Fig.5)105–107.  

Although the role of autoproteolysis remains poorly understood, the role of GPR108 has been identified as 

crucial for both endosomal escape and nuclear entry, functioning as a key nuclear factor. Interestingly, the 

role of GPR108 appears to be dependent on the PLA2 domain83. However, rAAV5 serotype lacks the PLA2 

domain, and instead, it interacts via the ectodomain of PKD1, one of two immunoglobulin-like polycystic 

kidney disease (PKD) repeat domains (PKD1 and PKD2) in the AAVR receptor108.  

Following endosomal escape, rAAV capsids accumulate near the perinuclear space and are transported into 

the nucleus. Both VP1 and VP2 proteins contain four basic regions (BR1-4) that are involved in protein 

interactions, sorting, and signal transduction within the host cell. Importantly, these regions also harbour 

nuclear localization signal (NLS)-like sequences109,110. The β-importins recognize the NLS sequences in 

VP1 and VP2, mediating the nuclear import of the capsids through nuclear pore complexes (NPC, Fig.5)111. 

Notably, studies have reported that only 17% of rAAV particles present in the cytoplasm successfully 

traverse into the nucleus, highlighting the potential for increasing transduction efficiency by enhancing 

nuclear import mechanisms112.   

Genome release and expression 

In the nucleus, the rAAV genome is released from the capsid, although complete disassembly of the capsid 

is not required for genome release113. Studies using fluorescence microscopy, subcellular fractionation, and 

3D transduction analysis have shown that rAAV2 capsids can be sequestered in the nucleolus, enabling 

secondary transduction. This theory suggests that intact capsids accumulate within the nucleolus, where 

they are later released and disassembled in the nucleoplasm (Fig.5)114.   

In the absence of Rep and Cap genes, as well as a helper virus, rAAVs cannot replicate but can still 

transcribe their genomes. As with wtAAV replication, the inverted terminal repeats (ITRs) in the rAAV 

genome enable the priming for complementary strand synthesis. The single-stranded AAV (ssAAV) 
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genome must be converted into a double-stranded DNA (dsDNA) form to beging the transcription. This 

can occur either through the synthesis of a complementary strand or by hybridization between 

complementary strands. However, in the absence of helper factors, the synthesis of the second strand is 

significantly reduced in rAAV vectors, making complementary strand alignment a more common method 

for producing a transcriptionally active DNA molecule115,116.  Self-complementary rAAV (scAAV) 

genomes overcome this limitation through mutated ITRs, which facilitate molecular recombination, leading 

to concatemerization and circularization of the viral genome. Notably, ssAAV and scAAV genomes exhibit 

distinct release kinetics, with the release rate inversely correlated to the length of both ssDNA and scDNA 

genomes (Fig.5)113.   

Once released, rAAV genomes tend to persist in postmitotic cells mainly as episomal concatemers. 

However, a small fraction of rAAV genomes can integrate into the host genome, i.e. AAVS1 site. Despite 

the low integration rate and reduced risk of genotoxicity, the integrative potential of rAAV remains an 

important focus of study due to safety concerns in clinical applications117.  
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Figure 5. Mechanism of rAAV entry and transduction  

1.Binding: rAAV attachment to the cell surface is mediated by primary glycan receptors and stabilized by secondary 

protein receptors. The specific receptors required depend on the rAAV serotype and cell type. The role of entry factors 

such as KIAA0319L and GPR108 in facilitating rAAV entry at the cell surface remains to be fully understood, 

however they are sequestered and recycled in TGN. 2.Internalization: rAAV enters the cell through multiple endocytic 

routes, including clathrin- and caveolin-mediated endocytosis, macropinocytosis, and clathrin-independent pathways, 

such as those involving clathrin-independent carriers (CLICs). 3.Sorting and Capsid Maturation: Once internalized, 

the rAAV capsid undergoes conformational changes in sorting compartments like endosomes and the Golgi. Key entry 

factors, such as KIAA0319L and GPR108, are primarily localized in the Golgi and play a role in capsid maturation. 

Capsids unable to mature are translocated into lysosome for degradation. 4.Endosomal Escape: Efficient cytoplasmic 

escape and transduction depend on exposure of the phospholipase A2 (PLA2) domain at the N-terminus of the capsid. 

Following escape from endosomes, vector particles accumulate near the perinuclear space. 5.Perinuclear 

Accumulation: rAAV particles gather around the perinuclear region and enter the nucleus via nuclear pore complexes, 

a process mediated by importins like importin-β. At this stage, capsids can be hyper ubiquitinated and degraded in 

proteasome. Genome Release: Inside the nucleus, the rAAV genome is released from the capsid (6.). 7.dsDNA 

synthesis and Transcription: The single-stranded AAV (ssAAV) genome is converted into double-stranded DNA, or 

in the case of self-complementary AAV (scAAV), the genome is already double-stranded, enabling transcription of 

the transgene. 8.Transgene Translation: The transgene is subsequently translated into the target protein, resulting in 

successful gene expression in the host cell.  

Adapted from Dhungel et al. (2021). Abbreviations: dsDNA, double-stranded DNA; scAAV, self-complementary 

AAV; ssAAV, single-stranded AAV; CLIC, clathrin-independent carrier; GEEC, glycosylphosphatidylinositol-

anchored protein (GPI-AP)-enriched compartment; TGN, trans-golgi network. Created in Biorender. 

 

1.2 Clinical potential of rAAV vectors  and their production 

Recombinant AAV vectors have emerged as a versatile and promising tool for gene therapy, offering 

efficient and stable transduction of a wide range of target tissues, long-lasting gene expression without 

integration into the host genome, and minimal immunogenicity. Their favourable safety profile, combined 

with a broad tissue tropism encompassing 16 distinct types, makes them suitable candidates for treating a 

variety of rare genetic disorders or neurodegenerative diseases62,118–120. 

The identification of essential elements for AAV replication has enabled the development of production 

methods using various animal cell-based platforms, eliminating the need for helper viruses and improving 

the safety and control of rAAV manufacturing37,62,120. These advancements have contributed to the 

successful development of marketed gene therapy products, such as LUXTURNA® (Novartis) for Leber 

congenital amaurosis, ZOLGENSMA® (Novartis) for spinal muscular atrophy, HEMGENIX® (CSL 

Behring) for haemophilia B, ROCTAVIAN® (BioMarin) for haemophilia A, ELEVIDYS® (Sarepta 

Therapeutics) for Duchenne muscular dystrophy, and BEQVEZ® (Pfizer) for haemophilia B. The clinical 

application of rAAV vectors holds great potential for delivering safe and effective gene therapies to address 

unmet medical needs and provide transformative treatments for patients.  

The listed gene therapy products often face market demand challenges due to their high price, which limits 

access for potential patients. For example, ZOLGENSMA costs €1.9 million per course of treatment. This 

high price is largely due to the complexity of the manufacturing process and stringent quality control 

measures. For instance, the recommended dose of ZOLGENSMA is 1.1 x 10¹⁴ vector genomes (vg) per 
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kilogram of body weight, amounting to 2.2 x 10¹⁵ vg for a child weighing 20 kg. Each current dose of 

ZOLGENSMA (5.5 or 8.3 mL per vial) contains 2 x 10¹³ vg per mL, requiring a total of 14 vials per 

treatment121. While optimized rAAV production and purification methods can yield high concentrations of 

clinical-grade virus, the costs remain high due to the intricate process required to optimize the highest yield 

with a favorable full-empty capsid ratio. This purification step can significantly reduce the final titer, 

increasing the demand for input material62.  

Current rAAV production methods involve either the transfection of specific plasmids or infection with 

viruses carrying the required genes, both of which pose scalability challenges and limitations in capsid 

loading efficiency62. 

Human embryonic kidney 293 (HEK293) cells are widely used for the production of recombinant proteins 

and rAAV in clinical applications122–124. Their popularity stems from their human origin, which supports 

proper post-translational modifications, their well-understood metabolism in vitro, and their prior approval 

by both the FDA and EMA for biopharmaceutical production38,123,124. For instance, ZOLGENSMA is 

manufactured using transgenic HEK293 cells that contain essential adenoviral genes. The remaining 

necessary components for rAAV production are provided via triple plasmid transfection (Fig.3)40. 

Alternatively, there are also platforms that allow supply of the essential components through viral infection 

or by stable expression in transgenic cell lines. 

One example of viral infection-based production is the baculovirus expression vector system (BEVS) using 

Sf9 insect cells. Sf9 cells are capable of performing post-translational modifications crucial for the 

bioactivity and stability of therapeutic proteins125. Through genetic modification, insect-specific α(1,3)-

fucosylation can be eliminated126. In this system, Sf9 cells are infected with three recombinant 

baculoviruses: one delivering the Rep78/52 genes, another expressing Cap proteins, and a third providing 

the transfer plasmid. BEVS offers an advantage of no need for exogenous helper genes since Sf9 cells 

naturally contain all required helper functions127,128. While this platform supports large-scale rAAV 

production, it faces challenges such as a low full-to-empty capsid ratio and difficulties in removing 

baculovirus from final preparations129. Despite these challenges, the BEVS platform has been successfully 

employed in producing therapeutics for human papillomavirus (HPV) - CERVARIX, and gene therapies 

like HEMGENIX for hemophilia B130,131. 

1.3 Application of AAVs in research and disease modelling  

rAAV vectors have emerged as powerful tools for disease modelling due to their ability to efficiently and 

safely deliver genes into target cells. By incorporating disease-causing mutations or genes associated with 

specific disorders into AAV vectors, researchers can create in vitro and in vivo models that recapitulate key 
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aspects of human diseases. These models enable the investigation of disease mechanisms, identification of 

therapeutic targets, and evaluation of potential treatments. Additionally, AAV-mediated gene delivery 

allows for precise control over gene expression levels and spatiotemporal patterns, facilitating the study of 

disease progression and therapeutic interventions in a controlled experimental setting. Disease modelling 

using rAAV vectors holds great promise for advancing our understanding of various genetic and acquired 

disorders, ultimately paving the way for the development of novel therapies.  

1.3.1 ssDNA delivery to zygotes and embryos ex vivo   

In context of transgenic practice, single-stranded DNA (ssDNA) homology templates are demonstrated to 

be more efficient for integration into the genome through homology-directed repair (HDR), particularly 

highlighted with long ssDNA (lssDNA) homology templates in the context of the EASI (efficient additions 

with ssDNA inserts)-CRISPR method132. However, synthesizing complex lssDNA can pose challenges, and 

its efficiency may vary depending on the specific cassette of interest. Furthermore, in some instances, 

lssDNA can adopt rigid secondary structures, rendering them inaccessible to HDR machinery. It's important 

to note that lssDNA templates can typically only be delivered using invasive methods, such as 

microinjection or electroporation, to ensure their entry into target cells (Fig.6)132,133. 

The life cycle of adeno-associated virus (AAV) involves the packaging of either sense or antisense ssDNA 

into a virion. Consequently, an AAV virion comprises a single-stranded DNA genome and capsid proteins 

(VP1, VP2, VP3). Capsid assembly occurs through interactions between VP proteins and the internal 

terminal repeat (ITR) sequences of the AAV genome. If the genome remains within the packaging size 

limit of approximately 5 kbp, the resulting assembly yields a biologically active virion6,134,135. 

The production of recombinant AAV (rAAV) vectors circumvents common challenges associated with 

lssDNA synthesis. rAAV is often produced in a controlled replication cell line, ensuring efficient 

replication, packaging, and stabilization of the ssDNA genome, followed by non-invasive delivery into 

target cells. These properties render the rAAV vector suitable for delivering larger transgenic constructs 

into a mammalian genome. This capability was demonstrated by Chen et al. through the development of a 

method termed CRISPR-READI73.  

CRISPR-READI involves delivering ssDNA templates in the form of rAAV into zygotes, leveraging the 

natural properties of AAV serotype 1 and 6 capsids to traverse the zona pellucida and subsequently interact 

with moieties on the zygote's cell membrane. Upon uptake by the zygote, the viral particle undergoes 

uncoating, and the ssDNA genome is translocated into the nucleus to serve as a homology template. This 

approach has proven highly efficient compared to standard methods involving pronuclear injections of 

plasmids or linear double-stranded DNA (dsDNA) templates. The CRISPR-READI procedure entails brief 
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treatment of zygotes with rAAV carrying the HDR template, electroporation of Cas9/gRNA 

ribonucleoprotein complex (RNP), and overnight incubation with HDR-AAV136. 

The primary advantages of this method include reduced physical stress, facilitated membrane crossing by 

the virus through a natural biological mechanism, and the reliable delivery of an efficient dose of the HDR 

template. Additionally, electroporation of RNPs ensures the effective delivery of a precise amount of site-

specific nuclease. These factors collectively contribute to the high efficiency of HDR template insertion at 

the target locus, with success rates of up to 60% observed among all founder animals. However, it's 

important to acknowledge potential challenges associated with the use of rAAV vectors, such as 

concatemerization of the transgenic cassette at the target locus, as highlighted by Suchy et al.137. Therefore, 

rigorous evaluation and validation of the generated models are essential to ensure the accuracy and integrity 

of genetic modifications achieved through the CRISPR-READI approach. This cautious approach will help 

maximize the method's potential for precise and reliable genome editing in diverse biological applications. 

Comparing the EASI-CRISPR and CRISPR-READI methods, both approaches represent significant 

advancements in the field of genome editing utilizing ssDNA templates. EASI-CRISPR is based on delivery 

of “naked” long single-stranded DNA (lssDNA) molecule to the pronucleus. The method highlights the 

efficacy of lssDNA homology templates in facilitating precise genome modifications through HDR. 

However, challenges in the synthesis, purification, stability, and delivery of these templates can limit its 

broader adoption (as illustrated in Fig. 6). In contrast, CRISPR-READI optimizes ssDNA delivery by 

utilizing rAAV vectors. This method harnesses the natural properties of rAAV to stabilize the ssDNA 

genome, ensuring efficient cellular uptake and HDR template insertion.As a result, CRISPR-READI offers 

streamlined and effective genome editing, demonstrating reduced physical stress on embryos and achieving 

high efficiency in target locus insertion. Ultimately, while EASI-CRISPR underscores the potential of 

ssDNA templates, CRISPR-READI provides a practical and efficient approach by integrating ssDNA 

delivery within the versatile AAV vector system, paving the way for transformative applications in 

precision genetic engineering. Methodological comparison of the two method is depicted in Fig.6. 
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Figure 6: Comparison of EASI-CRISPR and CRISPR-READI.  

EASI-CRISPR requires synthesis of long-single EASI-CRISPR requires the synthesis of long single-stranded DNA 

(lssDNA) via in vitro RNA transcription, followed by reverse transcription into cDNA. The RNA is then removed, 

and the cDNA is purified. The lssDNA synthesis can be also performed chemically or via asymmetric PCR.  The 

purified lssDNA (up to 2 kb) is used for pronuclear injection (PNI) in combination with the Cas9-gRNA 

ribonucleoprotein complex (RNP). The treated zygote is implanted into the oviduct of a surrogate female on the day 

of treatment. The surrogate female gives birth to genetically altered pups resulting from the PNI delivery of lssDNA 

and RNP. The CRISPR-READI method involves the assembly of a transfer plasmid carrying the gene of interest, 

which is used for rAAV production. The resulting virus packages a single-stranded AAV genome up to 4.7 kb 

(ssAAV/ssDNA). The viral genome is delivered into the zygote in a non-invasive manner using the zygote's natural 

primary and secondary receptors. After incubation of the zygote with the virus, RNP is delivered via electroporation. 

The zygote is incubated with the virus overnight, and the following day, the 2-cell embryo is implanted into the 

surrogate female. The surrogate female gives birth to genetically altered pups based on viral delivery of ssDNA and 

RNP electroporation. Figure was compiled based on Miura el al. (2018) and Chen et al. (2019). Created in Biorender.     

1.3.2 Application of rAAV in basic research 

Recombinant AAVs (rAAVs) are a powerful tool for deciphering biological processes and the origins of 

diseases in model organisms. They are widely employed to deliver various biologically active molecules, 

including reporters138, gene coding sequences (CDS)139, recombinases140, and genome editors141,142. 

Efficient, tissue-specific delivery of these molecules can have a profound impact, enhancing our 

understanding of complex biological mechanisms or disease pathology. 
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For instance, the application of reporter system in rAAV has resulted in development of RNA interference 

(RNAi)-based method for dynamic regulation of the expression of therapeutic transgenes delivered by 

adeno-associated virus vectors. This approach uses small interfering RNA (siRNA) or short hairpin RNA 

(shRNA) to suppress transgene expression and employs a synthetic oligonucleotide, REVERSIR, to reverse 

this suppression. Luc (luciferase) reporters were utilized in the study to monitor and quantify transgene 

expression in vivo, enabling precise evaluation of the effectiveness of RNAi-mediated regulation. This 

method allows for on-demand control of transgene dosage, providing valuable insights into transgene 

expression and regulation. The system has potential clinical applications, addressing challenges such as 

variable transgene expression and dose-dependent toxicity in AAV-mediated gene therapy. The study 

presents specific siRNA sequences that regulate transgene expression while minimizing off-target effects, 

offering a promising framework for dynamic control in gene therapy138.  

The article by Piepho et al. (2023) is an example of reduced CDS of a large gene packaged in rAAV139. The 

study investigates the long-term cardiac efficacy of AAV-mediated micro-dystrophin gene therapy in a 

severe Duchenne muscular dystrophy (DMD) model. The serotype AAV9 was used, which is known for 

its efficient muscle targeting, particularly in skeletal and cardiac tissues. The MHCK7 promoter, a hybrid 

promoter derived from muscle creatine kinase (MCK) and α-myosin heavy chain (α-MHC) promoters, was 

employed to ensure muscle-specific expression of micro-dystrophin. The therapy resulted in sustained 

cardiac improvements, including enhanced ejection fraction and reduced fibrosis, suggesting potential for 

long-term cardiac preservation in DMD. The study showed that after the administration of the AAV9 vector, 

treated animals exhibited normalized cardiac function, confirmed by echocardiographic and histological 

analyses, with reduced signs of heart failure, structural damage, and improved heart morphology over time. 

