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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.



Abstrakt (CZ)

Rekombinantni adeno-asociovany virus (rAAV) je vektor s Sirokou aplikaci v zakladnim a klinickém
vyzkumu, zejména diky své neintegracni povaze, robustni dlouhodobé expresi a nizké imunogenicité. Tato
disertacni prace predstavuje n¢kolik inovativnich ptistupti v aplikaci a produkci rAAYV pro transgenni praxi,
pricemz fesi klicové vyzvy v oblasti vyvoje modeltl, konverze alel a Skalovatelné produkce. Cilem prace je
rozsitit potencial rAAV v genetickém vyzkumu, zejména pii tvorb€ mysich modelt a optimalizaci systému
transferu genil. Hlavnim uspéchem bylo vyvinuti rychlého, humanizovaného mysiho modelu pro vyzkum
SARS-CoV-2, ktery byl kli¢ovy béhem pandemie COVID-19. Tento model umoznil efektivni testovani
bispecifickych protilatek a poskytl cenné srovnani s jinymi transgennimi modely pro vyzkum SARS-CoV-
2 infekci. Disertacni prace rovnéz predstavuje zjednodusenou metodu piimé konverze alel v zygotach ex
vivo pomoci rAAV, coz vede ke zkraceni doby chovu a poctu potifebnych zvitat pro dosazeni cilového
genotypu, coz je v souladu s principy 3R v oblasti vyzkumu na zvitatech. Déle byla v ramci této prace
vyvinuta nova metoda produkce rAAV, ktera vyuziva extracelularnich vesikuld (EV) jako biologické
matrice. Metoda spocivd v produkci slozeného vektoru EV-AAV (EV-asociovany AAV) a nabizi
efektivnéjsi a mén¢ narocny vyrobni proces rAAV, ktery si zachovava nebo dokonce piekonava vykonnost
tradi¢nich izola¢nich technik. Celkove tato prace prispiva k vyvoji transgenniho vyzkumu zalozeném na
rAAV, pfiCemz nabizi inovativni metody, které zvysuji efektivitu, Skalovatelnost a etické standardy
genetického vyzkumu s potencialnimi aplikacemi jak v zakladnim vyzkumu, tak potencialné 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

replication'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 AAVSI site®. 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 cells®.
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)"".
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)’. In the following sections, the function of these factor in the context of AAV

replication will be briefly described.

The genome of WtAAYV 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)'°.



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 sequence!!"'2, 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
replication'*"1°, 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 proteins'*!3.

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 pl9 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 produced'®!”.
High levels of Rep78 result in the formation of hexameric oligomers, which exhibit ATPase, helicase,
endonuclease, ligase, and DNA-binding activities'®. 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 arrest'*!*?°. 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)!*!®.

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
DNA'21321 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
12



modulate its role in the interplay between AAV and the helper virus®. 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)".

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)*.

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 Rep52!!. 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 state'!->.

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

factors®»%.

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)%* 2.

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 expression?6-2%30,
Although VP2 is non-essential for viral infectivity, it is frequently used in capsid engineering and

modification’!.

The most critical capsid protein is VP3, which forms the structural core of the AAV capsid. VP3 consists
of eight B-barrel motifs, an a-helix, and loops that connect the B-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 receptors®! 3.

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 compartments*.

Assembly activating protein (AAP), like MAAP, is transcribed from the p40 promoter within the Cap
gene region®. 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 chaperone®®. 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 degradation®>37-%,

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 production®.

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 research®. 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 diseases*!.

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)*>. 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 form****. 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 ITR*.

Adenovirus genes

E1A and E2A are the most essential proteins for activation of the AAV p5 and p19 promotors and regulation
of AAV Rep proteins* (Fig.1 and 2). Specifically, p5 promoter contains E1A-inducible element, which
is activated upon ElA 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

14



neutralizes the repression effect of YY14"*%, 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)*..

Wild-Type
Adeno-Associated Virus ~4.7 kb

5ITR J1TR

Capsid —\
p5 p1¢8 p40 p80

Vil 7_34 “h o

ssDNA AAV
20 nm
[ Rep78
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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 Catalan-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 (VRC'™). E2A protein plays role in variety of processes

from AAV replication, mRNA processing and export, or capsid production?®4->°,

E1B gene complex codes for two oncoproteins E1B19K and E1B55K with distinct functions. EIB19K
subunit mediates inhibition of E1A-induced apoptosis and triggers autophagy during AdV infection®'.
E1B19K factor is not required for AAV replication, but rather increases AAV titer yields*>. E1B55K binds
and inhibits the tumour suppressor protein p53, thus promotes cell-cycle progression and inhibit apoptosis™.
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)**. In addition, E1B55K enhances export of AAV mRNA and inhibits export of host cell
mRNA, both increasing AAV gene expression>.

E4orf6 has a major role as part of EIB55K-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 Mrel, crucial part of Mrel1/Rad50/NBS1 (MRN) complex, an important
mediator of the cellular DNA-damage response®™. MRN complex represses AAV transduction and
replication. It has been reported that E4orf6 is the most crucial, AdV-origin factor, needed for effective
AAYV 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 cells®¢-’.

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 AdVs>®. 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)*.

" 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 AAYV 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 Catalan-Tatjer et al. 2024).

Abbreviations: RBE - Rep-binding element; RNA pol II — RNA polymerase II; pol § - DNA polymerase delta, MRN
- Mrel1/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 rAAYV 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. atransfer plasmid carrying the gene of interest.
2. two packaging plasmids: Rep/Cap and Helper.
3. atransgenic 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)*..

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)",

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 trials**6!: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 — CaPOy). rAAYV 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 types®.

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 definition® %, AAV6's serology is nearly identical to AAV1,
and the serological profiles of AAV10 and AAV11 are not well characterized ¢’.

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). 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 features®® 7. Fig.4 summarizes
commonly used capsid serotypes and their tropism towards certain tissue and cell types’'~7*. While many

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

Target tissue Adeno-associated virus (AAV) serotype
AN AN TR 7R /‘A“\\
4 ,_) L Y j [ “»# : ; Ez\’\\/)'\J @
- ’Xf’ ~1- <~ [ ~0
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Zygote/Embryo AAV2/1 AAV2/6

Figure 4. Adeno-associated virus serotypes and their tropism

Overview of tropism of the main AAV serotypes by definition of Earley ef 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 rAAYV 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 receptor’®, hepatocyte growth factor receptor’, laminin receptor’®, and integrins aVB5 and

a5B17778 . These interactions enable the AAV2 serotype to exhibit broad tissue tropism (Tab.1)”.

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.”” AAVS5 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 cells”.
AAV1 and AAV6 also interact with N-linked sialic acid, targeting tissues such as embryonic cells”.

Additionally, AAV9 binds to N-linked galactose, enabling it to cross the blood-brain barrier®®s!,

Genome-wide screens have identified novel host proteins essential for rAAV transduction, termed entry
factors. One example is KIAAO0319L, 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 capsids®. 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)%.

Table 1: The major receptors, co-receptors, entry factors, involved in the interaction of various AAYV serotypes
with their respective cell surface receptors.

Serotype | Glycan (primary) | Protein (secondary) co- | Entry factor Reference
receptors receptors

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

AAV2/2 | AAVR, HSPG integrin aVB5 and a5B1, | AAVR, GPR108 74,73,77,78,84,86

hFGFR, hHGFR, LamR

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 84,8589

AAV2/7 | unknown unknown AAVR, GPR108

AAV2/8 | AAVR LamR AAVR, GPR108 76,84

AAV2/9 | N-linked galactose of SIA, | LamR AAVR, GPR108 76,81,84
AAVR

Platelet-derived growth factor receptor (PDGFR), Hepatocyte growth factor receptor (hHGFR), Fibroblast growth
factor receptor (hFGFR), Laminin receptor (LamR), Epidermal growth factor receptor (EGFR), a2-3 and a2—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 process’*!.

The process of internalization can occur through several pathways, including caveolin- and clathrin-
dependent mechanisms, as well as clathrin- and caveolin-independent pathways®?. 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)?***. 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
rAAYV 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
others’*%, Another important factor influencing rAAV transduction is co-infection with adenovirus, which
can modulate the cellular processes involved in TAAV internalization®®. Thus, the internalization pathway

utilized by rAAV is both cell type- and context-dependent™.

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) *. 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)!'%. 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 ubiquitination'®'. 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 applications!??. Proteasome inhibitors have been shown to

reduce this immune response!®.

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 space'®. 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 rAAYV capsid, the entry factor GPR108, and the protease

activity of cathepsins (Fig.5)!05197,

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 domain®. However, rAAVS 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 receptor!%,

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 sequences!®-!1°, The B-importins recognize the NLS sequences in

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

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 mechanisms''2.

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 release''®. 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)''.

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 wtAAYV 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 molecule!'>!6,  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)!"3.

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 applications!!”.
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Figure 5. Mechanism of rAAYV 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 KIAAO0319L 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 KIAAO319L 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: TAAV particles gather around the perinuclear region and enter the nucleus via nuclear pore complexes,
a process mediated by importins like importin-$. 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 rAAYV 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 diseases®!18-120,

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 manufacturing®”¢>1?°, 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 rAAYV 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 10'* vector genomes (vg) per
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kilogram of body weight, amounting to 2.2 x 10** vg for a child weighing 20 kg. Each current dose of
ZOLGENSMA (5.5 or 8.3 mL per vial) contains 2 x 10'* vg per mL, requiring a total of 14 vials per

treatment!'?!

. 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 material®2.

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 efficiency®.

Human embryonic kidney 293 (HEK?293) cells are widely used for the production of recombinant proteins
and rAAV in clinical applications'?*!4, 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 production®®!?*12*, For instance, ZOLGENSMA is
manufactured using transgenic HEK293 cells that contain essential adenoviral genes. The remaining
necessary components for TAAV production are provided via triple plasmid transfection (Fig.3)*.
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
S19 insect cells. SfY cells are capable of performing post-translational modifications crucial for the
bioactivity and stability of therapeutic proteins!?>. Through genetic modification, insect-specific a(1,3)-
fucosylation can be eliminated'?. 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 S9 cells
naturally contain all required helper functions'*”-'?®, While this platform supports large-scale TAAV
production, it faces challenges such as a low full-to-empty capsid ratio and difficulties in removing

baculovirus from final preparations'*’

. 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 B'3%13!,

1.3 Application of AAVs in research and disease modelling

rAAYV 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 rAAYV 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 (IssDNA) homology templates in the context of the EASI (efficient additions
with ssDNA inserts)-CRISPR method'*?. However, synthesizing complex IssDNA can pose challenges, and
its efficiency may vary depending on the specific cassette of interest. Furthermore, in some instances,
IssDNA can adopt rigid secondary structures, rendering them inaccessible to HDR machinery. It's important
to note that IssDNA templates can typically only be delivered using invasive methods, such as

microinjection or electroporation, to ensure their entry into target cells (Fig.6)!3%1%3,

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 virion®!3+133,

The production of recombinant AAV (rAAV) vectors circumvents common challenges associated with
IssDNA synthesis. TAAV 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-READI”.

CRISPR-READI involves delivering ssDNA templates in the form of rAAYV 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-AAV'36,

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.'*’. 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 (IssDNA) molecule to the pronucleus. The method highlights the
efficacy of IssDNA 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.

28



EASI-CRISPR : CRISPR-READI

in vitro RNA Reverse RNA removal B
synthesis transcription ;
— ' rAAV preparation
‘ ﬁ : > g
— L —- |4 — 4 : triple tranfection
\ W W :
W - - ' : DNA (<4.7 K
T7 circular/linear ' Transfer plasmid he I(<d i /'i\[,Jf\)V
template preparation urification . assembly encapscg;ﬂclln "
p : ¥
H
IssDNA (<2 kbp) H
'
‘e
/ gRNA+Ca59: rAAVY zygote
: treatment
| i
' gRNA+Cas9

electroporation of

microinjection of RNP complex

IssDNA and RNP
complex '

A R P

same da ST ‘ :
implatantion Ofyzygote litter containing transgene next day implatantion

positive mice of 2-cell embryo

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
(IssDNA) via in vitro RNA transcription, followed by reverse transcription into cDNA. The RNA is then removed,
and the cDNA is purified. The 1ssDNA synthesis can be also performed chemically or via asymmetric PCR. The
purified IssDNA (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 1ssDNA
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 e/ al. (2018) and Chen et al. (2019). Created in Biorender.

1.3.2 Application of rAAYV 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 reporters'*®, gene coding sequences (CDS)'*’, recombinases'®’, and genome editors'#!42,
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 rAAYV 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 sSiRNA sequences that regulate transgene expression while minimizing off-target effects,

offering a promising framework for dynamic control in gene therapy!*.

The article by Piepho et al. (2023) is an example of reduced CDS of a large gene packaged in rAAV'®, 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 MHCK?7 promoter, a hybrid
promoter derived from muscle creatine kinase (MCK) and a-myosin heavy chain (a-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 patients'’.

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 effects'*.

rAAV vectors enable efficient delivery of CRISPR-based editors. Liao ef al. has presented a novel
CRISPR/Cas9 system for gene activation that avoids DNA double-strand breaks !#!. The system utilizes a
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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 rAAV09 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 diseases'*!.

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 effects'.

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 vector!4>!44,

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 vivo'*#1%,

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 replication'4%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 43144147,

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
efficiency!**!*8, 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 unsuccessful'3*14%:1% 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 %14,

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)!34150,

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 AAV'3*+151,

AAYV 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)'%2. 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)'.

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 expression'!®

. 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 silico'>*'*¢. The example is the A17-48 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 testing'**!%,
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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

cells™’

. 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
dysferlinopathies'>®1¢!, In contrast, terminally differentiated tissues, such as photoreceptors, exhibit lower

recombination rates compared to muscle tissue!®?

. 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 machinery'®.

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.7¢)!64166,

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)"'¢%.

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.7¢)'".

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 retina!®®1%°. 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-splicing!’.

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 vector!”’.

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 rAAYV 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. (¢) 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 TrAAYV 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 ultracentrifugation!”"'*. 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 rAAYV particles based on their specific density from cell debris and organelles. The density
of rAAV particles (p = 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 !4,

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 precipitation'’.
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 yield!”*'7,
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
AAYV 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 antibodies!’®

. 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)!77~
179 The close interaction between AAV biogenesis and the endosomal system enables the isolation of EV-

AAV composite particles'®.

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)!8!. 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

182 Furthermore, their

communication in both normal physiological processes and pathological states
intrinsic ability to interact with cellular membranes and engage in diverse endogenous processing pathways

positions them as a promising delivery system'!.

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-I11, Alix, Tsg101, Chmp4, and
SKDI, leading to the formation of MVBs containing CD63, MHC 11, 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, CD8]1,

and TSG101'821%2, These proteins serve as markers for exosomal biogenesis, cargo selection, and release!4.

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)!8+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)!.

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 10,000-20,000G'34,

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 76156,

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 genome!”. 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 capabilities'®’.
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Figure 8. Biogenesis of extracellular vesicles and release of rAAYV 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 ef 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

e Subcloning of mRNA template plasmids and rAAYV tranfer plasmids
e Production and purification of recombinant adeno-associated virus

e Titration of rAAV

e Production of mRNA in vitro

e Mouse zygote electroporation and pronuclear injection

e Genotyping of mouse tissue and blastocyst

e Tissue samples and embryo imaging

e Intranasal application of rTAAV into mouse

e  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 (C57B1/6NCrl) 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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Neutralizing antibodies that target the receptor-binding domain (RBD) of the
SARS-CoV-2 spike protein are among the most promising approaches against
COVID-19'% Abispecific IgGl1-like molecule (CoV-X2) has been developed on the basis
of C121and C135, two antibodies derived from donors who had recovered from
COVID-19*. Here we show that CoV-X2 simultaneously binds two independent sites on
the RBD and, unlike its parental antibodies, prevents detectable spike binding to the
cellular receptor of the virus, angiotensin-converting enzyme 2 (ACE2). Furthermore,
CoV-X2 neutralizes wild-type SARS-CoV-2 and its variants of concern, as well as escape
mutants generated by the parental monoclonal antibodies. We also found thatina
mouse model of SARS-CoV-2 infection with lung inflammation, CoV-X2 protects mice

from disease and suppresses viral escape. Thus, the simultaneous targeting of
non-overlapping RBD epitopes by IgG-like bispecific antibodies is feasible and
effective, and combines the advantages of antibody cocktails with those of
single-molecule approaches.

The COVID-19 pandemic has prompted substantial efforts to develop
effective countermeasures against SARS-CoV-2. Preclinical data and
phase-lll clinical studies indicate that monoclonal antibodies could
be effectively deployed for prevention or treatment during the viral
symptoms phase of the disease'?. Cocktails of two or more monoclonal
antibodies are preferred over a single antibody as these cocktails result
inincreased efficacy and the prevention of viral escape. However, this
approachrequiresincreased manufacturing costs and volumes, which
are problematic at a time when the supply chain is under pressure to
meet the high demand for COVID-19 therapeutic agents, vaccines and
biologics in general®. Cocktails also complicate formulation® and hin-
der strategies such as antibody delivery by viral vectors or by nonvec-
tored nucleic acids™®. One alternative is to use multispecific antibodies,
which have the advantages of cocktails and single-molecule strategies.

To this end, we used structural information® and computational
simulations to design bispecific antibodies that would simultaneously

bindto (i) independentsites on the same RBD and (ii) distinct RBDs on
aspike (S) trimer. We evaluated several designs using atomistic molecu-
lar dynamics simulations, and produced four constructs: of these,
CoV-X2 was the most potent neutralizer of SARS-CoV-2 pseudovirus,
and had a half-maximal inhibitory concentration (ICs,) of 0.04 nM
(5.8 ngml™) (Extended DataFig.1). CoV-X2is a human-derived IgG1-like
bispecific antibody in the CrossMAb format'® that is the result of the
combination of the Fragment antigen binding (Fab) of the monoclo-
nal antibodies C121and C135, which are two potent neutralizers of
SARS-CoV-23, Structural predictions showed that CoV-X2—but not
its parental monoclonal antibodies—can bind bivalently to all RBD
conformations on the S trimer, which prevents the binding of ACE2
receptor” (Fig. 1a, Extended DataFig. 2).

CoV-X2bound at alow nanomolar affinity to the RBD and S trimer
of wild-type SARS-CoV-2 and to those of several naturally occurring
SARS-CoV-2 variants, including B.1 (which contains D614G, in the S),
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Fig.1|Biochemicalandinvitro neutralizing properties of CoV-X2are
superior to those of its p 1 lonal antibodies. a, Computational
simulations predict bivalent binding of CoV-X2to all three RBDson the S trimer
(Extended DataFig. 2). Greenand blue, C121and C135 moieties, respectively;
yellowand orange, RBDs. b, ¢, Surface plasmon r e(SPR)d
thatbotharmsof CoV-X2are functional. In b,immobilized RBD complexed with
C121(left) or C135 (right) (first antibody) binds to CoV-X2 (second antibody).
Inc, RBD-CoV-X2 prevents binding by C121 (left) or C135 (right) single
monoclonal antibodies. Paler colours denote controls (second antibody only).
d, Botharms of CoV-X2 bind simultaneously to the RBD, as avidity s retained at
decreasing RBD concentrations. Top and middle, representative SPR traces
indicating the dissociations of Fab (left), 1gG (centre) or CoV-X2 (right) binding
toRBDimmobilized at150 nM (top) or 15nM (middle) on the SPR chip
(Extended Data Fig. 6). Bottom, plots of normalized k, (left) and k4 (right)
obtained with different concentrations ofimmobilized RBD. Increasing
normalized k,values indicate loss of avidity. Solid lines, IgG; dotted lines, Fab.
e, f,CoV-X2 prevents ACE2bindingto S trimer inan ELISA. ACE2 binding to

rates

B.1.1.7 (which contains NSO1Y, in the RBD) and B.1.351 (which contains
K417N/E484K/NSO1Y, in the RBD)'*", aswell as to escape mutants gener-
ated by the parental monoclonal antibodies' (Extended Data Figs. 3-5).

antibody-S-trimer complexes measured withincreasing concentration of
indicated antibodyand constant ACE2 (e), or atconstant antibody
concentration with increasing ACE2 (f). Mean of two replicates shown.

g, CoV-X2 neutralizes SARS-CoV-2 pseudovirus and escape mutants generated
by its parental monoclonal antibodies. Normalized relative lumi ce
(RLU) for cell lysates after infection with NanoLuc-expressing SARS-CoV-2
pseudovirusin the presence of increasing concentrations of antibodies.
Wild-type SARS-CoV-2 pseudovirus (top left) is shown alongside anescape
mutant generated in the presence of C135 (R34 6S; top right), or twoescape
mutants generated in the presence of C121(E484G (bottomleft) and Q493R
(bottom right))'*. Dashed lines, parental Fabs; solid lines, IgG. Mean of two
independentexperiments withtwo replicates each. h, Neutralization of
SARS-CoV-2isolates with sequences corresponding to wild-type virus (which
was firstisolated in China), and the B.1{D614G), B.1.1.7, P.1 and B.1.351 variants.
Meanof three experiments with s.d. RBD residues mutatedin the variants are
indicated inthetable and as red spheres on the S trimer structure, on which the
epitopes of C135 (blue) and C121(green) are shown.

CoV-X2also bound to preformed C121-RBD and C135-RBD com-
plexes, which confirmed that both of its arms are functional (Fig. 1b,
¢). Next, we used an avidity assay by surface plasmon resonance to
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experimentally confirm the computational prediction that CoV-X2 can
simultaneously engage two sites on the same RBD (Fig. 1d, Extended
DataFig. 6, Methods). Avidity occurs when IgG binds bivalently to anti-
gens, which results in slower dissociation rates (k) (Extended Data
Fig. 6a). Accordingly, C121and C1351gG showed avidity at high concen-
trations of antigen, owing to the intermolecular binding of adjacent
RBDs; atlower concentrations of antigen, the k, was faster as intermo-
lecular binding was prevented by the increased distance between RBD
molecules, which resulted in loss of avidity. Intramolecular avidity is
not possible for C121 and C135 because a single epitope is available
on each RBD molecule. By contrast, CoV-X2 maintained avidity even
at low concentrations of antigen, which indicates that it undergoes
bivalent, intramolecular binding (Fig. 1d, Extended DataFig. 6). We then
performed enzyme-linked immunosorbent assays (ELISAs) toevaluate
the ability of CoV-X2 to inhibit the binding of recombinant ACE2 to the
S trimer (Fig. le, f). Consistent with the structural information®, C135
did not affect the interaction between ACE2 and S. C121, which occu-
pies the ACE2-binding site on the RBD, prevented ACE2 binding only
partially. By contrast, ACE2 binding was not detected in the presence
of CoV-X2, which suggests a synergistic effect by the two moieties that
comprise the bispecific antibody.

To assess the neutralizing ability of CoV-X2 in vitro, we first used
SARS-CoV-2 pseudoviruses®. The bispecific antibody neutralized pseu-
dovirus that carries wild-type SARS-CoV-2 S at sub-nanomolar concen-
trations (IC5,=0.04 nM (5.8 ngml™) and 90% inhibitory concentration
of 0.3 nM (44 ng mI™)), which was similar to or better than the paren-
tal IgG and an over 100-fold-better IC,, than that of the parental Fabs
(Fig. 1g). CoV-X2 remained effective against pseudoviruses that bear
escape mutations that make themresistant to the individualmonoclo-
nalantibodies' (Fig. 1g), and against a pseudovirus with RBD mutations
that are found in the B.1.351 variant (which was first reported in South
Africa) (ICs, =1.3 nM (191 ng mI™)) (Extended Data Fig. 5). To confirm
the efficacy of CoV-X2, we performed plaque-reduction neutralization
assays with infectious virus. CoV-X2 efficiently neutralized wild-type
SARS-CoV-2(ICs, = 0.9nM); the B.L variant that carries S(D614G), which
was first detectedin Europe (IC5,=0.2nM); the B.1.1.7 variant, which was
first observed in the UK (IC5, = 0.2 nM); the P.1 variant, which was first
isolated in Brazil (IC5, = 2.1nM); and the B.1.351 variant (ICy, =12 nM)
(Fig.1h). The P.1and B.1.351 variants have almost identical mutations
in the RBD; the only difference is the presence of an Asn (in B.1.351)
versus Thr (in P.1) at position 417, which does not interact with CoV-X2.
Nonetheless, the neutralization of B.1.351 was lower than that for P.1,
whichsuggests thatthere are either some conformational differences
inthe RBD between the two variants or long-range effects that derive
from additional mutations in the S. A similar behaviour is seen with
the wild-type sequence (D614), which has a lower neutralization than
S(D614G) evenif no other differenceis present; a plausible explanation
isthata Gly at position 614 makes the CoV-X2 epitopes more accessible
by favouring the ‘up’ conformation of the RBD'. We conclude that the
in vitro binding and neutralizing properties of CoV-X2 make it prefer-
able over its parental antibodies.

To assess the clinical potential of CoV-X2, we investigated its abil-
ity to protect against infection and disease in an animal model. We
developed amouse modelin which human ACE2 (hACE2) is expressed
by cells of the upper and lower respiratory tract after inhalation of a
modified adeno-associated virus (AAV) (AAV-hACE2) (Fig. 2, Extended
Data Fig. 7, Methods).

This approach enables the rapid production of large cohorts of mice,
and has theadvantage of being applicable to wild-type and mutantmouse
colonies, independently of age and sex. Moreover, because AAV vec-
torsare only weaklyimmunogenic and cytotoxic, the systemallows for
prolonged expression of hACE2"?° (Extended Data Fig. 7). SARS-CoV-2
infection of ACE2-humanized mice (hereafter, hRACE2 mice) results in
progressive weight loss, respiratory pathology and disease that require
culling at 8 days post-infection (dpi) (Fig. 2a-c, Extended Data Fig. 7).
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To evaluate the protective effect of antibodies, we treated hACE2
mice one day before SARS-CoV-2 infection (150 pg) (Fig.2d, e, g, h)
or 12 h after challenge (250 pg) (Fig. 2d, f) and monitored them over
time. Upon intranasal infection with 1 x 10* plaque-forming units of
SARS-CoV-2 (SARS-CoV-2/human/Czech Republic/951/2020), mice
treated with an isotype control (an antibody against the envelope pro-
tein of Zika virus) showed weight loss starting at 3 dpi; by 8 dpi, most
mice had lostapproximately 25-30% of their body weight, reaching the
end point for humane culling (Fig. 2e, f). We recovered infectious virus
from the lungs (Fig. 2g), and detected viral RNA in the spleen (Fig. 2h)
but notin the heart (data not shown). The lung pathology of these
mice resembled that associated with severe COVID-19 in humans®,
and was characterized by diffuse alveolar damage (50-80% of tissue
area), alveolarreplacement with infiltrates of immune cells and fibro-
blasts, thickened septa and infiltrations by activated macrophages
with foamy cytoplasm (Fig. 2j). By contrast, mice treated with CoV-X2
maintained their body weight (P<0.0001 at 4-8 dpi, when compared
to mice treated with isotype control) (Fig. 2e; the Pvalues between all
groupsaregivenin Extended Data Table 1), had areduced viral burdenin
lungs and viral RNA levels in spleen (Fig. 2g, h) and displayed neither
macro- nor histopathological changes (diffuse alveolar damage of
less than 5-10%) (Fig. 2i, j). Although infectious virus was detected
at 2 dpiin all mice that were treated with C121 (n=5), C135 (n=5) or
control (n=8),inmice that received CoV-X2it was detected only at low
levelsin one mouse (out of five) (Fig. 2g). At 5 dpi, we readily recovered
infectious virus from control-treated mice (5 of 6 mice), but only from1
out of 10 mice treated with CoV-X2 (Fig. 2g). Furthermore, CoV-X2 was
also protective when administered at 12 h after SARS-CoV-2 challenge
(Fig. 2d, f). As none of the mice treated with CoV-X2 exhibited symptoms
atany time, we conclude that CoV-X2 protects mice from the disease.

Because monotherapy with C121or C135monoclonal antibodies leads
to virus escape in vitro™, we treated hACE2 mice with the individual
antibodies and sequenced the virus. Only wild-type RBD sequences
were obtained from control mice (n =10). In mice treated with C121,
there was selection for a mutation that results in the E484D substitu-
tion (5 of 5 mice that were analysed at 8 dpi). Escape mutations at E484
generated by C121 have previously been observed invitro*, and changes
at this residue (which are also present in the B.1.351 and P.1 variants)
reduce neutralization by human sera by more than tenfold®. The E484D
substitution affects intermolecular hydrogen bonds at the core of the
interface between C121and the RBD, and it has previously been sug-
gested to increase the affinity of the RBD for ACE2%. Virus containing
Asp at position 484 is pathogenic, as 7 out of 9 mice treated with C121
developed disease (Fig. 2e) and only this virus was found in their lungs.
By contrast (and unlike the in vitro results™), we did not observe virus
evasion or pathology in mice treated with C135 (n=5) (Fig. 2e and data
not shown). Even though we did not retrieveinfectious virus (at 8 dpi)
from mice treated with CoV-X2 (n=13) and noticed no symptomsin
these mice, we detected low levels of residual viral RNA in some mice
after 40 cycles of PCR amplification: in 6 of 13 mice, the virus sequence
was wild type, and in 2 mice the overlapping sequencing traces were
consistent with the coexistence of wild-type virus and a variant with
Asp at position 484. Thus, in these 2 (out of 13) mice that contained
the E484D variant, CoV-X2 remained protective even if the mutation
diluted the effective antibody concentration (presumably leaving only
the C135 moiety active).

Monoclonal antibodies that target the SARS-CoV-2 S arein advanced
clinical trials and show promise against COVID-19'2, Concomitant use
of multiple antibodies is preferred for increased efficacy and adding
resistance against viral evasion. Indeed, the virus canescape pressure by
asingleantibody invitro and—as shown here—also inmice. Moreover,
RBD mutations that threaten the efficacy of single monoclonal antibod-
ieshavealready been detected in virus thatis circulatingin minks and
humans, including mutations at the C121and C135 epitopes (Extended
DataFig. 8). One disadvantage of antibody cocktails is the requirement
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Fig.2|CoV-X2 protects micetransduced with AAV-hACE2 against
SARS-CoV-2 disease. a, Bodyweight over time in mice infected with
SARS-CoV-2. Wetransduced 13-15-week-old C57BL/6NCrl wild-type female
micewith AAV-hACE2 by forced inhalation, delivering viral particles to the
upperand lower respiratory tract. After >7 days, mice were infected with
SARS-CoV-2 (1x10* plaque-forming units (PFU)) or received vehicle by the
intranasal route. Weight was monitored daily for 8 days (SARS-CoV-2,n=5;
control,n=4). Meanwiths.d. b, Kinetics of viral burdenin lungs of mice
infected with SARS-CoV-2 (n=5) by plaque assays. Mean with s.d. Dashed line,
limitof detection. ¢, Kinetics of viral RNA levels in lung samples from mice
infected with SARS-CoV-2 (n=5) by quantitative PCR with reverse transcription
(RT-qPCR).Meanwith s.d.d, Wild-type mice were transduced with AAV-hACE2
by forced inhalation. After >7 days, mice were inoculated intraperitoneally with
antibodies one day before (black arrow) or 12 h after (red arrow) being infected
intranasally with SARS-CoV-2 (1x10*PFU). e, f, Body weight was monitored
dailyinmice treated 24 h before infection (e, C121,n=9; C135,n=5; CoV-X2,

n=13;isotype control, n=10) or 12 hafter infection (f, CoV-X2, n = 4; control,
n=10). Meanwiths.d.isshown.g, Lung viral burden by plaque assay at 2 dpi
(isotype control,n=8; CoV-X2,n=5;CI21, n=5;C135,n=>5)and S dpi (isotype
control,n=6;CoV-X2,n=10; C121,n=5; C135,n=5). Thedashed line indicates
the limit of detection; mean with s.d. Pvalue was calculated with two-tailed
Student’s t-test. h, Viral RNA levelsin the spleen by RT-qPCRat 5and 8 dpi
(isotype control,n=6 or 8 (indicated by dots); CoV-X2,n=8or 10 (indicated by
dots)). Meanwiths.d. Pvalue, two-tailed Student’s #-test. i, Photographs of
lungs frominfected mice (8 dpi). j, Histopathology and F4/80
immunohistochemistry (IHC). Haematoxylin and eosin (H&E)-stained sections
of paraffin-embedded lungs frominfected mice (8 dpi). Arrowheads, foamy
macrophages. F4/80 IHC shows abundant macrophage infiltrationinlungs of
mice treated withisotype control, butnot those with CoV-X2. Eachimage
representative of two separate experiments (n=3-5mice per group). Scale
bars, 20 um (insetin H&E), 50 um (H&E right, F4/801HC), 100 pm (H&E middle),
Imm (H&E, left).
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foradevelopmentand production capacity twice or more thatrequired
for single monoclonal antibodies, which is a considerable challenge
inlight of the increased demand owing to COVID-19 related vaccines
and therapeutic agents (on top of the need to maintain production of
biologics for other diseases)*.

Multispecific antibodies offer the advantages of cocktails in a sin-
gle molecule. We have shown that the CoV-X2 bispecific antibody is
more effective than the related monoclonal antibodies at inhibiting
ACE2 binding; it has a sub-nanomolar IC,, against a broader array of
viral sequences and it protect mice from SARS-CoV-2 even when C121
(its potent parental monoclonal antibody) fails owing to viral escape.
C135, the other parental monoclonal antibody, did not generate escape
mutants in our mouse experiment, but readily generated theminvitro*,
CoV-X2is expected to be more resistant to viral escape as compared to
monoclonal antibodies. We have shown that CoV-X2 binds and neutral-
izes mutants that are not recognized by its parental monoclonal anti-
bodies, as well as variants of concern that have recently been detected
inthe UK, South Africa” and Brazil*.

Unlike other multispecific antibodies®, CoV-X2 is a fully human
1gG-like molecule. As such, it is suitable for further development and
could be engineered to alter effector functions. For example, the
Fragment crystallizable (Fc) of CoV-X2 has already been modified by
introducing LALA-PG mutations® to modulate its interaction with Fc
receptor and complement without affecting its antigen-binding prop-
erties. The LALA modification prevents antibody-dependent enhance-
ment of flavivirus infection” and may be a desirable modification in
the context of SARS-CoV-2, as cellular and animal experiments with
coronaviruses (including SARS-CoV*%) support the possibility of
antibody-dependent enhancement. Other modifications (such as the
LS modification® for increased half-life) are easily achievable. Finally,
CoV-X2is human-derived and produced in the CrossMab format, which
has already shown to be safe in clinical trials®, which further supports
the possibility of future development. IgG-like bispecificantibodies are
therefore worth adding to the tools that we use to address SARS-CoV-2
and its future mutations.
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Methods

No statistical methods were used to predetermine sample size. The
experiments were notrandomized, and investigators were notblinded
to allocation during experiments and outcome assessment.

Protein expression and purification

To express SARS-CoV-2 S, a codon-optimized gene encoding resi-
dues 1-1208 (GenBank (https://www.ncbi.nlm.nih.gov/genbank/):
MN908947) with proline substitutions at residues 986 and 987,
a‘GSAS’ substitution at the furin cleavage site (residues 682-685),
aC-terminal T4 fibritin trimerization motifand a C-terminal 8x HisTag
was synthesized and cloned into the mammalian expression vector
pcDNA3.1(+) by Genscript. Codon-optimized nucleotide sequences
encoding SARS-CoV-2 RBD (residues 319-591; GenBank: MN908947)
witha C-terminal 8x HisTag was obtained from Genscript. hACE2 fused
to the Fc region of mouse IgG at the C terminus was also synthesized
and cloned into the mammalian expression vector pcDNA3.1(+). All
proteins were produced by transient PEI transfection in Expi293F cells
(ThermoFisher), purified fromthe cell supernatants 6 days after trans-
fection by HiTrap Chelating HP (Cytiva) or HiTrap Protein AHP (Cytiva),
analysed by SDS-PAGE and dynamic light scattering on a DynaPro
NanoStar (Wyatt Technology, software Dynamics v.7.1.7.16). RBD and
Strimer mutations wereintroducedin the plasmids by gene synthesis
(Genscript) and purified. All proteins underwent quality control and
biophysical characterization to ensure functionality, stability, lack of
aggregation and batch-to-batch reproducibility.

Monoclonal antibody production. Plasmids containing the coding
sequence for the production of the monoclonal antibodies C121, C135,
and C144 were prepared as previously described®. These monoclonal
antibodies were produced by transient PEI transfection in Expi293F
cells (ThermofFisher), purified from the cell supernatants 6 days after
transfection by HiTrap Protein AHP (Cytiva) and HiLoad Superdex 200
16/60 column (Cytiva).

Design, expression and purification of bispecific antibodies. Bispe-
cificantibodiesin the single-chain Fv format (CoV-scBland CoV-scB2)
were designed from the sequences of the variable regions of monoclo-
nalantibodies C144 and C135 (CoV-scB1) or C121and C135° (CoV-scB2),
following a previously described method®, N-terminal signal pep-
tides (residues1-19; UniProt (https://www.uniprot.org/): P01743) and
aC-terminal 6x HisTag were added. The constructs were synthesized
and subcloned into the mammalian expression vector pcDNA3.1(+) by
Genscript. The single-chain bispecific antibodies were produced by
transient PEl transfection in Expi293F cells (ThermoFisher), purified
fromthe cell supernatants 6 days after transfectionby HiTrap Chelating
HP (Cytiva) and HiLoad Superdex 7516/60 column (Cytiva).

Bispecificantibodies in the CrossMAb format were designed from
the sequences of the variable regions of antibodies C144 and C135
(CoV-X1) or C121 and C135° (CoV-X2). Light and heavy chain con-
stantregion sequences (UniProt P01834 and UniProt PO1857) were
added. The CrossMADbs were designed, as previously described®,
with CH1-CL crossover in the C135 moiety. Four constructs, one for
each light chain (LC(C144), LC(C121) and LC""¢(C135)) and heavy
chain (HC(C144), HC(C121) and HC*"*(C135)) were synthesized
and subcloned into the mammalian expression vector pcDNA3.1(+)
by Genscript. Signal peptides were included at the N terminus of
the variable sequences for expression purposes (residues 1-19;
UniProt P01743 for the heavy chains and residues 1-20; UniProt
P06312 for the light chains). The antibodies were produced by PEI
transient transfection, plasmid ratio 1:1:1:1, in Expi293F cells (Ther-
moFisher), purified from the cell supernatants 6 days after transfec-
tionby HiTrap Protein AHP (Cytiva), and HiLoad Superdex 200 16/60
column (Cytiva).

All antibodies underwent quality control and biophysical charac-
terization to ensure functionality, stability, lack of aggregation and
batch-to-batch reproducibility.

Computational modelling

CoV-scBland CoV-scB2 were modelled starting from the variable frag-
ment of available experimental structures of the parental antibodies
(Protein Data Bank (PDB) (https://www.rcsb.org/) identifiers: 7K8X for
C121, 7K8Z for C135 and 7K90 for C144); the connecting linkers were
manually added (Pymol); the stability and feasibility of the bispecific
constructs on the S trimer were manually and visually investigated
according to structural biology considerations.

CoV-X1and CoV-X2 were assembled starting from the experimental
structures of individual Fab antibodies in complex with SARS-CoV-2
(PDB 7K8X for C121, 7K8Z for C135 and 7K90 for C144). The Fc moiety
was manually placed in proximity to the C terminus of each Fab heavy
chain; CH1domains were then connected to the Fc using the ALMOST
toolkit™, thus obtaining the full antibody structures.

TheS trimer coordinates were obtained from available experimental
structures; loop regions not present in the structure were modelled
using the I-TASSER suite®. PDB 6VXX served as a basis for the ‘three
down’ conformation; PDB 6VYB for the ‘one RBD up’ conformation;
and PDB 7A93 for the ‘two RBD up’ conformation. Conformations
not directly available (for example, trimer with ‘three RBD up’) were
obtained by structural alignment and repetition of the appropriate
conformationinthe S monomerstructures (for example, monomeric
‘RBD up’) using the PyMol software suite**

All the combinations of S trimer (three RBD down, one up, two up
and three up)and antibodies (bispecific antibodies formed by combi-
nations of C121, C135 and C144) were subjected to 400 ns or 200 ns of
fully atomistic molecular dynamics simulations to obtain energetically
favourable and stable conformations using GROMACS®. Calculations
were performed on the CINECA-MarconilO0 supercomputer.

The system was initially set up and equilibrated through standard
molecular dynamics protocols: proteins were centred in a triclinic
box, 0.2 nm from the edge, filled with SPCE water modeland 0.15M
Na“Cl ions using the AMBER99SB-ILDN protein force field. Energy
minimization was performed to let the ions achieve a stable conforma-
tion. Temperature and pressure equilibration steps, respectively, at
310 Kand 1bar of 100 ps each were completed before performing the
fullmolecular dynamics simulations with the above-mentioned force
field. Molecular dynamicstrajectory files were analysed after removal
of periodic boundary conditions. The stability of each simulated com-
plex was verified by root mean square deviation and visual analysis.

SPR

Theantibody binding properties were analysed at 25 °C onaBiacore 8K
instrument (GE Healthcare) using 10 MM HEPES pH 7.4, 150 mM NacCl,
3mMEDTA and 0.005% Tween-20 as running buffer.

SARS-CoV-2 RBD or full S, and their mutants, were immobilized on
the surface of CMS chips (Cytiva) through standard amine coupling.
Increasing concentrations of antibody (3.12, 6.25,12.5, 25 and 50 nM)
were injected using a single-cycle kinetics setting; analyte responses
were corrected for unspecific binding and buffer responses. Curve fit-
ting and data analysis were performed with Biacore Insight Evaluation
Softwarev.2.0.15.12933.

Competition experiments were performed to assess the ability of
COV-X2to bind its target with both arms. A low amount of RBD (5nM)
wasimmobilized on the surface ofa CM5 chip through standard amine
coupling. C121 or C135 antibodies were injected at a high concentration
(L5puM) tosaturate the corresponding binding sites onthe RBD; CoV-X2
(200nM) was subsequently injected. The same experimental setting was
performed with adifferentinjection order asacontrol: COV-X2 (1.5uM)
injected to saturate RBD binding sites and subsequent injection of
CI21or C135(200 nM).
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Analysis and comparison of kinetics parameters at different RBD
concentrations were performed as following. RBD was immobilized
on the surface of a CM5 chip at 5,15, 75 and 150 nM. Increasing con-
centrations of antibody (3.12, 6.25,12.5, 25 and 50 nM) were injected
usingasingle-cyclekinetics setting; analyte responses were corrected
for unspecific binding and buffer responses. Curve fitting and data
analysis were performed with Biacore Insight Evaluation Software
v.2.0.15.12933.

Binding inhibition of hACE2

ELISAs were used to investigate the ability of antibodies to inhibit the
binding of S to hACE2. Each experiment was performed in duplicate,
reporting the mean of the two replicates; error bars represent the s.d.
of the measured values. We used 96-well ELISA plates, coated at 4 °C
with37nMS, and washed and blocked with PBS +10% FCS. Antibodies
were thenadded either at constant saturating concentration (160 nM)
or atdifferentdilutions (starting from 340 nM and serially diluted 1to
3)andincubated 1hat 25 °C; after washing, hACE2-mouse Fc was added
either at constant saturating concentration (160 nM) or at different
dilutions (starting from340nMand serially diluted1to 2) and left 1h at
25°C. After furtherwashing, bound hACE2 was detected using standard
protocols with goat anti-mouse IgG coupled to alkaline phosphatase
(dilution 1:500, SouthernBiotech). ELISA plates were measured with
thereader software GenS5version1.11.5 (BioTek Instruments). Data were
analysed with Microsoft Excel 2016 and GraphPad Prism version 8.4.2.

SARS-CoV-2 pseudotyped reporter virus and pseudotyped-virus
neutralization assay
A panel of plasmids expressing RBD-mutant SARS-CoV-2 S in the
context of pSARS-CoV-2-S,, have previously been described'*3¢. The
mutant ‘KEN’ (K417N/E484K/N501Y) was constructed in the context
ofapSARS-CoV-2-S, variantwitha mutationin the furin cleavage site
(R683G). The IC,, of these pseudotypes were compared to a wild-type
SARS-CoV-2 S sequence carrying R683G. Generation of SARS-CoV-2
pseudotyped HIV-1particles was performed as previously described*®.
The neutralization activity of the bispecific and monoclonal anti-
bodies was measured as previously reported>. In brief, fourfold seri-
ally diluted antibodies were incubated with SARS-CoV-2 pseudotyped
virus for 1 h at 37 °C. The mixture was subsequently incubated with
293T cells expressing ACE2 for 48 h; the cells were washed twice with
PBSand lysed with Luciferase Cell Culture Lysis 5x reagent (Promega).
NanoLucactivityinlysates was measured using the Nano-Glo Luciferase
Assay System (Promega) with the Modulus Il Microplate Reader User
interface (TURNER BioSystems). The obtained relative luminescence
units (which areindicative of virus presence) were normalized to those
derived from cellsinfected with SARS-CoV-2 pseudotyped virus in the
absence of antibodies. The ICs, was determined using four-parameter
nonlinear regression (GraphPad Prism).

SARS-CoV-2virus-neutralization assay

The neutralizing activity of CoV-X2 against SARS-CoV-2 wild type, B.1
(D614G), B.1.1.7, P.1 and B.1.351 was investigated by plaque-reduction
neutralization tests following a previously reported protocol®. In
brief, 50 pl of antibody, starting from a concentration of 12 pg ml™ or
190 pg ml™inaserial threefold dilution, were mixed in a flat-bottomed
tissue culture microtitre plate (COSTAR) with an equal volume of 100
median tissue culture infectious dose of infectious virus that was iso-
lated from patients with COVID-19, sequenced, titrated and incubated
at33°Cin 5% CO,. After1h,3x10*(100 pl) Vero E6 cells (VERO C1008,
Vero 76, clone 18 E6, Vero E6; ATCC CRL-1586) were added to each
well. After 3 days of incubation, cells were stained with Gram’s crystal
violet solution (Merck) plus 5% formaldehyde 40% m/v (Carlo Erba
S.p.A.) for 30 min. Microtitre plates were then washed in water. Wells
were analysed to evaluate the degree of cytopathic effect compared
to untreated control. Each experiment was performed in triplicate.

ThelC,, was determined using three-parameter nonlinear regression
(GraphPad Prism).

AAV-hACE2 vector design

Plasmid design and construction. The AAV transfer plasmid express-
inghACE 2 (AAV-hACE2) was created by replacing the GFP sequence with
ACE2 cDNA obtained from the HEK293 cell line (no. CRL-1573, ATCC,
mycoplasma-free, population doubling lower than 13) in a pAAV-GFP
plasmid (no. AAV-400, Cellbiolabs). HEK293 cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) (no. D5796, Sigma Aldrich)
supplemented with 10% FBS (no. 10082139, Gibco) and 1% penicillin-
streptomycin (no. XC-A4122100, BioSera). Cells were kept at 37 °Cunder
5% CO,atmosphere and 95% humidity.

Toobtain the hACE2 sequence, total RNA wasisolated fromaconfluent
10-cm? plate of HEK293 cells using RNeasy Mini Kit (Qiagen, no. 74104)
according to the manufacturer’s protocol and reverse-transcribed with
M-MLV Reverse Transcriptase (Promega, no.M1701). The generated cDNA
was used as atemplate for PCR amplification with a pair of primers (ACE2
forward: S’ATGTCAAGCTCTTCCTGG 3/ ACE2 reverse: S’CTAAAAGGA
GGTCTGAACATC 3') specific for hACE2 (NM_021804.3) using Phusion
High-Fidelity DNA Polymerase (NEB, no.M0530S). The PCR product was
separated inal%agarosegel (SeaKem LEAGAROSE; East Port, no.50004);
the band of appropriate size (2,418 bp) was extracted using NucleoSpin
Geland PCR Clean-up (Takara, no.740609) accordingto the manufacturer
protocol. Theextracted product was treated with DreamTaq Green DNA
Polymerase (Thermo Scientific, no. EPO711) in the presence of dATP to
add 3’Aoverhangs tothe PCR product. The productwas thensubcloned
into pGEM-T Easy Vector (Promega, no. A1360). Proper insertion of the
product was assessed by Hindlll (Thermo Scientific, no. ER0501) and
Sacl (Thermo Scientific, no. ER1132) double-digestion control. Kozak
sequence and Spel recognitionsite were added atthe 5 and 3’end of the
ACE2cDNAPCR product, respectively, by amplification with aspecific pair
of primers (hACE2_Kozak Fw:5-CAGGGGACGATGTCAAGCTCTTCCTGG
-3’,hACE2_Spe_Rv: 5-ACTAGTGATCTAAAAGGAGGT-3") using Phusion
High-Fidelity DNA Polymerase (NEB, no. M0530S). The amplified prod-
uctwasseparatedin1%agarose gel (SeaKem LE AGAROSE; East Port, no.
50004),extracted with NucleoSpin Gel and PCR Clean-up (Takara, no.
740609) according to the manufacturer’s protocol. The extracted ACE2
sequencewas PCR-amplified with a pair of primers withmicrohomology
arms (hACE2_IF_Fw:5-TTCGAACATCGATTGCAGGGGACGATGTCAAG-3’,
hACE2_Spe_IF_Rv: 5-GCGCTGCTCGAGGCAACTAGTGATCTAAAAGGAGGT
-3’) and Phusion High-Fidelity DNA Polymerase (NEB, no. M0530S), and
was subsequently purified from agarose gel with NucleoSpin Geland PCR
Clean-up (Takara, no.740609).

The GFP sequence in the pAAV-GFP control vector (no. AAV-400,
Cellbiolabs) was excised by double digestion using EcoRI (Thermo
Scientific, no. ER0271)/HindlIll (Thermo Scientific, no. ER0501)
restriction enzymes and replaced with the hACE2 sequence flanked
by microhomology arms using the In-Fusion cloning system (In-Fusion
HD Cloning Kit, Takara Bio Europe, no. 639648) according to the
manufacturer’s protocol. Proper insertion and presence of the Spel
recognition site were confirmed by double digestion using HindIll
(Thermo Scientific, no. ER0501)/Mlul (Thermo Scientific, no. ER0562)
and Spel (Thermo Scientific, no. ER1252), respectively. The gener-
ated AAV-hACE2 vector was sequenced (Eurofins Genomics) using
the following primers: CMV_Fw: 5-AAATGGGCGGTAGGCGTG-3’,
seq_hACE2 startl: S“-TGGAGATCTGAGGTCGG-3", seq_hACE2 _start2:
5-TCTTCCTCCCACAGCTCCT-3’, seq_hACE2_1: 5'-CAGTTGATT
GAAGATGTGGA-3’, seq_hACE2_2: 5-AGAAGTGGAGGTGGATG-3’,
seq_hACE2_3:5-AGAACTGAAGTTGAAAAGG-3’. The produced hACE2
sequence was 100% identical to the reference hACE2 sequence
(NM_021804.3).

Transfection of Neuro-2a cells. Neuro-2a cells (CCL-131, ATCC,
mycoplasma-free, population doubling lower than 10) used for
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validation of AAV-hACE2 function were cultured in DMEM (no. D5796,
Sigma Aldrich) supplemented with10% FBS (no. 10082139, Gibco) and
1% penicillin-streptomycin (no. XC-A4122100, BioSera) and kept at
37 °Cunder 5% CO,atmosphere and 95%humidity. Three 60-mm?’ plates
were seeded each with 4 x 10° cells and transfected the next day with
the AAV-hACE2 vector using Lipofectamine 2000 Transfection Reagent
(Invitrogen, no.11668027) according to the manufacturer’s protocol for
the 6-well plate transfection. Transfection with pAAV-GFP control vec-
tor (no. AAV-400, Cellbiolabs) and non-transfected HEK293 cells were
used as negative controls, After 48 h, cells were collected for western
blotting in RIPA buffer, supplemented with AEBSF protease inhibitor
(AppliChem, no. A1421) and cOmplete Mini Protease Inhibitor Cocktail
(Sigma Aldrich, no. 04693124001). Expression of hACE2 in Neuro-2a
cellswas compared to the non-transfected HEK293 cells.

AAV-hACE2 particle production

AAV293 cell transfection. The AAV293 cell line (Cellbiolabs, no. AAV-
100, mycoplasma-free, population doubling lower than 8) used for AAV
production was cultured in DMEM (no. D5796, Sigma Aldrich) supple-
mented with10% FBS (no.10082139, Gibco), 1% penicillin-streptomycin
(no.XC-A4122100, BioSera) and 1% NEAA (no. M7145, Sigma Aldrich).
Cells were kept at 37 °Cunder 5% CO, atmosphere and 95% humidity. A
day before transfection, 6.5 x10° cellswere seeded on 15-cm? cultivation
plates toreach 80-90% confluency on the day of transfection. Vectors
pHelper (no.340202, Cell BioLabs), AAV Rep/Cap 2/9n (no.112865, Ad-
dgene) and AAV-hACE2 were used for transfection in equimolar ratio.
The total amount of DNA (28 g per plate) diluted in 1 ml per plate of
DMEM was mixed with linear polyethylenimine hydrochloride, MW.
40000 PEI (no. 24765-1, Polysciences) in 1:2.7 ratio. After 20 min of
incubation at room temperature, the transfection mixture was added
toacultivation plate with FBS-reduced medium (DMEM supplemented
with1% FBS) ina dropwise manner. After Shofincubationat 37 °Cunder
5% CO,atmosphere, the medium was removed and replaced with fresh
complete growthmedium (DMEM supplemented with10% FBS and 1%
penicillin-streptomycin).