Furthermore, micro-dystrophin expression was stably maintained, demonstrating that this gene therapy 

could provide long-lasting cardiac benefits in DMD patients139. 

The cell-type-specific recombination in the murine central nervous system (CNS) has been highlighted in 

the study focused on using rAAV vectors with the astrocyte-specific mGfaABC1D (recombinant glial 

fibrillary acidic protein promoter) promoter, combined with PHP.eB (recombinant AAV serotype) capsid, 

to achieve astrocyte-specific recombination. The researchers addressed a major challenge of nonspecific 

transduction by dividing the rAAV system into two vectors: one expressing FlpO recombinase and the other 

expressing Cre recombinase flanked by Flp recognition sites. This two-vector system, combined with the 

astrocyte-tropic AAV-F capsid, greatly improved the specificity and efficiency of recombination in 

astrocytes, potentially reducing off-target effects140. 

rAAV vectors enable efficient delivery of CRISPR-based editors. Liao et al. has presented a novel 

CRISPR/Cas9 system for gene activation that avoids DNA double-strand breaks 141. The system utilizes a 



31 

 

catalytically inactive Cas9 (dCas9) to recruit transcriptional activators (MS2-p65-HSF1) at specific gene 

loci, inducing epigenetic changes without permanent DNA modifications. Delivered through AAV2/9 

vectors, the system was tested in vivo across various mouse models, demonstrating its therapeutic potential. 

In Duchenne muscular dystrophy, acute kidney injury, and type I diabetes models, target gene activation 

improved muscle strength, kidney function, and insulin production, respectively. By using modified dead 

guide RNAs (dgRNAs) to avoid DSBs, the system offers a safer alternative to traditional CRISPR editing. 

The rAAV9 vectors facilitated efficient delivery across tissues, and multiplexed gene activation was also 

demonstrated. This study highlights the system’s potential for safe, in vivo gene activation and epigenetic 

therapy for human diseases141. 

Another example of the remarkable application of AAV vector is Wolter et al. work. The article discusses 

the development of a novel CRISPR system using Staphylococcus aureus Cas9 (SaCas9) delivered via 

AAV2/9 to target the long non-coding RNA Ube3a-ATS, which silences the paternal allele of UBE3A. The 

research focuses on Angelman syndrome, a neurodevelopmental disorder caused by the loss of maternal 

UBE3A. This CRISPR system, delivered in utero, successfully reactivates the paternal UBE3A allele in 

neurons. The treatment showed long-term gene activation in Angelman syndrome mouse models, 

improving both behavioral and anatomical deficits without significant off-target effects142. 

An important aspect common to all of the aforementioned studies is the emphasis on tissue specificity and 

the effects of delivered molecules in the target tissue. As noted, AAV serotypes exhibit varying tropisms 

for specific tissues. Another factor that enhances specificity is the use of tissue-specific promoters to drive 

gene expression. Therefore, a strategic combination of an AAV serotype and a specific promoter can 

significantly improve both the specificity and efficiency of gene therapy, tailoring the treatment to the 

desired target tissue for optimal results. 

1.3.3 Generation of humanized mouse model 

Despite their primary application in delivering specific expression cassette for therapeutic purposes, 

recombinant adeno-associated virus (rAAV) vectors can also be utilized to generate unique humanized 

models. The principle of humanization involves delivering a human orthologue into a wild-type animal to 

express a human protein, thereby humanizing the animal or specific tissues of interest.  

Standard production of a transgenic mouse model typically involves several steps: creating a transgenic 

construct, delivering and integrating this construct into the genome, selecting founder animals, confirming 

germ-line transmission of the gene of interest (GOI) through breeding, and expanding the selected line to 

obtain a sufficient number of animals for experimentation. This process can take a minimum of nine months 

to complete. 
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In contrast, transgene delivery using rAAV offers a faster and more scalable method to generate humanized 

models without the complexities of genome integration. rAAV allows for the delivery of expression systems 

up to 5 kbp in a tissue-specific manner, depending on factors such as the rAAV serotype used and the tissue-

specific promoter incorporated into the vector143,144. 

Developing a humanized model with rAAV involves packaging the desired expression construct into the 

vector and administering the vector at a specific titer into the animal. The entire process of vector 

development and production typically lasts up to two months. Once a sufficient amount of virus is obtained, 

it can be directly applied to a cohort of animals, bypassing the need for extensive breeding and lineage 

assessment associated with traditional transgenic models. This approach using rAAV streamlines the 

generation of humanized models, making it a rapid and efficient alternative to traditional transgenic 

methods for modelling human diseases or studying specific gene functions in vivo143–145.  

The potential of rAAV-mediated humanization was demonstrated during the COVID-19 pandemic, which 

was characterized by a shortage of relevant mouse models for SARS-CoV-2 (severe acute respiratory 

syndrome coronavirus 2) research, specifically humanized ACE2 (hACE2) mouse models. The mouse 

ACE2 protein is not recognized by the SARS-CoV-2 virus, thus it cannot bind and facilitate viral entry into 

target cells. To overcome this limitation, expression of hACE2 in target cells or tissues is necessary to 

enable SARS-CoV-2 entry and replication146,147. 

The unavailability of transgenic hACE2 models during the pandemic prompted the development of various 

new transgenic models and alternative methods for rapid humanization. These methods predominantly rely 

on viral vectors, among which recombinant adeno-associated virus (rAAV) plays a significant role. rAAV 

vectors offer an efficient means to introduce the hACE2 gene into mouse models, enabling the creation of 

humanized mice capable of supporting SARS-CoV-2 infection and replication. This approach allowed 

researchers to swiftly generate relevant models for studying COVID-19 pathogenesis and evaluating 

potential therapies, demonstrating the versatility and utility of rAAV-mediated humanization during critical 

biomedical research endeavours 143,144,147. 

1.4 Delivery limitations 

The wild-type adeno-associated virus (wtAAV) genome is approximately 4.7 kb in size, which closely 

aligns with the packaging limit for a fully functional recombinant AAV (rAAV) genome. Although there 

have been reports indicating that rAAV vectors can carry genomes ranging from 4.7 to 8.9 kb, vectors 

exceeding a genome size of 5.2 kb generally exhibit significantly reduced transduction and expression 

efficiency134,148. This packaging limit is consistent across all AAV serotypes; however, some serotypes 

demonstrate a higher tolerance for larger genomes compared to others. For instance, Allocca et al. reported 
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that the AAV2/5 serotype can package genomes up to 8.9 kb, but subsequent efforts to standardize the 

packaging of such large genomes were unsuccessful134,148,149. The efficiency of transduction with a vector 

carrying a genome larger than 5.2 kb is influenced by factors such as titer yield, multiplicity of infection 

(MOI), and genome stability within the host cell 134,149.  

The packaging process of oversized AAV genomes is challenging, often resulting in the production of 

empty capsids or capsids carrying truncated genomes. These factors contribute to a decreased final titer, 

which can be up to tenfold lower than that of vectors carrying normal-sized genomes (4.7 kb)134,150.  

Oversized genomes are frequently truncated at the 5' end, necessitating compensation by another genome 

that contains the complete 5' end. Through homologous recombination, these truncated genomes can 

assemble a complete genome within the host cell, thereby recovering the potential for gene expression. This 

intracellular vector recombination is enhanced by a higher multiplicity of infection (MOI) when using 

vectors carrying oversized genomes, in contrast to the MOI typically required for normal-sized AAV134,151.   

AAV capsids enter the cell via endocytosis and are processed through intracellular trafficking via the late 

endosome. During this trafficking process, the AAV capsid undergoes conformational changes that expose 

the VP1 N-terminus, making it susceptible to ubiquitination in the cytoplasm (Fig.5)152. Ubiquitination 

primarily occurs during the endosomal escape of virions into the cytoplasm and their subsequent transport 

to the nucleus. Oversized genomes often fail to efficiently escape the late endosome, leading to their 

degradation in the lysosome. Alternatively, they may become hyper-ubiquitinated and are subsequently 

eliminated by the proteasome (Fig.5)149. 

Circumventing the AAV packaging limit is a key challenge in gene therapy research. Recombinant AAVs 

are highly regarded as vectors for gene therapy due to their low immunotoxicity and ability to provide long-

term, robust gene expression118. However, their limited packaging capacity makes them unsuitable for 

therapies that require the delivery of large gene constructs. Overcoming this limitation is essential to fully 

unlocking the potential of rAAVs in a broader range of gene therapies. 

Several strategies have been developed to overcome the AAV packaging limit. One such approach involves 

reducing the size of the target gene by creating "mini" versions, which are constructed by identifying and 

preserving only the essential functional domains of the gene (Fig.7a). This reduction is based on a detailed 

understanding of the gene's critical regions and their effective application, with some minigenes' 

functionality being predicted in silico153–156. The example is the Δ17–48 mini-dystrophin gene, discovered 

by England et al., which was designed to retain the key functional domains of the dystrophin gene. This 

mini-dystrophin was subsequently optimized and adapted for clinical testing153,154. 
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The recombination-based assembly of large transgenic constructs often utilizes two split vectors, each 

carrying a portion of the transgene cassette. Within the host cell, these partial genomes undergo homologous 

recombination to form a full-length coding sequence (Fig.7b). The efficiency of this strategy appears to 

depend on the characteristics of the host tissue, particularly whether it contains dividing or non-dividing 

cells157. Muscle tissue has been shown to be a suitable target for this approach due to the presence of 

proliferating myoblasts, as demonstrated in studies on Duchenne muscular dystrophy and similar 

dysferlinopathies158–161. In contrast, terminally differentiated tissues, such as photoreceptors, exhibit lower 

recombination rates compared to muscle tissue162. Homologous recombination is a key DNA repair pathway 

in rapidly dividing cells, making it more effective in proliferating myoblasts, which possess a robust DNA 

recombination machinery163. 

The trans-splicing and hybrid strategies exploit the propensity of AAV genomes to persist in the nucleus as 

episomes through concatamerization. This process is driven by the sequence homology of the inverted 

terminal repeats (ITRs) (Fig,7c). However, the formation of concatamers connected via ITR sequences can 

pose challenges for recombination-based assembly. Specifically, the presence of an ITR at the junction 

between two AAV genomes can interrupt the coding sequence, potentially causing a frameshift in the 

transgene of interest. To address this, donor and acceptor splice sites are strategically placed to facilitate 

the removal of the ITR-mediated junction through the intron splicing process (Fig.7c)164–166.  

To further improve the assembly of specific concatemers and, consequently, precise splicing, the 

homology-directed junction of the ITRs can be enhanced by introducing a homologous region shared 

between the two compatible AAV genomes. For example, a highly recombinogenic 77-base-pair homology 

sequence derived from the filamentous phage F1 has been shown to support the precise assembly of 

concatemers (Fig.7d)162.   

The capacity limit of AAV vectors can also be circumvented by leveraging distinct molecular interactions 

at the protein level, such as protein trans-splicing or AAV capsid modification. Protein trans-splicing 

involves the joining of two separate polypeptides through a peptide bond to form a complete protein. This 

process is facilitated by intervening protein segments known as inteins, which function similarly to self-

cleaving introns in DNA. In a split system, the intein is divided into two segments (split-intein), with each 

segment fused to one half of the transgenic protein. When the split-inteins connect, they undergo self-

excision, mediating the formation of a peptide bond between the two halves of the transgenic protein 

(Fig.7e)167.  

The successful application of the split-intein system has been demonstrated in several cases, including the 

assembly of Becker dystrophin in muscle, the retina-specific ABC transporter 4 (ABCA4), and Centrosomal 

Protein of 90 kDa (CEP90) in the retina168,169. A critical factor for the success of the split-intein system is 
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the precise and functional placement of the split-intein within the target protein, ensuring that the protein 

maintains its proper structure and function following trans-splicing157.  

An alternative strategy to increase the AAV packaging capacity involves modifying the capsid proteins to 

enhance their stability during the packaging of larger genomes, while simultaneously maintaining the 

genome in a more condensed state. This approach was demonstrated by Tiffany and Kay, who showed that 

altering the lumenal charge of the AAV capsid allowed for the successful packaging of transgenes up to 

6.2 kb in size. This capsid modification improves the efficiency of packaging larger genomes without 

compromising the structural integrity of the vector170.  

All of the aforementioned strategies enable the delivery of transgenes exceeding the 4.7 kb packaging limit 

of AAV vectors. However, these approaches typically do not achieve the same packaging, transduction, 

and expression efficiency as standard-sized AAV vectors. This reduction in efficiency is influenced by 

several factors, including the characteristics of the host cells (whether they are dividing or non-dividing), 

the efficiency of recombination or trans-splicing events, and the ability to achieve uniform distribution and 

expression within the target tissue.  
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Figure 7. Approaches to circumventing rAAV capacity limit.  

(a) The full-length transgene can be modified to retain only essential protein domains, creating a functional miniature 

gene that fits within a single AAV vector. (b) The dual-vector strategy, where the transgene is split into two parts that 

are delivered together and reassembled upon co-infection based on homologous regions. (c) The transgene fragments 

can recombine through concatamerization facilitated by the intervening ITRs, ITRs are further removed by splicing 

during mRNA transcription (d) Hybrid system based on homologous recombination and splicing, a hybrid approach 

uses homologous recombination via a highly recombinogenic homology sequence (HR), e.g. highly recombinogenic 

77-base-pair homology sequence, HR is spliced out during transcription via SD and SA sites. (e) Protein trans-splicing 

method involves expressing transgene fragments as independent polypeptides that can be seamlessly joined by split-

inteins system (Adapted from Marrone et al. 2022).  

Abbreviations: ITR = Inverted Terminal Repeat, CDS = Coding Sequence, SD = Splice Donor, SA = Splice Acceptor, 

pA = Polyadenylation Tail, HR = Homologous Recombination sequence. Created in Biorender. 

1.5  rAAV production advancements 

Various methods have been employed for isolating recombinant rAAVs, including affinity resins, ion-

exchange chromatography, and the standard approach of separating producer cell lysates using a 

discontinuous gradient followed by ultracentrifugation171–173. Although effective, this process is laborious, 

time-consuming, expensive, and posses challenges for achieving the desired quantity and quality of rAAVs. 

The most commonly used isolation method is separation via a discontinuous gradient. This method enables 

the separation of rAAV particles based on their specific density from cell debris and organelles. The density 

of rAAV particles (ρ = 1.216 g/ml) corresponds to a 40% iodixanol solution, an iodine-containing density 

gradient medium. rAAV capsids are typically found in the 40% iodixanol fraction, effectively separating 

them from lower-density cellular components. After collecting this fraction, the iodixanol medium must be 

removed by ultrafiltration 174.  

Ultrafiltration is critical for proper rAAV purification, as it ensures the removal of the density medium 

without significant loss of the functional titer, which can occur due to aggregation or precipitation174. 

Although iodixanol-based separation offers a favourable full-to-empty capsid ratio and high titers compared 

to scalable purification methods like ion-exchange or affinity chromatography, the main bottleneck remains 

the efficient removal of the density gradient medium without compromising rAAV yield172–175.  

1.5.1 Extracellular vesicles and Extracellular vesicles associated with AAVs  

In recent years, a novel approach utilizing extracellular vesicles (EVs) alongside AAV vectors, termed EV-

AAVs, has emerged. Initially proposed by Maguire et al., EV-AAVs, or vexosomes, are 

microvesicle/exosome-associated AAV vectors derived from HEK293 producer cells using the standard 

AAV production method. EVs are isolated from the cell culture medium through differential centrifugation. 

This innovative strategy demonstrated that AAV capsids associate with both the surface (protein corona) 

and interior of microvesicles/exosomes, leading to enhanced transduction efficiency compared to free 

AAVs and increased resistance to neutralizing antibodies176. The association of AAV with EV particles can 

result from AAV infection and its subsequent internalization within the host cell's endosomal trafficking 
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system. In the case of AAV producer cells—those that facilitate AAV replication—mature capsids are 

exported from the nucleus and released either through host cell apoptosis or exosome-mediated secretion. 

Additionally, EVs may integrate into microvesicles during the cell membrane budding process (Fig. 8)177–

179. The close interaction between AAV biogenesis and the endosomal system enables the isolation of EV-

AAV composite particles180. 

Extracellular vesicles (EVs) are nano-sized proteolipid particles secreted by almost all cell types into the 

extracellular milieu. They represent a diverse population of nanoparticles, encompassing apoptotic bodies 

(AB, 50-5000 nm), membrane-derived microvesicles (50-1000 nm), and endosome-derived exosomes (50-

150 nm, Fig.8)181. The size and composition of these EVs vary based on the specific biosynthetic pathways 

involved, the cell type, and the prevailing metabolic conditions. EVs are integral to intercellular 

communication in both normal physiological processes and pathological states182. Furthermore, their 

intrinsic ability to interact with cellular membranes and engage in diverse endogenous processing pathways 

positions them as a promising delivery system181. 

In recent years, exosomes, a specific subset of EVs, have emerged as a focal point of research interest. 

Exosomes originate within the endosomal system, specifically within late endosomes where intraluminal 

vesicles (ILVs) accumulate within multivesicular bodies (MVBs, Fig.8). Exosome formation unfolds in 

two stages. Initially, the endosomal membrane becomes enriched with tetraspanins like CD9 and CD63. 