AAV293-hACE2 collection. Three days after transfection, both cell
medium and cells were collected for AAV particle isolation. These pro-
cedures were adapted and modified from a previous publication’s.
The medium was collected into 50-ml centrifuge tubes and cellswere
washed twice with Sml of PBS. Subsequently, cells were scraped in1ml
of PBS and centrifuged at 1,000g for 10 min at 4 °C. The supernatant
was added to the previously collected cell medium; the cell pellet was.
keptoniceduringsubsequent processing. The medium was centrifuged
at3,200g for 15minat4 °C and the supernatant was then filtered into
asterile glass bottle using 0.22-um PES membranes. PEG-8000 (no.
V3011, Promega) was added to the mediumin a glass bottleina 1:4
ratio. The mixture was stirred slowly at 4 °C for 1h and thenincubated
overnightat 4 °Cwithoutstirring to allow full virus precipitation. The
following day, the medium was centrifuged at 2,800g for 20 min at
4 °Cand the pellet resuspended in 10 ml of PBS solution with 0.001%
Pluronic F-68 non-ionic surfactant (no.24040032, Gibco) and 200 mM
NaCl (no.S5886, Sigma Aldrich) and sonicated at 50% amplitude with
4x1-s on/15-min off pulses on ice. The cell lysate was centrifuged at
3,200gfor15minat4 °C.Subsequently, 50 Uml™ of benzonase nuclease
(no. E1014-25KU, Sigma Aldrich) was added to the viral suspension to
degrade any residual DNA. After incubation for 1 h at 37 °C, the viral
suspension was centrifuged at 2,400g for 10 min at 4 °C and the clari-
fied supernatant was further purified.

AAV-hACE2 purification by iodixanol gradient ultracentrifugation.
Agradient consisting of 15% iodixanol (in1MNaCl, 2.7 mMMgCl,2mM
KClin phosphate buffer), 25% iodixanol (in 2.7 mM MgCl,, 2 mM KCl,
and 0.001% phenol red in PBS), 40% iodixanol (in 2.7 mM MgCl, and
2mMKClin PBS) and 0,002% phenolred (no. P3532, Sigma Aldrich) in

60% iodixanol (OptiPrep Density Gradient Medium, no. D1556, Sigma
Aldrich) was prepared in QuickSeal tubes according a previous pub-
lication®, Five ml of clarified viral supernatant was carefully added
on the top of the gradient and the rest of the tube was filled up with
PBS. Ultracentrifugation was carried out at 350,000g for 90 minin a
pre-cooled T70irotorat 10 °C. After ultracentrifugation, approximately
750-pl fractions were collected from the 40% iodixanol phase using an
18G needle puncturing the QuickSeal tube at the interface of the 60%
and 40% iodixanol.

AAV-hACE2 purity validation and buffer exchange. The purity of the
collected fractions from 40% iodixanol containing AAV-hACE2 particles
was assessed by SDS-PAGE. Ten pl of each collected fraction was mixed
with 3.5 pl of 4x Laemmli buffer and loaded to 4-20% Mini-PROTEAN
TGX Precast Protein Gel (no. 4561096, Bio-Rad). The gels were briefly
washed indH,0 and stained with silver according to the manufacturer’s
protocol (Pierce Silver Stain Kit, no. 10096113, Thermo Scientific).
Selected AAV-hACE2 fractions were pooled and concentrated using
Amicon Ultra-0.5 Centrifugal Filter Unit (molecular weight cut-off of
100 kDa). First, Amicon filter membranes were activated by incubation
with 0.1% pluronic F-68, 0.01% pluronic F-68 and 200 mM NaCl, followed
by 0.001% of pluronic F-68 in PBS and centrifugation at 1,900g for 5
min at 4 °C. Pooled fractions with AAV-hACE2 particles were loaded
ontoactivated Amicon filter membranes and centrifuged at 2,6 00g for
Sminat4 °C. The membranes were washed several times with 0.001%
pluronic F-68 in PBS (centrifugation at 2,600g for 8 min at 4 °C) until
the residual iodixanol was completely removed from the solution.
To elute and concentrate the viral suspension, the membranes were
covered with about 5 ml of formulation buffer and incubated for S min
atroom temperature. Amicon filters were centrifuged at 2,600g at
4 °C for approximately 1.5 min until around 0.5 ml of the formulation
buffer with AAV-hACE2 particles was left. The eluate was transferred
into sterile 1.5-ml tubes, quantified and stored at 4 °C for upto 2 weeks
for short-termin vivo application or at -80 °C for long-term storage.

AAV-hACE2 titration by qPCR. The protocol for quantification and
determination of the number of genome-containing particles of
AAV-hACE2 was adapted from a previous publication®, using qPCR.
Purified AAV-hACE2 particles were treated with DNase I (no. ENO521,
Thermo Scientific) to eliminate contaminating plasmid DNA. Serial
dilutions of a AAV-hACE2 viral suspension were used as template
in two separate reactions, one detecting viral inverted terminal re-
peat (ITR) sequences (ITR_Fw: 5-GGAACCCCTAGTGATGGAGTT-3’,
ITR_Rv: 5-CGGCCTCAGTGAGCGA-3’) and the second hACE2
(hACE2_Fw: 5-CCATTGGTCTTCTGTCACCCG-3’, hACE2_Rv:
5’-AGACCATCCACCTCCACTTCTC-3’). Data analysis was performed
usingthe LightCycler 480 Software, version 1.5. AAV concentration (the
number of viral genomes in1pl of AAV sample) was determined by com-
parison to standard curves of defined concentrations of AAV-hACE2
vector. Each qPCR run was performed in triplicate; six serial dilutions
of the AAV-hACE2 vector were used as positive controls and standards

Mouse experiments

Thisstudy was carried outinstrictaccordance with the Czech national
laws and guidelines on the use of experimental animals and protection
of animals against cruelty (Animal Welfare Act No. 246/1992 Coll.).
The protocol was 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 Departmen-
tal Expert Committee for the Approval of Projects of Experiments on
Animals of the Academy of Sciences of the Czech Republic (permits
82/2020 and 101/2020).

Application of AAV-hACE2 viral particles to mice. Thirteen-to-
fifteen-week-old C57BL/6NCrl female mice were anaesthetized by
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intraperitoneal injection of ketamine and xylazine (0.1mg per g body
weight) (Biopharm) and 0.01 mg per g (Bioveta), respectively). Viral
particles containing AAV-hACE2 were diluted to a final concentration
of 4 x 10° genome copies in 40 pl of PBS. This volume was applied to
mice by forced inhalation. The tip of the nose was gently clipped with
tweezers and the tongue gently pulled out. After the mouse started
breathing throughthe oral cavity, 40 pl of viral suspension were applied
by a200-pl pipette tip into the oral cavity and inhaled by the mouse
throughthe tracheainto the lungs.

To access whether hACE2 was expressed in lungs, lung tissue was
collected and analysed by western blot in RIPA buffer, supplemented
with AEBSF protease inhibitor (AppliChem, no. A1421) and cOmplete
Mini Protease Inhibitor Cocktail (Sigma Aldrich, no. 04693124001)
1,2 and 4 weeks after application. Expression of hACE2 in AAV-hACE2
transduced mice was compared to nontreated C57BL/6NCrl mice. His-
tone H3 antibody (cat. no.: ab1791, Abcam, lot: GR3237685-2; 1:1,000
dilution) was used as aloading control.

Mouse infection. SARS-CoV-2 (strain SARS-CoV-2/human/Czech Re-
public/951/2020, isolated fromaclinical sample at the National Institute
of Public Health, Prague), provided by J. Weber, was used for mouse
infection. The virus was passaged in Vero E6 cells five times before its
useinthisstudy.

Atleast 7 daysafter application of the AAV-hACE2 virus particles, mice
were infected intranasally with SARS-CoV-2 (1 x 10* plaque-forming
units) in a total volume of 50 pl DMEM. Mice were monitored and
weighted daily over an eight-day period. Treated mice were injected
intraperitoneally with either 150 pg of antibodies 24 h before the infec-
tionor250 pg 12 hafterinfection. Mice were killed at the indicated times
after infection and their tissues collected for analysis.

Measurement of the viral burden. Tissues were weighed and homog-
enized using Precellys 24 (Bertin Technologies) and prepared as 20%
(w/v) suspension in DMEM containing 10% newborn calf serum. The
homogenates were clarified by centrifugation at 5,000g and the su-
pernatant medium was used for plaque assay and viral RNA isolation.

Plaque assays were performed in Vero E6 cells (ATCC CRL-1586;
mycoplasma-free) grown at 37 °C and 5% CO, in DMEM (no.
LM-D1112/500, Biosera) supplemented with10% FBS (no. FB-1001G/500;
Biosera), and 100 U mlI™ penicillin, 100 pg ml™ streptomycin (Anti-
biotic Antimycotic Solution; no. A5955; Sigma), and 1% L-glutamine
(no. XC-T1755/100; Biosera) using a modified version of a previously
published protocol*. In brief, serial dilutions of virus were prepared in
24-well tissue culture plates and cells were added to each well (0.6 x 10°-
1.5x10°cells per well). After 4 h, the suspension was overlaid with 1.5%
(w/v) carboxymethylcellulose (no. C4888; Sigma) in DMEM. Follow-
ing a 5-day incubation at 37 °C and 5% CO,, plates were washed with
phosphate-buffered saline and the cellmonolayers were stained with
naphthol blue black (no.195243; Sigma). The virus titre was expressed
as plaque-forming units per ml.

RNA was isolated from tissue homogenates using the QIAmp Viral
RNA minikit (no.52906; Qiagen) following manufacturer’sinstructions.

Viral RNA was quantified using EliGene COVID19 Basic a RT (no.
90077-RT-A; Elisabeth Pharmacon) according to the manufacturer’s
protocol. A calibration curve was constructed from four dilutions of
asample that was quantified using Quanty COVID-19 kit (no. RT-25;
Clonit), according to the recommendations from the manufacturer.
All real-time PCR reactions were performed using a LightCycler 480
(Roche).

For sequencing, isolated RNA was used as a template for one-step
RT-PCR (Qiagen OneStep RT-PCR Kit; no. 210212; Qiagen) with
primers specific for SARS-CoV-2 RBD sequence (SARS-CoV-2_seq_
FW: 5-GCACTTGACCCTCTCTCAGAAAC-3"; SARS-CoV-2_seq_RV:
5"-GACTCAGTAAGAACACCTGTGCC-3"). The reaction mixture (final
volume 25 pl) contained 5 pul of QIAGEN OneStep RT-PCR buffer, 1 pl of

dNTP mix, Spl of 5% Q-solution, 1 pul of QIAGEN OneStep RT-PCR enzyme
mix, 6 pl of RNase-free water, 1.5 pl of each primer (stock concentra-
tion, 0.01mM) and 4 pl of template RNA. The cycling conditions were
as follows: reverse transcription (30 minat 50 °C), initial PCRactivation
(15minat 95 °C), 3-step cycling: 40 cycles of 94 °C for 30’5, 52.6 °C for
30s,and 72 °Cfor 1min, followed by final extension (10minat 72 °C). The
PCRproducts werevisualized in al.7% agarose gelin Tris-acetate-EDTA
buffer. The amplified DNA was purified by using Wizard SV Gel and
PCR Clean-Up System (no. A9285; Promega), according to the recom-
mendations of the manufacturer.

The purified DNA was prepared for sequencing (Sanger method) bya
commercial service (Eurofins Genomics) with the following conditions
(final volume 17 pl): 15 ul of PCR product with aconcentration of Sng ul™
and 2 pl of primerwitha concentration of 10 uM. The sequencing data
were analysed using BioEdit Sequence Alignment Editor, version 7.2.0.

Histology and immunohistochemistry. Lungs were fixed in 4% PFA.
Tissues were processed using a Leica ASP6025 automatic vacuum tis-
sue processor and embedded in paraffin using a Leica EG1150 H+C
embedding station. Two-pum sections were prepared using a Leica
RM2255 rotary microtome and sections were stained with H&E using
LeicaST5020 + CV5030 stainer and coverslipper.

To assess the presence of macrophages, a rabbit anti-mouse F4/80
monoclonal antibody (D2S9R XP* rabbit monoclonal antibody, cat. no.
70076, Cell Signaling Technology, lot 5, RRID AB_2799771) was used at
1:800 dilution as primary antibody. The histological sections (thick-
ness4-5pum) were deparaffinized inaMultistainer Leica ST5020 (Leica
Biosystems). Antigens were retrieved by heating the slides in citrate
buffer pH 6 (Zytomed Systems). Endogenous peroxidase was neutral-
ized with 3% H,0,. Sections were incubated for Lhatroom temperature
withal:800dilution of the primary antibody. After washing they were
incubated with anti-rabbit secondary antibody conjugated with HRP
(Zytomed, cat. no. ZUC 032-100, lot AO880-4; no dilution). Staining
of the sections was developed with a diaminobenzidine substrate kit
(DAKO, Agilent) and sections were counterstained with Harris haema-
toxylin (Sigma Aldrich, Merck) in a Multistainer Leica.

Biosafety statement

All work with infectious SARS-CoV-2 was performed in biosafety level
3facilities at the Institute of Parasitology, Biology Centre of the Czech
Academy of Science (Ceske Budejovice) and Veterinary Research Insti-
tute (Brno) using appropriate powered air-purifying, positive pressure
respirators and protective equipment.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

The data that support the findings of this study are available within
the Article and its Supplementary Information. Any other data are
available from the corresponding author upon reasonable request.
Published data were taken from GenBank (https:/www.ncbi.nlm.nih.
gov/genbank/), UniProt (https://www.uniprot.org/), PDB (https://www.
rcsb.org/) and the ViPR database (https://www.viprbrc.org/). Source
dataare provided with this paper.
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Extended DataFig.1|Neutralization of SARS-CoV-2 pseudovirus by
bispecific antibodies. a, Schematic of the four bispecific antibodies; two in
anscFvformatand twoinalgG-like CrossMAb format with knob-in-hole.
The parental monoclonal antibodies that form the bispecificantibodies are
colour-coded: blue, C135; orange, C144; green, C121; and purple, Fcregion.
b, All four constructs neutralize SARS-CoV-2 pseudovirus in vitro at
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CoV-X2, CoV-scBland CoV-scB2, respectively. Normalized relative
luminescence values (whichcorrelate toinfection) are reported versus
antibody concentration, as previously detailed". Mean of two replicates from
onerepresentative experimentisshown.
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conformationsontheS trimer.a-d, Molecular dynamics simulations of the
complex between the CoV-X2 bispecific antibody and S trimers withRBD in
either all down, all up or mixed up/down conformations show that CoV-X2 can
engage asingle RBD with botharms (a, b), two adjacent RBDs inthe down
conformation (c) and two RBDs in the up and down conformation (b, d). The
complexes were subjected toup to 400 ns of fully atomistic molecular
dynamics simulationsto assess feasibility and stability of the bound
conformations. Root-mean-squared deviations (r.m.s.d.) values are shown to
indicate structural stability. Strimerisin shades of grey, RBDs in yellow (down
conformation) and orange (up), the C121and C135 moieties of CoV-X2 arein
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greenandblue, respectively. e, Schematic of the computationally predicted
binding modes of CoV-X2,C1211gG and C1351gG onthe S trimer, coloured asin
a-d.Antibodies are represented by connected circles; ACE2isinred on the
RBDifit can bind directly to a given conformation; and an arrow points to the
RBDif ACE2 bindingisachieved after an allowed switch to the up conformation.
Forexample, in the three-up conformation (left), CoV-X2 canengageall the
RBDs with bivalent binding, whereas C121and C135can achieve only
monovalentbinding. C135binding does not prevent interaction withACE2. The
situation is similarin the other S conformations (two-up and one-down,
two-down and one-up, and three-down); only the bispecificantibody achieves
bivalentinteraction and prevents ACE2 accessinall conformations.
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Extended DataFig. 7| Generation of the AAV-hACE2-transduced mouse
modelof COVID-19. a, Diagram of the AAV-hACE2 plasmid and corresponding
AAV vector. b, Western blot analysis detecting hACE2 expression in the lungs of
onenon-transduced control mouse (ctrl) and 12 mice transduced with two
doses of AAV-hACE2 viral particles (5 x 10 or 1 x 10" genome copies (GC)). Lung
tissue was collected 1, 2 or 4 weeks (w) after transduction. Histone H3 was used
as control for quantification (bottom). Quantitative analysis represents
normalized data frommembrane images (top), and was performed using
Image). Representative data from two independentexperiments are shown.

¢, Preparation of concentrated AAV-hACE2. AAV-hACE2 plasmid was co-
transfected with pHelper and AAVRep/Cap 2/9n vectors into 293AAV cells
(Methods). Toincrease viral titres, viral particles frombothcell lysate and
PEG-precipitated growth medium were ultracentrifuged in a discontinuous
iodixanolgradient. The silver-stained SDS-PAGE gel shows 14 consecutive
fractions: fractions 1-9 represent enriched AAV fractions used for
experiments, and fractions10-14 are contaminated with proteinaceous cell
debris.lodixanol was chosenas a density gradient medium owing toits low

toxicityinvivo and its easy removal by ultrafiltration. M, protein marker; *AAV
capsid proteins VP1, VP2, and VP3. Representative data from two independent
experimentsare shown. d, The amount of AAV particles was estimated by
RT-gPCR.The number of genome copies expressed as log was calculated from
astandard curve. Fromone 15-cm? dish, 75 pl with 2.0 x 10 genome copies per
mlwere prepared, which issufficient for hRACE2 humanization of 37 mice.
€,Kinetic of lung histopathology in SARS-CoV-2-infected ACE2-humanized
mice. H&E-stained sections showed inflammatory infiltrates composed of
lymphocytes, macrophages, neutrophils and fibroblasts replacing the alveoli.
Thesize of the affected areasincreased over time (areaof diffuse alveolar
damage: control <5-10%, 2 dpi <10-30%, 5 dpi 20-80% and 8 dpi 50-90%).
Alveolarseptawere thickened inareas that were close toinfiltrates. In samples
collected at 5and 8 dpi, anincreased number of activated macrophages with
foamy cytoplasm (black arrowheads) was seen. AAV-hACE2-transduced,
SARS-CoV-2-uninfected mice were used as control and showed nonoticeable
pathology. Eachimage is representative of two separate experiments (n=3 to
Smicepergroup).
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Extended Data Table 1| Summary of the P values for the mouse protection experiment

| c121 | C135 | Cov-x2 | Isotype control
c121 - P<0.0001 P<0.0001 P<0.01
€135/ P<0.0001 - P>0.05 P<0.0001
CoV-X2| P<0.0001 P>0.05 - P<0.0001
Isotype control P<0.01 P<0.0001 P<0.0001 -

Statistical comparison of body weight differences in mice treated with the individual monoclonal antibodies (C121 or C135), the CoV-X2

bispegcific antibody or isotype control at 8 dpi (data shown in Fig. 2e). P values were determined with a one-way analysis of variance (ANOVA).

Comparison of the entire curves (Fig. 2e) by the one-sample Wilcoxon test or by ANOVA followed by Turkey-Kramer post test reveals that
the isotype-control-treated group is statistically different from any one of the other groups (CoV-X2, P= 0.0159; C135, P =0.0043; and C121,
P=0.0010)
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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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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV2) is a positive-sense-single
stranded RNA virus and the cause of the coronavirus disease 2019 (COVID-19). The World
Health Organisation has confirmed over 250 million cases with over 5.1 million deaths as a
result of this pandemic since December 2019. A global outbreak of such intensity and
perseverance is due to the novelty of SARS-CoV2 virus, meaning humans lack any pre-
existing immunity to the virus. Humanised animal models, from rodents to primates,
simulating SARS-CoV2 transmission, cell entry and immune defence in humans have
already been crucial to boost understanding of its molecular mechanisms of infection,
reveal at-risk populations, and study the pathophysiology in vivo. Focus is now turning
towards using this knowledge to create effective vaccines and therapeutic agents, as well
as optimise their safety for translatable use in humans. SARS-CoV2 possesses remarkable
adaptability and rapid mutagenic capabilities thus exploiting innovative animal models wil
be pivotal to outmanoceuvre it during this pandemic. In this review, we summarise all
generated SARS-CoV2-related animal models to date, evaluate their suitability for COVID-
19 research, and address the current and future state of the importance of animal models
in this field.

Keywords: COVID-19, mouse, model, SARS-CoV2, sensitised, humanized, mice

1 COVID-19 ORIGIN AND SARS-COV2 TRANSMISSION

A pandemic is defined as a disease that is prevalent in an entire country or the world, and thus is
undoubtedly the correct term for the coronavirus disease 2019 (COVID-19) outbreak. COVID-19 is
caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV2) which has been pinpointed
to have originated from Wuhan, China in December 2019 and has since then spread over all continents
including Antarctica (Triggle et al, 2021). Before the COVID-19 outburst there were already two
identified and relatively well-known human coronaviruses causing severe respiratory pneumonia namely,
SARS-CoV and MERS-CoV. They both originate from bats but spilled over to intermediate hosts namely,
civets and dromedary camels, respectively. The origin of SARS-CoV?2 is also suggested, based on its
sequence similarity to the SARS-CoV, to have originated from bats and later spilled over to an animal
reservoir, however it is not yet confirmed (Forni et al., 2017). Bats are and continue to be a copious source
for novel viral sequences (Jiang et al., 2022). The bat species are among one of the oldest mammals and
they exhibit great diversity and are widely spread across the globe (X. M. Zhang et al., 1992). Cross-species
mixing between different kinds of bats has facilitated a maintenance of less discriminatory viruses capable
of infecting a broader variety of hosts. Bats are thus a carrier of a pool of viruses able to perform inter-
species transmission, which has been a reason for concern long before the COVID-19 outbreak (Calisher
etal, 2006). SARS-CoV?2 is a pneumotropic virus that mainly spreads through respiratory secretions like
coughing and sneezing. The transmission may also occur via contaminated surfaces where the virus can
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FIGURE 1| ACE2-mediated entry of SARS-COV2 into a cell (A) The SARS-CoV2 virion consists of structural proteins, namely spike (S), envelope (E), membrane
(M), nucleocapsid (N) The positive-sense, single-stranded RNA genome (+ssRNA) is bound by N in a beads-on-a-string formation. (B) SARS-CoV2 binds to the cell via S
interaction with the host's ACE2 receptor. Entry to the host cell either goes through receptor-mediated endocytosis where fusion is potentiated by the cleavage of S2 by
Cathepsin L or by cell surface fusion via the TMPRSS2 serine protease. Following fusion, the virion is unceated and the viral genome released. Created with
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survive up to 6 days, making preventive measures such as surface
disinfection, hand hygiene and masks important in combating
transmission (Leclerc et al., 2020).

Once infected, COVID-19 manifests in a large variety of
symptoms however, the most common ones include fever, sore
throat, fatigue, cough, dyspnoea and immune system
dysregulation, often ending with cytokine storm (Ragab et al.,
2020). SARS-CoV2 is not only capable of affecting the respiratory
system by pulmonary infiltration and inflammation but can
spread to multiple organ systems. For the majority of people
the disease symptoms are mild and the infection runs its course
without any medical intervention but for approximately 5-10%, it
severely affects the fitness of the individual and for another 2% it
has a mortal outcome (Gavriatopoulou et al., 2021).

The SARS-CoV2 consists of approximately 29.9kB of single-
stranded, non-segmented, positive-sense RNA.(Triggle et al,
2021). The genome is composed by 13-15 open reading
frames largely resembling the make-up of MERS-CoV and
SARS-CoV. The genome contains 11 protein coding genes
with ultimate expression of 12 expressed proteins (Lu et al., 2020).

Structurally, it consists of four proteins namely, spike (S),
envelope (E), membrane (M) and nucleocapsid (N) (Figure 1A).
These proteins play important parts in entry, fusion and
replication in the host cells. The non-structural have roles
imperative to viral pathogenesis by regulating early
transcription, helicase activity, gene transactivation and
countering antiviral response (J Alsaadi and Jones, 2019; Tang
et al., 2020).
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The spike glycoprotein plays a pivotal role in the pathogenesis of
SARS-CoV2 as it pivotal for the entry into the host cell. It is
assembled as a homotrimer and inserted in multiple copies into
the virus membrane, giving the virus a crown-like appearance, thus
its name coronavirus (Jackson et al, 2022). It consists of two
functional subunits, S1 and S2, that both part take in the entry of
the virus. The S1 subunit has a receptor-binding domain (RBD) and
is responsible for anchoring the host cell upon binding between the
RBD and the human angiotensin-converting enzyme 2 (hACE2),
thus stabilizing the virus (Ioffmann et al., 2020). Once the RBD
region of the S1 subunit binds to the hACE2, the virus enters the
host’s endosomes via ligand-mediated endocytosis or membrane-
fusion. Once bound to the ACE2, the S protein undergoes
conformational changes, which are important to therapeutically
limit its infection cycle (Wrapp et al, 2020). Although several
mutations have been found in the RBD of the S1 subunit, its
affinity to and interaction with the hACE2 is preserved in most
species however not in mouse (Chan et al., 2020; Wrapp et al, 2020).
The S2 subunit functions as a fusion protein between the virus and
the host cell membrane. The S$2 exhibit three different
conformational changes during the process namely, i) native state
before fusion, ii) intermediate state and iii) post fusion hairpin state
(Qing and Gallagher, 2020; Walls et al., 2020). Finally the S protein is
cleaved either by the host cell surface serine protease TMPRSS or by
host’s Cathepsin L in the endosomal compartment at the S2'
cleavage site (Figure 1B; Simmons et al, 2005). The cleavage
releases a fusion peptide, which initiates the fusion pore
formation. Once the pore expands and the cell membranes of
both the virion and the host are combined, the viral genome can
be released in to the cytoplasm. The cell membrane or endosomal
fusion, represent the two different modes of entry for the viral
genome to be released.

The N protein, composed by two separate domains, is present
in the nucleocapsid complex that tightly binds the RNA genome
of the virus. Both the N-terminal and C-terminal domain can
bind to RNA but is more efficient when both bind simultaneously
(Chang et al,, 2006). The N protein bind the viral RNA genome in
a beads-on-a-string conformation. The ribonucleotide protein
(RNP) complex is subsequently packaged in to viral particles
enveloped by a fatty lipid bi-layer (Fehr and Perlman, 2015).

The envelope protein is a relatively small protein that plays a
substantial role in viral assembly. The protein assemble in to the
host membrane forming protein-lipid pores referred to as
viroporins. The envelope protein is highly conserved between
SARS-CoV and SARS-CoV2 (Fehr and Perlman, 2015).

SARS-CoV2’s membrane protein is the most abundant
structural protein and is a transmembrane with a short NH2
terminal on the outside and a long cytoplasmic COOH terminus.
Completion of viral assembly is potentiated partly by the binding
between M proteins and N proteins leading to a stabilization of
the N-Protein and RNA complex internally (Thomas, 2020).

2INFECTION ROUTE AND ACE2 FUNCTION

The primary route of entry for the SARS-CoV2 is the upper
respiratory tract. The virus gains access to the host cells by

binding to the ACE2 receptors and subsequently introduced in
to the cytoplasm via receptor-mediated endocytosis. The virus
particles then goes through uncoating. The RNA and proteins
needed for translation are released followed by transcription and
assembly, finally the viral loads are shed thus completing the viral
replication cycle (Jiang et al., 2020). As the virus sheds, the newly
replicated and released particles bind upon another host cell and
the cycle starts again. The ACE2 receptor is a carboxypeptidase
consisting of 805 amino acids that removes a single amino acid
from the C terminus of its substrates (Turner and Hooper, 2002).
The ACE2 receptors are expressed in alveolar epithelial cells and
capillary endothelial cells that are abundant in organs such as the
lungs, kidneys, brain and gut hence explaining the multisystem
infection found in a substantial amount of patients (Samavati and
Uhal, 2020). The physiological role of ACE2 in humans is to
convert angiotensin I and II to angiotensin 1-9 and angiotensin
1-7, respectively. This is one of the steps making up the Renin
Angiotensin Aldosterone System (RAAS) a system, which
functions to elevate blood volume and arterial tone via sodium
and water reabsorption and vascular tone (Nehme et al., 2019).
Infection results in a decrease of physiologically available ACE2
receptors thus disrupts the RAAS system, leading to potential
downstream complications such as inflammation and circulatory
dysfunction (Guo et al., 2020).

3 TRANSLATIONAL STUDIES:
IMPORTANCE OF MOUSE MODELS

Since the start of the COVID-19 pandemic, we have gained
substantial knowledge about the SARS-CoV2 virus in terms of
its genetic make-up, transmission, infection and pathogenesis.
This allows us to develop therapeutic agents to combat it.
However, to perform scientifically sound and reliable research
it is of the utmost importance to work with an appropriate
model organism for in vivo study. The laboratory mouse is the
most used animal in medical research as they are inexpensive,
easy to handle, are genetically very similar to humans and can
be genetically modified relatively easy (Sellers. 2017). They are
often present as inbred strains, making it a highly controlled
system, which is desirable in medical research. The mouse as
an organism for translational research in COVID-19 medical
research is however not well suited for COVID-19 as the ACE2
receptor of the mouse is not efficiently bound by the SARS-
CoV2 virus, thus rendering the mouse immune to severe
infection. This seemingly huge barrier has been surpassed
by the generation of various modified mouse models
capable of infection (Jia et al., 2020), as exemplified in the
text below.

The COVID-19 outbreak pointed out a desperate need for
relevant animal models for SARS-CoV2 research. As mentioned
above wild type mouse cells and tissues are not very susceptible to
SARS-CoV2 due to lack of human ACE2 specifically. Basically,
mouse Ace2 does not bind the virus efficiently enough to mediate
cell entry. To overcome this obstacle and study COVID-19 in
mouse models, researchers have developed several approaches
such as “murinisation” of SARS-CoV2 (Dinnon et al., 2020; Gu
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TABLE 1 | Overview of COVID-19 mouse models and their characteristics.

Transgenic Promoter/tissue

mouse model/background

Krt18-hACE2 (C57BL/6 Epithelial cell cytokeratin-18 promoter,

epithelial cells

HFH4-hAGE2 (G3H, C57BL/6)

lung (also detected in brain, liver, kidney
and gut)

pCAGGS-hACE2 (C57BL/6 or BALB/c)  Cytomegalovirus enhancer with chicken g-

actin promoter/universal expression

Ace2-hACE2 Ace2-hACE2-IRES-

tdTomato (ICR,C57BI/6 intestine, brain, heart, kidney

hACE2(LoxP-STOP) (C57BI/6J)

hACE2-IRES-eGFP cassette

Rosa26-chACE2 (C57BI/EN)
actin promoter/conditioned expression

Sensitised mouse models Promoter/tissue

AdV-hACE2/AdV-hACE2-GFP (BALB/c;  Cytomegalovirus promoter, lung
C57BL/6J; Rag1™~ C57BL/6, Stat17/~
C57BL/6; DBA/2J; AG129)

AAV-hACEZ (C57BL/6J,B6(Cg)
Ifnar1tm1.2Ees/J(fnar1™"); C57BL/6NCr

Cytomegalovirus promoter/lung”

Lenti-hACE2 (C57BL/6J, IFNAR-/-) Elongation factor 1 alpha promoter/lung

et al., 2020) or humanisation of mouse models (McCray et al,
2007; Tseng et al, 2007; Menachery et al., 2016). Alternatively
they used different animal models which are sensitive to known
SARS-CoV2 variants, such as hamsters, ferrets or non-human
primates (Enkirch and von Messling, 2015; Finch et al., 2020;
Munster et al., 2020; Rockx et al., 2020; Gruber et al., 2021).

Several transgenic mouse models have been developed and
used in COVID-19 research to overcome limits of mouse Ace2
and generate inexpensive models with high-throughput study
potential. The models are based on ubiquitous or cell/tissue
specific expression of human ACE2, a protein well-known for
its importance in SARS-CoV2 entry in the cell.

3.1 K18-hACE2 Model

This mouse model expresses hACE2 under control of the
epithelial cell cytokeratin-18 promoter, expressed in subset of
epithelial cells (Table 1). Even though the model has been
generated to study SARS-CoV during 2003 epidemics, it
remains relevant for SARS-CoV2 research too (McCray et al.,

HFH4/FOXJ1 - lung ciliated epithelial cell-
specific promoter, predominantly expressed in ~ severe interstitial pneumonia/lethal et al

Murine angiotensin converting enzyme 2/

Cytomegalovirus enhancer with chicken g-

actin promoter/conditioned expression of

Cytomegalovirus enhancer with chicken g-

SARS-CoV2 dose/Most affected
tissues/Symptoms/Lethality (intranasal
route-IN,
intravascular-1V)

References

2.5x 10 PFU (IN)/lung, kidney, brain, heart, ~McCrz
spleen/severe interstitial pneumonia/lethal e (202¢

3 x 10* TCIDsp (IN)/lung, heart, eye, brain/

2 % 10° or 10° TCIDso (IN) of SARS-CoV/ Tser
lungs, brain/acute wasting syndrome/lethal

10° TCIDsp (IN)Aung, intestine, brain/
moderate interstitial pneumonia/non-lethal

4.5 1g FFU (INVlung, brain/dramatic weight ~ Sruter et al (2021, [
loss and rapid mortality/lethal (ubiquitous et al. (20
expression)

2 x 10° PFU (INYnot characterized/weight
loss and rapid mortality/lethal (Ubiquitous
expression)
SARS-CoV2 dose/Most affected
tissues/Symptoms/Lethality (intranasal
route-IN, intravascular-IV)

10° FFU (IN); 10° PFU(IN, M/ung, heart,

< brain, liver, spleen/weight loss/non-lethal

References

3 x 107 PFU/mI (IN); 1 x 10* PFU (INYlung
(other organs nat characterized)/weight loss/
non-lethal ("note: Localization of AAV-hACE2
expression is dependent on route of AAV
application and used AAV serotype.)

2 x 10° pfu (IN); 10° CCIDsq per mouse (IN)/
lung (inflammatory response)/mild symptoms
of the COVID-19 disease, weight loss/non-
lethal

2007). K18-hACE2 model is susceptible to both strains of SARS-
CoV, one and 2. In the context of COVID-19 research, the model
responds to the infection by progressive weight loss, high viral
titres in the lung at the beginning of infection, and with
progressing infection increasing viral titres in the brain and
gut. Other less severely affected organs are heart, kidney and
spleen (Figure 2). (McCray et al., 2007; Rathnasinghe et al., 2020).

3.2 HFH4-hACE2 Model

The model expresses hACE2 under lung ciliated epithelial cell-
specific promoter (HFH4/FOXJ1), which was supposed to drive
lung-specific hACE2  expression. ~ However,  detailed
characterization of the model revealed a moderate hACE2
expression in other tissues such as the brain, eye, heart, liver,
kidney and gut (Figure 2). The model is highly responsive to
SARS-CoV?2 infection with main replication of the virus in lungs,
eyes, heart and brain accompanied with severe symptoms such as
interstitial pneumonia sometimes succumbed to lethal
encephalitis (Table 1) (Menachery et al, 2016; Jiang et al., 2020).
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FIGURE 2 | Detected SARS-CoV2 replication in COVID-19 mouse
models. The organs where viral replication has been detected in specific
COVID mouse models are depicted schematically. Created with
Biorender.com,

3.3 pCAGG-hACE2 Model

A model generated with multiple random integrations of pCAG-
hACE2 cassette throughout the genome. Cytomegalovirus
enhancer with chicken pB-actin promoter (CAG) allows
ubiquitous and constant expression of hACE2 in all tissues but
mainly in lung, brain, heart and kidney (Table 1). This model is
highly susceptible to SARS-CoV1 and 2 after intranasal
application. The infection starts with initial exponential
growth of viral titre in lungs and continues with gradual
transmission to the brain. Slight presence of the virus was also
observed in heart, kidney, spleen and small intestine (Figure 2).
Of note, the lethal titre of the virus for the pPCAGG-hACE2 model
(2 x 10% to 2 x 10* TCIDs,) is lower than in case of K18-hACE2
model (10* to 10° TCIDs,) This fact might be connected to
multiple insertion of pPCAGG-hACE2 cassette in the genome in
combination with ubiquitous and strong expression of hACE2
(Tseng et al., 2007; Asaka et al,, 2021).

3.4 Ace2-hACE2 Model

Two major Ace2-hACE2 models have been generated to more
closely mimic expression pattern of Ace2. The first model by was
generated by random integration of a hACE2 ¢DNA under
control of Ace2 promoter (Yang X. . et al, 2007). The model
indeed recapitulates endogenous expression of Ace2 in tissues
such as lung, kidney, heart and intestines; the model is responsive
to SARS-CoV2 infection with the major impact on lung tissue
(Bao et al., 2020b).

The second Ace2-hACE2 model, generated by Sun S.-H. et al
(2020), is based on replacement of Ace2 coding sequence with
hACE2 and tdTomato cDNA (Table 1). Therefore, the
expression of transgenic cassette hACE2-IRES-tdTomato is

o

under control of endogenous Ace2 promoter and present only
in one or two copies depending on zygosity. Despite the lack of
clinical symptoms or elevated mortality, this model responds to
SARS-CoV?2 infection by interstitial pneumonia of distinct scale
depending on age. Sun’s group also points out different
abundance of hACE2 throughout-tissues in human (kidney,
heart, oesophagus, bladder, ileum) and hACE2 in their model
(liver, spleen, small intestine, ovary, and brain), however without
further explanation. Furthermore, the group identified brain,
lung and trachea as the main tissues of SARS-CoV2
replication (Figure 2; Sun S.-H. et al., 2020).

3.5 hACE2(LoxP-STOP) Model

hACE2 (LoxP-STOP) also termed TgCAGLoxPStopACE2GFP is
a model generated by random integration of a loxP-CRE
dependent cassette under the CAG promoter (Table 1). In the
presence of Cre recombinase, the STOP cassette is removed and
expression of hACE2 ¢cDNA and eGFP is turned on. This model
allows for conditioned, tissue-specific and traceable expression of
hACE2-IRES-GFP transgene (Bruter et al, 2021). Dolskiy and
collective have tested two inducible and ubiquitously expressed
Cre-ERT2 drivers (UBC-ACE2 and Rosa26-ACE2) to promote
conditioned hACE2 expression. In this case, the most severely
affected organs were lung and brain (Figure 2). Their results
further suggested that severity and infection progress is
dependent on the particular Cre driver, more specifically on
its expression potency. Furthermore, relatively recent changes
in renin-angiotensin system due to hACE2 overexpression can be
another factor influencing response to the infection (Dolskiy
et al,, 2022).

3.6 Rosa26-chACE2

A model similar to the previous one, but a CAG-LoxP-STOP-
LoxP-hACE?2 cassette is inserted in Rosa26 locus in a site-specific
manner (Table 1). Therefore, transgene copy number depends on
zygosity. The model has not been validated yet through SARS-
CoV2 infection. It is available at Czech Centre for
Phenogenomics and will be soon available via European
Mouse Mutant Archive (EMMA) (Czech Centre for
Phenogenomics, 2021).

Of note, transgenic models have an important role in SARS-
CoV2 research. However, their ectopic expression of ACE2
protein, specifically in case of K18-hACE2, HFH4-hACE2, and
pCAGG-hACE2 models may lead to different response,
development and impact of the infection. This fact to some
extend limits translatability of gathered data to clinical practise
(Shou et al,, 2021). Therefore, ACE2 under control of endogenous
Ace2 promoter or conditional expression might provide more
precise understanding of systemic or tissue-specific importance of
ACE2 in the context of COVID-19.

3.7 Sensitised Mouse Models

In order to circumvent the desperate need for COVID-19 mouse
models in the peak of pandemics, researchers focused on
development of alternative SARS-CoV2- sensitive mouse
models. Paradoxically, a rapid generation of such models was
mediated by viruses. Inhalation or intranasal application of a viral
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vector carrying hACE2 gene under strong promoter may lead to
humanisation of upper and lower respiratory tracts. This
approach allows fast, affordable and versatile generation of a
sensitive model in various mouse strains and genetic
backgrounds. It has been shown that the most suitable viral
vectors for rapid humanisation happen to be adeno-associated
virus, adenovirus, and lentivirus.

3.8 AAV-hACE2

Two independent groups have used Adeno-Associated vector of
serotype 9 to deliver a cassette with hACE2 under control of CMV
to the lung (Table 1; Israclow et al. (2020) have used
commercially available AAV-CMV-hACE2 plasmid for AAV
production and applied the vector virus via injection into the
trachea. The De Gasparo’s group assembled the AAV-CMV-
hACE2 plasmid by subcloning hACE2 c¢DNA isolated form
HEK293 cells and the vector was administered with forced
inhalation into the lung and upper respiratory system. Both
groups  confirmed  functionality = of  AAV-mediated
humanisation where treated mice became susceptible to SARS-
CoV2 infection accompanied with progressive inflammatory
immune response in lung (Figure 1; Israclow et al., 2020; De
Gasparo et al., 2021). In addition to establishing a new sensitized
model, Israelow and collective focused on deciphering the role of
type [ interferon during SARS-CoV2 infection. Whereas, De
Gasparo and collective tested bispecific antibodies that reduced
SARS-CoV2 infection and weight loss associated with ongoing
virus infection. Humanisation with AAV offers rapid, adaptable
mouse model with long-term transgene expression and low
immunogenicity which is crucial for immunological studies
(De Gasparo et al., 2021; Kovacech et al,, 2022).

3.9 AdV-hACE2

Replication defective Adenovirus encoding hACE2 (AdV-
hACE2) was used to humanise several mouse strains in order
to overcome unavailability of transgenic models (Table 1). The
vector is delivered intranasally and it is capable to sensitise lung
tissue for SARS-CoV2 entry and replication. In other organs, low
levels of SARS-CoV2 replication was also identified, such as heart,
spleen, brain and liver (Figure 2). Sensitised models suffer from
weight loss, develop lung pathologies and respond positively to
treatment with neutralising antibodies. However, the model has
limitations in the form of bronchial inflammation associated with
AdV delivery (Hassan et al., 2020).

3.10 Lenti-hACE2

Lentiviral vectors can be also used for sensitising a mouse to
SARS-CoV2. Two independent publications describe utility of a
lentiviral vector encoding hACE2 and its ability to avoid
significant immune response in lung tissue before SARS-CoV2
exposure (Table 1). The advantage of lentiviral systems is their
integrative character, with possibly stable long-term expression
allowing re-infection studies in the sensitised mice. Both
publications emphasize the role of IFNARIL depletion and its
impact on SARS-CoV2 progression in sensitised models.
However, the collectives also point out the presence of mild
COVID-19 symptoms in the models, probably due to relatively

low expression of hACE2 by lentivirus (Rawle et al., 2021;
Katzman et al., 2022),

Transgenic mouse models, expressing hACE2, represent
convenient systems for large-scale, rapid (compared to other
animal models), and relatively inexpensive SARS-CoV2
research. However, their availability during pandemics has
been limited and their expansion in larger cohorts is time-
consuming and expensive. Furthermore, distinct transgenic
models differ in their response to infection, some suffer from
lethal neuroinvasion, some show only mild symptoms. In general,
variability of these models is significant, and no universal
transgenic model has been established yet (Vang XH. et al.,

2007; Yang XH. et al,, 2007; McCray et al., 2007; Tseng et al,
2007; Menachery et al,, 2016; Jiang et al., 2020; Sun J. et al. (2020)
Bruter et al., 2021; Dolskiy et al., 2022).

In contrast with transgenic models stand virus-sensitised
models, which can be generated on wide variety of genetic
backgrounds and genotypes in relatively large scale and short-
time. Sensitised models often do not develop severe disease
mainly due to absence of neuroinvasion, but their symptoms
and impact on lung tissue resembles pathology in COVID-19
patients. Moreover, the distribution and scale of hACE2
expression varies with tropism of a used viral vector or
promoter. Importantly, use of viral vectors may be associated
with a risk of potential inflammation leading to interference with
subsequent SARS-CoV2 infection (Hassan et al., 20205 Tsraelow
et al., 2020; De Gasparo et al., 2021; Rawle et al., 2021; Katzman
et al., 2022).

3.11 Other Animal Models

Alternatives to mouse models are other animals that are naturally
susceptible to SARS-CoV2, such as hamsters (Mesocricetus
auratus, Phodopus roborovskii, Cricetulus griseus), ferrets
(Mustela putorius furo) minks (Neovison vison) (Shuai et al,
2021)and non-human primates (Macaca mulatta, Macaca
fascicularis, Chlorocebus aethiops) (Enkirch and von Messling,
2015; Finch et al., 2020; Gruber et al., 2021; Munster et al., 2020;
Rockx et al., 2020). In these models there is no need for genetic
modifications in order to study COVID-19 progression.
Nevertheless, the models are less frequently used either due to
lack of research tools, limited availability, high costs, complex
husbandry or associated ethical concerns.

3.12 Murinised SARS-CoV2

While most efforts have been made in generating mouse models
humanising the ACE2 to potentiate study of entry and infection
in vivo, efforts have also been made in murinising the SARS-
CoV2 virus itself. In a study by Muruato et al. (2021), they used a
reverse genetic system and in vivo adaptation to successfully
generate SARS-CoV2 strains capable of infecting mice (Muruato
et al, 2021). Following infection of the murinised SARS-CoV2
strain the mouse lung exhibited substantial damage manifested
with inflammation, immune infiltration, and pneumonia. The
infection with the adapted virus was however only exhibited in
the upper respiratory tract, thus is inappropriate for studies
focusing on multisystem infection. It is worth mentioning that
the novel adaptation of the virus was shown to keep its ability to
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infect human airway cells (Muruato et al, 2021). This system,
with a murinised SARS-CoV and a standard wild type laboratory
mouse, overcomes tropism leading to encephalitis seen in
infected transgenic mouse models whilst offering a system
applicable for both in vivo mouse studies and in vitro studies
on human primary cells (McCray et al, 2007; Winkler et al
2020). In a study from 2020 the investigators had also produced a
murinised SARS-CoV2 via reverse genetics to remodel the
interaction between the mouse ACE2 and the virus which
resulted in a recombinant virus able to infect the BALB/c
mice. It was able replicate in both young and old mice
however leading to more severe disease in older mice and
exhibiting more clinically relevant phenotypes as compared to
the disease presentation between non-modified SARS-CoV2 and
transgenic mouse models (Dinnon et al., 2020). This gives the
murinised ACE2 system better face validity, however the
construct validity is decreased.

4 RECENT TRANSLATIONAL
APPLICATIONS OF RODENT MODELS
SUSCEPTIBLE TO SARS-COV2

The transgenic and transiently sensitised, humanised mouse
models of SARS-CoV2 infection have gifted scientists the
opportunity to study the potential destruction this, so far,
relentless virus can cause to its host in vive. Towards the
beginning of the pandemic, initial studies using these models
focused on the mechanisms in which viral entry can occur as well
as their points of entry, the tissues primarily affected and the
pathology of those tissues. These ongoing attempts to recreate
infection have assisted our understanding of the infection
timeline and has provided a guide to possible symptoms to be
aware of in COVID-19 patients. Discussed here are animal
studies performed in order to obtain risk assessments of new
variants and evaluate the efficacy and safety of candidate anti-
viral drugs for treatment in COVID-19 patients.

4.1 Risk Assessments of Variants of

Concern

Particular mutations in the RBD have been key to identifying
variants of concern. N501Y is one substitution that is
characteristic of the Alpha (B.1.1.7) variant but is also found
in the Beta (B.1.351), Gamma (B.1.1.28) and Omicron (B.1.1.529)
variants (European Centre for Disease Prevention and Control,
2021; He et al, 2021). This means that N501Y is present in all but
one variant of concern. In silico models predicted that this
substitution occurs at a key residue for the RBD that is
directly responsible for its strengthened affinity for ACE2
(Shahhosseini et al, 2021). The influence of N501Y was
proved using a hamster model, where both donors and
recipients inoculated with virus carrying N501Y showed
significantly increased viral load in nasal washes and lung and
trachea homogenates at 1-4 dpi compared to virus carrying a
predecessor ‘wild-type’ spike protein. Substitutions S982A and
D1118H were also shown to decrease viral fitness (Liu et al.,

2022). Interestingly, N501Y increases the infectivity of hosts
expressing both either hACE2 or mACE2 (Pan ct al, 2021), as
it has been revealed that variants with this substitution possess an
8-fold higher affinity for the receptor (Bayarri-Olmos et al., 2021).
While this demonstrates a key application of using animals in
order to evaluate the potential potency of infection with rapidly
evolving variants, we need more studies that apply these
principles in the established transgenic and sensitised animal
models expressing hACE2. This is because, ultimately, we will
require data on how mutations in SARS-CoV2 will affect
transmission between, and the health of, humans in the future.

Studies of this nature have been carried out. K18-hACE2 mice
infected with B.1.1.7 show increased weight loss and hyperthermia
earlier compared to mice exposed to B.1.351 or the initial WA-1
variant of concern. However, B.1.1.7 and B.1.351 infected mice
display more severe clinical manifestations overall compared to
WA-1 in a viral dose-dependent manner, with WA-1 infected
mice displaying a 50% lower mortality rate at a dose of 10° pfu
(Horspool et al., 2021). Again in K18-hACE2 mice, whilst both WA-
1 and B.1.1.7 inoculated intranasally caused COVID-19-like disease
in the mice, a lower dose of B.1.1.7 was required to cause a severe
disease state (Bayarri-Olmos et al, 2021). In contrast, C57Bl/6]
hACE2 knock-in mice display reduced viral load in lung and nasal
turbinate, and a more minor lung pathology and inflammatory
response on exposure to WA-1, B.1.1.7 or B.1.351 variants compared
to the K18-hACE2 model, where viral RNA is concentrated at the
epithelia of larger airways (Winkler et al, 2022). This is most likely
attributed to the difference in approach of hACE2 expression in
these two mouse lines and highlights the benefits of multiple rodent
models of infection, chosen depending on the study focus, but also
shows how different models could be affected when exposed to
differing strains. Here, studies using models that more accurately
recreate human infection to novel strains will possess increased
extrapolative power.

The appearance of the B.1.1.529 (Omicron) variant in late
2021 came with heightened suspicions whether the current
vaccines and therapies in progress would still provide suitable
protection against a variant with >30 mutations in the RBD
compared to variants described so far (Hodcroft, 2021).
Halfmann et al. found that K18-hACE2 mice inoculated with
B.1.351 showed significantly increased viral load in nasal
turbinate and lung tissue homogenates at 3 dpi, and greater
weight loss at 6 dpi compared to B.1.1.529 infected mice
(Halfmann et al,, 2022), suggesting reduced severity in viral
manifestation on infection with the Omicron lineage in
comparison to Beta lineage. These studies show the potential
of exploiting the current animal models available in order to
screen variants with specific mutations to assess their risk to
humans, and for practitioners and governments to make
appropriate decisions regarding patient care and infection
control strategies.

4.2 Screening the Efficacy of Anti-Viral

Therapies
The current pandemic has called for the development of anti-viral
drugs in order to reduce or eliminate viral infection in, especially,
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hospitalised COVID-19 patients. Due to the haste in which these
drugs are required to ease the pressure of the pandemic on the
world, drug development processes for SARS-CoV2 may be
accelerated straight to clinical trials in humans, bypassing
preclinical animal safety and efficacy studies.

Anti-viral molecules have been tested in a mouse setting
though. PF-07304814 is a phosphate prodrug that on
administration is processed into its active form PF-00835231,
a potent cysteine protease inhibitor of coronavirus 3CLP™, that
was originally considered as a treatment for the 2002 SARS-CoV
epidemic in 2003 (Hoffman et al,, 2020). PF-00835231 is effective
against alpha, beta, and gamma coronaviruses by preventing viral
replication through inhibition of essential proteolysis by 3CLP™.
BALB/C mice infected with SARS-CoV2 MA10 display no weight
loss and complete viral elimination when PF-00835231 is
administered subcutaneously twice per day at a dose of
300 mg/kg. Initial weight loss is observed in mice receiving
30-100 mg/kg doses, which recovered to the starting weight at
4 dpi with viral load decreasing in dose-dependent manner.
Significant decreases in viral load were also measured in
SARS-COV2 exposed mice expressing hACE2 on treatment
with PF-00835231. Additionally, this trend is also obtained
even when treatment was delayed by 1dpi (Boras et al, 2021),
highlighting the importance of identifying infection early,
especially in high-risk patients. Despite hACE2 being
expressed under a CMV promoter, which may not accurately
follow the expected human expression of ACE2, this work shows
the power of this inhibitor to prevent viral replication and poses a
good option for further development into human clinics.