Subsequently, cargo loading occurs via ESCRT-dependent or ESCRT-independent mechanisms. The 

ESCRT-dependent pathway involves recruiting proteins such as ESCRT 0-III, Alix, Tsg101, Chmp4, and 

SKD1, leading to the formation of MVBs containing CD63, MHC II, ubiquitinated proteins, and KFERQ-

containing proteins. Conversely, ESCRT-independent pathways, mediated by proteins like Syntenin-1, 

Syndecan, and heparinase, also give rise to exosomes containing typical markers such as PLP, CD63, CD81, 

and TSG101182,183. These proteins serve as markers for exosomal biogenesis, cargo selection, and release184. 

Aside from their role in exosomal biogenesis, proteins like ALIX and TSG101 also participate in plasma 

membrane budding, a common feature in microvesicle biosynthesis. Microvesicles differ from exosomes 

as they are formed through the outward budding of the plasma membrane, involving distinct proteins and 

significant lipid and protein rearrangements between the inner and outer membrane layers (Fig.8)184,185. 

Apoptotic bodies (ABs) are generated during programmed cell death (apoptosis) through the externalization 

and blebbing of the plasma membrane. ABs contain fragments of cellular organelles and degradative 

enzymes such as proteases, DNases, and RNases (Fig.8)184. 

During the isolation of exosomes and microvesicles, it is imperative to separate them from cellular debris 

and apoptotic bodies to prevent degradation and obtain a well-defined particle population. Various 
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approaches, such as differential centrifugation based on size and density, are employed to achieve this. 

Despite their distinct protein compositions, exosomes and microvesicles can be co-isolated due to their 

similar physical characteristics. Removal of apoptotic bodies, which can induce degradation, is typically 

achieved through filtration or differential centrifugation steps at 10,000-20,000G184. 

Advancements in vexosome technology include modifying their composition and enhancing production 

within producer cells. Studies showed that pseudotyping vexosomes with the vesicular stomatitis virus 

glycoprotein G (VSV-G) broadened their tropism, resulting in increased yields of both viral particles and 

EVs. Overexpression of the tetraspanin CD9 in producer cells also enhanced exo-AAV production 176,186. 

Based on reported data, EV-AAVs offer several advantages over traditional AAV vectors. They provide a 

combination of transient and stable vector characteristics, with EVs delivering active RNAs and proteins 

for a specific duration while AAVs carry a stable DNA genome179. EV-AAVs are rapidly and directly 

isolated, exhibit resistance to neutralizing antibodies, can be pseudotyped for tissue targeting or blood-brain 

barrier penetration, and offer versatile cargo delivery capabilities187. 
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Figure 8. Biogenesis of extracellular vesicles and release of rAAV from producer cells.  

Mammalian cells release various types of extracellular vesicles, including exosomes, microvesicles, and apoptotic 

bodies, each with distinct biogenesis pathways and lipid/protein compositions. Microvesicles and exosomes carry 

specific RNA and protein molecules, reflecting the cell type of origin or its physiological state. Apoptotic bodies 

contain DNA, RNA, and proteins from apoptotic cells, conveying signals of apoptosis. In producer cells, rAAV 

particles are exported from the nucleus and released from the host cell through apoptosis, either as free viruses or 

within apoptotic bodies. The regulated release of rAAV particles can occur through exosome-mediated exocytosis or 

controlled plasma membrane budding (microvesicles) with main involvement of accessory protein MAAP (membrane 

assembly-activating protein). This figure is based on observations by Deshetty et al. (2024), Zhang et al. (2018), 

Gyorgy and Maguire (2017), and Wang et al. (2024). Created in Biorender. 
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2. Aim of the study 

This work aims to demonstrate a practical application of the rAAV system in various approaches, including 

disease modelling in adult mice, targeted genome engineering ex vivo, and exploring the potential role of 

extracellular vesicles in rAAV acquisition and application 

Currently, recombinant adeno-associated virus vectors represent an emerging delivery system for gene 

therapy. rAAV vectors are characterized by robust, long-term expression, a non-integrative nature, and 

relatively low toxicity, making the system an ideal candidate for gene therapy delivery. However, 

therapeutic purposes may not be the sole application of this system; on the contrary, diverse uses can be 

derived from rAAV's properties. The system can be repurposed and utilized for in vivo disease modelling 

or transgenic disease model generation. 

Aims: 

Aim 1: To establish rAAV vectors for the rapid generation of transient in vivo mouse model. 

Aim 2: Investigation of new rAAV applications in genome engineering.   

Aim 3: Development of an alternative rAAV Purification through the strategic utilization of EVs. 

3. Materials and methods 

3.1 Materials and methods that are not included in published papers 

Materials and methods that are not included in published papers are only those mentioned in manuscript (in 

preparation) “Scalable Production of rAAV Vectors via Extracellular Vesicle-Mediated Purification for 

Gene Therapy and Transgenesis” 

3.2 List of methods that were included into published papers  

• Subcloning of mRNA template plasmids and rAAV tranfer plasmids  

• Production and purification of recombinant adeno-associated virus 

• Titration of rAAV 

• Production of mRNA in vitro 

• Mouse zygote electroporation and pronuclear injection 

• Genotyping of mouse tissue and blastocyst 

• Tissue samples and embryo imaging 

• Intranasal application of rAAV into mouse 

• Construct validation in Neuro-2A cells 
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4. Results 

The results section is divided into three key parts. Part 1 highlights the potential of rAAV in disease 

modelling, demonstrating how the strategic delivery of rAAV carrying human gene variants can transiently 

humanize mice, allowing for the rapid generation of disease models. Part 2 explores the innovative use of 

rAAV as a delivery vector for site-specific recombinases, facilitating precise allele conversion ex vivo. 

Part 3 presents the development of a scalable and efficient method for the production and purification of 

rAAV using extracellular vesicles. 

4.1 Part 1a: Transient disease modelling in vivo using rAAV  

The COVID-19 pandemic highlighted the urgent need for humanized mouse models carrying the human 

Angiotensin-converting enzyme 2 (hACE2) receptor. Mice are naturally resistant to SARS-CoV-2 infection 

due to the inability of the murine Ace2 protein to mediate viral entry. As a result, the development of 

humanized models became essential. Despite the existence of models such as K18-hACE2, HFH4-hACE2, 

and Ace2-hACE2, the pandemic led to limited availability, creating a significant demand for rapidly 

generated, functional, and accessible models. Traditional methods of mouse model generation, which can 

take up to two years, were insufficient to meet this urgent need. 

In response, we utilized recombinant AAV (rAAV) technology to rapidly develop a functional humanized 

mouse model, expressing the hACE2 specifically in the lung, i.e. the main entry organ of the SARS-CoV-

2. We designed an expression cassette consisting of a cytomegalovirus (CMV) promoter driving the 

expression of human ACE2 and packaged it into rAAV vectors of serotype 9. Serotype 9 was chosen for 

its broad tropism, particularly its affinity for the lungs and central nervous system, as shown in Fig. 4. The 

vector was delivered into the lungs of wild-type (C57Bl/6NCrl) mice using a forced inhalation method, 

enabling localized expression of hACE2 and thereby humanizing the mice. The treated mice became 

susceptible to SARS-CoV-2 infection and exhibited COVID-19-like symptoms.  

Our team's key contributions were the design, development, and validation of the AAV-CMV-hACE2 

vector, followed by successful humanization of the mice and validation of the model. The following article 

outlines how this transient humanized mouse model was employed for the in vivo testing of bi- specific 

antibodies. 
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4.2 Part 1b: COVID-19 mouse models and their AAV-based transient 

alternative  

This comprehensive review article provides a detailed comparison of humanized transgenic models and 

transient (sensitized) humanized mouse models. The primary goal is to highlight the advantages and 

limitations of these models while emphasizing their unique characteristics. Additionally, the review 

discusses factors influencing COVID-19 severity, including obesity, diabetes, age, and hypertension. 

Lastly, it situates our AAV-hACE2 transient mouse model within the broader context of other available 

transgenic and transiently humanized models. 
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4.3 Part 2. Application of rAAV system in disease modelling  

Site-specific recombinase (SSR) systems, including Cre/loxP, Flpo/frt, Dre/rox, and Vika/vox, provide 

precise control over tissue-specific and/or time-dependent recombination events in biological systems. 

Among these, the Cre/loxP system is the most widely used for studying complex biological processes via 

genetic manipulation. Building on our previous work in efficient and direct allele conversion with Cre 

protein, as demonstrated by Jenickova et al. (2021), we sought to expand our SSR protein portfolio. While 

we successfully synthesized the Dre protein, attempts to produce Flp and Vika recombinases in sufficient 

quantities were unsuccessful. To overcome this limitation, we packaged the SSRs into recombinant AAV 

(rAAV) vectors.  

These rAAV vectors were used to treat zygotes and embryos ex vivo, facilitating the delivery and expression 

of all SSRs in mouse embryos with high conversion efficiency. This method also allowed for multi-level 

allele conversion using two distinct recombinases. Moreover, the low persistence of AAV genomes enabled 

the use of F0 animals for further experimental work, significantly reducing the number of animals required 

and shortening the time needed to obtain converted allele-positive and SSR-free animals. In summary, this 

article presents a novel method for allele conversion using rAAV vectors and compares it to conventional 

techniques, such as electroporation of SSR proteins or mRNA microinjection. 
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Primers and oligos: 

 

Cloning oligos

CDS Dre fw

CDS Dre rv

CDS Vika fw

CDS Vika rv

CDS Flpo fw

CDS Flpo rv

AAV CDS Cre fw

AAV CDS Cre rv

AAV CDS Dre fw

AAV CDS Dre rv

AAV CDS Vika fw

AAV CDS Vika rv

AAV CDS Flpo fw

AAV CDS Flpo rv

AAV titration primers

AAV ITR fw

AAV ITR rv

Genotyping primers

Fex (MuX)

Rex (MuX)

Fin (MuX)

Fin (MuX)

Name primer Alternative name sequence (5'>3')

common primers F2 LacZ-internal-Fw gcgaatacctgttccgtcat

R3 LacZ-internal-Rv caaaaatccatttcgctggt

R2 CAS_R1_Term tcgtggtatcgttatgcgcc

F3 tm1c_F aaggcgcataacgataccac

R4 Floxed LR actgatggcgagctcagacc

Aatk F1 Aatk_41505_F GGTGTAAGTCTTGGGGGCAC

R1 Aatk_41505_R GTTTGGATGAGGCAGGAAGC

Cdh26 F1 Cdh26_35701_F TTTGTCCCCTTGACATTCCC

R1 Cdh26_35701_R GATGAGCAGTGCAGTCCCAG

Ube2t F1 Ube2t_278300_F catggtaaaaggcgcaaacc

R1 Ube2t_278300_R ccccaagttcagcaggaaac

Atf2 F1 5’Atf2fw gagatatcgttgaaatagttagg

F1.1 3'Atf2Fw gaaaaggtgttatttgaagatatg

R1 3’Atf2Rv catcatgatgtaacttaacacttaac

Rreb1 F1 Rreb1_81122_F aagcccaaagtcctcgtgtc

R1 Rreb1_81122_R gcagtccctcctccagtttg 

C4bp F1 CSD-C4bp_F gactgaaggggtcatgcaaagaagc

R1 CSD-C4bp_R tgatgtgctcactcccagacaaagg

R2 CSD-C4bp-ttR tctgaacagacaccatgaccaaggg

Integration assay primers sequence (5'>3')

CMV-Fw ctttccacgtcctggtgtct

Cre-Rv tgcgaacctcatcactcgtt

Dre-Rv ccatctggcccagctatgaa

Vika-Rv ctttccacgtcctggtgtct

Flpo-Fw ttttcagcgccagaggcaggatcg

Flpo-Rv gtcctggccacggcggaggc

Rosa26-Fw aaagtcgctctgagttgttat

Rosa26-Rv cctttaagcctgcccagaag

gagccataactgcagactt 

sequence (5'>3')

agaaggagatataccatgcctaagaagaagaggaagg

sequence (5'>3')

atggtggtggtgatggctatccatcagtcgagaattgg

agaaggagatataccatgaagaaaaagcggaaagtgacc

atggtggtggtgatgcaaagagaattcctcgactctagac

agaaggagatataccatggctcctaagaagaagaggaa

cggatttagccacatccata

cctctgctaaccatgttcat

ttaccaatatccaggccaac

CGGCCTCAGTGAGCGA

GGAACCCCTAGTGATGGAGTT

atggtggtggtgatggatccgcctgttgatgtagc

ttcgaacatcgattgagaattctgcagtcgacggta

gcaggtcgactctagaatggctaatcgccatcttcc

aacatcgattgaattctgaatgcctaagaagaagaggaagg

gagcagcgctgctcgaggcacgttcaaatttcgcagcagc

ttcgaacatcgattgaattccccgccaccatgcctaa

gagcagcgctgctcgaggcacgagctctgactcacaaagag

ttcgaacatcgattgaattcgcagtcgacggtaccggat

gagcagcgctgctcgaggcatgcacctgaggagtgcggtta

sequence (5'>3')
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4.4. Part 3: rAAV Purification through the strategic utilization of EVs 

(unpublished) 

In order to make rAAV vectors more accessible for our research focused on transgenesis and gene delivery, 

we developed a scalable method for rAAV production and purification. The original aim of using 

extracellular vesicle associated rAAV (EV-AAV) vectors, was to harness their combinatorial potential of 

transient activity of cargo proteins and mRNA within EVs and relatively long-term expression of rAAV. 

The rigorous analysis of the EV-AAV particles produced with our method has shown minimal association 

between EV and rAAV particles, on average only 5% of total amount of rAAV genomes can be found in 

EV fractions. This result indicates that EVs primarily serve as a biological matrix during EV-AAV co-

isolation and form a separate component in the final formulation. However, our data show that, despite the 

poor association with rAAV, the EV component can carry active molecules, such as mRNA or protein, 

which can be harnessed for delivering such short-lived activity molecules.   Thus, our method based on EV 

and rAAV co-isolation utilizes similar properties of these two nanoparticle types. Our techniques allow for 

EV-AAV production and isolation, bypassing density gradient separation. This method involves continuous 

medium collection post-transfection, followed by polyethylene glycol (PEG)-mediated precipitation and 

differential centrifugation to obtain EV-AAVs. Incorporating fluorescently tagged CD9 into EV-AAVs 

allows for their direct detection post-isolation. Importantly, our findings demonstrate that EV-AAVs are 

full-fledged alternative to rAAV vector with the same biological function. EV-part in EV-AAV formulation 

does not show an adverse effect on mouse zygotes, in contrary EVs can carry short-lived molecules. 

Overall, EV-AAVs represent a promising vector system with significant potential for both in vitro and in 

vivo applications, including transgenic mouse model generation and targeted gene delivery. They offer a 

versatile platform for exploring novel gene therapy strategies and addressing limitations associated with 

traditional AAV vectors. The following text introduces the developed method, presents preliminary data, 

and discusses the results gathered so far in the prepared manuscript titled “Scalable Production of rAAV 

Vectors via Extracellular Vesicle-Mediated Purification for Gene Therapy and Transgenesis”. 
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Purification for Gene Therapy and Transgenesis 
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Yliperttula3 and Radislav Sedlacek1,2 
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Molecular Genetics of the Czech Academy of Sciences, Vestec, Czech Republic, 

2Laboratory of Transgenic Models of Diseases, Institute of Molecular Genetics of the Czech Academy of Sciences, 
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3University of Helsinki, Division of Pharmaceutical Biosciences, Helsinki, Finland 

4Department of Bioengineering and Therapeutic Sciences, University of California San Francisco, San Francisco, 

California, USA  

5Institute for Human Genetics, University of California San Francisco, San Francisco, California, USA. 

Abstract: This study introduces a novel method for the purification of adeno-associated viruses (AAVs) 

utilizing extracellular vesicles (EVs). By leveraging biologically active sub-populations of EVs, 

specifically exosomes and microsomes, as a matrix for the isolation and purification of AAV vectors, we 

developed a new formulation termed EV-AAV. This formulation can be used for both in vivo and in vitro 

delivery. We demonstrate that the EV-AAV vector efficiently delivers expression constructs and homology 

templates. Specifically, we assessed the effectiveness of EV-AAV vectors as carriers for homology 

templates using the CRISPR-READI method. Additionally, we utilized the EV-AAV vector to deliver the 

PiggyBac transposon system, evaluating its delivery efficiency and potential toxicity. Our results indicate 

that the delivery efficiency and toxicity profiles of the EV-AAV vector are comparable to those of standard 

AAV vectors. This work provides a detailed description of the production and characterization processes 

involved in generating EV-AAV vectors and explores their various downstream applications in 

transgenesis. 

Highlights  

• Simplifies and streamlines the rAAV purification and delivery process while maintaining 

comparable efficacy to traditional methods. 

• Enables high concentrations of rAAV in formulations, allowing for high-titer treatments with 

reduced adverse effects. 

• Offers significant potential for both therapeutic applications and transgenic research, advancing 

gene delivery technology. 

• Surpasses standard rAAV in delivery efficiency in vitro. 
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Graphical abstract 

 

 

1. Introduction  

Recombinant adeno-associated virus (rAAV) is a small, non-enveloped virus that has gained prominence 

in gene therapy due to its low immunogenicity and long-term expression capabilities. Despite its limited 

genome capacity of around 5kbp, rAAV is highly valued for its ability to achieve stable gene expression 

without integrating into the host genome. This characteristic reduces the risk of insertional mutagenesis, 

making rAAV a safer choice for therapeutic applications 6.  