PF-07321332 (Nirmatrelvir) is another 3CLF™ inhibitor,
which is the active component of the Pfizer-produced
PAXLOVID™ (Pfizer, 2021), that gained approval in the UK
(Medicines & Healthcare products Regulatory Agency, 2021a)
and the United States (U.S. Food and Drug Administration,
2021a) at the end of 2021, and in the EU in January 2022 for
treatment of COVID-19 (European Medicines Agency, 2022). An
efficacy study in mice investigated the anti-viral activity of PF-
07321332 in BALB/C mice infected with mouse-adapted SARS-
CoV2 MA10. Mice treated via oral administration were protected
from weight loss, had significantly reduced lung viral titre at 4 dpi
and showed markedly decreased nucleocaspid presence in lung
sections (Owen et al., 2021). Syrian hamsters have been shown to
be protected from severe B.1.351 infection when treated with PF-
07321332. Significant dose-dependent reductions in viral lung
titre and improved weight retention at 4 dpi, as well as lung
anatomy closely resembling uninfected hamsters was observed in
those treated with PF-07321332. Hamsters were also completely
protected from infection when co-housed for 2 days with a
B.1.617.2 (Delta) variant positive cage mate when treated with
PF-07321332 compared to those not (Abdelnabi et al., 2022).
These rodent models support the continuing development and
protective ability of PAXLOVID™ use in COVID-19 patients
against multiple variants of concern, including the benefits of easy
oral administration. Yet, further validation in humanised ACE2
rodent models, such as the hACE2 model used in Bao et al
(2020a) may be required for increased value in vivo, as the
mentioned studies comprised of mouse adapted SARS-CoV2

infection and wild-type Syrian hamsters as part of their
models. These studies could also be extended to examine
potential side effects or long term ramifications for patients
prescribed this anti-viral treatment. Synthesis and study of
additional ~ 3CLP*  inhibitors with  favourable oral,
intraperitoneal, and intravenous bioavailability have been
reported and trialled in Sprague-Dawley rats and a CRISPR/
Cas9 generated hACE2 expressing mice model (Qiao et al., 2021).
However more work is required in this area, and PF-07321332
seems to have won the race for clinical trial approval.

Molnupiravir is another anti-viral drug that instead enforces a
high mutagenesis rate via integration of its active form, p-D-N4-
hydroxycytidine triphosphate (NHC), into viral RNA in the place
of cytidine or uridine (Sheahan et al., 2020; Kabinger et al, 2021).
It has so far gained approval for at-risk and hospitalised patients
in the United States (U.S. Food and Drug Administration, 2021b)
and the UK (Medicines & Healthcare products Regulatory
Agency, 2021b). NHC shows potent viral inhibition and
significantly reduces viral load in cell culture (Zhou et al,
2021) and diminishes weight loss, indicators of lung
haemorrhage and lung viral titre at 500 mg/kg dosage in
C57Bl/6 mice infected with either mouse adapted SARS-MA15
or MERS-CoV. Importantly, initiating NHC treatment before
24h post infection showed to be crucial to maintaining
reductions in weight loss, lung haemorrhaging, viral lung titre
and lung and alveolar injury scores (Sheahan et al, 2020).
However, a warning of mutagenic toxicity to host DNA
during NHC treatment has been given, where mutations in a
reporter gene increased in a dose-dependent manner with NHC.
It has been suggested that the possible conversion of NHC to
dANHC (2'-deoxyribose form of NHC) could be the cause of this
increased mutational rate in the host genome (Zhou et al., 2021),
and should be investigated further in an in vivo model focusing on
tissues with natural proliferative tendency.

One study utilised immunodeficient mice with hACE2-and
hTMPRSS2- expressing human lung tissue implanted in the
animals’ backs. This in vive tissue model was susceptible to
SARS-CoV, MERS-CoV and SARS-CoV2 infection, showed
histopathological symptoms echoing viral damage and a 1000-
fold increase in proinflammatory cytokines. Beginning NHC
treatment at 12- and 24-h post-infection was extremely
effective at reducing viral load, however if treatment started
12 h prior to infection, viral titre in the implanted human lung
tissue was measured at >100,000-fold lower than the vehicle
control, bestowing the protective potential of Molnupiravir in
high-risk patients (Wahl et al., 2021). Molunipiravir-derived
inhibitors have also shown to be effective at impeding SARS-
CoV2 transmission in ferrets (Cox et al,, 2021), and reducing viral
replication and its associated lung pathologies in SARS-CoV2-
susceptible Syrian hamsters, with amplified viral RNA mutations
detected in hamsters that started treatment 12h pre-infection
compared to 12 h post-infection or vehicle control (Rosenke et al.,
2021). When used in combination with Favipiravir, another anti-
viral drug that acts through lethal mutagenesis but requires
higher doses for optimal SARS-CoV2 suppression (Kaptein
et al, 2020), hamsters treated with sub-optimal doses of a
Molnupiravir/Favipiravir cocktail displayed lower viral loads
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than hamsters treated with only one alone, with an implied
additional  transmission  protection  from  cage-mates
(Abdelnabi et al., 2021b).

These examples show that animal models can serve effectively
in the screening of anti-virals in the current and future
pandemics, and could assist in the recommendation of single
or combinational therapies to complement human clinical trials.
Finally, Molnupiravir has also shown its high protective ability
against the B.1.1.7 and B.1.351 variants in Syrian hamsters
(Abdelnabi et al., 2021a) and emphasises NHC’s potent anti-
viral mechanism is not dependent on specific sequences in the
viral genome which may be mutated in future variants of concern,
such is the case with e.g. monoclonal antibody treatment.

5 FUTURE RESEARCH DIRECTIONS

5.1 Risk Factors Suitable for Rodent

Research

This pandemic has revealed that certain individuals are risk of
developing severe COVID-19 illness or death. Factors such as age,
male sex, and ethnicity have been attributed to a tendency to
suffer from severe symptoms (Ebinger et al., 2020; Mughal et al.,
2020; Williamson et al, 2020), as well as patients with
comorbidities such as diabetes, hypertension and obesity
(Alguwaihes et al, 2020; Ebinger et al, 2020; Huang et al,
2020; Li X. et al,, 2020; Mughal et al.,, 2020; Williamson et al.,
2020; Goyal et al., 2022). Whereas asthma may actually be
protective (Avdeev et al., 2020; Skevaki et al.,, 2020; Zhu et al.,
2020). Genetic or induced mouse models of these disease states
are already well established, and the opportunity to combine
transgenic and sensitised SARS-CoV2 models with models of
human conditions potentially vulnerable to COVID-19 is waiting
to be seized. This will allow us to further study comorbidities that
may aggravate SARS-CoV2 transmission and pathophysiology,
or contribute to any long-term damaging effects in humans. The
human population is genetically and culturally diverse, but
isolating comorbidities or genetic traits for study in a
controlled environment will be vital.

5.1.1 Age

A report from early in the pandemic described that every
additional 10 years of age associates with a 1.5-fold increased
chance of requiring a higher level of hospitalised care during
COVID-19 infection (Ebinger et al., 2020). SARS-COV2-related
deaths peak in those aged 80+, who possess more than a 20-fold
higher chance of death than those aged 50-59 (Williamson et al.,
2020). This most likely attributed to an increase in comorbidities
with age, even if yet to be detected. Rodents experience a much
shorter life span than humans, making them an excellent model
for studying age-related changes in COVID-19 research. ACE2
receptor expression has been described to both increase (Baker

et al., 2021; Wark et al, 2021) and decrease (Chen et al., 2020; J.5
Gu et al,, 2021; Xudong et al., 2006; Yoon et al., 2016) with age in
humans and rodents. However, Berni Canani et al. (2021)

observed no significant differences in ACE2 expression
between children <10 years old and adults 20-80 years old,

and Li M.-Y. et al. (2020) detected this same trend when
comparing expression across multiple tissues in adults above
or below 49 years of age. These contradicting reports suggest that
ACE2 expression alone may not be a robust marker for
identifying severe risk of SARS-CoV2 infection, and other
factors in combination with ACE2 receptor expression must
possess a decisive role. Comprehensive studies encompassing
widespread tissue analysis of ACE2 expression in multiple age
groups could well be accomplished to solve this, surely context-
dependent, matter in rodent models of infection.

5.1.2 Diabetes

Diabetic patients are at increased risk of hospitalisation and
mortality on infection with SARS-CoV2 (Ebinger et al., 2020),
and are significantly more likely to require oxygen, intubation,
antibiotics or dexamethasone on admission to hospital than non-
diabetic patients (Alguwaihes et al, 2020). This is not entirely
surprising considering increased cellular glucose levels assists in
supporting viral replication (Codo et al., 2020). Overexpression of
hACE2 boosts glucose tolerance and pancreatic -cell function in
diabetic mice (Bindom et al., 2010), whilst ACE2™ knockout
mice display impaired glucose tolerance alongside hepatic
steatosis (Cao et al, 2016). Infection-induced downregulation
of ACE2, and the resulting angiotensin II excess, therefore
intensifies an already unbalanced glucose homeostasis. For
these reasons, a bi-directional relationship between diabetes
and COVID-19 infection has been proposed (Muniangi-
Mubhitu et al., 2020).

HFD-induced diabetic DPP4™™ male C57Bl/6 mice have
been shown to be more vulnerable to severe signs of disease
on infection with MERS-CoV when compared to lean controls,
displaying prolonged weight loss and lung inflammation up to
21dpi (Kulesar et al, 2019). Ma et al. (2021) however is the only
study we found to date that has addressed the effect of the current
SARS-CoV2 in a hACE2 expressing mouse model of diabetes.
Ob/ob mice showed greater weight loss and increased lung
immune infiltration when compared to non-diabetic mice at
5dpi. Interestingly, this study also observed higher fasting
blood glucose levels in both wild type and ob/ob mice infected
with SARS-CoV2, compared to non-infected. Insulin tolerance
was also non-significantly reduced in infected ob/ob mice (Ma
et al., 2021). This is an alarming observation, and shows the
potency of COVID-19 infection to disturb glucose homeostasis,
not only in diabetic patients. Given that genetically-, chemically-
or diet-induced rodent models of type 1 and type 2 diabetes are
well established (King, 2012) in scientific literature, more research
utilising hACE2-expressing rodents combined with these diabetic
models will be extremely beneficial to understanding the risk
posed on diabetic and non-diabetic people, both during and after
contracting COVID-19.

5.1.3 Obesity
Obesity is another major risk factor for severe COVID-19
symptoms (Alguwaihes et al, 2020; Goyal et al, 2022) and

COVID-19-related hospitalisation and mortality (Popkin et al,
2020). Its involvement in instigating this is likely intertwined with
other comorbidities such as diabetes and hypertension. ACE2 is
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expressed in subcutaneous and visceral adipose tissue (Al-Benna,
2020), and SARS-CoV2 nucleocapsids were detected in up to 5%
of adipocytes in a small cohort of deceased COVID-19 patients
(Basolo et al., 2022). Consequently, more adipose tissue will lead
to surges in viral penetration and illness.

C57Bl/6 male mice fed a high-fat diet (HFD) display higher
ACE2 expression in the lungs and trachea but reduced Tmprss2
expression in the oesophagus, whereas obese females display
reduced ACE2 expression in the oesophagus and trachea with
no differences in lung tissue (Sarver and Wong, 2021). This, at
least in rodents, shows how obesity affects the expression of key
SARS-CoV2 entry proteins differently in the two sexes, and
should be investigated further in order to understand whether
human patients should be treated according to sex. Further,
HFD-fed rats see a 3.8- and 6-fold increase in lung Ace2
expression, and a 5.1- and 3.4-fold increase in Tmprss2
expression compared to standard and ketogenic diet fed rats,
respectively. AT,R and AT,R levels were also significantly
increased in HFD fed rats. Interestingly though, mice fed a
ketogenic diet saw reduced AT,R expression in pulmonary
tissue compared to rats fed standard chow (da Eira et al,
2021), and this type of diet may help to safeguard diabetic or
hypertensive humans. It would be meaningful to see further
studies into the potential protective effects of certain diets on
SARS-CoV2 infected rodent models.

The obesity-prone C57Bl/6N strain can provide valuable
information in support of increased weight and diet on disease
advancement and severity in SARS-CoV2 infected rodent models.
Zhang et al,, utilising leptin receptor dysfunctional C57BL/Ks]-
db/db mice, observed a maintained 10% weight loss and more
severe pulmonary pathology and inflammation in the obese
model compared to db/+ controls inoculated with a mouse-
adapted SARS-CoV2. Viral load was also significantly higher
in obese lungs, nasal turbinates and trachea (Zhang et al., 2021).
HFD-fed C57Bl/6N mice transduced with AdV-hACE2 also
display more severe lung pathology than lean mice at 10 days
post SARS-CoV2 infection, however a more comprehensive
inflammatory profile should be included when studying
models such as these (Rai et al, 2021).

This presented evidence further supports the role of obesity in
severe COVID-19 patients, and in a way embodies the fusion of
two pandemics. Researchers may now also look towards rodent
models, preferably expressing hACE2 under its namesake
promoter, to develop treatments to ease symptoms and reduce
mortality in these patients in the short term. Patients may then
turn to improve their diet and lifestyle habits post-recovery.

5.1.4 Hypertension

As the ACE2 receptor is responsible for initial SARS-CoV2 cell
entry, it is logical that hypertension was among the top clinical
presentations in patients suffering from severe COVID-19
(Huang et al, 2020; Li X. et al, 2020), through viral
disruption of RAAS. ACE2 usually acts a negative regulator of
RAAS, lowering blood pressure with anti-inflammatory effects. A
number of RAAS modulators have been tested on rat primary
in vitro cultures that principally act to increase or decrease ACE2
mRNA or protein levels (Hu et al., 2021), which in regards to a

COVID-19 patient may either encourage additional viral
penetration or further increase blood pressure, respectively.
ACE inhibitors or ARB drugs however, seem to display a
protective effect against SARS-CoV2 infection and in-hospital
mortality (Hippisley-Cox et al., 2020). Nevertheless, these types of
studies mainly take into account hospital admissions and must
account for a large number of comorbidities and variables.

Diet-induced obese C57Bl/6] mice display weight loss,
improved glucose tolerance and reduced expression of
inflammatory cytokines when treated with ACE inhibitors
(Premaratna et al, 2012). ACE™" mice show a similar trend
(Jayasooriya et al, 2008), displaying the potential for this
treatment to ease multiple COVID-19-related risk factors at
once. There are a high number of inbred, outbred and
transgenic rodent models used for hypertension research
(Lerman et al, 2019). Jiang et al. (2022) recently published
that SARS-CoV2 viral load in the lungs is higher in transgenic
hACE2-expressing mice that have been induced into
hypertension compared to normotensive hACE2 mice.
Further, AT|R blocker treatment improved lung pathology,
reduced blood pressure and downregulated IL-6 and TNF-a
expression in hypertensive hACE2 mice. This signifies that
treatment provided protection to the organs on SARS-CoV2
infection overall, despite increased viral penetration in the
heart and kidneys initially at early infection (Jiang et al., 2022).

A recent preprint article reported that the ACE inhibitor
Lisinopril can raise the ACE2 expression landscape in the
lungs, small intestine, kidney and brain of healthy mice, an
effect that persists to at least 21 days post-termination of
treatment (Brooks et al, 2022). Captopril, which also acts
as an ACE inhibitor, appears to improve lung pathology and
reduce inflammation during SARS-CoV2 infection in an
angiotensin II-induced hypertensive and hACE2-expressing
mouse model, without any detectable effect on viral load (Gao
etal, 2021). These reports reinforce the potential but need for
further clarification on RAAS modulators in COVID-19
research, but studies focusing specifically on hypertension
in rodents on infection with the SARS-CoV2 virus are
lacking. Nonetheless, with blood pressure measurements by
techniques such as tail-cuff plethysmography and
radiotelemetry readily available for use in rodents (Burger
et al, 2014) and with a number of hypertension remedies
on the market, future COVID-19 animal research focused on
hypertension risk or the efficacy of RAAS modulators would
benefit from integrating these methodologies into their study
design for a greater in vivo view of hypertension in the current
pandemic.

5.2 Insights Into Long-COVID

Post-acute COVID-19 sequelae or long-COVID’ is a condition in
which patients continue to suffer multiple COVID-19-related
symptoms weeks or even months after testing negative for the
virus, and can come in continuous or relapsing forms. The
mechanisms behind symptom persistence are still unclear as
presentation varies from patient to patient. Large scale studies
from around the globe have witnessed exhaustive lists of
symptoms (Davis et al., 2021; Hossain et al., 2021; C. Huang
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et al. 2021; Pérez-Gonzalez et al, 2022), with those who were
hospitalised or required intensive care during primary infection
especially at risk (Xie et al, 2022).

Rodent models of post-acute COVID-19 syndrome have been
close to non-existent so far. This is likely due to subsided infections, or
death, of animals in the models currently available, and the
incorporation of early terminal analysis into experiment design.
To more accurately study the long-term effects of SARS-CoV2
infection we require models that are even more ‘comprehensively
human’ than those presented in Table 1, which more closely mimic
aspects such as our own immune system. Researching viral infections
by utilising non-human primates is an attractive option, due to
marked similarities in physiology and immune responses to antigens
with humans with the possibility for longitudinal studies in controlled
environments (stes et al, 2018). The rhesus macaque, African green
monkey and pigtail macaque are susceptible to SARS-CoV2 infection
and show mild-moderate COVID-19-associated lung pathologies
(Clancy et al,, 2021). Further, Boszorményi et al. (2021) observed
that infected macaques show worsening lung lesions in CT scans,
increases in specific cytokines in plasma, mild to moderate
histopathological signs of pneumonia and the presence of viral
RNA levels in a myriad of tissues up to 38 dpi, despite all subjects
testing negative for SARS-CoV2 after 14 dpi. This suggests that these
non-human primates are also susceptible to post-acute COVID-19 in
a similar way to humans (Boszorményi et al., 2021).

For many researchers however, rodents are a preferred model
based on their lower maintenance costs, shorter gestation period and
the wealth of tools for transgenic manipulation. A promising example
of a mouse model with a humanised immune system is MISTRG6.
These immunodeficient mice express seven human cytokine genes
knocked into their respective locus in the mouse’s genome, and
tolerate human hematopoietic stem cell engraftment (Rongvaux et al.,
2014). MISTRG6 mice that transiently express hACE2 sustain
prolonged viral titres and RNA, more severe lung pathology, and
immune cell signatures to at least 35dpi of SARS-CoV2 compared to
controls, emulating severe COVID-19 disease in humans.
Convalescent plasma therapy showed a protective effect in these
mice in regards to weight loss and viral clearance, however only
prophylactic monoclonal antibody treatment improved prevention of
T cell lung infiltration (Sefik et al, 2021). This again highlights the
importance of early diagnosis in high risk patients, and it will be
interesting to see more therapies tested on this model over longer
time periods.
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4.3 Part 2. Application of rAAYV system in disease modelling

Site-specific recombinase (SSR) systems, including Cre/loxP, Flpo/fit, 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 rAAYV 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 FO 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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Site-specific recombinases (SSRs) are critical for achieving precise spatiotemporal control of
engineered alleles. These enzymes play a key role in facilitating the deletion or inversion of loci flanked
by recombination sites, resulting in the activation or repression of endogenous genes, selection
markers or reporter elements. However, multiple recombination in complex alleles can be laborious.
To address this, a new and efficient method using AAV vectors has been developed to simplify the
conversion of systems based on Cre, FLP, Dre and Vika recombinases. In this study, we present an
effective method for ex vivo allele conversion using Cre, FLP (flippase), Dre, and Vika recombinases,
employing adeno-associated viruses (AAV) as delivery vectors. AAVs enable efficient allele conversion
with minimal toxicity in a reporter mouse line. Moreover, AAVs facilitate sequential allele conversion,
essential for fully converting alleles with multiple recombination sites, typically found in conditional
knockout mouse models. While simple allele conversions show a 100% efficiency rate, complex
multiple conversions consistently achieve an 80% conversion rate. Overall, this strategy markedly
reduces the need for animals and significantly speeds up the process of allele conversion, representing
a significant improvement in genome engineering techniques.

Keywords AAV, 3R, Gene delivery, FIp/FRT, IVF, Site-specific recombinase

Site-specific recombinase (SSRs) systems represent powerful tools in genetic engineering and molecular biol-
ogy, enabling precise spatiotemporal manipulation of DNA sequences. The two most widely employed systems
are the Cre/loxP system, where Cre recombinase binds loxP sites, and the FLP/FRT system, which involves Flpo
recombinase (a mammalian codon-optimized thermostable version of the FLP gene) in the conversion of FRT
sites in mammalian genomes. In addition, alternative systems such as Dre/rox and Vika/vox are part of this SSR
toolbox. All these systems facilitate site-specific recombination, allowing for the excision, inversion, insertion,
or exchange of DNA segments'.

The Cre/loxP system is the major genetic tool used for various genetic manipulations, including gene knock-
out, conditional gene inactivation, and transgenic cassette rearrangements®>. The Cre/loxP system, in combina-
tion with FLP/FRT, Dre/rox or Vika/vox, allows for complex genetic manipulation®. The inclusion of Dre and
Vika systems has further enriched the toolkit for combinatorial use, offering enhanced flexibility and precision
in genetic manipulations®. Despite its limited application, the Vika/vox system has demonstrated suitability as an
alternative or a combinatorial partner with other site-specific recombinase (SSR) systems in vivo, as demonstrated
by Karimova et al.%’. The Cre/loxP and Dre/rox systems are widely combined for various purposes, as shown,
for example, in vivo lineage tracing®’. Similarly, the combination of Cre/loxP and FLP/FRT systems serves as the
foundation for gene manipulation using the EUCOMM/KOMP knockout first alleles.

The EUCOMM/KOMP “knockout-first” allele utilizes strategic placing of recognition sequences in the vicin-
ity of critical exons and gives the gene of interest conditional properties. This enables functional ablation of a
target gene in a spatiotemporal manner. EUCOMM/KOMP alleles find extensive use in generating genetically
modified rodents with specific gene reporters, knockouts, or conditional knockouts based on the applied SSR*'°.
EUCOMM/KOMP employs promoter-driven targeting selection cassettes to create a versatile "Knockout-first
allele’ in C57BL/6N embryonic stem cells>'’. This innovative strategy hinges on identifying a tcritical’ exon
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present in all transcript variants, In its final form (tm1b or tm1d), the deletion of the exon induces a frame-shift
mutation and thus forms the KO-first allele. Notably, the allele exhibits flexibility, allowing for the generation
of reporter knockouts (tm1a), conditional knockouts (tm1c), and null alleles through exposure to site-specific
recombinases such as Cre and FLP.

The ‘knockout-first” allele (tm1a) contains an IRES:lacZ trapping cassette and a floxed promoter-driven neo
cassette inserted into the intron of a gene, disrupting gene function. FLP converts the knockout-first’ allele to a
conditional allele (tm1c), restoring gene activity. Cre deletes the promoter-driven selection cassette and floxed
exon of the tm1a allele to generate a lacZ-tagged allele (tm1b) or deletes the floxed exon of the tmlc allele to
generate a frameshift mutation (tm1d), triggering nonsense mediated decay of the deleted transcript!*.

In our previous study, we demonstrated the efficient allele conversion facilitated by electroporation of Cre
protein in both zygotes and primary cells. The method was proven to be also compatible with in vitro fertiliza-
tion procedures without toxic effects on zygotes''. To advance the recombinase technology toolbox, we sought
to expand it with FLP/FRT, Dre/rox, and Vika/vox, systems and establish a straightforward allele conversion
protocol based on AAV delivery without the time and animal consumption, associated with multiple crossings.

Persistent difficulties in the synthesis of FLP (specifically Flpe) and Vika proteins led us to explore alterna-
tive recombinase delivery methods. We packaged Flpo and Vika CDS under the control of the CMV promoter
in recombinant Adeno-Associated Virus vectors (AAV). The delivery in the form of AAV (serotype 1) relies
on the virus’s natural tropism to zygote’s membrane moieties, eliminating the need for electroporation’*?, and
circumvents the issues with protein expression, folding, and overall function. Therefore, this approach does not
subject the embryos to physical stress.

In this study, we present a new efficient approach to allele conversion using recombinases delivered via AAVs,
representing an attractive alternative to electroporation or mRNA pronuclear microinjection. AAV vectors dem-
onstrated high conversion efficiency in both embryos and adult animals, derived from the MuX reporter mouse.
For single-allele conversion, all tested recombinases can reach 100% conversion rate, if optimal titer is used. In
addition, we introduce a new approach to multi-level conversion of the EUCOMM/KOMP allele. Our method
enables the conversion from tm1la to tm1d in a single animal during IVF-based reanimation/rederivation from
sperm, resulting in 80% of fully-converted animals with relatively low AAV vector persistence. These results
underscore the spatiotemporal potential of AAV SSR-based conversion and emphasize the reduction of animal
consumption in line with 3R principles.

Materials and methods

Construction of mRNA template and AAV SSR transfer plasmids

Vectors were constructed using In-Fusion cloning (Takara Bio) method. Oligonucleotides are shown in Table
of Primers (supplementary file) and cloning details are available upon request. In brief, codon-optimized Dre
sequence was amplified from pCAG-NLS-HA-Dre (Addgene plasmid #51272) with CDS Dre fw and rv prim-
ers, and cloned into pET-Cre-6xhis using Neol and BamHI restriction sites. The same approach was used with
Flpo and Vika sequence. Vika sequence was amplified form pNPK-NLS-Vika (Addgene plasmid #79969) using
CDS Vika fw and rv primers. Flpo sequence was amplified form pCAG-Flpo (Addgene plasmid #60662) using
CDS Flpo fw and rv primers. Cloning of the corresponding sequences into pET-Cre-6xhis gave rise to pET-Dre-
6xhis, pET-Vika-6xhis pET-Flpo-6xhis, respectively.

The Flpo gene is a mammalian codon-optimized version of the Flpe gene (enhanced flippase), which is
derived from the original FLP protein isolated from Saccharomyces cerevisiae. Modifications to the FLP coding
sequence produced an enhanced, more thermostable FLP enzyme, Flpe. Flpe works more efficiently in mice
and mammalian cells, but it is generally less efficient than Cre-lox. Further sequence changes to the Flpe recom-
binase produced "Flpo, a mouse codon-optimized version whose recombination efficiency approaches that of
Cre. In this work, we used molecules/vectors carrying the mammalian codon-optimized variant of the Flpe gene
(Flpo), and therefore, we refer to it as such', To clone pAAV-CMYV version of recombinase plasmids using In-
Fusion cloning (Takara Bio) method, codon-optimized Cre sequence was amplified from pCAG-Cre-IRES2-GFP
(Addgene plasmid #26646) with AAV CDS Cre fw and rv primers and cloned into pAAV-GFP Control Vector
(AAV-400, Cellbiolabs Inc, San Diego, CA) using EcoRI and Xbal restriction sites. Similarly, but using EcoRI
and HindIII restriction sites, pAAV CMV-Dre, pAAV CMV-Vika and pAAV CMV-Flpo were constructed. Dre
sequence was amplified from pET-Dre-6xHis using AAV CDS Dre fw and rv. Vika sequence was amplified from
pET-Vika-6xHis using AAV CDS Vika fw and rv. Flpo sequence was amplified from pET-Flpo-6xHis using AAV
CDS Flpo fw and rv. Sequence of used primers is available in Table of Primers (supplementary file). All assem-
bled plasmids generated in this study will be deposited in the Addgene repository to facilitate their availability
to the scientific community.

pET-Cre-6xHis was a gift from David Liu (Addgene plasmid #62939). pAAV-EF1a-Flpo was a gift from
Karl Deisseroth (Addgene plasmid #55637, Addgene viral prep #55637-AAV1). pCAG-NLS-HA-Dre (Addgene
plasmid #51272) was a gift from Pawel Pelczar. pCAG-Flpo (Addgene plasmid #60662) was a gift from Massimo
Scanziani. pNPK-NLS-Vika (Addgene plasmid #79969) was a gift from Frank Buchholz. pCAG-Cre-IRES2-GFP
(Addgene plasmid #26646) was a gift from Anjen Chenn.