The production of rAAV in mammalian cells has evolved to bypass the need for a helper virus, which is 

necessary for wild-type AAV replication. This helper-free system involves the triple co-transfection of 

HEK293 cells with three essential plasmids, transfer, helper and Rep/Cap plasmids. Transfer plasmid 

contains the gene of interest (GOI) flanked by inverted terminal repeats (ITRs), which are crucial for 

packaging into the AAV virion. Helper plasmid replaces the need for a helper virus by providing adenoviral 

genes (E4, E2a, and VA) necessary for AAV replication. Rep/Cap plasmid encodes the replication proteins 

(Rep68, Rep52, Rep40) and capsid proteins (VP1, VP2, VP3) required for the AAV life cycle and 

packaging 174. 

The helper-free method enables the production of high-titer rAAV vectors, which can be utilized for various 

applications. However, the isolation and purification of rAAV from the cell lysate pose significant 

challenges. Traditional methods such as affinity resins and ion exchange chromatography, while effective, 

are labor-intensive, time-consuming, and costly172,173. A commonly employed approach involves 

discontinuous gradient ultracentrifugation, which separates viral particles based on their density. Although 

effective, this method is complex, requiring specialized equipment and the removal of density gradient 
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medium 188. The removal of the density medium is a crucial step in the isolation process, as it often leads 

to the aggregation of rAAV virions, resulting in non-functional virus and poor titer retrieval. Consequently, 

this makes the method less suitable for scalable concentration 189. 

Extracellular vesicles (EVs) are proteolipid nanoparticles released by virtually all cell types into the 

extracellular environment. EVs form a heterogeneous population that includes apoptotic bodies (ABs), 

microvesicles, and exosomes, each varying in size and composition based on their origin and the pathways 

involved in their biosynthesis. ABs are produced by cells undergoing apoptosis. ABs range from 50 to 5000 

nm and contain cellular organelles and degradative enzymes. They are formed through the blebbing of the 

plasma membrane. Microvesicles (50-1000 nm) bud directly from the plasma membrane and involve 

significant lipid and protein rearrangements. Unlike exosomes, their formation is not linked to the 

endosomal system. Exosomes are the smallest EVs (30-150 nm), exosomes originate from the endosomal 

system, specifically within multivesicular bodies (MVBs). Their biogenesis involves the inward budding 

of endosomal membranes and the formation of intraluminal vesicles (ILVs) 184. Key proteins involved in 

exosome formation include tetraspanins (CD9, CD63) and ESCRT components (ALIX, TSG101). EVs play 

a crucial role in intercellular communication under both physiological and pathological conditions. Their 

ability to interact with cellular membranes and integrate into endogenous pathways makes them attractive 

as delivery vehicles for therapeutic agents 190,191. 

This study introduces an innovative method for the purification of rAAVs using EVs, specifically exosomes 

and microvesicles, as a matrix for isolation and purification. This formulation, termed EV-AAV, simplifies 

the production process while maintaining the efficacy of traditional rAAV vectors. Our proposed method 

for EV-AAV production consists of three streamlined steps: Continuous Medium Collection - following the 

transfection of HEK293 cells with the three essential plasmids, the culture medium is continuously collected 

and replaced every 48 hours. This process, adapted from Benskey et al., significantly increases the total 

viral yield without compromising virus quality 192. PEG-Mediated Precipitation - the collected medium is 

filtered and undergoes precipitation using polyethylene glycol (PEG), a method that effectively 

concentrates both EVs and rAAVs from large volumes while preserving their physical and biological 

properties 193. Differential Centrifugation - this step purifies the precipitated particles by removing insoluble 

protein/lipid aggregates, apoptotic bodies, and most of the residual PEG. The final formulation contains a 

mix of small EVs (50-300nm in size) and rAAVs. This method eliminates the need for density gradient 

ultracentrifugation, making the production process more straightforward and scalable. Additionally, to 

enhance EV production and facilitate particle characterization, we incorporated CD9 fused to mEmerald 

fluorescent protein into EV-AAVs, as shown by  Schiller et al. 2018. This modification allows for the direct 

detection of exosomes/microvesicles after the final pelleting step. 
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EV-AAV vectors were tested for their ability to deliver expression constructs both in vitro and in vivo. The 

EV-AAV formulation of AAV serotype 9 (EV-AAV9) was tested on Neuro-2A and NIH3T3 cells to 

analyze the delivery potential of this compound formulation. Subsequently, the same formulation was tested 

in vivo to assess the stability and biodistribution of EV-AAV9 compared to rAAV9. The in vitro study 

revealed an improved delivery potential and short-term expression for the EV-AAV9 formulations. The in 

vivo bioactivity of the EV-AAV9 formulation demonstrated a similar short-term effect as EV-carried 

reporters in Lai et al. (2014)195. The results indicate that the EV-AAV formulation delivers active molecules 

(proteins, RNA) via the EV component and provides long-term expression through the rAAV component. 

This makes the EV-AAV9 formulation a versatile vector that combines transient activity with long-term 

stable expression. 

In addition, EV-AAVs were also tested for their delivery potential to sensitive systems such as zygotes and 

embryos. Specifically, we evaluated the effectivity of EV-AAV1 (AAV serotype 1) vectors as carriers for 

homology templates, inspired by CRISPR-READI method 73. Additionally, we utilized the EV-AAV vector 

to deliver the PiggyBac transposon expression system carrying MPRA (massively parallel reporter assay) 

reporters, assessing its delivery efficiency and potential toxicity in zygotes. Our results indicate that the 

delivery efficiency and toxicity profiles of the EV-AAV vector are comparable to those of standard rAAV 

vectors. Importantly, the presence of EVs does not adversely affect zygotes or embryos. On the contrary, 

EV-mediated purification allows for high concentrations of the virus in the formulation, enabling the use 

of high-titer treatments without the adverse effects typically associated with high rAAV titers. 

In conclusion, the EV-AAV formulation offers a simplified and efficient method for rAAV purification and 

delivery, maintaining comparable efficacy to traditional rAAV vectors while streamlining the production 

process. This approach has significant potential for both therapeutic applications and transgenic research, 

representing a valuable advancement in gene delivery technology. 

2. Materials and methods 

Cell culture 

293AAV cell Line (AAV-100) was purchased from Cell Biolabs, Inc., Neuro-2a cell line (CCL131) and 

NIHT3T cell line (CRL-1658) were purchased from American Type Culture Collection (ATCC). All cell 

lines were cultured in high-glucose Dulbecco’s modified Eagle’s medium-DMEM (Sigma-Aldrich) 

supplemented with 5% fetal bovine serum-FBS (Gibco, certified, United States) and penicillin 

(10,000U/mL)/streptomycin (10,000 µL/mL) solution (Gibco) in a humidified atmosphere with 5% CO2 at 

37°C. 
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Plasmids and constructs 

AAV-CMV-Luc2 plasmid was generated by sub-cloning of synthetized luc2 (Photinus pyralis) CDS 

sequence into pAAV-GFP plasmid via EcoRI and HindIII restriction sites. AAV-CMV-mTom plasmid was 

generated by amplification of tdTomato reporter sequence from Rosa26 mT/mG (a gift from Liqun Luo, 

Addgene plasmid # 17787)   with following primers F-5’ 

AACATCGATTGAATTATTAAGGGTTCCGGATCCAT-3’, R- 5’ 

TGCTCGAGGCAAGCTCCCTCGAATCTCGAGTTACTTGTA-3’. The PCR product was inserted using 

In-Fusion® Snap Assembly Master Mix (Takara) into vector digested with pAAV-GFP (Cell Biolabs, 

AAV-400) via EcoRI and HindIII. HDR cassettes of pAAV-Lck loxP2_HDR, pAAV-Actn1 cKO_HDR, 

pAAV-Kcnma1-ctdTomato_HDR, pAAV-Tacstd2-IRES-CreERT2_HDR, pAAV-Nes-rtTA3-DTR-IRES-

iRFP670-Far5, pAAV-Dpp4-rtTA3-DTR-H1-mKate2, pAAV-Ube3a-sl-BioID2_HDR, pAAV-Ube3a-ll-

BioID2_HDR, were synthetized by GenScript, gene fragments were subcloned into pAAV-GFP backbone 

using NotI restriction sites. pscAAV-Sox2-mStr was a gift from Lin He (Addgene plasmid # 135617; 

http://n2t.net/addgene:135617; RRID: Addgene_135617). pAAV2/9n was a gift from James M. Wilson 

(Addgene plasmid # 112865). mEmerald-CD9-10 was a gift from Michael Davidson (Addgene plasmid # 

54029; http://n2t.net/addgene:54029; RRID: Addgene_54029). pAAV-RC1 plasmid (VPK-421) and 

pHelper plasmid (part.no. 340202) were purchased from Cell Biolabs, Inc. PiggyBac system: 

hypertransposase and EGFP MPRA transposon plasmids were assembled and gifted by Nadav Ahituv and 

Aki Ushiki. 

Standard rAAV production  

Standard rAAV variant of the vector was produced by triple transfection in AAV293 cells seeded in one 

Corning® HYPERFlask® Cell Culture Vessels (Corning). PEI-mediated transfection (PEI: 24765-1, 

Polysciences, Inc.) was performed in Dulbecco’s modified Eagle’s medium (Sigma-Aldrich) supplemented 

with 2% fetal bovine serum (Gibco, certified, United States) and penicillin (10,000U/mL)/streptomycin 

(10,000 µL/mL) solution (Gibco). Per vessel total amount of plasmid DNA was 55µg in equimolar ratio 

1:1:1 and incubated overnight. Used PEI:DNA ratio was 3:1. Next day, the medium was changed for 

DMEM (Sigma-Aldrich) supplemented with 2% FBS and penicillin/streptomycin solution (Gibco). After 

4 days post transfection the cells and medium were collected and processed as described by 1711999. 

Standard AAV vectors were stored at -80 °C (for long time storage) or 4°C when used the next day for 

other experiments. rAAV were resuspended in 1xPBS 0,001% Pluronic-F68 (24040032, Gibco).  
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EV-AAV production and isolation 

Production of EV-AAV particles in Corning® HYPERFlask® Cell Culture Vessels (Corning) is initiated 

by triple transfection in AAV293 cells with AAV Rep/Cap, transfer and pHelper plasmids. PEI-mediated 

transfection was performed in Dulbecco’s modified Eagle’s medium (Sigma-Aldrich) supplemented with 

2% fetal bovine serum (Gibco, certified, United States) and penicillin (10,000U/mL)/streptomycin (10,000 

µL/mL) solution (Gibco). Per Hyperflask total amount of plasmid DNA was 50µg (for triple transfection) 

and 55µg (for transfection with additional pseudotyping plasmid, e.j. mEmerald-CD9-10) in equimolar ratio 

1:1:1 (or 1:1:1:1) and incubated overnight. Used PEI:DNA ratio was 3:1. Next day, the medium was 

changed for DMEM (Sigma-Aldrich) supplemented with 2% EV-free FBS2* and penicillin/streptomycin 

solution (Gibco). First harvest was after 48 hours, since changing the medium to EV-free. Second and the 

third harvests were done in the same interval in respect to the previous medium change. The third and the 

last harvest includes collection of AAV293 cells from the vessel. The time scheme is graphically depicted 

in supplementary data (Supplementary method scheme). Immediately after collection, harvested medium 

was processed by filtering through PES Vacuum Filter 0.22 µm (431097, Corning) to remove cells and 

larger cellular debris. Filtered medium was mixed with 50% PEG6000 and 375 mM NaCl solution to obtain 

solution of 10% PEG6000 and final concentration of 75mM NaCl (NaCl in DMEM not considered). 

Solution was mixed gently my inverting a bottle and swirling. Once the solution properly mixed, samples 

were stored at 4°C up to 18 hours (overnight). Next day, medium was centrifuged in swing-bucket rotor at 

3200G (maximum speed) and 4°C for 90 min. Supernatant was discarded and pellet was resuspended in 

10ml of 1xDPBS and stored at -80°C. Once all harvests were collected and processed by precipitation, 

harvests after precipitation (3x10ml) were pooled and mixed with 45 ml of PBS. To remove cell debris, 

apoptotic bodies and larger microvesicles, the supernatant was centrifuged at 20,000xG and 4°C for 30min 

hour fixed-angle rotor (Eppendorf centrifuge). To pellet exosomes and AAV (particles >150nm), the 

supernatant from the previous centrifugation was subjected to 2h centrifugation at 100,000xG at 10°C using 

Ti70 in an Optima L-90K ultracentrifuge (Beckman Coulter, Indianapolis IN, USA). The EV-AAV pellet 

was resuspended in 0,2-0,5ml of serum-free 1xDPBS or PBS-HAT. Exo-AAV were stored at -80 °C (for 

long time storage) or 4°C and used the next day for other experiments. Production of rAAVs carrying HDR 

template can be performed with a single medium collection, average titer yield 1E+12 GC/mL is often 

sufficient for downstream treatment of zygotes ex vivo (Supplementary method scheme).  

 

2* EV-free FBS was prepared by mixing FBS and DMEM medium in 1:1 ratio to make 50% FBS. This solution was 

ultracentrifuged overnight at 100,000xG and 4°C. Supernatant was collected and sterilized by filtration through 

0.22µm syringe filter, then aliquoted and kept at -20°C.   
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Poly-ethylen glycol 6000 solution was prepared by dissolving Polyethylene Glycol 6000 (Fisher Chemical) 

and NaCl (S5886, Merck) powder in sterile-deionized water in w/v ratio. Solution was dissolved after 

constant stirring and elevated temperature 75-100°C for approx. 4 hours. The solution was sterilized by 

filtration through Vacuum Filter 0.22 µm (Corning) overnight and stored at 4°C. Final concentration of the 

PEG6000 NaCl solution waw 50% PEG6000 and 375 mM NaCl. 

Western blot 

Protein content of the samples was measured using BCA method by Pierce™ BCA Protein Assay Kit 

(Thermo Scientific, described below). 10 µg of each sample was prepared by mixing with 4x Laemmli 

Sample Buffer (BioRad) and boiling at 95°C for 5 min. The samples were separated with SDS-PAGE on a 

4-20% Mini-PROTEAN® TGX™ Precast Protein Gel (BioRad) and transferred Trans-Blot Turbo Mini 0.2 

µm Nitrocellulose membrane (BioRad) using Trans-Blot Turbo Transfer System (BioRad). Nitrocellulose 

membrane was stained with Ponceu S solution (BioReagent). The membrane was blocked with 10% (w/v) 

skimmed milk in Tris buffered saline-0.1% (v/ v) Tween-20 (TBS-T) for 30 minutes at room temperature 

and cut to strips corresponding to the weight of proteins to be analyzed. Each strip was then incubated with 

following primary antibodies diluted in 1% skimmed milk in TBS-T: anti-TSG101 (mouse), 1:1000 

reducing conditions (BD Transduction Laboratories™ 612697); anti-HSP70 (mouse), 1:1000 reducing 

conditions (BD Transduction Laboratories™,610607); anti-CD9 (mouse), 1:1000 non-reducing conditions 

(HansaBioMed Life Sciences, Tallinn, Estonia, HBM-CD9-100); anti-α-tubulin (mouse), 1:1000, reducing 

conditions (Sigma Aldrich, DM1A); anti-CD9 (mouse), 1:2000 non-reducing conditions 

(Invitrogen,10626D); anti-GM130 (mouse), 1:500 reducing conditions (BD Transduction 

Laboratories™,610823), anti-AAV (rabbit), 1:1000 reducing conditions (Abcam 45482); rocking overnight 

at +4°C. The strips were then washed with TBS-T and stained with secondary antibody-HRP sheep Anti-

mouse IgG (NXA931, 1:10,000, GE healthcare, Little Chalfont, UK) or goat anti-rabbit IgG (G-21234, 

1:10,000, ThermoFischer Scientific) in TBS-T for one hour at room temperature. The strips were washed 

with TBS-T, assembled and incubated for 5 min with ECL substrate (Clarity™ Western ECL Substrate, 

BioRad) and imaged with ChemiDoc XRS (BioRad). 

AAV quantification 

AAV titer was quantified by real-time qPCR with LightCycler® 480 SYBR Green I Master Mix and 

primers that amplify AAV2 ITR sequence: F-5’ GGAACCCCTAGTGATGGAGTT, R-5’ 

CGGCCTCAGTGAGCGA by Aurnhammer et al. (2012)   LightCycler 480 and related software (Roche) 

196. Before each quantification samples DNA was isolated and purified using High Pure Viral Nucleic Acid 

Kit (Roche). 
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Mass spectrometry 

Mass spectrometry analysis was performed by a specialized external service facility (OMICS Mass 

Spectrometry Core Facility, BIOCEV). Due to the nature of this outsourcing, the specific details of the 

mass spectrometry protocol are not available for inclusion in this thesis. The facility used standard 

procedures and validated methods for the analysis, ensuring reliable and accurate results. All data obtained 

from the mass spectrometry have been appropriately analyzed. The amount 10 µg of protein of each tested 

(EV or EV-AAV) formulation was provided for mass spectrometry analysis in form of pellet obtained after 

4 hours centrifugation at 20 000G, 10°C in 1.5 ml tubes  

Nanoparticle Tracking Analysis (NTA) 

Concentrations and size of particles were determined using Nanosight LM-14 instrument equipped with a 

405 nm, 60 mW laser (Nanosight, Salisbury, Great Britain) and SCMOS cam- era (Hamamatsu Photonics 

K.K., Hamamatsu, Japan). The camera level was set to 15 and 60s of measurement time. The data were 

processed using NanoSight NTA software v3.0., with detection threshold adjusted to 5. Samples containing 

AAV were inactivated by heating at 75°C for 15 minutes prior to measurement. 