Production of adeno-associated virus and titration

The production of recombinant AAV SSR vectors [AAV-CMV-Cre (Cre), AAV-CMV-Dre (Dre), AAV-CMV-Flpo
(CFlpo), AAV-CMV-Vika (Vika)] involved steps as follows: First, 293AAV cells (AAV-100, Cellbiolabs) were
cultivated in DMEM (Sigma Aldrich, D6429) supplemented with 10% fetal bovine serum (Invitrogen, 10437028)
and 1% penicillin/streptomycin (GIBCO, 15140122) at 37 °C with 5% CO,. To generate recombinant AAV vec-
tors, the 203AAV cells underwent a triple transfection process with a Helper plasmid (340202, Cellbiolabs), Rep/
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Cap plasmid pAAV2/1 (Addgene plasmid #112862), and a transfer plasmid. The transfection was carried out
using polyethylenimine (PEI) (Polysciences, 24765-1) following established protocols'®. Purity of AAV particles
was assessed by Ag-staining using the PierceTM Silver Stain Kit (24612, Thermo Scientific) following the manu-
facturer’s protocol. The DNase-resistant viral genomic titers were determined via qPCR using universal AAV
ITR primers (AAV ITR fw and rv) in combination with LightCycler’ 480 SYBR Green I Master (Roche) and the
LightCycler 480 System (Roche) following the method described in Aurnhammer'®. pAAV-CMV-Cre plasmid
was used to prepare a standard curve for the absolute quantification of AAV genome copies of purified samples.

Production of mMRNA

Cre, Dre, Flpo, and Vika mRNA were transcribed and tailed using the mMessage mMachine Kit (AM1344,
Invitrogen) following the manufacturer’s protocol from pET-Cre-6xHis (Addgene plasmid #62939), pET-Dre-
6xHis, pET-Flpo-6xHis, pET-Vika-6xHis plasmids after Xhol (ER0692, Thermo Scientific) linearization. Further
purification was performed using the MEGAclearTM Kit (AM1908, Invitrogen) following the manufacturer’s
protocol. To assess the efficiency of tailing and mRNA integrity, non-tailed and polyA tailed mRNA were sepa-
rated on a hydrogen peroxide agarose gel following the method described by Pandey and Saluja'”.

Production of Cre and Dre proteins

The Cre (5000 ng/pL) protein was expressed and purified as described by Jenickova'’. The Dre-6xHis fusion
protein was heterologously expressed in E. coli BL21-Codon Plus (DE3)-RIPL cells. Briefly, cells were grown in
the LB medium supplemented with 0.2% glucose (Sigma) and 100 uM Ampicillin (Sigma) at 37 °C overnight.
The following day, cells were diluted 1000-fold into LB medium + Ampicillin and cultured to the OD600 = 0.6 at
37 °C. Subsequently, incubation temperature was lowered to 18 °C, and the recombinant protein expression was
induced by the addition of 0.5 mM IPTG:; cultivation continued at 18 °C overnight. After the incubation period,
cells were harvested by centrifugation (5500G, 12 min) and resuspended in the lysis buffer (50 mM sodium
phosphate, 300 mM NaCl, 10% glycerol, 20 mM imidazole, pH 8.0) supplemented with EDTA-free protease
inhibitor cocktail (Roche Diagnostics GmbH, Mannheim, Germany). Cells were disrupted using a high-pressure
homogenizer (Avestin) and the lysate cleared by centrifugation steps at 7200G (15 min) and 40,000G (30 min).
The supernatant was loaded onto a Ni-NTA column (Ni-NTA Superflow, IBA, Germany), washed with the lysis
buffer and the Dre-6xHis fusion eluted with the lysis buffer supplemented with 200 mM imidazole. To minimize
the presence of contaminating DNA, the pooled elution fractions were mixed with the equal volume of the HA
buffer (100 mM sodium phosphate, 300 mM NaCl, 10% glycerol, 100 mM imidazole, pH 8.0) and loaded onto
a hydroxyapatite column (BioRad). The flow-through fraction comprising the Dre-6xHis fusion was pooled,
dialyzed against PBS and concentrated to 5.2 mg/mL.

Animals

C57BIl/6NCrl (donor) females between the ages of 3-5 weeks were purchased from Charles River. Rosa26-VFRL-
EGFP (also known as Multi-reporter mouse line for loci-of-recombination MuX) strain was imported from
Max Planck Institute of Molecular Cell Biology and Genetics (Dresden). Crl:CD1 (ICR) surrogate females were
purchased from Charles River.

Ethics and compliance statement
Mice were bred in our specific pathogen-free facility (Institute of Molecular Genetics of the Czech Academy
of Sciences; IMG). All animals were handled in accordance with the Guide for the Care and Use of Laboratory
Animals, approved by the Animal Care and Use Committee of the Academy of Sciences of the Czech Republic.
All experiments in this study were carried out in compliance 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 (CO,) inhalation followed by cervical dislocation. CO, inha-
lation was performed at a flow rate that displaced 30% of the chamber volume per minute to minimize distress.

Mouse MuX zygote isolation and AAV treatment
The detailed procedure for hormonal stimulation in mice was previously outlined by Luo'® and is considered
a standard practice at transgenic core facilities. In summary, matured C57BlI/6NCtl females aged 28-35 days
underwent hormonal stimulation with 5 IU PMSG. After 46 h, they received an additional 5-1U hCG injection
and were subsequently mated with homozygote MuX adult males. Plugged females were selected for zygote iso-
lation from the oviducts using M2 medium. The zygotes were briefly cultured in a drop of EmbryoMax KSOM
media, covered with paraffin oil, and placed in an incubator at 37 °C with 5% CO,.

For zygotes treatment, a specific titer of AAV SSR vectors was added to KSOM media and incubated overnight
at 37 °C with 5% CO,. The next day, 2-cell embryos were transferred to fresh KSOM (without virus) media and
later into Crl:CD1(ICR, Charles River) surrogate females or further cultivated until the blastocyst stage (E4.5).

Mouse zygote electroporation and pronuclear microinjection

Zygotes were electroporated using the NEPA21 type II machine (NEPAGENE) and an electroporation slide
(CUY501P1-1.5). Only zygotes with two visible pronuclei were selected for electroporation. The electropora-
tion process involved the use of M2 and OptiMEM medium. The Cre or Dre proteins were diluted to a final
concentration of 1000 ng/pL in OptiMEM medium prior to electroporation.
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Microinjection of SSR mRNA was performed under the microinjection microscope (Leica DMI6000 B)
equipped with FemtoJet 4i microinjector (Eppendorf). Only zygotes with visible pronuclei were selected for
microinjection. Each mRNA was injected in the concentration 100 ng/pL.

Mouse in vitro fertilization and AAV treatment with Thawed sperm of tm1a strains
The protocol for mouse IVF has been described previously by Luo'®. In our study, tmla heterozygous sperms
were utilized in conjunction with C57BI/6N oocytes. The sperm was frozen previously according to the protocol
by Takeo and Nakagata'®.

Briefly, C57Bl/6NCrl females (28-35 days old) were hormonally stimulated with 5-1U PMSG, followed by 5-1U
hCG 50 h later. Fourteen to fifteen hours after the hCG application, females were sacrificed, and cumulus-oocyte
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«Fig. 1. Titration of AAV SSRs on MuX derived zygotes. (a) Conversion of Rosa26-VFRL-EGFP (MuX) reporter
using AAV Cre, Dre, Vika and Flpo vector: AAV vectors deliver SSRs into MuX derived zygotes, resulting in
conversion of the reporter cassette and activation of EGFP expression. Fully-converted embryos and animals
show expression of the reporter in all cell types and tissues. Listed SSRs, Cre, Dre, Vika, Flpo recognize and
recombine corresponding specific sites loxP, rox, vox, FRT, respectively. Fin and Rin detect the presence
of the pac-pA cassette preventing EGFP expression. Fex and Rex primers amplify wild-type allele Rosa26
without the MuX reporter and serve as internal control. (b) MuX-derived zygotes were subjected to decreasing
concentrations of AAV SSRs, spanning from 1E+11 to 1E+8 GC/mL. Viability and the presence of enhanced
green fluorescent protein (EGFP) signal at the blastocyst stage, indicative of stop cassette recombination, were
evaluated for each condition. AAV CMV-Vika and CMV-Flpo treatments at a concentration of 1E+11 GC/mL
are not included due to inadequate vector titers. NC: non-treated control. The scale bar (100 pm) in the image
of the non treated control serves as a universal reference applicable to all images within this scheme. Table 1
provides an overview of treatment efficiency based on the observed EGFP signal and embryo viability for each
tested condition. (c) Graph depicting percentage of blastocyst viability based on used titer. (d) Percentage of
EGFP blastocysts among viable blastocyst. Graphs (c) and (d) are based on Tab.1. Blastocysts from each treated
group were genotyped, see Supplementary Fig. S1 (supplementary data).

complexes were isolated into a fertilization drop (90 uL of high calcium human tubal fluid (HTF) medium with
1 mM L-glutathione (GSH; Sigma-Aldrich)) containing AAV SSR at a concentration of 5E+ 10 GC/mL.

Thawed/extracted sperm was capacitated in MBCD medium for 15-20 min. The capacitated sperm was
then transferred into the fertilization drop and incubated with oocytes at 37 °C and 5% CO, atmosphere for
4 h. Residual sperm cells were washed out, and fertilized oocytes were transferred into the incubation drop of
HTF without GSH (total volume 150 pL) enriched by AAV SSR at a concentration of 5E+ 10 GC/mL. Fertilized
oocytes were incubated with the virus overnight at 37 °C and 5% CO, atmosphere.

The next day, 2-cell stage embryos were collected and transferred into the oviduct of a pseudo-pregnant sur-
rogate female. For tm1a-to-tm1d conversion, viable 2-cell stage embryos were transferred into HTF(-GSH) with
the AAV CMV-CRE vector (titer: 1E+10 GC/mL) and incubated for 4 h or until embryo transfer. The whole
procedure is summarized in Fig. 3b.

Genotyping
Blastocysts were collected and lysed in lysis buffer (50 mM Tris HCl pH 8, 1 mM EDTA, 0.5% Triton X-100) with
proteinase K (R75282, P-LAB) for 30 min at 55 °C; then inactivated at 95 °C for 15 min.

Tissue samples (tail/ear) of all mentioned strains were lysed in lysis buffer (100 mM Tris HCI pH 8, 200 mM
NaCl, 5mM EDTA, 10% SDS) with proteinase K (R75282, P-LAB) overnight at 55 °C, then inactivated at 95 °C
for 15 min. Lysates were further processed by phenol:chlorophorm based isolation using Phenol/Chloroform/
Isoamylalcohol reagent (A156.2, ROTI) following the manufacturer’s protocol.

Multi-reporter mouse line for loci-of-recombination (X) embryos/mice were genotyped using a two primer
pairs reaction. The first pair (Fex and Rex) amplifies the Rosa26 locus without MuX reporter cassette (wild-type
allele) with a corresponding product band at 466 bp, the second pair (Fin and Rin) amplifies the non-converted
form of the MuX allele generating a 643 bp product. To detect recombination of the MuX allele with these prim-
ers, we always used heterozygote animals in the final analysis in order to distinguish the presence of both alleles
(wild-type and MuX allele).

All EUCOMM/KOMP converted strains were genotyped for the presence of the wild-type allele, tm1 allele,
tmlc allele, and residual LacZ cassette. In the case of Ube2t and C4bp Cre-converted animals, genotyping focused
on the tm1d allele too. Further, all AAV SSR treated mice were analyzed for potential AAV genome persistence
(episome/genome integration). The sequence of the used primers is available in the Table of primers (supple-
mentary file).

For detailed description of the genotyping of EUCOMM/KOMP strains and the AAV persistence assay proto-
col, see the Supplementary Method file and Supplementary Fig. $26. Selected founders for each strain were fur-
ther bred with wild-type C57Bl/6NCrl animals. Genotyping product of these founders were subjected to Sanger
sequencing, data available in supplementary file: Supplementary Data Sanger Sequencing of Founder Mice.

Tissue samples imaging

Organs were captured with a Zeiss Axio Zoom V.16 microscope (200 ms exposure; intestine for 100 ms), using
a 450-490 nm excitation wavelength and a 500-550 nm emission wavelength, at a total magnification of 11.2x.
E4.5 embryos were captured with an exposure time of 400 ms, using a 480 nm excitation wavelength and a
509 nm emission wavelength, at a total magnification of 179.2x. All images were processed in the ZEN 3.0 (blue
edition) software.

Results

Optimal viral titer for efficient AAV-mediated conversion with reduced toxicity in reporter
mouse zygotes

Heterozygote MuX reporter mice (Fig. 1a) were used to evaluate the delivery efficiency and potential toxicity
of AAV-packaged recombinases on zygotes. We assessed recombination efficiency via imaging of EGFP signal,
and toxicity based on the calculation of viable embryos. Treated blastocysts were collected and genotyped for
the presence or absence of the pac-pA cassette (Supplementary Fig. S1).
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EGFP positive | Viable
AAV vector Titer (GC/mL) | blastocysts blastocysts Total no. of blastocysts
1E+11 18 |100.00% |18 | 94.70% 19
1E+10 16 | 88.80% 18 | 94.70% 19
EFla-Flpo
1E+09 6 35.30% 17 | 89.50% 19
1E+08 0 0.00% 17 | 89.50% 19
1E+11 0 0.00% 0 0.00% 18
1E+10 11 1100.00% |11 |61.10% 18
CMV-Cre
1E+09 121 100.00% |12 | 66.60% 18
1E+08 13 [81.30% 16 | 88.80% 18
1E+11 3 100.00% |3 17.60% 17
1E+10 9 100.00% |9 60.00% 15
CMV-Dre
1E+09 9 100.00% |9 50.00% 18
1E+08 9 100.00% |9 52.90% 17
1E+10 13 | 100.00% |13 | 76.50% 17
CMV-Vika 1E+09 16 | 80.00% 20 | 100.00% |20
1E+08 2 12.51% 16 | 88.80% 18
1E+10 14 | 70.00% 20 | 100.00% |20
CMV-Flpo 1E+09 1 5.00% 20 | 100.00% |20
1E+08 0 0.00% 19 |95.00% 20
Negative control | - 0 0.00% 16 | 84.20% 19

Table 1. Titration of AAV SSRs on MuX derived zygotes.

Distinct viral titers of each AAV recombinase were applied to zygotes, starting at 1E + 11 genomes per mil-
liliter (GC/mL) and descending to 1E + 8 GC/mL. For AAV CMV-Flpo (CFlpo) and Vika, the highest concentra-
tion was limited to 1E+10 GC/mL due to the lower yield of virus titer during production compared to Cre and
Dre (as can be referenced in Supplementary Fig. $24).

Despite their substantial conversion efficiency, the high titers of Cre and Dre had a detrimental impact on
the development of treated embryos, as depicted in Fig. 1b-d, and quantified in Table 1. The highest conversion
efficiency with AAV Vika and CFlpo vectors was observed at a concentration of 1E+ 10 GC/mL.

Ready-to-use AAV1 particles carrying the EFla-Flpo (EFlpo) were used to enhance conversion efficiency
with Flpo. This purchased virus allowed us to use 1E+ 11 GC/mL titer and assess the efficiency-to-toxicity ratio
of the treatment as shown in Table 1. Overall, both AAV Flpo vectors show low toxicity towards treated embryos.
Application of commercial EFlpo proved that the efficiency of conversion depends on titer (Table 1, Fig. 1b-d).

Titration screening in blastocysts showed that a viral concentration of 1E +10 GC/mL yields the optimal
efficiency-to-toxicity ratio for CMV-Cre, CMV-Dre, and CMV-Vika, as shown in Table 1 and Fig. 1b-d. In
contrast to the Cre or Dre vectors, for Flpo vectors, particularly EFlpo, a higher titer enhances conversion effi-
ciency without a negative impact on the viability of embryos (Fig. 1b-d). Treated blastocysts were collected and
genotyped to confirm conversion on the genomic level (Supplementary Fig. S1).

AAV-SSRs have minimal impact on embryo development and show reduced AAV genome per-
sistence potential
After determining the optimal titer for efficient allele conversion with AAV recombinases, we conducted experi-
ments to assess whether AAV treatment at relatively high titers (1E + 10 GC/mL) had any adverse effects on late-
stage embryo development following embryo transfer into surrogate females. Utilizing the identified optimal
titers for AAV recombinases, we achieved a remarkable 100% efficiency of conversion with AAV EFla-Flpo,
AAV CMV-Cre, -Dre, and - Vika vectors. Notably, in the case of the AAV CMV-Flpo vector, we observed a 92.6%
conversion rate among the born animals (total of 27), with 2 (7.4%) exhibiting mosaicism and 2 (7.4%) animals
without recombination (Fig. 2c, Table 2). To increase the efficiency of Flpo conversion, we used the EFla-Flpo
vector at 1E+11 GC/mL titer to convert MuX embryos. Using the EFlpo vector, we reached 100% conversion
rate. Interestingly, both CFlpo and EFlpo treated groups produced the highest number of born animals, as shown
in Table 2. These findings indicate that AAV-Flpo treatment does not interfere with the viability of embryos in
later stages of development, and treated zygotes have the potential to give rise to fully converted animals. We
selected a fully-converted male from each AAV treated group and analyzed EGFP signal in liver, lung, skin (ear),
heart, intestine and testes. All converted animals were EGFP positive in analyzed organs (Fig. 2a). The remain-
ing animals of the treatment group underwent a biopsy of fingers, which were used to detect the EGFP signal to
confirm correspondence to the genotype (Supplementary Figs. $2-56). Based on the genotype and phenotype
analysis, we quantified the number of fully-converted, partially-converted (mosaics) and non-converted animals
within each treated group (Table 2, Fig. 2c).

Additionally, we conducted an analysis of treated animals for the persistence of the AAV-based recombination
system in either an integrative or episomal state. Specifically, we genotyped converted mice for the AAV genome
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Fig. 2. Comparison of conversion efficiency using SSR protein or mRNA with AAV delivered SSRs. MuX
heterozygote zygotes underwent conversion by treatment with either AAV or protein/mRNA. (a) Imaging of
EGFP signal in fully-converted animals by AAV-SSR vectors (Cre, Dre, Vika and CMV-Flpo, EFla-Flpo). (b)
Imaging of EGFP signal in fully-converted animals by electroporated Cre or Dre proteins, and microinjection
of Vika or Flpo mRNA molecules. (¢) Graph depicting recombination efficiency throughout delivery methods,
based on Table 2 data. The scale bar (2000 pm) in the image of non treated testes serves as a universal reference
applicable to all images within this figure.
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Delivery

Protein

mRNA AAV

Molecule/construct

Cre

Dre Vika Flpo Cre Dre Vika CFlpo EFlpo

Transferred embryos

91

60 65 60 87 164 82 97 156

Born mice (¥)

20 (22%)

13 (21.6%) 7(10.8%) 10 (16.7%) 16 (18.4%) 13 (7.9%) 8(9.8%) 27 (27.8%) 36 (23.1%)

Fully recombined

20 (100%)

13 (100%) 4(57.1%) 9 (90%) 16 (100%) 13 (100%) 8 (100%) 23 (85.2%) 36 (100%)

Mosaics

0

0 1(14.3%) 1 (10%) 0 0 0 2 (7.4%) 0

Non-recombined

0

0 2(28.6%) 0 0 0 0 2(7.4%) 0

AAV genome persis-
tence rate

- - - 1(6.3%) 2 (15.4%) 1(12.5%) 1(3.7%) 4(11.1%)

Table 2. Comparison of conversion efficiency using SSR protein or mRNA and AAV delivered SSRs.
*Percentage of born pups from transferred embryos. The table presents a summary of genotype and phenotype
data for animals in the respective treatment groups, as depicted in supplementary data Supplementary

Figs. §2-S10.

of the corresponding SSR. The analysis revealed that AAV SSRs have the potential to persist in treated animals at
an average rate of 9.8%. For instance, with CMV-Cre, CMV-Vika and CMV-Flpo vectors, we detected residual
AAV genome presence in one animal for each vector out of more than 8 animals (Supplementary Figs. S2¢,d,
S4c,d and S5¢,d). In the case of CMV-Dre we detected 2 animals positive for AAV CMV-Dre genome and in
EFla-Flpo treated animals, 4 were Flpo positive (Supplementary Figs. S3¢,d and S6c,d). A detailed summary is
provided in Table 2.

AAV-mediated allele conversionis suitable alternative to other conventional (in vitro) methods
To compare AAV-based SSR delivery with more established methods, MuX reporter was converted by using
electroporation of Cre and Dre proteins, and microinjection of Vika and Flpo mRNA. Fully-converted males were
dissected and selected organs were sampled to confirm their genotype by the presence of EGFP signal (Fig. 2b).
The remaining animals of studied groups were analyzed using finger samples (Supplementary Figs. $7-S10). The
genotype and phenotype of treated animals are summarized in Table 2 and compared in Fig. 2c.

When employing protein-based conversion, the conversion rate reached 100% in born animals (Table 2,
Fig. 2¢c). However, this method is not available for Flpo and Vika, as Flpo and Vika proteins could not be pro-
duced in sufficient quantities despite the use of various (bacterial, baculovirus, mammalian) expression systems
(unpublished data). To compare the AAV system with other systems enabling Flpo- and Vika-mediated conver-
sion, we proceeded with the microinjection of Vika and Flpo mRNA. Both Cre and Dre proteins consistently
demonstrated 100% conversion efficiency. Flpo mRNA microinjection exhibited a 100% conversion rate with
10% of animals displaying mosaicism, while Vika mRNA application resulted in a 71.4% conversion rate with
14.3% of animals exhibiting mosaic characteristics (Table 2). Thus, the AAV-based delivery SSR system emerges
as a fully functional alternative to select established methods of in vitro allele conversion (Fig. 2c).

AAV-Cre and AAV-Flpo vectors enable single or double conversion during mouse line
reanimation

To explore the potential of AAV-Flpo recombinase, we attempted to treat presumptive mouse zygote produced
by in vitro fertilization from cryopreserved sperm with the AAV-Flpo recombinase. Our protocol was evaluated
on selected EUCOMM/KOMP alleles, converting tm1a (KO first allele, reporter-tagged insertion allele) to tm1lc
(tm1c: conditional allele, post-Flpo) or even tm1d (deletion allele, post-Flpo and Cre with no reporter). The
schematic description of the treatment is depicted in Fig. 3a. To convert Aatk'™m1/EOMPIWi g d Cdh26tmiatoMPIWs
lines to tm1c form, the AAV CMV-Flpo vector (at 1E+10 GC/mL) was applied. Despite the anticipated reduction
in efficiency at the highest attainable titer, the conversion resulted in 3 tm1c-positive out of 4 Aatk tm1-positive
pups, where all 3 pups exhibited complete conversion to the tm1c allele (Supplementary Fig. S11). The conver-
sion of Cdh26 zygotes led to the birth of 7 Cdh26 tm1 cassette positive animals, among which 4 were completely
converted and 3 were mosaics (Supplementary Fig. $12).

To maximize the yield of fully converted animals, we tested the commercial AAV EFla-Flpo vector for
recombination in the following lines: Rreb1"m12(FUCOMMWI | A¢fyumIa(EUCOMM)HMEU a1y d {Jhet tmia(BUCOMM)Hmgu The
application of the commercial vector yielded high conversion efficiency, with Rrebl tm1c conversion occurring in
all 6 born tm1-positive animals (Fig. 3i-n). Atf2 tm1c conversion was observed in all 15 born tm1-positive pups,
where one pup showed a partial conversion (Supplementary Fig. $13). Ube2t tm1c conversion was confirmed in
all 7 tm1-positive animals (Supplementary Fig. §14).

To test the limits of AAV-based delivery, the direct in vitro conversion of tm1a alleles to tm1d was performed.
This involved the sequential treatment of Ube2t™!*(FUCOMMHmgu 4 g Cqpptmia(EVCOMMHEmg: embryos with AAV
EFla-Flpo and CMV-Cre vectors, respectively. We achieved tm1d conversion in 4 out of 5 tm1-positive pups for
Ube2t (Fig. 3b-h), and 4 out of 5 for the C4bp strain (Supplementary Fig. S15). Selected founders of all converted
strains were sequenced to confirm specific conversions (Supplementary Data Sanger sequencing of founder mice).

All treated strains and the number of converted animals are summarized in Table 3. One or two of the fully
converted and SSR genome negative founders for each strain were subsequently bred with a C57BI/6NCrl wild-
type counterpart. The progeny inherited the fully converted tm1c allele, for Aatk (Supplementary Fig. S16),
Cdh26 (Supplementary Fig. S17), Atf2 (Supplementary Fig. S18), Rrebl (Supplementary Fig. S19), Ube2t

Scientific Reports |

(2024) 14:20160 | https://doi.org/10.1038/s41598-024-70853-1 nature portfolio

86



www.nature.com/scientificreports/

a
capacitated washing: washing out AAV and
sperm tranfer removal of sperm medium exchange 2-cell embryo transfer
E == =3 —— J &= —1 L _J,J
Sperm capacitation in Fertilization drop Incubation drop Incubation drop
MBCD medium, HTF (+GSH) medium with HTF (-GSH) medium with HTF (-GSH) medium with
incubation 15-20 min AAV, incubation 4 hours AAV, incubation overnight AAV, incubation overnight
AAV Flpo (4h)
tmlatmic-tmid AAV Flpo (4h) AAV Flpo (ON) tm1c conversion
conversion tm1c covnersion tmc covnersion AAV Cre (4h)
tm1d conversion
b L 1 23 4 5 6 7 8 9 wtnic i L1 2 3 4 5 6 7 8 9 10 11 12 wt ntc
]
. s00bp > - - — — - —_ 504 bp (tm1c)
-
700 bp B - < 752 bp (tm1c) 300 bp - ——— — ————— - «d 352 bp (wt)
- o - - - €665 bp (wi)
300 bp p- FiR1' F1R1
(o i 2 3 45 6 7 8 9 wtontc j &8 1 2 3 4 5 6 7 8 9 10 11 12 wt ntc
500 bp B - 20be b - - p— - - - - 242bp (tm1)
300bp p -_ - - « 316 bp (tm1) FIR2
k B S SR MBSl o (5 7 hy G aky) thl e e e
d L2 Bz 2 345 Ga e et o tdntc t o] -
=X | E=sS “ E L=
-— — Kby I ‘ - ! .4
lkbpb: —.::— 88 bp (tmic) ' P’-‘ =Rl ;w"'i_u"" 42047 b0l
— gN . NE - §°F
— - = -
= - -
- F3R4
e i - e - <« 174 bp (tm1d)
FaR, :123456789101112pcwtntc
€ et =
& 123 456 78 9 powtne 200 bp b e - 325 bp (tmia}
= F2R3
200 bp B - - e 325 bp (lacz/tm1a)
m ™1 2 3 45 6 7 8 9 10 11 12 pc wt ntc
f “¢ 1 2 3 4 5 6 7 8 9 pc W NIC e -
- = . <« 327 bp (R
300 bp B —_ - = <327 bp (FIp0) 300 bp B , « b: waa’
2ot b - - " 4230000 O - -
Flpo-fwtrv/Rosa26-fwsrv
Flpo-fwrv/Rosa26-fwerv
g L1 2 3 4 56 7 8 9 wt pcoplnte n
-l 4 951 bp (Cre) . full- partial not " total tm1
kb0 B eMv-fwsCre-ry e = Ll T | conversion conversion converted | FPPOSItVE | e
500 bp b= - - = <sesbelo) ] 55 61(100%) 0 0 0 [
h - FexsRex
No.of i
P full- partial tmlec not Fip total
i transfered | rcion | conversion | conversion | converted | postive | number
embryos
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Fig. 3. EUCOMM/KOMP allele conversion using AAV Flpo and/or AAV Cre vectors. (a) Initially, thawed or
extracted sperm undergo capacitation. The capacitated sperm are transferred to a fertilization drop containing AAV
SSRs and are incubated. Residual sperm are washed out and fertilized oocytes are transferred to incubation drop with
AAV, where they are incubated overnight. On the following day, 2-cell embryos are harvested and transferred into the
oviduct of a pseudopregnant recipient female. For tm1la-to-tm1d conversion, viable zygotes, following the overnight
treatment, are introduced into an incubation drop with AAV CMV-CRE vector and incubated for 4 h. (b-e) Ube2t™!4
(FUCOMM)Hmeu genotyping with corresponding primers to detect tm1d allele. (f,m) AAV Flpo persistence assay: four
primers reaction, Flpo FR primers amplify AAV Flpo genome; internal control (Rosa26 FR primers). wt: C57Bl/6NCrl
genomic DNA, pc: positive control—Gt(Rosa)26Sor(CAG-Flpo,-EYFP) genomic DNA. (g) AAV Cre persistence
assay: detection of residual AAV Cre genome, CMV-F and Cre-R primers detect presence of AAV CMV-Cre genome;
Fex and Rex primers amplify a DNA loading control reaction; wt:wild-type sample, pc: wild-type DNA and 1 ng/p

of AAV CMV-Cre plasmid, pl: AAV CMV-Cre plasmid, ntc: non-template control. (h) Ube2ttm¢ (FEUCOMMHmgu
genotyping summary. (i-1) Rreb1'"™!c(FUCOMMWS! gepotyping with corresponding primers to detect tm1c allele. (n)
Rreb1tmic (FUCOMMWSE gootyping summary. L(ladder): GeneRuler 1 kb Plus DNA. Presented figures have been cropped
for clarity, complete gel images can be found in Supplementary data Fig. S25.
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Ube2tmId(EUCOMM)
Hmgu

Aatk tmIe(KROMPWsi 57 CMV-Flpo 3 (75%) 0 1 (25%) 0 4 100%
Cdh2gmIcROMPNS | gg CMV-Flpo 4(57.1%) 3 (42.8%) 0 0 100%
RrebmIEVCOMMWS | 55 EFla-Flpo 6 (100%) 0 0 0 6 100%
Atf2tmIeEUCOMMHmgy | 51 EFla-Flpo 14 (93.4%) 1(6.6%) 0 0 15 100%
Ube2timI«(EUCOMMHmg | 56 EFla-Flpo 7 (100%) 0 0 0 7 100%

EFla-Flpo/

CMV-Cre 3 (60%) 1(20%) 1 (20%) 0 1 0 5 100%

C4bptms(EUCOMM)Hmgu

EF1a-Flpo/

CMV-Cre 4 (80%) 0 1 (20%) 0 1 0 5 100%

Table 3. EUCOMM/KOMP allele conversion using AAV Flpo and/or AAV Cre vectors. germ-line
transmission of target allele form in animals positive for tm1 allele. The table provides a summary of
genotyping data for the corresponding strain and treatment, as illustrated in Supplementary data Figs. S11-
$19.

(Supplementary Fig. S20) or tm1d for Ube2t (Supplementary Fig. S21) and C4bp (Supplementary Fig. $23)
without any residual presence of AAV genome. This pioneering strategy underscored the potency of AAV recom-
binases in the direct ex vivo conversion of tm1a alleles, resulting in rapid conversion to tmlc and/or tmld in
the first generation of transgenic mouse line immediately after fertilization. This approach not only significantly
reduces the consumption of animals but also seamlessly aligns with the principles of the 3Rs concept (Replace-
ment, Reduction, Refinement) accepted in the scientific community. All treated strains and numbers of converted
animals are summarized in Table 3.

Discussion

Application of complex transgenic alleles, exemplified by EUCOMM/KOMP alleles, often requires multiple
recombination events to understand specific biological processes fully. To achieve this level of genetic engineer-
ing sophistication, an efficient combinatorial method based on site-specific recombinases (SSRs) is needed. In
this context, we introduce a new method utilizing AAV vectors to facilitate such an approach.

As shown with Cre protein'!, we attempted to produce and purify the recombinant Dre, Flpe, and Vika
proteins in multiple cellular heterologous systems, including BL21-DE3-RIPL bacterial (BL21-DE3-RIPL), Hi5
insect cells, and HEK293T mammalian cells (HEK293). Nevertheless, Flpe and Vika proteins were not sufficient
for experiments in large-scale workflows (unpublished data). To overcome this limitation, SSR coding sequences
were packaged in AAV serotype 1 vectors, and their conversion efficiency was compared to established SSR
delivery techniques in the form of protein electroporation and/or mRNA microinjection.

Titers of the vectors varied. Cre and Dre containing vectors could be prepared in high-titers, while Vika and
CMV-Flpo vectors achieved relatively low-titer (Supplementary Fig. S24). The reason for this discrepancy is
unclear. The constructs fall below the AAV packaging limit of 4.7 kb (Cre: 3167 bp, Dre: 3156 bp, Vika: 3159 bp,
CMYV-Flpo: 3369 bp), thus, the size of the vector should not influence packaging. Despite employing identical
procedure for the production and purification protocols, our data suggest that the expression of Vika and Flpo
may influence the AAV replication process in a mammalian system. However, it is important to highlight that our
data did not indicate a significant presence of empty capsids in the Vika and CMV-Flpo vectors. If such capsids
were prevalent, a disproportionately higher amount of protein relative to the GC (genome copy) count would be
expected (Supplementary Fig. S24). Therefore, it is more plausible that the efficiency of AAV-SSRs production is
negatively affected by the overexpression of Vika and Flpo in mammalian producer cells.

Different AAV SSR titers were applied to MuX heterozygote (het) zygotes to determine the most effective and
least toxic viral concentration (Fig. 1b,c). Once the optimal titer was identified, the efficiency and scale of conver-
sion were evaluated in adult mice. Performance of AAV vectors was compared with standard delivery methods,
such as electroporation of protein (Cre and Dre), or microinjection of mRNA (Vika and Flpo).

Despite the relatively low-yield in production of CMV-Flpo and Vika vectors (reaching a maximum titer of
7E+10 GC/mL and 3.3E + 11 GC/mL, respectively), the titration screen identified the minimum effective titers
for CMV-Flpo and Vika as 1E+10 GC/mL and 1E +9 GC/mL, respectively (Fig. 1b-d). Reduced embryo viability
at 1E+11 GC/mL was observed in the case of Cre and Dre vectors (Fig. 1b,c). The optimal titers were determined
based on the viability and conversion efficiency ratio, as quantified in Table 1. However, it is important to note
that Cre and Dre vectors can be used at concentrations one order of magnitude lower while still ensuring efficient
conversion and low toxicity. In contrast, CMV-Flpo and Vika titration experiments indicated that concentra-
tions below 1E + 10 GC/mL significantly reduce conversion efficiency. A similar trend was observed with the
commercial EFla-Flpo vector. However, unlike Cre and Dre, the highest titer of this vector did not adversely
affect embryo viability (Fig. 1b,c).
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While AAV vectors are generally considered non-integrative vectors, recent evidence has introduced some
uncertainty regarding their potential integration following double-stranded breaks (DSB)?"?!. SSRs, unlike site-
specific endonucleases, do not induce open DSB. SSR-mediated recombination represents a more isolated and
tightly regulated process compared to the machinery involved in DSB repair®. Furthermore, the AAV vectors
used in this study do not carry any recombination sites recognized by the given site-specific recombinases. This
factor might considerably reduce the likelihood of AAV genome integration during SSR-mediated recombination.
Therefore, we hypothesize that the observed persistence of the AAV genome is associated with the episomal state
of the AAV genome or spontaneous integration into the genome, rather than with SSR activity®.

The presence of expression-competent fragments of the AAV vector within the host cells was analyzed, since
AAVs are associated with low integrative potential®!. Our data suggest that all used recombinases in AAV form
can persist in the host tissue. Based on AAV persistence assay in MuX mice, the frequency of residual AAV
genome is on average 9.8%, which is relatively high by standards for gene therapy (Supplementary Figs. $2-S6).
Due to this persistence potential, newborn animals should be screened for Flpo and Cre AAV genomes after
AAV-mediated conversions. Based on this selection, there is no need for further back-cross breeding to eliminate
the active Flpo gene from the genome, as is often case with conventional Flpo driver lines.

Notably, the AAV vector can integrate into the genome, frequently at the AAVSI site, or it can remain in
the nucleus in an episomal state?. Flpo-positive animals converted by AAV can generate progeny both with
and without Flpo integration, as demonstrated in Supplementary Fig. $22. This observation suggests that while
AAV-converted animals can test positive for Flpo, the recombinase gene is not necessarily passed to the next
generation. This is likely due to the potential episomal state of the AAV vector, mosaic integration in germ cells,
or allelic crossover during meiosis. One of the practical applications of the AAV-based SSRs delivery is in vitro
fertilization. A single treatment with AAV Flpo or Cre facilitates the direct conversion of the previously men-
tioned EUCOMM/KOMP alleles without a significant risk of recombinase vector persistence. This approach
offers a simple and effective method for Cre or Flpo-mediated conversion. The AAV system not only enables
the conversion from tmla to tmlc, but also provides the opportunity to perform tmla to tmld conversion in
the whole animal, as shown in Fig. 3b-n. Furthermore, we verified that AAV-mediated conversion is heritably
transmitted to the next generation. Since AAV vectors can remain present in either episomal or integrated states,
we suggest the preference for AAV SSR-free animals for further work (Supplementary Figs. $16-523).

We have effectively demonstrated the practical application of AAV SSRs in the context of EUCOMM/KOMP
allele conversion, specifically transitioning from the tmla state to tmlc, and further to tm1d in a single animal
(Fig. 3b-h and Supplementary Fig. S15). A distinctive feature of the AAV-based approach is the ability to convert
tmla alleles to tm1d through sequential treatment with two distinct vectors. The current practice for achieving
tm1d allele involves converting the tm1la allele to tm1c using either a Flpo driver or mRNA microinjection*>**.
Subsequent progeny of tm1lc mice are then converted either through a Cre driver or mRNA/protein microinjec-
tion/electroporation™!***. As a result, the conventional approach requires more time and animals until the
final model is established, which can be at odds with the principles outlined in the 3Rs guidelines.

The main objective of this study is to underscore the versatility of AAV SSRs and improve conversion meth-
ods employing these enzymes. We focused on the FLP/FRT system, whose protein synthesis is complicated, and
mRNA microinjection is invasive and less efficient. The utilization of AAV Flpo construct offers an efficient and
straightforward tool for effective tmlc conversion without inducing significant adverse effects. Additionally, it
enables the potential for combinatorial treatment with AAV Cre vectors to achieve the tm1d allele, resulting in
rapid conversion compared to conventional methods. Furthermore, combinatorial treatment enables a reduc-
tion in the number of required animals.

Moreover, the use of recombinant AAVs (rAAVs) can be conducted within a biosafety level 1 (BSL-1) facility,
provided that the AAV vector does not carry an oncogenic or toxic payload and is produced in a helper virus-free
manner. rAAVs loaded with SSRs adhere to the BSL-1 criteria, making the vector readily applicable in laboratories
lacking BSL-2 facilities’®. Furthermore, rAAV vectors can be purchased in a high-purity grade and ready-to-use
form, making AAV-mediated conversion a broadly available method. To facilitate the availability of the method,
all plasmids generated in this study will be deposited in a non-profit plasmid repository.

Conclusion

In summary, this study highlights the potential of AAV Site-Specific Recombinases (SSRs) for precise allele
conversion, Although the dominant Cre/loxP system provides a robust framework for achieving spatiotemporal
control over alleles through recombination events, Flpo, Dre, and Vika, are not as commonly used for direct
ex vivo allele conversion. The delivery of Cre, Dre, Flpo, and Vika recombinases via AAV1 particles resulted in
efficient conversion at various target sites while minimizing risk of AAV genome persistence and ensuring the
safety of treated embryos. This approach seemlessly aligns with in vitro fertilization (IVF) procedures applied
on EUCOMM/KOMP lines. The AAV vectors demonstrate excellent conversion capabilities with a reduced
risk of AAV genome persistence. Incorporating these findings, we provide a safe and efficient pathway for allele
conversion, with the specific focus on the remarkable potential of AAV Flpo vectors. Our research underscores
the versatility and safety of recombinant AAV's within research facilities, irrespective of biosafety level, and
highlights AAV Flpo as a standout candidate for efficient and reliable allele conversion.

Data availability

All data generated or analyzed during this study are included in this published article (and its Supplementary
Information files). Knock-out first (EUCOMM/KOMP) mouse lines, used in this study, are available in the
European Mouse Mutant Archive (EMMA).
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b blastocyst genotyping Fin+Rin/Fex+Rex
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blastocyst genotyping  Fin+Rin/Fex+Rex
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blastocyst genotyping Fin+Rin/Fex+Rex
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e blastocyst genotyping  Fin+Rin/Fex+Rex
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Figure S1: Genotyping of treated heterozygous MuX embryos (E4.5) using Fex/Rex and
Fin/Rin primers

(a) Genotyping of AAV EFla-Flpo treated blastocysts with corresponding viral titre. (b) Genotyping of AAV CMV-Cre treated blastocysts with corresponding viral
titre. (c) Genotyping of AAV CMV-Dre treated blastocysts with corresponding viral titre. (d) Genotyping of AAV CMV-Vika treated blastocysts with corresponding
viral titre or non-treated controls. (e) Genotyping of AAV CMV-Flpo treated blastocysts with corresponding viral titre or non-treated controls. Ladder (L):
GeneRuler 1kb Plus DNA Ladder; wt: wild-type tissue sample without MuX reporter in the genome; het: heterozygote sample of a mouse carrying a MuX allele,
hom: homozygote sample of a mouse carrying two MuX alleles; non-treated control: genotyping of 16 random blastocysts from corresponding group in Fig.1.

Rosa26 wild type allele without MuX cassette corresponds to a band of 466bp (Fex and Rex primers), non-recombined MuX cassette is indicated by 643bp band
(Fin and Rin primers).
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Figure S2: Tissue genotyping and imaging of heterozygous MuX mice after AAV CMV-Cre treatment

(a) Mice were genotyped with Fin/Rin and Fex/Rex primers, ladder (L): GeneRuler 1kb Plus DNA Ladder; wt: wild-type tissue; het: heterozygote sample of mouse
carrying a single MuX allele; hom: homozygote sample of mouse carrying two MuX alleles; Rosa26 locus without (deleted) MuX cassette band corresponds to
466bp (Fex and Rex primers), 643bp band corresponds to non-recombined MuX cassette. (b) Clipped fingers were imaged for EGFP signal to confirm corresponding
genotype, MuX NC: non-recombined MuX heterozygote finger, magnification 11,2x. (c) AAV genome persistence assay: detection of residual AAV Cre genome,
CMV-F and Cre-R primers detect presence AAV CMV-Cre genome, band corresponding to 951bp; Fex and Rex primers produce 466bp band as a DNA loading
control reaction; wt:wild-type sample, pc: wild-type DNA and 1ng/u of AAV CMV-Cre plasmid, pl: AAV CMV-Cre plasmid, ntc: non-template control. (d) Summary of
genotype and phenotype analysis.
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Figure S3: Tissue genotyping and imaging of heterozygous MuX mice after AAV CMV-Dre treatment

(a) Mice were genotyped with Fin/Rin and Fex/Rex primers, ladder (L): GeneRuler 1kb Plus DNA Ladder; wt: wild-type tissue; het: heterozygote sample of
mouse carrying a single MuX allele; hom: homozygote sample of mouse carrying two MuX alleles; Rosa26 locus without MuX cassette band corresponds to
466bp (Fex and Rex primers), 643bp band corresponds to non-recombined MuX cassette. (b) Clipped fingers were imaged for EGFP signal to confirm
corresponding genotype, MuX NC: non-recombined MuX heterozygote finger, magnification 11,2x (c) AAV genome persistence assay: detection of residual AAV
Dre genome, CMV-F and Dre-R primers detect presence AAV CMV-Dre genome, band corresponding to 1003bp; Fex and Rex primers produce 466bp band as a
DNA loading control reaction; wt:wild-type sample, pc: wild-type DNA and 1ng/p of AAV CMV-Dre plasmid, pl: AAV CMV-Dre plasmid, ntc: non-template

control. (d) Summary of genotype and phenotype analysis.
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Figure S4: Tissue genotyping and imaging of heterozygous MuX mice after AAV CMV-Vika treatment

(a) Mice were genotyped with Fin/Rin and Fex/Rex primers, ladder (L): GeneRuler 1kb Plus DNA Ladder; wt: wild-type tissue; het: heterozygote sample of
mouse carrying a single MuX allele; hom: homozygote sample of mouse carrying two MuX alleles; Rosa26 locus without MuX cassette band corresponds
to 466bp (Fex and Rex primers), 643bp band corresponds to non-recombined MuX cassette. (b) Clipped fingers were imaged for EGFP signal to confirm
corresponding genotype, MuX NC: non-recombined MuX heterozygote finger, magnification 11,2x. (c) AAV genome persistence assay: detection of
residual AAV Vika genome, CMV-F and Vika-R primers detect presence AAV CMV-Vika genome, band corresponding to 1083bp; Fex and Rex primers
produce 466bp band as a DNA loading control reaction; wt:wild-type sample, pc: wild-type DNA and 1ng/u of AAV CMV-Vika plasmid, pl: AAV CMV-Vika
plasmid, ntc: non-template control. (d) Summary of genotype and phenotype analysis.
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Figure S5: Tissue genotyping and imaging of heterozygous MuX mice after AAV CMV-Flpo treatment

(a) Mice were genotyped with Fin/Rin and Fex/Rex primers, ladder (L): GeneRuler 1kb Plus DNA Ladder(L); wt: wild-type tissue; het: heterozygote sample of
mouse carrying a single MuX allele; hom: homozygote sample of mouse carrying two MuX alleles; Rosa26 locus without MuX cassette band corresponds to
466bp (Fex and Rex primers), 643bp band corresponds to non-recombined MuX cassette. (b) Clipped fingers were imaged for EGFP signal to confirm
corresponding genotype, magnification 11,2x (c) AAV genome persistence assay: detection of residual AAV CFlpo genome, four primers reaction, Flpo FR
primers amplify AAV Flpo genome (327bp band); loading control (Rosa26 FR primers) - 238bp band. wt: C57BI/6NCrl genomic DNA, pc: positive control -
Gt(Rosa)26Sor(CAG-FIpo,-EYFP) genomic DNA. (d) Summary of genotype and phenotype analysis.
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Figure S6: Tissue genotyping and imaging of heterozygous MuX mice after AAV EF1a-Flpo treatment

(a) Mice were genotyped with Fin/Rin and Fex/Rex primers, ladder: GeneRuler 1kb Plus DNA Ladder; wt: wild-type tissue; het: heterozygote sample of-mouse
carrying a single MuX allele; hom: homozygote sample of mouse carrying two MuX alleles; Rosa26 locus without MuX cassette band corresponds to 466bp (Fex
and Rex primers), 643bp band corresponds to non-recombined MuX cassette. (b) Clipped fingers were imaged for EGFP signal to confirm corresponding
genotype, magnification 11,2x. (c) AAV genome persistence assay: detection of residual AAV EFlpo genome, four primers reaction, Flpo FR primers amplify AAV
Flpo genome (327bp band); loading control (Rosa26 FR primers) - 238bp band. wt: C57BI/6NCr| genomic DNA, pc: positive control - Gt(Rosa)26Sor(CAG-Flpo,-
EYFP) genomic DNA. (d) Summary of genotype and phenotype analysis.
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Figure S7: Tissue genotyping and imaging of heterozygous MuX mice after Cre protein
electroporation

(a) Mice were genotyped with Fin/Rin and Fex/Rex primers, ladder (L): GeneRuler 1kb Plus DNA Ladder; wt: wild-type tissue; het: heterozygote sample of
mouse carrying a single MuX allele; hom: homozygote sample of mouse carrying two MuX alleles; Rosa26 locus without MuX cassette band corresponds to

466bp (Fex and Rex primers), 643bp band corresponds to non-recombined MuX cassette. (b) Clipped fingers were imaged for EGFP signal to confirm
corresponding genotype, magnification 11,2x. (C) Summary of genotype and phenotype analysis.
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Figure S8: Tissue genotyping and imaging of heterozygous MuX mice after Dre protein electroporation

(a) Mice were genotyped with Fin/Rin and Fex/Rex primers, ladder (L): GeneRuler 1kb Plus DNA Ladder; wt: wild-type tissue; het: heterozygote sample of
mouse carrying a single MuX allele; hom: homozygote sample of mouse carrying two MuX alleles; Rosa26 locus without MuX cassette band corresponds
to 466bp (Fex and Rex primers), 643bp band corresponds to non-recombined MuX cassette. (b) Clipped fingers were imaged for EGFP signal to confirm
corresponding genotype, magnification 11,2x. (c) Summary of genotype and phenotype analysis.
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Figure S9: Tissue genotyping and imaging of heterozygous MuX mice after Vika mRNA microinjection

(a) Mice were genotyped with Fin/Rin and Fex/Rex primers, ladder (L): GeneRuler 1kb Plus DNA Ladder; wt: wild-type tissue; het: heterozygote sample of
mouse carrying a single MuX allele; hom: homozygote sample of mouse carrying two MuX alleles; Rosa26 locus without MuX cassette band corresponds to
466bp (Fex and Rex primers), 643bp band corresponds to non-recombined MuX cassette. (b) Clipped fingers were imaged for EGFP signal to confirm
corresponding genotype, magnification 11,2x. (c) Summary of genotype and phenotype analysis.
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Figure S10: Tissue genotyping and imaging of heterozygous MuX mice after Flpo mRNA microinjection

(a) Mice were genotyped with Fin/Rin and Fex/Rex primers, ladder: GeneRuler 1kb Plus DNA Ladder; wt: wild-type tissue; het: heterozygote sample of
mouse carrying a single MuX allele; hom: homozygote sample of mouse carrying two MuX alleles; Rosa26 locus without MuX cassette band corresponds to
466bp (Fex and Rex primers), 643bp band corresponds to non-recombined MuX cassette. (b) Clipped fingers were imaged for EGFP signal to confirm
corresponding genotype, magnification 11,2x. (c) Summary of genotype and phenotype analysis
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Figure S11: Detection of Aatk tm1c allele converted with AAV CMV-Flpo

(a-c) Detection of tmla to tmlc conversion using multiple genotyping reactions (marked 1-5). All treated mice were born after in vitro fertilization of wild-type
oocytes with heterozygote Aatk tm1alkOMPIWt sherm (31) F1R1 reaction detects presence of tmic allele (580bp) and wild type allele (417bp). (a2) F1R2 reaction
confirms presence of tm1l cassette (275bp). (b3) F3R4 reaction detects presence of tmlc (2213bp) allele. (c4) Detection of LacZ/tmla cassette using F2R3 primers,
positive band corresponds to 325bp. (c5) Integration assay: four primers reaction, Flpo FR primers amplify AAV Flpo genome (327bp band); internal control (Rosa26 FR
primers) - 238bp band. wt: C57BI/6NCrl genomic DNA, pc: positive control - Gt(Rosa)26Sor(CAG-Flpo,-EYFP) genomic DNA. Ladder (L): GeneRuler 1kb Plus DNA Ladder.
(d) Summary of genotype analysis.

107



20R30 SRS bl

8 9 10 11 12 13 14 15 16 wt ntc

0D e i ) G i B

500 bp > bk

300 bp B

1kbp port

L

300 bpp>

2O A N O

N -

- -
e e e

e .