Luciferase essay 

Neuro-2A and NIH3T3 cells were seeded in 96-well Optical-Bottom plates (Thermo Scientofic, 160376), 

20,000 cells per well in DMEM (Sigma-Aldrich) supplemented with 10% FBS (Gibco) and penicillin 

(10,000U/mL)/streptomycin (10,000 µL/mL) solution (Gibco). Next day, medium was changed for FBS 

free DMEM (Sigma-Aldrich) containing 50,000 MOI and 100,000 MOI of the std-AAV or EV-AAV. 

Estimated number of cells per well next day was 40,000, according to “Useful Numbers for Cell Culture” 

guideline by Thermo Scientific (https://www.thermofisher.com/cz/en/home/references/gibco-cell-culture-

basics/cell-culture-protocols/cell-culture-useful-numbers.html). The cells were incubated with the viral 

samples overnight, then medium was changed for complete 10%FBS, DMEM, pen/strep and cultivated for 

another 48 hours until analyzed. Bioluminescence signal was measured using Varioskan™ LUX multimode 

microplate reader. Measurement of each well lasted 5s and each plate was read five times with 10 minutes 

between each measurement. Bioluminescence signal of each well was normalized to protein content of the 

particular well. 

Bicinchoninic acid assay (BCA)     

Protein content of all formulations (std-AAV, EV-AAV or EV-AAV-CD9) before SDS-PAGE was 

prepared and measured by Pierce™ BCA Protein Assay Kit (Thermo Scientific) protocol in Varioskan™ 

LUX multimode microplate reader.  

https://www.thermofisher.com/cz/en/home/references/gibco-cell-culture-basics/cell-culture-protocols/cell-culture-useful-numbers.html
https://www.thermofisher.com/cz/en/home/references/gibco-cell-culture-basics/cell-culture-protocols/cell-culture-useful-numbers.html
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Samples for protein content analysis after luciferase assay were prepared by removing growth medium from 

wells, washing each well with two times 100ul with warm 1xPhosphate Buffered Saline. Cell were lysed 

by adding 100µL RIPA Lysis and Extraction Buffer (Thermo Scientific) supplemented with Halt™ 

Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific) and sonicated for 1 minute in Ultrasonic 

Bath (Bioblock). Lysates were further processed and measured by Pierce™ BCA Protein Assay Kit 

(Thermo Scientific) protocol in Varioskan™ LUX multimode microplate reader.     

Animals and ethics statement 

This study was performed in accordance with the Czech national laws and guidelines specifically by Animal 

Welfare Act No. 246/1992 Coll. The experiments were approved by the Committee on the Ethics of Animal 

Experiments of the Institute of Parasitology, Institute of Molecular Genetics of the Czech Academy of 

Sciences, and of the Departmental Expert Committee for the Approval of Projects of Experiments on 

animals of the Academy of Sciences of the Czech Republic (permit 101/2020). In this study, B6(Cg)-Tyr/J 

albino mice were used for in vivo experiments. Animals were always anaesthetized by intraperitoneal 

injection of ketamine and xylazine (0.1 mg per g body weight) (Biopharm) and 0.01 mg per g (Bioveta), 

respectively before intravenous injection. Zygotes were extracted from C57Bl/NCrl females.  

Mice used for transgenic models production were bred in our specific pathogen-free facility (Institute of 

Molecular Genetics of the Czech Academy of Sciences; IMG). All experiments in this study were 

conducted in accordance with the ARRIVE guidelines and the laws of the Czech Republic. Animal protocol 

(93/2020) was approved by the Resort Professional Commission for Approval of Projects of Experiments 

on Animals of the Czech Academy of Sciences, Czech Republic.  

All mice were euthanized using carbon dioxide (CO2) inhalation followed by cervical dislocation. CO2 

inhalation was performed at a flow rate that displaced 30% of the chamber volume per minute to minimize 

distress.  

Bioluminescence imaging of luciferase (Luc2) in vivo 

Mice were injected intravenously through tail vein. First cohort of 20 mice, 4 mice per mixed group (6-8 

weeks old) was injected with PBS, std-AAV 2,5x1011 GC/dose, EV-AAV 2,5x1011 GC/dose and EV-AAV-

CD9 2,5x1011 GC/dose. The cohort was measured for bioluminescent signal after intraperitoneal injection 

300µL of XenoLight D-Luciferin - K+ Salt Bioluminescent Substrate (15 mg/ml; #122799, PerkinElmer) 

administration of each week for two months. Second cohort of 20 mice, 5 mice per mixed group (13-15 

weeks old) was injected with PBS, std-AAV 2x1011 GC/dose, EV-AAV 2,5x1011 GC/dose. The cohort was 

measured for bioluminescent signal after intraperitoneal injection 300µL of XenoLight D-Luciferin - K+ 

Salt Bioluminescent Substrate each week for three months. Bioluminescence in each cohort was measured 
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with LagoX (Spectral Instruments Imaging) and analyzed with related software. During measurements the 

animals were anaesthetized by inhalation of isoflurane (Forane® Isoflurane 99.9%, Baxter). 

RNA isolation and qRT-PCR 

Mice in all cohorts were terminated by cervical dislocation and dissected. Their organs were further used 

for RNA isolation using TRI Reagent® (Sigma Aldrich). RNA was farther reverse-transcribed into cDNA 

and used for qRT-PCR. The reaction was performed with LightCycler® 480 SYBR Green I Master Mix 

and gene-specific primers amplifying Luc2 sequence, Luc2 F5’- GCTACAAACGCTCTCATCGACAAG, 

R5’- GTATTTGATCAGGCTCTTCAGCCG and reference gene Ubiquitin B (Ubb), F5’- 

ATGTGAAGGCCAAGATCCAG, R5’- TAATAGCCACCCCTCAGACG for normalization by 197,2001. 

Each organ sample was run in triplicate with each primer pair. RNA from the most affected organs was also 

analyzed without reverse transcription to exclude contamination by viral ssDNA genome in final analysis.       

Multi Angle Light Scattering (MALS) 

Eclipse NEON AF4 equiped with multiangle light scattering DAWN with 18 angles (Wyatt Technologies, 

Santa Barbara CA, US) and UV detector (Agilent Technologies, Santa Clara CA, US) used at 260 nm (not 

shown in the manuscript data). The analytical channel was equiped with regenerated cellulose membrane 

with 10 kDa MWCO, 400 um spacer (Wyatt, Santa Barbara CA, US). 

Four different samples were tested: AAV, EV, EV-AAV (in triplicate) and mock (in triplicate). Mock 

samples consisted in 55 ul EVs (H1 luc2 ctrl) + AAV luc Pos 22 ul. 

Table.1 Elution method 

Mode Duration (min) Cross Flow start (ml/min) Cross Flow end (ml/min) 

Elution 1 0 0 

Elution 1 1 1 

Focus 2 1 1 

Focus Inject 4 1 1 

Focus 2 1 1 

Elution 40 1 0.1 

Elution 5 0.1 0.1 

Elution 5 0.1 0 

Elution 5 0 0 

Elution 2 1 1 

Raman spectrometry 

The Timegate PicoRaman M3 (Timegate Instruments Oy, Oulu, Finland) with a 100 ps 532 nm laser and 

complementary metal oxide single-photon avalanche diode was connected to an Olympus microscope via 

microprobe. 2ul of samples where placed on calcium fluoride slide and air dried, each samples was 
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measured 30 times along the edges of the dry droplet with an exposure time of 6 seconds, 40x objective 

and ~25mW laser power, as used by Zini et al (2022). 

Zygote preparation 

Five-to-eight-week old female C57BL/6NCrl mice (Charles River), were superovulated by intraperitoneal 

application of 5 IU of pregnant mare serum gonadotropin (Calbiochem, Millipore, 367222), and 46–48 h 

later, 5 IU human chorion gonadotropin (Calbiochem, Millipore, 230734). Superovulated females were 

mated one-to-one with 5–25 weeks-old C57BL/6NCrl males to produce one-cell zygotes at 0.5 days post-

coitum. Zygotes were collected and washed by Chen et al., 2016. In short, zygotes were harvested from the 

ampulla of euthanized females, washed in hyaluronidase/M2 solution (Millipore, MR-051-F) to remove 

cumulus cells, washed four times in M2 media (Zenith, ZFM2–100) supplemented with 4 mg/ml bovine 

serum albumin (BSA, Sigma, A3311), and washed again four times in M2 + BSA media.  

Zygote treatment by CRISPR-READI method 

After zygote preparation, embryos were cultured in 20 mL droplets of KSOM + AA media (KCl-enriched 

simplex optimization medium with amino acid supplement, Zenith Biotech, ZEKS-050) containing 

corresponding EV-AAV vector dosage in 35 x 10 mm culture dishes (CellStar Greiner Bio-One, 627160) 

at 37°C with 95% humidity and 5% CO2 for 4 hours prior to RNP electroporation. EV-AAV-treated 

embryos were electroporated with assembled RNPs as previously described (Chen et al., 2016). Briefly, 

embryos were transferred to 10 µL of Opti-MEM reduced serum media (Thermo Fisher, 31985062) with 

assembled Cas9/sgRNA RNPs. Embryos in RNP mixture were transferred to a 20mm length platinum plate 

electrode on glass slide, 1-mm gap, 1,5 mm height (Bulldog-Bio, CUY501P1-1.5) and electroporated 

(poring: 40V, pulse length – 3.5ms, interval – 50ms, number of pulses – 4, decay – 10%, + polarity; transfer: 

5V wave, pulse length – 50ms, interval – 50ms, number of pulses – 5, decay – 40%, +/- polarity) using a 

(NEPA21, Nepagene). Zygotes were recovered from the cuvette by flushing three times with 100 mL of 

KSOM + AA media, then transferred into the culture droplets containing EV-AAV for a total incubation 

length of 24 hours. The following day, embryos were transferred to fresh KSOM + AA media overlaid with 

mineral oil until analysis or oviduct transfer. For generating live mice, treated zygotes that successfully 

developed into two-cell embryos were surgically transferred into the oviducts of pseudopregnant CD1 

females (Charles River, Strain 022), using up to 18 embryos per oviduct. 

Zygote treatment with PiggyBac system 

After zygote preparation, embryos were cultured in 30 mL droplets of KSOM + AA media (KCl-enriched 

simplex optimization medium with amino acid supplement, Zenith Biotech, ZEKS-050) containing 

corresponding EV-AAV or AAV vectors dosage in 35 x 10 mm culture dishes (CellStar Greiner Bio-One, 
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627160) at 37°C with 95% humidity and 5% CO2 for 24 hours. Treatment with PiggyBac system consists 

of hypertransposase and EGFP-MPRA-transposon. Embryos were always treated with both construct in 

either EV-AAV or AAV form. The following day, embryos were transferred to fresh KSOM + AA media 

overlaid with mineral oil until analysis or oviduct transfer. For generating live mice, treated zygotes that 

successfully developed into two-cell embryos were surgically transferred into the oviducts of 

pseudopregnant CD1 females (Charles River, Strain 022), using up to 18 embryos per oviduct. 

Cryogenic electron microscopy 

CryoEM samples were prepared by plunge freezing using a Leica GP2. 4uL of the sample was applied to a 

glow-discharged cryoEM copper grid (Quantifoil R 1.2/1.3, 300 mesh) and incubated for 10s at room 

temperature and 80% relative humidity. The excess liquid was automatically blotted with the blot time of 

3s and the grid was vitrified by plunging into the liquid ethane cooled to -180°C. 

CryoEM data were acquired on a Jeol JEM 2100Plus transmission electron microscope (TEM) equipped 

with a LaB6 electron gun and TVIPS XF416 CMOS camera, operated at 200 kV. CryoEM images were 

acquired in a semi-automated mode using SerialEM software1 at a pixel size of 1.4 Å with a 3s exposure 

and a total electron dose of 46.9 electrons/Å. 

Fluorescence imaging of embryos 

Blastocysts were captured with Zeiss Axio Zoom V.16 microscope (2000 ms exposure), using a 560-585 

nm excitation wavelength and a 600-690 nm emission wavelength, at a total magnification of 125x. E15.5 

embryos were captured with an exposure time of 180 ms, using a 480 nm excitation wavelength and a 509 

nm emission wavelength, at a total magnification of 11,2x. All images were processed in ZEN 3.0 (blue 

edition) software. 

Genotyping 

Born mice after AAV and EV-AAV zygote treatment were genotyped 4 weeks after birth. Blastocysts of 

treated embryos were lysed and genotyped 5 days after treatment using DreamTaq™ Green Buffer (10X, 

Thermo Scientific), DreamTaq DNA Polymerase (5 U/µL, Thermo Scientific) and Deoxynucleotide Set, 

100 mM (Sigma Aldrich). Genotyping was performed with following primers: Sox2-mStr, Ube3a-BioID2, 

Lck loxP2 and Actn1 cKO. 

3. Results 

AAV vectors are co-isolated with exosomes and microvesicles 

Here we present a protocol for the continuous collection and isolation of EV-AAV particles. Using 

examples of EV-AAV (Luc2) and EV-AAV-CD9 (Luc2) formulations, we demonstrate how individual 
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collections (C) differ mainly in terms of EV yield and AAV titer (Fig. 1a, b). The data show that EV 

production in both tested formulations peaks in EV count and AAV titer at C2, compared to C1 and C3, 

which show lower titers. The difference in EV yield is visible in Fig. 1a by the size of pellets of each 

formulation and corresponding collection (Fig.1a). 

Additionally, overexpression of the CD9-mEmerald construct (CD9) labels exosomes and microvesicles, 

enabling direct visual characterization of the pellet (Fig. 1a). Although the expression level of the CD9-mE 

construct decreases over time, it is strongly active during C1 and C2, enhancing the production of small-

sized, exosome-like EVs, as shown in the particle size table in Fig. 1b. 

EV-AAV (Luc2) and EV-AAV-CD9 (Luc2) formulations were further tested for the presence of selected 

exosomal/microvesicular markers such as TSG101, HSP70, CD9, and the negative marker GM130. All 

markers were confirmed in the tested formulations except for GM130, a Golgi apparatus marker abundant 

only in cell lysate (Fig. 1c). 

Distinct EV-AAV formulations of two different serotypes (rAAV2/1 and AAV2/9) have been generated. 

Some of these formulations were modified with CD9 to enhance the exosomal count. Table 1 summarizes 

all produced and used EV-AAV formulations in this work and their basic characteristics, including AAV 

titer, EV particle count, and the mode and mean size of nanoparticles in the formulations.  

Table 1: Quantitative characterization of EV-AAV formulations  

vector 
serotype 

(genome form) 

AAV titer 

[GC/mL] 

EV-AAV-Luc2 AAV2/9n (ss) 6.2E+11 ± 1.2E+11 

EV-AAV-Luc2-CD9 AAV2/9n (ss) 6.9E+11 ± 9.7E+10 

EV-AAV-Ube3a-sl-BioID2 AAV2/1 (ss) 2.5E+12 ± 2.7E+11 

EV-AAV-Ube3a-ll-BioID2 AAV2/1 (ss) 5.4E+11 ± 7.8E+10 

Sox2-mStrawberry AAV2/1 (sc) 4.3E+13 ± 1.6E+13 

EV-AAV Lck loxP2 AAV2/1 (sc) 4.5E+12 ± 1.5E+12 

EV-AAV Actn1 cKO AAV2/1 (ss) 7.1E+13 ± 1.4E+13 

Nes-rtTA3-DTR-IRES-iRFP670-Far5 AAV2/1 (ss) 1.2E+13 ± 6.9E11 

Dpp4-rtTA3-DTR-H1-mKate2 AAV2/1 (ss) 1.3E+13 ± 4.5E+12 

Tacstd2-IRES-CreERT2-pA AAV2/1 (ss) 4.5E+12 ± 8.6E+11 

cKcnma1-tdTomato AAV2/1 (ss) 1.2E+13 ± 4.6E+12 

EV-AAV Hypertransposase AAV2/1 (ss) 5E+12 ± 1.4E+12 

EV-AAV EGFP MPRA transposon AAV2/1 (ss) 5.3E+12 ± 1.1E+12 

ss – self-complementary AAV genome, sc – single-stranded AAV genome 
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Figure 1: Characterization of EV-AAV formulations obtained by continuous collection 

(a) EV-AAV pellets after ultracentrifugation wash for collection fractions (C1, C2, C3); P represents pooled and 

pelleted collections from C1, C2, and C3. (b) Absolute quantification of AAV viral titer across collections and pooled 

pellet. (c) Measured AAV titer, particle count, and particle size (mean/mode). (d) Western blot analysis showing 

specific positive and negative exosome/microvesicular markers for EV-AAV and EV-AAV-CD9 formulations. 

Protein composition of EV-AAV formulation is dependent on rAAV serotype and cargo 

The composition of EV-AAV formulations varies depending on the rAAV serotype used and the packaged 

construct of interest. Raman spectrometry (RS) revealed significant differences between standard rAAV 

particles and EV-AAV formulations. Standard rAAV particles form a distinct population, differentiating 

themselves from both EV-AAV and EV-AAV-CD9 formulations (Fig. 2a). Detailed analysis of EV-AAV 

formulations showed spectral similarities among EV, EV-CD9 (produced without virus), and EV-AAV9 

formulations (Fig. 2b, c). In contrast, EV-AAV1 and EV-AAV1-CD9 formulations formed separate 

populations, indicating unique compositions compared to EV, EV-CD9, EV-AAV9, and EV-AAV9-CD9 

formulations (Fig. 2c). 

Comparative analysis using mass spectrometry demonstrated a higher amount of exosomal markers in the 

EV-AAV9 formulation compared to the reference EV formulation (Fig. 2d). Conversely, in the case of EV-

AAV1, exosomal markers were more prominent in the reference EV formulation. These findings align with 

the RS analysis, indicating that EV-AAV9 is more similar to plain EVs. 

 Notably, all EV-AAV1 formulations mentioned so far carried homology-directed repair (HDR) templates 

for AAV-mediated transgenesis, thus transcriptionally inactive genomes. More detailed analysis of EV-
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AAV1 formulations carrying distinct expression (EXP) cassettes confirmed lower similarity to no-virus 

EVs and revealed differences in protein composition based on the packaged expression cassette (Fig. 2e). 
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Figure 2: Comparative compositional analysis of EV-AAV vectors 

(a) Principle component analysis (PCA) of measured spectra comparing extracellular vesicles (EV), extracellular 

vesicles associated AAV serotype 1 and serotype 9 (EV-AAV1, EV-AAV9) and adeno-associated virus (AAV). (b) 

Principle component analysis of measured spectra comparing extracellular vesicles (EV), extracellular vesicles 

pseudo-typed with CD9 (EV-CD9), extracellular vesicles associated AAV serotype 1 and serotype 9 (EV-AAV1, EV-

AAV9), and extracellular vesicles associated AAV serotype 1 and serotype 9 pseudo-typed with CD9 (EV-AAV1-

CD9, EV-AAV9-CD9). (c) Advanced principle component analysis of measured spectra comparing extracellular 

vesicles (EV), extracellular vesicles pseudo-typed with CD9 (EV-CD9), extracellular vesicles associated AAV 

serotype 1 and serotype 9 (EV-AAV1, EV-AAV9), and extracellular vesicles associated AAV serotype 1 and serotype 

9 pseudo-typed with CD9 (EV-AAV1-CD9, EV-AAV9-CD9). (d) mass spectrometry difference analysis of EV-AAV 

serotype 9 carrying HDR template and EV (without AAV) - EV-AAV9 (HDR)/EV, comparison EV-AAV serotype 1 

carrying HDR template and EV (without AAV) – EV-AAV1 (HDR)/EV. (e) mass spectrometry difference analysis 

of EV-AAV serotype 1 carrying expression cassette (hypertransposon) and EV (without AAV) - EV-AAV1 

(EXP)/EV, comparison EV-AAV serotype 1 expression cassette (MPRA EGFP transposon) and EV (without AAV) 

– EV-AAV1 (EXP)/EV. 

EV-AAV formulations contain a minor fraction of EV-associated virions, with the majority 

consisting of free AAV virions. 

Structural analysis using cryo-electron microscopy (CryoEM) revealed the presence of membranous 

particles, indicating extracellular vesicles of distinct sizes. However, the structural analysis also confirmed 

a sparse association between EV and AAV particles, only a few AAV virions were encapsulated in EVs or 

attached to the EV protein corona, with most AAV virions detected outside the EVs (Fig. 3a). 

The interaction strength between extracellular vesicles (EVs) and adeno-associated virus (AAV) particles 

was evaluated using Multi-Angle Light Scattering (MALS, Fig. 3c) and the separation of EV-AAV 

formulations in a continuous density gradient (CDG, Fig. 3b). EV-AAV formulations and mock controls 

(rAAV mixed with EVs) were separated over time by density and size. The results show a significant count 

of small particles (25-50 nm) eluted around 13-16 minutes (Fig.3c) and larger particles ranging from 50 nm 

to 150 nm eluted in later fractions (Fig. 3c, time 20-36 min). Quantification of AAV genome copy 

confirmed that the MALS fraction with a high number of small particles (25-50 nm) corresponds to free 

rAAVs (Fig.3d,e). In later fractions, the viral count decreased in mock samples; however, in the case of 

EV-AAV, the AAV titre was increased in those fractions (Fig.3d-e,), suggesting a slight association with 

EVs (Fig. 3d) compared to EV and AAV mixture. 

This association was also confirmed by separation in the continuous density gradient (Fig.3b). The vast 

majority of AAV genomes were measured in the 40-50% iodixanol fraction (density 1,20-1,27 g/mL), 

corresponding to free rAAV virions (Fig. 3b). On average, only 0.9% of rAAVs were associated with EVs 

in the EV-AAV formulation. EV-AAV formulations consistently showed elevated levels of rAAV genomes 

in longer retention times (MALS) and low-density fractions, 1-1,144 g/mL (CDG), suggesting a small 

population of EV-associated AAVs (Fig. 3b-e). 
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Figure 3: Capture of EV-AAV interactions and its detailed evaluation using Multi-Angle Light Scattering 

(MALS) and Continuous Density Gradient (CDG).  

(a) CryoEM structural analysis confirms sparse EV-AAV association, with most AAVs located outside the EVs.  (a) 

Quantification of AAV genomes in distinct fractions after CDG separation in an iodixanol gradient. CDG separates 

particles based on density: free rAAVs in 1.20-1.27 g/mL, while EVs are often found in 1.08-1.19 g/mL. (c) 

A4F/MALS elution profile of the light scattered at an angle of 90° (LS 90) and the particle diameter as function of 

elution time. LS90 axe is shown on the left and the data are represented as continuous lines, while the particle size is 

reported on the right axe and indicated as dots (black-Mock, red-AAV, blue- EV and green for EV-AAV). Distribution 

of AAV genome copies throughout fractions (d) distribution of AAV genomes in EV-AAV of  A4F fractions  +-1 SD 

of 3 runs  (e) distribution of AAV genomes in mock of  A4F fractions  +-1 SD of 3 runs. 

EV-AAV surpasses standard rAAV in delivery efficiency in treatment to Neuro-2A and NIH3T3 cells. 

EV-AAV and rAAV vectors, both of serotype 2/9 (AAV9) and carrying the same luciferase (Luc2) gene, 

were compared for their delivery efficiency to the murine neuroblastoma cell line Neuro-2A (N2a) and the 

murine fibroblast cell line NIH3T3. The AAV9 serotype has a characteristic tropism for neural cells, 

making N2a cells, derived from the nervous system, more susceptible to AAV9 transduction. In the case of 

NIH3T3 cells, strong affinity for AAV9 has not been reported. In contrary, NIHT3T3 are considered less-

permissive for rAAV transduction. 

We evaluated the delivery potential of individual collections from EV-AAV and EV-AAV-CD9 

formulations and standard rAAV, applying the same amount of virus across the tested formulations to both 

cell lines. In both N2a and NIH3T3 cells, the second EV-AAV collection outperformed other collections 

and standard rAAV, suggesting enhanced delivery efficiency due to the increased concentration of EVs in 

the second collection. The results were recapitulated while using lower MOI (Fig.4 a,b and c,d). The MOI 

positively correlates with intensity of the signal in EV-AAV treatment; however the trend is not shown in 

rAAV treated cells (Fig.4 a-d).  

Comparative In Vivo Distribution and Stability of EV-AAV-Luc2 Particles and Standard AAV-Luc2 

Vectors 

To test the distribution and stability of EV-AAV-Luc2 (+CD9) particles compared to standard AAV-Luc2 

vectors, the vectors were administered intravenously at a dose of 2.5E+11 CG per mouse (mice aged 6-8 

weeks). The bioluminiscence signal was tracked weekly for 8 weeks in the first cohort, and then every 4 

weeks in cohorts 2 and 3 (not shown). In vivo bioimaging data showed similar organ distribution of the 

bioluminiscence signal for all applied vectors, with strong initial expression in the liver. Over time, the 

signal weakened evenly in all groups and stabilized around week 4. Despite the same viral titers being 

administered, measurements a week after injection showed an increased signal in the rAAV groups across 

all cohorts (Fig. 5 and Fig. S1). This trend is illustrated in Fig.5, summarizing signal decline and 

stabilization between weeks 4 and 5 for each treatment group of cohort 1 (Fig.5b), the same trend was 

confirmed in percentual signal change in Fig. 5c. 
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Figure 4: Evaluation of EV contribution to the transduction efficiency in two distinct cell lines (a) 

Bioluminiscence signal (RLU – relative luciferase unit) normalized to protein content in N2a cell treated with 100,000 

MOI of EV-AAV and rAAV vectors. (b) Bioluminiscence signal (RLU) normalized to protein content in N2a cell 

treated with 50,000 MOI of EV-AAV and rAAV vectors. (c) Bioluminiscence signal (RLU) normalized to protein 

content in NIH3T3 cell treated with 100,000 MOI of EV-AAV and rAAV vectors. Bioluminiscence signal (RLU) 

normalized to protein content in NIH3T3 cell treated with 50,000 MOI of EV-AAV and rAAV vectors. 

Final luciferase expression was evaluated at the end of the experiment by quantifying luciferase RNA levels 

across organs in cohorts 1 (Fig.5), 2, and selected animals in cohort 3 (Fig.S1). RNA analysis confirmed a 

lower level of luciferase RNA in the EV-AAV and EV-AAV-CD9 treated groups, with higher luc RNA 

levels in the EV-AAV-CD9 group compared to EV-AAV (Fig. S1g-i). Selected animals from cohort 3 were 

sacrificed at week 12, and their organs were imaged ex vivo, followed by Luc2 RNA level analysis. The 

results showed lower Luc2 signal and RNA levels in EV-AAV (CD9) treated animals copared to AAV 

group. 
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Overall, the analysis of all three cohorts demonstrated a similar biodistribution pattern dictated by AAV 

serotype 9, but lower reporter expression in the EV-AAV and EV-AAV-CD9 groups, despite the 

application of the same viral titer. These findings suggest that while the biodistribution is consistent, the 

stability and expression efficiency of EV-AAV formulations may be lower compared to standard AAV 

vectors. 
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Figure 5: Comparative evaluation of bioluminescence signal and distribution in vivo (a) Bioluminiscence signal 

imaging of AAV, EV-AAV and EV-AAV-CD9 treated groups for 8 weeks with weekly acquisition. (b) Graph of 

intensity of bioluminescence signal in time. The signal is normalized to the surface of the animal. (c) Percentage of 

the signal change in time, graphical depiction of percentage change compared to the first measurement in week 1.     

Versatile Application of EV-AAV Particles for CRISPR-Mediated Genome Engineering in Mice 

The production of EV-AAV particles is not restricted by AAV serotype (as shown in Tab.1), allowing for 

the creation of vectors with varying tropisms. This versatility was demonstrated by generating EV-AAV1 

vectors (serotype AAV2/1) carrying homology-directed repair (HDR) templates for site-specific genome 

engineering, facilitated by the CRISPR/Cas9 system. We constructed nine AAV transfer plasmid-based 

HDR templates within the AAV packaging limit. All nine constructs, packaged in EV-AAV, successfully 

delivered and integrated the transgene of interest. 

Only animals with genomic insertions confirmed at both the 5’ and 3’ ends and complete transgene 

integration were considered positive. All nine transgenic strains confirmed site-specific insertion. Fig. 6a 

illustrates blastocysts treated with the Sox2-mStrawberry HDR vector, packaged in both AAV and EV-

AAV. Both vectors successfully delivered the P2A-mStrawberry construct and inserted it into the Sox2 

locus, resulting in the generation of functional Sox2-P2A-mStrawberry transgenic mice. Successful 

insertion is indicated by the red fluorescent signal in the inner cell mass, where Sox2 is expressed (Fig. 6a). 

The insertion in mice was further confirmed by specific amplification of the cassette at the genome-

transgene boundary (Fig. 6b). 

The nine transgenic strains were produced using seven single-stranded AAV vectors and two self-

complementary AAV constructs. Optimal viral titers for zygote treatment were determined to maximize the 

number of transgenic animals while minimizing toxicity. Three different virus titers were tested: 

5E+11 GC/mL (high), 1E+11 GC/mL (moderate), and 5E+10 GC/mL (low). High titer often leads to 

decreased number of born animals more lower number of positive animals to total born animals, and total 

transferred embryos (Fig.6c,d), however in several instances, high titers negatively impacted embryo 

viability, resulting in fewer or no births, suggesting toxicity at elevated titers. Conversely, low-titer 

treatments consistently produced positive animals, although at a lower percentage. Moderate EV-AAV 

titers yielded a consistent positive rate above 33% (Tab. 2). 

Table 2 summarizes the applied titers, number of transferred embryos, and the number of born and positive 

animals, demonstrating the efficiency and toxicity of the applied doses. Data on genotyping and sequencing 

of the generated strains are provided in Fig. S6 and sequencing data in supplementary files (not disclosed 

in this work).  
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Table 2: Efficiency of targeted insertion using EV-AAV vectors 

 

high = 5E+11 GC/mL, medium = 1E+11 GC/mL, low = 5E+10GC/mL  

Figure 6: Delivery of HDR template into zygote ex vivo using EV-AAV vectors 

(a) Titration assay: Titration of EV-AAV and AAV vectors delivering the Sox2-mStrawberry transgene into the mouse 

genome using different vector titers. ELPO refers to samples electroporated only with Sox2 gRNA. (b) Agarose gel 

image: Specific amplification of the genomic-transgene boundary at both the 5’ and 3’ ends of the transgene, 

confirming site-specific insertion. (c) Graph of efficiency: A graph summarizing the efficiency of different EV-AAV 

titers, showing the percentage of positive animals relative to the total number of born animals. (d) Graph of embryo 

implantation efficiency: A graph summarizing the efficiency of different EV-AAV titers, showing the percentage of 

positive animals relative to the total number of implanted/transferred embryos into foster females. 
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Evaluating Toxicity, Delivery Efficiency and Replication Potential of EV-AAV Particles Using the 

PiggyBac System 

The production of EV-AAV particles allows for concentration to high titers. However, high-titer treatments, 

and thus high multiplicity of infection, can have toxic effects on treated cells or tissues. To assess the 

maximum delivery potential and evaluate the toxicity of the expression and integrative system, the 

PiggyBac (PB) transposon system was employed to deliver the EGFP MPRA reporter into the mouse 

genome in as many copies as possible. 

Additionally, we evaluated signal and copy number in the placenta, hypothesizing that some vectors might 

show a greater propensity for extra-embryonic tissue, allowing the embryo to sequester the vector in this 

protective tissue. 

We compared the delivery and toxicity potential of rAAV and EV-AAV vectors. While both vector types 

were applied at the same viral titer, rAAV vectors achieved a higher integration rate. However, standard 

rAAV treatment resulted in a lower number of viable embryos (n=16) compared to EV-AAV treatment 

(n=36), suggesting increased toxicity associated with rAAV vectors. 

In contrast, EV-AAV vectors, with a median integration rate of 2.62 copies per genome, yielded a higher 

number of viable embryos, thus increasing the median copy number per genome compared to rAAV 

(median = 2.45 copies per genome) (Tab. 3). These findings indicate that, although rAAV vectors can 

achieve higher integration rates, their associated toxicity reduces overall embryo viability. EV-AAV 

vectors, by comparison, offer a more viable option due to their lower toxicity and relatively high integration 

efficiency (Fig. 7a,b).  

These results emphasize the need to balance integration efficiency with toxicity when selecting viral vectors 

for gene delivery. EV-AAV vectors present a promising alternative to standard rAAV vectors by providing 

a safer profile with fewer toxic effects, which is crucial for the successful development of transgenic 

models.  

To further evaluate the toxicity limits of EV-AAV particles, a maximal dose of the vector was applied to 

mouse embryos. The doses used were 5E+12 GC/mL for the EGFP MPRA transposon and 1E+12 GC/mL 

for the hypertransposase. Due to limited rAAV titer availability, a comparison at these high doses was not 

feasible. The application of the maximal EV-AAV dose resulted in 60 viable embryos, with an average of 

11.17 copies per genome and a median of 8.1 copies per genome (Tab. 3). These findings demonstrate that 

high-dose EV-AAV treatment can achieve substantial integration while maintaining embryo viability (Fig. 

7c,d). 
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In summary, these findings suggest that EV-AAV vectors can be effectively used at high doses with fewer 

detrimental effects compared to rAAV vectors, making them a viable option for applications requiring high 

integration efficiency. The high titer and resulting high copy number per genome highlight the potential of 

EV-AAV vectors in genetic engineering. Fig.7e presents a comparison of signal intensity based on the copy 

number in the genome, along with the distribution of animals within groups of specific copies per genome. 

 

Figure 7: Delivery efficiency and toxicity evaluation of rAAV and EV-AAV PiggyBac vectors  

(a) Graph comparing number of copies of PiggyBac system in the mouse genome delivered by rAAV and EV-AAV 

vectors in embryo, NC – non-treated (b) Graph comparing number of copies of PiggyBac system in the mouse genome 

delivered by rAAV and EV-AAV vectors in placenta (c) Graph showing number of copies of PiggyBac system in the 

mouse genome delivered by high dose of EV-AAV vector in embryo (d) Graph showing number of copies of PiggyBac 

system in the mouse genome delivered by high dose of EV-AAV vector in placenta. (e) Overview of rAAV and EV-

AAV treated embryos (E15.5) and dependency of EGFP signal on number of PiggyBac copies in the genome. CNA 

– copy number analysis.  

4. Discussion 

Proper purification is essential for distinguishing particles of interest (viruses, EV-virus complexes, or EVs) 

from impurities in cell-conditioned media. Virus purification is well-established, typically using density 

gradient centrifugation, which separates particles based on sedimentation speed and density differences. 

Adeno-associated virus, composed mainly of proteins, have densities between 1.38 and 1.44 g/mL, higher 

than those of organelles and EVs. 
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Purifying EVs and EV-AAVs is more challenging due to the complexity of biological fluids or cell culture 

media. The chosen method depends on the biochemical composition, physical properties, volume, and study 

objectives. In the EV field, various methods are proposed. The MISEV2018 guidelines categorize methods 

based on their efficiency in separating EVs from non-EV material and yield 198. The study and purification 

of virus-associated EV complexes, such as EV-AAVs, are relatively new. Density gradient centrifugation 

can distinguish between viral particles, free EVs, and associated EV-virus complexes. However, such 

separation requires a large number/concentration of input particles to obtain a relevant amount of all three 

separate subpopulations. Furthermore, each subpopulation is subjected to extensive analysis of particle 

count, size, and composition. In this study, we demonstrate that complete separation of viruses from 

extracellular vesicles might not be necessary, specifically for purposes of ex vivo gene delivery in mouse 

embryos. 

We introduce a continuous EV-AAV production method using a transgenic AAV293 producer cell line. 

The procedure involves three collections over 48 hours. Each collection represents a separate EV-AAV 

batch suitable for downstream experiments. Individual collections differ in EV particle count and AAV titer 

but contain the same set of protein markers (Fig. 1b,c). These differences arise from culture development, 

with AAV production peaking between 72-96 hours post-transfection (collection 2 period, Fig. 1a). To 

increase the overall yield, collections were pooled, and further in vivo and ex vivo work was performed with 

these pooled formulations. 

Analysis of formulation composition revealed the similarity of EV-AAV9 to plain EVs, whereas EV-AAV1 

vectors show a unique composition, creating a separate subpopulation in principal component analysis 

derived from Raman spectrometry measurement (Fig. 2bc). This uniqueness in EV-AAV1 composition was 

also confirmed by mass spectrometry, showing a decreased number of exosome-specific proteins such as 

CD9, TSG101, CD81, and CD63 (Fig. 2d). Although MS analysis showed an elevated amount of 

adenovirus (Ad) single-stranded DNA binding protein (DBP) in the EV-AAV formulation, a protein 

associated with packaging and replication 50, no replication was detected in the treated embryos (Fig. S7, 

not disclosed in this work). 

It has been reported that rAAV can associate with EVs during production in producer cells and remain 

associated during EV-AAV isolation using differential centrifugation protocols 199. Our method aims for 

the isolation of EV-AAV using precipitation. Thorough analysis of the interaction between EVs and rAAVs 

after isolation with our method revealed a loose association of the two nanoparticles, averaging 0.9% of 

associated particles (Fig. 3). The formulations mainly consist of free EVs carrying proteins of interest (in 

the case of expression vectors, Fig. 2e) and free rAAVs carrying the gene of interest (GOI) in the form of 

an ssDNA genome. 
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The biological activity of EV-AAV complexes can be evaluated by comparing their activity with that of 

standard viruses and EVs. A luciferase assay comparing the short-term expression of EV-AAV and rAAV 

demonstrated significant delivery activity in the second collection of both EV-AAV and EV-AAV-CD9 

formulations. The second collection of both EV-AAV formulations contained high concentrations of EV 

particles, which correlated with a strong luciferase signal in treated N2a and NIH3T3 cell lines, suggesting 

a short-term delivery capability associated with the EV component of the formulation (Fig. 4a-d). Further 

supporting this observation, different multiplicities of infection (MOI) in AAV-treated samples did not 

significantly elevate the luminescence signal (Fig. 4). 

The in vivo bioluminescence assay revealed a decreased stability of the EV-AAV (CD9) signal after the 

first week, compared to rAAVs. Although all mice were injected with the same AAV titer (DNase I-resistant 

particles), all treated cohorts exhibited a reduced signal after one week. This decline is likely due to the 

lower functional stability of the EV-AAV formulation over time. Another possible explanation for this 

discrepancy is that EV-AAV (CD9) formulations contain DNase I-resistant particles in the form of either 

residual transfer plasmid encapsulated in EVs or rAAV. The stability of EVs carrying plasmids corresponds 

to the natural stability of EVs in mammalian systems, typically lasting a maximum of three days200. The in 

vivo bioluminescence assay tracking luciferase signal development showed a steady decline in luciferase 

activity in the EV-AAV-treated groups from the time of IV administration. In contrast, the AAV-treated 

mice demonstrated a less steep decline, characteristic of sustained AAV expression (Fig. 5)201. 

The EV-AAV1 formulation was used to deliver HDR templates into mouse zygotes, resulting in the 

generation of nine transgenic strains. The production of these strains revealed that the most efficient dose 

for achieving positive results was 1E+10 GC/mL, producing an average of 47% positive animals out of the 

total born. This dose, required for a 50 µL or 100 µL treatment, is easily achievable with the scalable 

concentration of EV-AAV formulations. The minimal required number of genome copies per 50 µL 

treatment drop is 2.5E+9 AAV GCs, which can be obtained in a single medium collection, allowing for a 

shortened production protocol (see Supplementary Methods). 

EV-AAV1 proved to be a highly effective vector for delivering the PiggyBac (PB) transposon system in 

mouse embryos. EV-AAV was used to deliver transposons carrying the MPRA system to detect and localize 

non-coding regulatory elements (NCREs). The primary goal of the PB transposon system was to deliver as 

many copies of the MPRA reporter into the mouse genome as possible to study multiple NCREs in parallel, 

while minimizing detrimental effects on the embryo. 

The EV-AAV formulation was compared to the rAAV variant of the PB system (Fig. 7ab). The titers for 

comparison were based on the maximal possible rAAV titer: 1E+12 GC/mL for the EGFP MPRA 

transposon and 3E+11 GC/mL for the hypertransposase. While rAAV-treated embryos and their placentas 
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showed higher copy numbers (Fig. 7ab), the number of viable and MPRA EGFP-positive embryos was 

higher in the EV-AAV group. Furthermore, only EV-AAV formulations allowed for the treatment of 

zygotes with significantly higher doses of PB vectors, thanks to the scalability of EV-AAV production. 

High-titer treatment resulted in an average of 11.17 copies per genome across 53 analyzed embryos (Fig. 

7cd). The maximal dose treatment shows the delivery potential of EV-AAV of expression-active vector in 

high concentration into zygote or mouse embryo without significant toxic effect, which is common for 

standard rAAV. In addition, production of EV-AAV vectors allows scalable concentration of the rAAV 

virus, which is essential for treatments in such high concentrations. 

5. Conclusion 

This study demonstrates the potential of extracellular vesicle-associated adeno-associated virus (EV-AAV) 

as a versatile and scalable platform for gene delivery, particularly in the context of producing transgenic 

mouse models. Through a novel continuous EV-AAV production method, we achieved efficient isolation 

and functional delivery of EV-AAV formulations, offering a streamlined alternative to traditional rAAV 

production. 

A key finding of this work is that complete separation of rAAV from extracellular vesicles (EVs) may not 

be necessary for effective gene delivery, especially in ex vivo applications, such as in mouse embryos. Our 

production method, which involves pooling multiple EV-AAV collections, yielded formulations with 

distinct particle and protein profiles that were biologically active. These EV-AAV formulations 

demonstrated effective gene transfer capabilities in both in vitro and in vivo experiments, despite differences 

in stability compared to traditional rAAV vectors. The results showed that the EV component of the 

formulations contributed to short-term delivery, while the rAAV provided sustained gene expression over 

time. 

Furthermore, the scalability of EV-AAV production, combined with its ability to deliver high 

concentrations of genetic material, proved advantageous for generating transgenic strains. The EV-AAV1 

formulation efficiently delivered transposon systems into mouse embryos, achieving high rates of 

transgenesis without significant toxicity, which is often a concern with standard rAAV treatments. The 

ability to concentrate EV-AAV formulations to high titers allowed for robust gene delivery, supporting the 

creation of multiple transgenic lines and enabling complex genetic studies. 

In summary, the EV-AAV system presents a promising alternative to traditional rAAV-based delivery 

methods. Its scalability, efficient gene transfer capabilities, and reduced toxicity make it a valuable tool for 

transgenic applications. 
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Supplementary method scheme  

The production of EV-AAV particles involves the expansion of AAV293 cells in a HyperFlask (multilayer vessel). 

Once the cells reach 80-90% confluence, the growth medium (5% FBS DMEM) is replaced with 2% FBS DMEM 

(transfection medium) by either fully replacing the growth medium or removing half of it and topping it off with 0% 

FBS DMEM to achieve 2% FBS. Cells are then transfected using the triple plasmid transfection protocol described in 

the methods section. Following 6 hours of incubation with the transfection mixture, the medium is replaced with 2% 

EV-free FBS medium (collection medium). The cells are cultured in this collection medium, and the medium can 

either be continuously harvested every 48 hours for three cycles or collected in a single harvest after 72 hours. 

Continuous harvesting typically results in higher EV-AAV yields. It should be noted that a single harvest often 

produces a sufficient titer for embryo treatment with the EV-AAV HDR vector. The collected medium is filtered 

through a 0.22 µm PES filter, and a 50% PEG6000 solution with 375 mM NaCl is added to obtain a final concentration 

of 10% PEG6000 and 75 mM NaCl. The medium-PEG-NaCl solution is thoroughly mixed and incubated overnight 

(18 hours). The next day, the medium is centrifuged at 3,500 G for 90 minutes, and the resulting pellets are resuspended 

in PBS. After resuspension, the solution can be stored at -80°C before further processing. The next step involves 

incubating the solution at room temperature for 10 minutes, followed by centrifugation at 20,000 G for 90 minutes at 

10°C. The supernatant is then subjected to ultracentrifugation at 100,000 G for 2 hours at 10°C. The resulting pellet 

is resuspended in the buffer of interest. For long-term storage, resuspension in PBS-HAT is recommended, as reported 

in the literature by Gorgens et al. (2020) 202. Created in Biorender. 
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Supplementary figure S1: Comparative evaluation of bioluminescence signal and distribution in vivo. 

(a) Bioluminiscence signal imaging of AAV, EV-AAV treated groups (cohort 2) for 12 weeks with acquisition every 

4 weeks. (b) Graph of intensity of bioluminescence signal in time. The signal is normalized to the surface of the 

animal. (c) Percentage of the signal change in time, graphical depiction of percentage change compared to the first 

measurement in week 1. (d) Bioluminiscence signal imaging of AAV, EV-AAV, EV-AAV-CD9 treated groups 

(cohort 3) for 12 weeks (selected animals for 28 weeks) with acquisition every 4 weeks. (e) Graph of intensity of 

bioluminescence signal in time. The signal is normalized to the surface of the animal. (f) Percentage of the signal 

change in time, graphical depiction of percentage change compared to the first measurement in week 1. (g) Relative 

expression of luc transgene in the analyzed organ by treatment group. Luc mRNA levels were normalized to internal 

reference gene Ubiquitin B gene (Ubb).       
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4.5 Summary 

Aim 1 

In Aim 1 of this thesis, we contributed to the development of a novel approach for generating a rapid disease 

mouse model. This model addressed the urgent need for accelerated research on SARS-CoV-2 and the 

progression of COVID-19 in organisms. It played a crucial role in testing bi-specific antibodies, which 

facilitated the neutralization of the SARS-CoV-2 virus. Additionally, we compared our transiently 

humanized model to other available senzitized and transgenic models in a review article, providing 

researchers with a resource to select the most appropriate model for their studies. 

Aim 2 

To facilitate and accelerate the production of mouse models based on site-specific recombinase systems, 

such as Cre/loxP, Dre/rox, FLP/frt, or Vika/vox, we developed and optimized an alternative method for 

direct allele conversion. This method, based on ex vivo rAAV treatment of zygotes, allows for highly 

efficient allele conversion without the need for extensive breeding and genotyping of the converted animals 

and their progeny. Additionally, this approach enables multistep sequential conversion in a single animal, 

significantly reducing the number of animals required and aligning with the 3R principles (Replacement, 

Reduction, and Refinement). 

Aim 3 

The production of rAAV is a laborious and tedious process. Unlike lentivirus, rAAV cannot be efficiently 

produced and purified through simple pelleting or precipitation. Our efforts have led to the development of 

a novel method based on the co-isolation of rAAV with extracellular vesicles to make this delivery platform 

more accesible. Specific AAV producer culture conditions enhance the production of extracellular vesicles, 

which serve as a biological matrix for rAAV collection. By harnessing the similar properties of these two 

distinct nanoparticles, we developed a straightforward and scalable method for rAAV production. The 

compound vector, EV-AAV (extracellular vesicle-AAV), has been tested in several applications, 

demonstrating either comparable or uniquely advantageous properties compared to traditional rAAV. 
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5. Discussion 

This dissertation highlights the enormous potential of rAAV vectors for precise and efficient delivery, 

particularly in gene therapy. Despite their numerous advantages, rAAVs face several limitations, including 

packaging constraints, production inefficiencies, and integration risks. A deeper understanding of AAV 

genetics and its life cycle is crucial for improving rAAV vector production and application. This work 

provides a comprehensive overview of the molecular mechanisms involved in the interplay between the 

helper virus, host cell, and AAV. 

Furthermore, the successful application of rAAV vectors depends on the correct selection of AAV serotype. 

Serotype plays a critical role in targeting specific tissues. For instance, transduction of zygotes or embryonic 

tissue is highly efficient with AAV2/1 or AAV2/6 serotypes but significantly less efficient with serotype 

AAV2/9 or others, as demonstrated by Chen et al. (2017)73.  

Another important factor in tissue-specific expression of rAAV vectors is the choice of promoter. Tissue- 

or cell-type-specific promoters enhance expression efficiency in the target tissue and reduce the risk of 

genotoxicity in off-target tissues140,142. Additionally, constitutive promoters, such as the cytomegalovirus 

promoter (CMV), can be subject to methylation-mediated silencing203. Therefore, strategic use of tissue-

specific promoters is essential for targeted in vivo transduction. 

The type of rAAV genome plays a crucial role in both titer yield during production and expression 

efficiency. A self-complementary genome (scAAV) carries mutated ITRs, allowing the packaging of both 

complementary strands within a single genome. This feature facilitates more efficient packaging due to its 

compact nature, with a packaging limit of 2.4 kb. Upon release in the nucleus, the double-stranded DNA 

(dsDNA) product is immediately ready for RNA transcription. In contrast, expression from a single-

stranded AAV genome (ssAAV) requires second-strand synthesis or complementary genome annealing 

before transcription can occur. However, ssAAV genomes can carry larger transgene cassettes, up to 5 kb. 

Thus, the choice between scAAV and ssAAV is driven by the size of the transgene and the need for rapid 

gene expression. Certain cell types, particularly non-dividing cells like neurons, transduce more efficiently 

with scAAV because they do not rely on cellular mechanisms to create a double-stranded template from 

single-stranded DNA. 

Although rAAV vectors are generally considered non-integrative, their genome can integrate into the host 

genome at low frequency. The primary integration site for the AAV genome in humans is AAVS1 on 

chromosome 19, while in mice, the orthologous site is Mbs85 on chromosome 7204. AAVS1 and its 

orthologs in other species are associated with the persistence of the AAV genome in a latent state, which 

can be reactivated by helper virus infection. However, AAVS1 is not the only site prone to AAV genome 
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integration; other integration sites have also been identified. Off-target integration, particularly outside the 

AAVS1 locus, has been associated with the development of hepatocellular carcinoma205. In this context, it 

is crucial to analyze potential integration in studies where integration is not required, in order to avoid 

genotoxic effects. 

5.1  Disease modelling in vivo using rAAV 

The AAV-hACE2 vector used in the article “Bispecific IgG Neutralizes SARS-CoV-2 Variants and Prevents 

Escape in Mice” was designed as a single-stranded AAV (ssAAV) vector, carrying a CMV promoter, 

human β-globin intron, human ACE2 coding sequence (cDNA of the ENST00000252519.8 transcript 

derived from HEK293 cell mRNA), and a human growth hormone poly(A) signal (Extended Data Fig. 7a, 

ch. 4.1). The construct was packaged in an AAV2/9 serotype capsid. The rationale for this design was to 

achieve robust, universal expression of hACE2 in the target tissue, in this case, the lung. The AAV2/9 

serotype efficiently transduces lung tissue (Fig.4, ch. 4.1), while the CMV promoter ensures strong, 

constitutive expression across all transduced cell types. The human β-globin intron enhances transcript 

processing, and the human growth hormone poly(A) signal ensures proper transcription termination. 

The ACE2 receptor is recognized as the primary binding and entry factor for the SARS-CoV-2 virus in 

humans206. It has been shown that expressing this receptor alone can render cells that are not naturally 

susceptible to SARS-CoV-2 infection, such as murine cells, capable of viral entry207. Once SARS-CoV-2 

crosses the cell membrane and enters the cytoplasm, it begins replication. While cell lysis can occur, the 

virus is also released through non-lytic mechanisms, leading to further infection208. 

The AAV-hACE2 vector was administered to the lungs using forced inhalation (FI), and analysis of the 

treated mice revealed high expression of the hACE2 protein in lung tissue (Extended Data Fig. 7b, ch. 4.1). 

This expression facilitated recognition of the cells by SARS-CoV-2 and subsequent viral internalization 

(Fig. 2a, ch. 4.1). In a separate, unpublished study using the same vector construct, but with the hACE2 

coding sequence (CDS) replaced by the luciferase gene, we confirmed localized expression of the rAAV 

vector in the lungs (Fig. AAV-Luc vector expression in the lung after FI). This demonstrates that the route 

of administration can significantly contribute to the specific localization of transgene expression in the 

target tissue. 

Although AAV-hACE2 vector enables rapid generation of a SARS-CoV2 sensitive mouse model. The 

expression of CMV-hACE2 construct is most likely occurring in cells that naturally do not express even 

mouse ortholog of ACE2. This is given by tropism of AAV2/9 serotype and constitutive character of CMV 

promoter activity. Therefore, in the context of this sensitized model it is important to emphasize that hACE2 

expression pattern is driven by the serotype tropism and distribution of the virus in the tissue, and levels of 
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hACE2 are higher than endogenous expression of Ace2 due to robust CMV expression, as demonstrated in 

similar sensitized models144,209,210.   

 

Figure: AAV-Luc vector expression in the lung after FI application 

Development of bioluminescence signal throughout three weeks after forced inhalation, localization of the signal in 

lung and upper respiratory tract. 

Despite the advantage of enabling rapid generation of an infection model on any mouse genetic background, 

sensitized models do not accurately reflect the natural expression patterns across cell types in the target 

tissue. Additionally, the expression of the delivered transgene is often higher than endogenous levels, 

depending on the promoter used. Therefore, their primary applications are in studying viral entry, 

replication210, potential persistence, the inflammatory response144,211, and testing specific reagents to prevent 

SARS-CoV-2 infection or severe COVID-19143,209. An additional unresolved question is the effect of the 

sensitizing vector itself on the inflammatory response. 

In contrast to sensitized models, conventional transgenic models integrate the hACE2 gene into the genome 

under the control of specific promoters, enabling tissue- and cell-type-specific expression based on the 

promoter used and/or the genomic context (Fig.2, ch. 4.2). Transgenic models can be divided into two 

categories based on specificity and expression levels. Models with less tissue specificity and higher 

expression include the pCAGGS-hACE2 model, while more specific models, such as hACE2(loxP-STOP), 

rely on Cre drivers. The pCAGGS-hACE2 model drives strong, constitutive expression of hACE2 across 

various tissues212. In contrast, the hACE2(loxP-STOP) model is conditional, depending on the Cre driver, 

which can be tissue-specific or universal, allowing hACE2 expression in the desired tissue213. However, 
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these models face similar limitations to sensitized models in that expression is not confined to specific cell 

types, and the expression levels are relatively high. 

More specific models, such as K18-hACE2214, HFH4-hACE2215, and Ace2-hACE2216, mediate more 

endogenous and tissue-specific expression of hACE2, enabling a more precise study of the impact of SARS-

CoV-2 infection on the organism, including systemic inflammatory responses and neuroinvasion. The most 

precise models in this context are those where the Ace2 promoter drives the expression of the hACE2 gene. 

The most advanced humanized model to date, developed by Zhang et al. (2023), replaces the entire mouse 

Ace2 gene with the human ACE2 ortholog, including its regulatory elements and introns. This model 

recapitulates the natural expression pattern of hACE2 in mice and allows for the study of long COVID-19 

due to its moderate response to SARS-CoV-2, which is often observed in humans217. 

The formulation of the biological question and the focus of the study in the context of SARS-CoV-2 

research should guide the choice of mouse model. Sensitized models are convenient for studying viral 

properties, including cell entry, replication, and virus neutralization. However, for systemic studies of 

SARS-CoV-2 infection—such as the systemic immune response, neuroinvasion, long COVID-19, or the 

infection's interaction with risk factors like age218, diabetes, obesity219, or hypertension220,221—transgenic 

models play a major role. 

5.2  Application of rAAV in disease modelling  

Our work, “Multistep Allelic Conversion in Mouse Pre-Implantation Embryos by AAV Vectors”, describes 

the application of rAAV vectors for delivering site-specific recombinases (SSR) into mouse zygotes ex 

vivo. The primary goal of this study was to address challenges associated with SSR protein synthesis and 

provide the transgenic research community with a non-invasive method for efficient multistep allele 

conversion in mouse embryos. To achieve this, rAAV vectors were designed carrying a CMV promoter, 

human β-globin intron (HBB), codon-optimized site-specific recombinase coding sequence (CDS), and a 

human growth hormone poly(A) signal (Fig. rAAV SSR genomes). This construct was packaged in an 

AAV2/1 serotype capsid due to its relatively efficient production and its tropism toward embryonic 

tissues136 (Fig. 4, ch. 4.3). 

In this comprehensive study, we compared conventional methods of SSR delivery into zygotes, such as 

protein electroporation and mRNA pronuclear microinjection. Due to significant difficulties in synthesizing 

Flp and Vika proteins, we opted to validate Flp and Vika in the form of mRNA. Electroporation of SSR 

proteins with nuclear localization signals (NLS)222 or pronuclear injection of mRNA223 ensures either the 

direct delivery of active proteins or the direct translation of active proteins, driving transient SSR activity 
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in the early stages of embryo development (zygote or 2-cell embryo). This early-stage allele conversion 

results in efficient conversion across the majority of tissues with low mosaicism (Fig. 2b, ch. 4.3). 

Delivery via rAAV vectors, however, is associated with a delay in gene expression within the host cell. As 

previously mentioned, the single-stranded AAV (ssAAV) genome requires complementary strand 

alignment or second-strand synthesis, resulting in delayed gene expression and SSR activity compared to 

the direct delivery of SSR proteins or mRNA224. To mitigate this limitation, we utilized only rAAV vectors 

expressing SSR coding sequences (CDS) under strong constitutive promoters (EF1a and CMV). This 

approach helps overcome the expression delay by ensuring the vector is delivered to all early embryonic 

cells, with the assurance of universal expression. 

 

Figure AAV SSR genomes used in Multistep Allelic Conversion in Mouse Pre-Implantation Embryos by AAV 

Vectors publication. Abbreviations: CMV-cytomegalovirus promoter, HBB-human β-globin intron, hGH human 

growth hormone poly(A) signal. EF1a – human elongation factor 1 alpha, WPRE - Woodchuck Hepatitis Virus 

(WHV) Posttranscriptional Regulatory Element, ITR - inverted terminal repeat. Created in Biorender. 

Titration of AAV SSR vectors in zygotes that developed into blastocysts revealed that certain AAV SSR 

vectors exhibit distinct efficiencies and impacts on viability at high titers, highlighting the effect of SSR 

expression on the overall success rate (Fig. 1, ch. 4.3). 

The application of rAAV vectors for SSR delivery offers a significant advantage over protein- or mRNA-

mediated conversion, particularly in the form of sequential multistep conversion. This process is based on 

the sequential incubation of zygotes with the corresponding viruses, allowing for two distinct conversion 

events, separated by the incubation period and the timing of AAV genome expression. For example, the 

combinatorial use of AAV-Flp and AAV-Cre recombinases can significantly accelerate the generation of a 

full knockout (tm1d) from the default tm1a state of the EUCOMM/KOMP knockout-first allele. This is 

achieved by progressing through the tm1c state (via AAV-Flp-mediated conversion) to the final tm1d state 

(via AAV-Cre-mediated conversion) (Fig. S26, ch. 4.3). 
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This study demonstrated the persistent nature of rAAV vectors from embryonic tissue to adult, as similarly 

reported by Deyle et al. (2009)5. Genotyping of the converted animals included an analysis of AAV genome 

persistence, either in episomal or integrated form, without distinguishing between the two. AAV genome 

persistence was confirmed in all AAV SSR vectors (Fig. S2c-S6c, ch. 4.3). Since the persistence rate was 

relatively low and some AAV genome-negative, converted mice were detected, we proceeded with further 

breeding of these animals. However, we report one instance of AAV genome integration, where the AAV 

genome was passed on to the next generation (Fig. S21, ch. 4.3). This highlights the necessity of genotyping 

for AAV persistence. In this study, AAV genome persistence was easily detected, allowing positive animals 

to be excluded from further experiments or breeding. However, detailed analysis of persistent AAV genome 

expression was not performed. Greig et al. (2023) reported that persisting genomes might suffer transgene 

expression loss.  

The method of rapid, direct, and multistep allele conversion significantly reduces the time, cost, and number 

of animals needed to achieve specific genotypes. These advantages can promote the use of complex mouse 

models, such as EUCOMM/KOMP models or combinatorial reporter models, and deepen our 

understanding of multi-gene interactions. Moreover, similar to AAV-sensitized/humanized models, the 

application of AAV SSRs can potentially be used in mouse models with diverse genetic backgrounds. Both 

AAV-based platforms are accessible and affordable to the wider scientific community, helping to equalize 

research opportunities and and align with the 3R principles. This is made possible through the sharing of 

AAV transfer plasmids via non-profit plasmid repositories, which often provide rAAV production services. 

5.3  rAAV Purification through the strategic utilization of EVs  

The development of the isolation method based on extracellular vesicles (EVs) and the application of the 

resulting EV-associated AAV (EV-AAV) product originated from the goal of enhancing rAAV2/9 delivery 

efficiency across the blood-brain barrier (BBB)199. It has been reported that EVs or exosomes facilitate BBB 

crossing for rAAV vectors, potentially increasing overall transduction efficiency by shielding rAAV with 

an exosomal membrane225. Based on these findings, we aimed to produce similar compound vectors to 

deliver CRISPR-based editors targeting genes in the central nervous system (CNS). 

During this process, we encountered several challenges. While many studies have reported relatively high 

yields of EV-AAV vectors produced in standard T150 or T175 culture formats, we were unable to replicate 

their efficiency199,225,226. To increase our yield, we scaled up the culture and established a production 

protocol using multilayer flasks (Hyperflask, Corning). Although we successfully increased the yield of 

EV-AAV vectors, isolating the formulation via conventional differential centrifugation from large volumes 

(550 mL) of medium proved labor-intensive.  
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Rider et al. (2016) reported an EV isolation method, ExtraPEG, based on PEG precipitation. Following 

their work, we optimized the precipitation protocol to concentrate rAAV, EVs, and EV-AAVs, while 

reducing the volume to work with. By combining the ExtraPEG method with the precipitation technique 

proposed by Guo et al. (2012), we established optimal precipitation conditions for both types of 

nanoparticles. This method and application of resulted compound vector is described in manuscript titled 

“Scalable Production of rAAV Vectors via Extracellular Vesicle-Mediated Purification for Gene Therapy 

and Transgenesis”.   

EV-AAV vectors produced using our method were subjected to particle analysis, a standard procedure for 

EV characterization. The EV component of the formulation was measured for size and particle number, and 

exosome-positive and exosome-negative markers were assessed using antibody staining. The AAV 

component was confirmed through antibody staining and titration. All data indicate the presence of both 

EV and AAV in the preparations. However, analysis of the interaction between the EV and AAV 

components revealed a weak association between the two. We also implemented CD9-GFP pseudotyping, 

as reported by Schiller et al. (2016), which yielded similar results, showing weak interaction between EV 

and AAV (Fig. 3a, b)227.  

Further in vitro testing of the compound vectors revealed that EV-AAV outperforms standard AAV in 

short-term delivery of a luciferase reporter construct (Fig. 4). Since rAAV expression is delayed due to the 

need for second-strand synthesis or complementary alignment, it takes longer for rAAV to express the 

carried transgene 228. In contrast, EV-AAV vectors can deliver active molecules such as plasmids, proteins, 

and mRNAs, enabling them to produce the desired effect more quickly. The hypothesis that EVs can 

passively load proteins or mRNA from overexpressed genes in AAV producer cells was confirmed by anti-

Cas9 staining (Fig. Protein analysis of EV-AAV formulations), further abundance of transgene product was 

also confirmed by mass spectrometry of EV-AAV- hypertransposase in Fig. Protein analysis of EV-AAV 

formulations and Fig.2e, ch. 4.4. The culture was producing an AAV vector carrying the gene encoding 

Cas9. However, it is important to note that the efficiency of passive loading is significantly limited 

compared to active loading methods, such as those mediated by lipid tags or proteins.227 

In vivo testing of EV-AAV, pseudotyped EV-AAV (EV-AAV-CD9), and AAVs (all serotype 9), carrying 

a luciferase transgene did not replicate the superior results in EV-AAV-treated animals as reported by Li et 

al. (2023) and Gyorgy et al. (2014) (Fig. 5a, ch. 4.4). Our experiment did not include testing for neutralizing 

antibodies (NAb), as used in Li’s report; however, even without NAb, our measurements did not align with 

their observations. The discrepancy could be attributed to the use of a crude pellet of EV-AAV in our 

experiment, which contained a mixture of free AAV, empty EVs, and a fraction of EV-AAV associations. 
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In contrast, Li et al. separated EV-AAV associations and tested only this strictly purified sub-population, 

which is more suitable for clinical translation225,229. 

 

Figure: Protein analysis of EV-AAV formulations. (a)Antibody staining for exosomal markers in EV-AAV-Cas9 

vector vs cells lysate:positive exosomal markers: HSP70, CD63, TSG101, CD9; negative marker: Calnexin; (b) 

and mass spectrometry analysis of protein composition of EV-AAV hypertransposase formulation: comparison of 

protein content between extracellular vesicles from cell overexpressing hypertransposase and EV-AAV vector from 

cells producing AAV and overexpressing hypertransposase. 

To make a relevant comparison between EV-AAVs produced with our method and those produced by Li et 

al., our EV-AAV preparations will be separated from AAV and other potential contaminants using a density 

gradient, as described by Li et al. (2023). 

To evaluate the robustness and potential toxicity of the EV-AAV formulation, we tested the EV-AAV 

vector for treating mouse zygotes. Two types of vectors were used: one carrying a passive AAV genome 

and the other carrying a coding transgene, inspired by Chen et al. (2019) and Mizuno et al. (2018). The first 

type was used for the delivery of an HDR template for gene editing, while the second carried the PiggyBac 

system, consisting of two separate vectors—one expressing hypertransposase and the other carrying the 

MPRA EGFP transposon. 

EV-AAV HDR vectors have proven to be a viable substitute for AAV vectors in treating sensitive systems 

such as mouse embryos. Despite using higher titers for the treatment of mouse zygotes compared to Chen 

et al. (2019) and Mizuno et al. (2018), we obtained similar HDR efficiency rates across all generated lines. 
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This establishes the EV-AAV method as a robust approach for producing HDR templates with high AAV 

titer yield and low toxicity. 

Expression vectors were used to evaluate the toxic effects of the compound EV-AAV vector compared to 

AAV. The PiggyBac system was employed to integrate as many MPRA EGFP transposon copies as 

possible into the host genome. The presence of this genome-destabilizing factor can have a detrimental 

effect on treated embryos. Our data demonstrate, that AAV vectors are able to deliver more MPRA EGFP 

copies per genome at lower titers than EV-AAV. However, the number of animals with exceptionally high 

copy numbers is low in AAV treated group (Fig. 7, ch. 4.4). In contrast, EV-AAV vectors perform better 

at higher AAV titers. After treatment with a borderline toxic titer of 5E+12 GC/mL, EV-AAV-treated 

embryos exhibit higher viability, resulting in more high-copy animals that remain viable (Fig.7, ch. 4.4). 

Since there is no existing literature on the application of EV or EV-AAV in the context of zygote treatment, 

we can only speculate on the contribution of the EV component in this biological system. It has been 

reported that EVs can cross the zona pellucida and play roles in processes such as gamete maturation, 

fertilization, and embryo implantation230,231. Therefore, we hypothesize that in our EV-AAV system, the 

EVs may reduce the toxic effects of AAV by potentially slowing down AAV internalization at the zygote 

membrane. 

Based on our data, the EV-AAV formulation consists of separate nanoparticles with loose associations. Our 

initial hypothesis that AAV is either associated with or internalized within extracellular vesicles was 

incorrect. Future work will focus on utilizing the EV component as a transient vector carrying active 

molecules, such as proteins and mRNA, while the AAV component delivers passive HDR templates. 

Specifically, we aim to develop combinatorial particles where EVs are actively loaded with transient 

molecules (e.g., mRNA, proteins) and long-term AAV vectors provide HDR templates or auxiliary 

molecules to enhance the therapeutic effect. For example, EVs loaded with Cas9 and gRNA can induce a 

DNA double-strand break, while rAAV vectors supply the homology template for repair. This combined 

delivery approach holds great potential for targeted gene therapy.  

6. Conclusion 

This dissertation presents a series of innovative advancements in the application and production of 

recombinant adeno-associated virus (rAAV) for transgenic practice, addressing key challenges in model 

development, allele conversion, and scalable production. The overarching goal was to push the boundaries 

of rAAV's potential in genetic research, particularly in the creation of mouse models and the optimization 

of gene delivery systems. 
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A major contribution of this work was the development of a rapid, responsive mouse model for the study 

of SARS-CoV-2, offering a crucial tool during the global COVID-19 pandemic. This model allowed for 

efficient testing of bi-specific antibodies targeting the virus, thus enhancing the speed and accuracy of 

therapeutic evaluation. The novel system was also carefully compared with other transgenic models, 

providing a valuable resource to guide future research efforts on viral infections. This work highlighted the 

role of rAAV in addressing urgent, real-world challenges, emphasizing its flexibility in generating disease 

models tailored to emergent research needs. 

Additionally, this thesis introduced a streamlined method for direct allele conversion in zygotes using ex 

vivo rAAV treatment. This approach significantly reduces the need for time-consuming breeding and 

genotyping, enabling efficient, site-specific genetic modifications in a single generation. The capacity for 

sequential allele conversion within the same organism also reduces the number of animals required, 

reflecting a commitment to the principles of Replacement, Reduction, and Refinement (3Rs) in animal 

research. This methodology offers a transformative tool for genetic research, facilitating faster and more 

precise model creation with fewer resources. 

Another significant advancement was the development of a novel rAAV production method that leverages 

extracellular vesicles (EVs) as a biological matrix for co-isolation. This method provides a scalable and less 

labor-intensive alternative to traditional rAAV production techniques. The resultant EV-AAV compound 

vector demonstrated not only comparable but, in some instances, superior performance in various 

applications, illustrating the potential for this system to simplify production processes while maintaining 

efficacy. This work paves the way for broader applications of EV-based rAAV production, with potential 

implications for both research and therapeutic gene delivery. 

Overall, this dissertation contributes to the growing body of knowledge on the use of rAAV in transgenic 

practices, offering innovative solutions to enhance efficiency, scalability, and ethical standards in genetic 

research. The methods developed in this work have the potential to significantly accelerate the production 

of genetically modified models and improve the scalability of gene delivery systems, ultimately benefiting 

a wide range of applications in both basic research and clinical settings. 
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