8 9 10 11 12 13 14 15 16 wt ntc

9 10 11 12 13 14 15 16 wt ntc

- 729 bp (tm1c)
< 610 bp (wt)

<« 943 bp (tm1c)

1 2 3 4 56 7 8 9 10 1112 13 14 15 16 pc wt ntc

31 Feds BeDy o byte/n Te b,

9 10 11 12 13 14 15 16 pc wt ntc

300 bp -
’“----------------'-

F1R1
< 259 bp (tm1)
F1R2
F3R4
325 bp (tm1a)
F2R3

- 327 bp (Flpe)

200 bp P 0 < 275 bp (wt)
Flpo-fw+rv/Rosa26-fw+rv
total number
full-conversion partial ted -
[l Gaet Eanersis (tmlc+ and LacZ -) (tmlc+ and tm1la: LacZ+) (tm1a: LacZ+) BeCpe e (i iz
positive)
Cdh26 tmislkoMPIWs Cdh26 tmiclkomPIWesi 4(57,1%) 3(42,8%) 0 0 7

Figure S12: Detection of Cdh26 tm1c allele converted with AAV CMV-Flpo

Detection of tmla to tmilc conversion using multiple genotyping reactions. All treated mice were born after in vitro fertilization of wild-type oocytes with
heterozygote Cdh26!MmialkeMPIWsi snerm . (a) F1R1 reaction detects presence of tm1c allele (729bp) and wild type allele (610bp). (b) F1R2 reaction confirms presence of
tm1 cassette (259bp). (c) F3R4 reaction detects presence of tmlc (943bp) allele. (d) Detection of LacZ cassette using F2R3 primers, positive band corresponds to
325bp. (e) AAV genome persistence assay: detection of residual AAV CFlpo genome, four primers reaction, Flpo FR primers amplify AAV Flpo genome (327bp band);
loading control (Rosa26 FR primers) - 238bp band. wt: C57BI/6NCrl genomic DNA, pc: positive control - Gt(Rosa)26Sor(CAG-Flpo,-EYFP) genomic DNA. (F) Summary of

genotype analysis. Ladder (L): GeneRuler 1kb Plus DNA Ladder.
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Figure $13: Detection of Atf2 tm1c allele converted with AAV EFla-Flpo

Detection of tmla to tmlc conversion using multiple genotyping reactions. All treated mice were born after in vitro fertilization of wild-type oocytes with
heterozygote Atf2tmia(EUCOMMIHmeU/Ph sharm . (a) FIR1 reaction detects presence of tmic allele (1,77kbp) and wild type allele (1,5kbp); (b) F1.1R1 reaction confirms
presence of tm1 cassette (237bp), wild-type product corresponds to 170bp. (C) F3R4 reaction detects presence of tm1c (1,56kbp) allele. (d) Detection of LacZ/tm1a
cassette using F2R3 primers, positive band corresponds to 325bp. (e) AAV genome persistence assay: detection of residual AAV CFlpo genome four primers
reaction, Flpo FR primers amplify AAV Flpo genome (327bp band); internal control (Rosa26 FR primers) - 238bp band. wt: C57BI/6NCrl genomic DNA, pc: positive

control - Gt{Rosa)2650r(CAG-Flpo,-EYFP) genomic DNA. (f) Summary of genotype analysis. L (ladder): GeneRuler 1kb Plus DNA Ladder.
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Figure S14: Detection of Ube2t tm1c allele converted with AAV EF1a-Flpo

Detection of tmla to tmlc conversion using multiple genotyping reactions. All treated mice were born after in vitro fertilization of wild-type oocytes with heterozygote
Ube2ttm1a(EUCOMM)Hmgu>/WtsiPh sharm . (a) FIR1 reaction detects presence of tmlc allele (752kbp) and wild type allele (665bp). (b) F1R2 reaction confirms presence of tml
cassette (316bp). (c) F3R4 reaction detects presence of tmilc (884kbp) allele. (d) Detection of LacZ cassette using F2R3 primers, positive band corresponds to 325bp. (e)
AAV genome persistence assay: detection of residual AAV EFlpo genome, four primers reaction, Flpo FR primers amplify AAV Flpo genome (327bp band); internal
control (Rosa26 FR primers) - 238bp band. wt: C57BI/6NCrl genomic DNA, pc: positive control - Gt(Rosa)26Sor{CAG-Flpo,-EYFP) genomic DNA. (f) Summary of genotype

analysis. L (ladder): GeneRuler 1kb Plus DNA Ladder.
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Figure S15: Detection of C4bp tm1d allele converted with AAV EF1a-Flpo and AAV CMV-Cre

Detection of tmla to tmld conversion using multiple genotyping reactions. All treated mice were born after in vitro fertilization of wild-type oocytes with
heterozygote Cabptmia(KOMPIWisi/MbpMmucd (3) F1R1 reaction detects tmid allele (624bp) and wild-type (1652bp). (b) F1R2 reaction confirms presence of tmic allele
(589bp) and wild type allele (467bp). (c) F3R4 reaction detects presence of tmlc (1279bp) allele and tm1d (172bp). (d) Detection of LacZ/tm1la cassette using
F2R3 primers, positive band corresponds to 325bp.(e) AAV genome persistence assay: detection of residual AAV EFlpo genome, four primers reaction, Flpo FR
primers amplify AAV Flpo genome (327bp band); internal control (Rosa26 FR primers) - 238bp band. wt: CS7BI/6NCrl genomic DNA, pc: positive control -
Gt(Rosa)26Sor(CAG-FIpo,-EYFP) genomic DNA. (f) Detection of residual AAV Cre genome: CMV-F and Cre-R primers detect presence AAV CMV-Cre genome, band
corresponding to 951bp; Fex and Rex primers produce 466bp band as a DNA loading control reaction; wt:wild-type sample, pc: wild-type DNA and 1ng/p of AAV
CMV-Cre plasmid, pl: AAY CMV-Cre plasmid, ntc: non-template. (g) Summary of genotype analysis. Ladder (L): GeneRuler 1kb Plus DNA Ladder.
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Figure S16: Detection of Aatk tmlc allele in progeny of Flpo- converted animals

Confirmation of germ-line transmission of tm1c allele in progeny of AAV EFla-Flpo converted Aatk tmlc animals. All analyzed mice were born from breeding of
Aatk tm1dKOMPIWES 3nimal 1 and 4 with wild-type (C57BI/6NCr) animals. L (ladder): GeneRuler 1kb Plus DNA Ladder. (A) F1R1 reaction detects presence of tmlc
allele (580bp) and wild type allele (417bp). (B) F1R2 reaction confirms presence of tm1 cassette (275bp). (C) AAV genome persistence assay: detection of residual
AAV CFlpo genome, four primers reaction, Flpo FR primers amplify AAV Flpo genome (327bp band); internal control (Rosa26 FR primers) - 238bp band. wt:

C57BI/6NCrl genomic DNA, pe: positive control - Gt{Rosa)265or(CAG-Flpo,-EYFP) genomic DNA. (D) Summary of genotype analysis.
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Figure 517: Detection of Cdh26 tm1c allele in progeny of Flpo- converted animals

(a-b) Confirmation of germ-line transmission of tmlc allele in progeny of AAV EFla-Flpo converted Cdh26 tmld animals. All analyzed mice were born from
breeding of Cdh26 tm1cKOMPIWtSI gnimal 10 with wild-type (C57BI/6NCr) animals. L (ladder): GeneRuler 1kb Plus DNA Ladder. (al) F1R1 reaction detects presence of
tm1c allele (729bp) and wild type allele (610bp). (a2) AAV genome persistence assay: detection of residual AAV CFlpo genome, four primers reaction, Flpo FR
primers amplify AAV Flpo genome (327bp band); loading control (Rosa26 FR primers) - 238bp band. wt: C57BI/6NCrl genomic DNA, pc: positive control -
Gt(Rosa)26Sor(CAG-Flpo,-EYFP) genomic DNA. (a3) F1R2 reaction confirms presence of tm1 cassette (259bp (b) Summary of genotype analysis.
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Figure S18: Detection of Atf2 tm1lc allele in progeny of Flpo-converted animals

Confirmation of germ-line transmission of tmic allele in progeny of AAV EFla-FIpo converted Atf2 tmlc animals. All analyzed mice were born from breeding of
Atf2tmicEUCOMMIHmEL/Ph 3 ang 12 with wild-type (C57BI/6NCr) animals. (a) F1R1 reaction detects presence of tmlc allele (1,77kbp) and wild type allele (1,5kb). (b)
F1.1R1 reaction confirms presence of tm1 cassette (237bp), wild-type product corresponds to 170bp. (¢) AAV genome persistence assay: detection of residual AAV
EFlpo genome, four primers reaction, Flpo: Flpo FR primers amplify AAV Flpo genome (327bp band); IC: internal control (Rosa26 FR primers) - 238bp band. wt:
C57BI/6NCrl genomic DNA, pc: positive control - Gt(Rosa)26Sor(CAG-Flpo,-EYFP) genomic DNA. (d) Summary of genotype analysis. Ladder (L): GeneRuler 1kb Plus

DNA Ladder.
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Figure S19: Detection of Rreb1 tm1ic allele in progeny of Flpo-converted animals

Confirmation of germ-line transmission of tm1c allele in progeny of AAV EFla-Flpo converted Rreb1 tm1lc animals. All analyzed mice were born from breeding
Rreb1tmic(EUCOMMIWES 2 and 9 with wild-type (CS7BI/6NCr) animals. (a) F1R1 reaction detects presence of tmlc allele (504bp) and wild type allele (352bp). (b)
F1R2 reaction confirms presence of tm1 cassette (242bp). (c) AAV genome persistence assay: detection of residual AAV EFlpo genome, four primers reaction,
Flpo: Flpo FR primers amplify AAV Flpo genome (327bp band); IC: internal control (Rosa26 FR primers) - 238bp band. wt: C57BI/6NCrl genomic DNA, pc: positive
control - Gt(Rosa)26Sor(CAG-Flpo,-EYFP) genomic DNA. (d) Summary of genotype analysis. Ladder (L): GeneRuler 1kb Plus DNA Ladder.
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Figure S20: Detection of Ube2t tm1lc allele in progeny of Flpo- converted animals

Confirmation of germ-line transmission of tmlc allele in progeny of AAV EFla-Flpo converted Ube2t tmlc animals. All analyzed mice were born from breeding of
Ube2ttm1cFUCOMM)HmeY 4 animal and wild-type (C57BI/6NCr) animals. (a) F1R1 reaction detects presence of tmic allele (752bp) and wild type allele (665bp). (b) F3R4
reaction detects presence of tmlc (884kbp) allele. (c) F1R2 reaction confirms presence of tm1l cassette (316bp). (d) AAV genome persistence assay: detection of
residual AAV EFlpo genome, four primers reaction, Flpo: Flpo FR primers amplify AAV Flpo genome (327bp band); IC: internal control (Rosa26 FR primers) - 238bp
band. wt: C57BI/6NCrl genomic DNA, pc: positive control - Gt(Rosa)26Sor(CAG-Flpo,-EYFP) genomic DNA. (e) Summary of genotype analysis. Ladder (L): GeneRuler

1kb Plus DNA Ladder.
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Figure S21: Detection of Ube2t tm1d allele in progeny of Flpo- and Cre- converted animals

Confirmation of germ-line transmission of tmlc allele in progeny of AAV EF1a-Flpo converted Ube2t tmld animals. All analyzed mice were born from breeding of
Ube2ttm1d(EUCOMMIHmEu 4 \ild-type (C57BI/6NCr) animals. (a) F1R1 reaction detects presence of tmic allele (752bp) and wild type allele (665bp). (b) F1R2 reaction
confirms presence of tm1 cassette (316bp). (c) F3R4 reaction detects presence of tmlc allele (884bp) and wild type allele (174bp). (d) AAV genome persistence
assay: detection of residual AAV EFlpo genome, four primers reaction, Flpo: Flpo FR primers amplify AAV Flpo genome (327bp band); IC: internal control (Rosa26 FR
primers) - 238bp band. wt: C57BI/6NCrl genomic DNA, pc: positive control - Gt(Rosa)265or(CAG-Flpo,-EYFP) genomic DNA. (e) Detection of residual AAV Cre
genome, CMV-F and Cre-R primers detect presence AAV CMV-Cre genome, band corresponding to 951bp; Fex and Rex primers produce 466bp band as a DNA
loading control reaction. (f) Summary of genotype analysis; wt:wild-type sample, pc: wild-type DNA and 1ng/p of AAV CMV-Cre plasmid, pl: AAV CMV-Cre plasmid,

ntc: non-template control. Ladder (L): GeneRuler 1kb Plus DNA Ladder.
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Figure S22: Detection of Ube2t tm1d allele in progeny of Flpo- and Cre- converted animals

Confirmation of germ-line transmission of tm1d allele in progeny of AAV EF1a-Flpo/CMV-Cre converted Ube2t tm1d animal. All analyzed mice were born from
breeding of Ube2ttm1dEUCOMMIHmeL founder 2 with wild-type (C57BI/6NCr). Ube2t tmild founder 2 was tested positive for AAV Flpo genome. L (ladder):
GeneRuler 1kb Plus DNA Ladder. (al) F1R1 reaction detects presence of tmlc allele (752bp) and wild type allele (665bp). (a2) F1R2 reaction confirms presence
of tm1 cassette (316bp). (a3) F3R4 reaction detects presence of tmlc allele (884bp) and wild type allele (174bp). (a4) AAV genome persistence assay:
detection of residual AAV EFlpo genome, four primers reaction, Flpo: Flpo FR primers amplify AAV Flpo genome (327bp band); IC: internal control (Rosa26 FR
primers) - 238bp band. wt: C57BI/6NCrl genomic DNA, pc: positive control - Gt(Rosa)2650r(CAG-Flpo,-EYFP) genomic DNA. (b) Detection of residual AAV Cre
genome: CMV-F and Cre-R primers detect presence AAV CMV-Cre genome, band corresponding to 951bp; Fex and Rex primers produce 466bp band as a DNA
loading control reaction; wt:wild-type sample, pc: wild-type DNA and 1ng/p of AAV CMV-Cre plasmid, pl: AAV CMV-Cre plasmid, ntc: non-template control. (c)

Summary of genotype analysis.
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Figure S23: Detection of C4bp tm1d allele in progeny of Flpo- and Cre- converted animals

Confirmation of germ-line transmission of tm1d allele in progeny of AAV EFla-Flpo/CMV-Cre converted C4bp tm1d animals. All analyzed mice were born from
breeding of C4bptmialkOMPWsi/MbpMmucd gnimals 8 and 9 with wild-type (C57BI/6NCr) animals. (a) F1R1 reaction detects tm1d allele (624bp) and wild-type (1652bp).
(b) F1R2 reaction confirms presence of tm1l allele (327bp). (c) F3R4 reaction detects presence of tmlc (1279bp) allele and tmild (172bp). (d) AAV genome
persistence assay: detection of residual AAV EFlpo genome, four primers reaction, Flpo FR primers amplify AAV Flpo genome (327bp band); internal control
(Rosa26 FR primers) - 238bp band. wt: C57BI/6NCrl genomic DNA, pc: positive control - Gt(Rosa)26Sor(CAG-Flpo,-EYFP) genomic DNA. (e) Detection of residual
AAV Cre genome, CMV-F and Cre-R primers detect presence AAV CMV-Cre genome, band corresponding to 951bp; Fex and Rex primers produce 466bp band as a
DNA loading control reaction; wt:wild-type sample, pc: wild-type DNA and 1ng/u of AAY CMV-Cre plasmid, pl: AAV CMV-Cre plasmid, ntc: non-template. (f)

Summary of genotype analysis. Ladder (L): GeneRuler 1kb Plus DNA Ladder.

121



Fig.524 Molecules and vectors quality control

a AAV titration
-
100KkDa - E
70kDa - Q
55kDa - | o
N Y
o qc‘ﬂs 40"“ q?f‘w(
» La a
vector
d
AAV vector Average titer per mL mRNA conc. [ng/ul] A260 A280 260/280 260/230
CMV-Cre 5.64E+12 + 2.00E+12 Flpo 1087.0 27.2 9.4 291 2.96
CMV-Dre 5.64E+12 £ 1.87E+12 Vika 1042.1 26.1 9.1 2.86 2.97
CMV-Vika 3.27E+11 + 8.07E+10
CMV-Flpo 7.25E+10 + 2.16E+10
EFla-Flpo 1.77E+13 + 5.60E+12
f

(a) Silver-stained SDS-PAGE gel of AAV encading Cre, Dre, Vika and Flpo recombinases, M - PageRuler™ Plus Prestained Protein Ladder (26620, Thermo Scientific).
Separation of equal volume (9ul) of each AAV vector per lane. CFlpo — AAV CMV-Flpo. EFlpo- AAV EFla-Flpo is commercially supplied vector and serves as purity
control in the analysis. (b) Separation of equal titer of AAV vectors per lane. CFlpo — AAV CMV-Flpo. AAV viral proteins: VP1, VP2, VP3. (c) Graph depicting average
titer of corresponding vectors. (d) Table showing titers of individual AAV vectors. (e) Spectral analysis of synthetized mRNA used for microinjection. (f) Assessment
of integrity of SSR mRNA before and after polyA tailing. Cre and Dre mRNA were used as synthesis controls L (ladder): Millennium™ RNA Marker. (g) Purity
assesment of synthetic Dre protein (41,7kDa) using Coomassie Blue staining, M - PageRuler™ Plus Prestained Protein Ladder (26620). Thermo Scientific), Dre p.-
purified Dre protein (used for electroporation in zygotes).
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Figure $25: EUCOMM/KOMP allele conversion using AAV Flpo and/or AAV Cre vectors (uncropped gels of Fig.3)

Images a-g represent the uncropped gel images corresponding to gels in Fig. 3 (red letters b-m). (red b-e) Ube2ttm1d (FUCOMMIHmeu senotyping with corresponding primers to
detect tm1d allele. (red f and m) AAV genome persistence assay: detection of residual AAV EFlpo genome, four primers reaction, Flpo FR primers amplify AAV Flpo
genome; internal control (Rosa26 FR primers). wt: C57BI/6NCrl genomic DNA, pc: positive control - Gt(Rosa)26Sor(CAG-Flpo,-EYFP) genomic DNA. (red g) Detection of
residual AAV Cre genome, CMV-F and Cre-R primers detect presence AAV CMV-Cre genome; Fex and Rex primers amplify a DNA loading control reaction; wt:wild-type
sample, pc: wild-type DNA and 1ng/u of AAV CMV-Cre plasmid, pl: AAV CMV-Cre plasmid, ntc: non-template control. (red h) Ube2tt™1d(EUCOMMHmeu gonotyping summary.
(red i) Rreb1tm1c (EUCOMMWES ganotyning with corresponding primers to detect tmic allele. L{ladder): GeneRuler 1kb Plus DNA.
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Supplementary Method:
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Figure 526: Genotyping Strategies for Functional Analysis of Target Genes in EUCOMM/KOMP Alleles

The knock-out first EUCOMM/KOMP allele, tm1a, allows for the analysis of target gene expression based on the LacZ reporter and facilitates selection based on
neomycin resistance. The tm1b allele is result of Cre recombination. tm1b enables expression analysis based on LacZ expression and disrupts gene function by deleting
a critical exon. tm1c is result of Flpo conversion which gives rise to conditional form of the gene of interest, flanking a critical exon with two loxP sites. tm1d arises
from the converted tmlc allele, leading to gene knock-out without reporter or selection properties. The F1 (or F1.1) and R1 primers detect the wild-type allele and
tmlc allele, while the F1 and R2 primers detect the presence of the tm1(a, b, ¢, d) cassette in the genome. The F2 and R3 primers detect the LacZ cassette, and the F3
and R4 primers detect either the tmlc allele, tm1d, or both alleles.

Aatktm1alkOMPIWsi E|lno_converted mice were genotyped for presence of tm1 allele (product size: 275 bp) with Aatk F1
and tm1-R2 primers. Further, Aatk F1 and R1 primers were used to detect wt (417 bp) and tm1c (580 bp) alleles. LacZ
(product size: 325 bp) specific primers LacZ-F2 and LacZ-R3 were used to confirm complete conversion to tmic allele by
removal of LacZ cassette.

Cdh26tm1alkOMPWIsI E|no-converted mice were genotyped for presence of tm1 allele (product size: 259 bp) with Cdh26
F1 and tm1-R2 primers. Further Cdh26 F1 and R1 primers were used to detect wt (610 bp) and tmlc (729 bp) alleles.
LacZ (product size: 325 bp) specific primers LacZ-F2 and LacZ-R3 were used to confirm complete conversion to tmlc
allele by removal of LacZ cassette.

Ube2ttmiaEUCOMM)HMeu conyerted mice were genotyped for presence of tm1 allele with Ube2t F1 and tm1-R2 primers
(product size: 318 bp). Further Ube2t F1 and R1 primers were uses to detect wt (product size: 665 bp) and tmlc
(product size: 752 bp) alleles. LacZ-F2 and LacZ-R3 primers (product size: 325 bp) were used to confirm complete
conversion to tmlc allele and absence of LacZ cassette. Conversion to tm1d allele was confirmed with tm1c-F3 and
floxed-R4 primers amplifying a specific product of 174 bp. In case of tm1c allele, tm1c-F3/ floxed-R4 primers generate
884bp product.

Atf2tmla(EUCOMM)Hmeu/Ph F|po-converted mice were genotyped for presence of tm1 allele with Atf2-F1.1 and Atf2-R1
primers which amplify wild-type allele giving 170bp product, and in presence of tm1 cassette, product of 237bp. Atf2-
F1 and Atf2-R1 primers (product of 1721 bp) show presence of tmlc allele, where wt allele gives product of 1506 bp.
LacZ-F2 and LacZ-R3 primers were used to confirm complete conversion to tmlc allele and absence of LacZ cassette.
PCR reaction with tmlc-F3 and floxed-R4 primers, aligning upstream to FRT and downstream to /loxP, confirms
conversion and integrity tm1c allele with 1563bp product.

Rreb1tmialEUCOMMWEST E|no_converted mice were genotyped for presence of tmilc allele with Rreb1-F1 and Rrebl-R1
primers which amplify wild-type allele giving 352bp product, and in presence of tmlc allele 504 bp product. To
distinguish mice with tm1 allele and wt, primers Rreb1-F1 and tm1-R2 were used. tm1l positive mice give 242 bp
product. LacZ (325 bp) specific primers, LacZ-F2 and LacZ-R3, were used to confirm complete conversion to tmic allele
and absence of LacZ cassette. PCR reaction with tmlc-F3 and floxed-R4 primers, aligning upstream to FRT and
downstream to loxP, confirms conversion and integrity tm1c allele with 1047bp product.
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C4bptmia(kOMP)Wsi/MbpMmued F|lno-converted mice were genotyped for presence of tm1 allele with C4bp F1 and R2 primers
(wt product size: 467 bp, tmlc product size: 589 bp, tm1d: no product). Further C4bp F1 and R1 primers were used to
detect wt (product size: 1652 bp), tmlc (product size: 1785 bp) and tm1d (product size: 678 bp) alleles. LacZ-F2 and
LacZ-R3 primers (product size: 325 bp) were used to confirm complete conversion to tmlc allele and absence of LacZ
cassette. Conversion to tm1ld allele was confirmed with tm1c-F3 and floxed-R4 primers amplifying a specific product of
172 bp. In case of tmlc allele, tm1c-F3/floxed-R4 primers generate 1279bp product.

Despite sequential differences, all listed primers correspond to the depicted primers in Fig.521. The approximate site of
binding is indicated based on their number (e.g., F1, R3, etc.). Their correspondence to specific genes is given by their
names (e.g., Ube2t-F1, Rreb1-R1, etc.). Primers such as LacZ-F2, LacZ-R3, tm1-R2, floxed-R4, and tm1c-F3 are common
for all used strains, and can be used for any tm1 allele, regardless of the gene of interest.

All AAV SSR treated mice were analyzed for potential persistance of AAV genome in integrated or episomal state.
Forward primer binding CMV promoter (CMV-Fw) was used to detect potentially active persisting AAV genomes for
AAV CMV-Cre, Dre and Vika vectors. Reverse primer was used to detect a specific AAV SSR genome based on treated
group identity (Cre-Rv, Dre-Rv, Vika-Rv). Fex and Rex primers were used for amplification of wt Rosa26 locus as loading
control reaction. Flpo-fw and rv primers were used in four primers reaction (with Rosa26 Fw and Rv primers) to detect
Flpo persistence in cells. Rosa Fw and Rv primers align with Rosa26 locus and their product serves as internal control.
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Primers and oligos:

Cloning oligos

sequence (5'>3')

CDS Dre fw agaaggagatataccatgcctaagaagaagaggaagg

CDS Dre rv atggtggtggtgatggctatccatcagtcgagaattgg
CDS Vika fw agaaggagatataccatgaagaaaaagcggaaagtgacc
CDS Vika rv atggtggtggtgatgcaaagagaattcctcgactctagac
CDS Flpo fw agaaggagatataccatggctcctaagaagaagaggaa
CDS Flpo rv atggtggtggtgatggatccgcctgttgatgtage

AAV CDS Cre fw ttcgaacatcgattgagaattctgcagtcgacggta

AAV CDS Cre rv gcaggtcgactctagaatggctaatcgccatcttece

AAV CDS Dre fw aacatcgattgaattctgaatgcctaagaagaagaggaagg
AAV CDS Dre rv gagcagcgctgctcgaggcacgttcaaatttcgcagecage
AAV CDS Vika fw ttcgaacatcgattgaattccccgeccaccatgectaa

AAV CDS Vika rv gagcagcgctgctcgaggcacgagctctgactcacaaagag

AAV CDS Flpo fw

ttcgaacatcgattgaattcgcagtcgacggtaccggat

AAV CDS Flpo rv

gagcagcgctgctcgaggcatgcacctgaggagtgcggtta

AAV titration primers

sequence (5'>3')

AAV ITR fw

GGAACCCCTAGTGATGGAGTT

AAV ITR rv

CGGCCTCAGTGAGCGA

Genotyping primers

sequence (5'>3')

Fex (MuX)

gagccataactgcagactt

Rex (MuX) cggatttagccacatccata
Fin (MuX) cctctgctaaccatgttcat
Fin (MuX) ttaccaatatccaggccaac
Name primer Alternative name sequence (5'>3')
common primers F2 LacZ-internal-Fw gcgaatacctgttccgtcat
R3 LacZ-internal-Rv caaaaatccatttcgctggt
R2 CAS_R1_Term tcgtggtatcgttatgcgcece
F3 tmlc_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
Rrebl F1 Rrebl_81122_F aagcccaaagtcctcgtgtce
R1 Rrebl_81122_R gcagtccctccteccagtttg
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 gtcctggccacggcggaggce
Rosa26-Fw aaagtcgctctgagttgttat
Rosa26-Rv cctttaagcctgcccagaag
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4.4. Part 3: rAAV Purification through the strategic utilization of EVs
(unpublished)

In order to make rAAYV 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-AAYV particles produced with our method has shown minimal association
between EV and rAAYV 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-AAYV 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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Scalable Production of rAAV Vectors via Extracellular Vesicle-Mediated

Purification for Gene Therapy and Transgenesis

Petr Nickl!?, Maria Barbiera®, Jacopo Zini®, Tereza Nickl?, Aki Ushiki*, Nadav Ahituv*, Jan Prochazka'?, Marjo
Yliperttula® and Radislav Sedlacek!?

!Czech Centre for Phenogenomics, Czech Centre of Phenogenomics - Transgenic and Archiving Module, Institute of
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,
Vestec, Czech Republic,

3University of Helsinki, Division of Pharmaceutical Biosciences, Helsinki, Finland

‘Department of Bioengineering and Therapeutic Sciences, University of California San Francisco, San Francisco,
California, USA

SInstitute 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-AAYV 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-AAYV 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-AAYV vector are comparable to those of standard
AAYV 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

o Simplifies and streamlines the rAAV purification and delivery process while maintaining
comparable efficacy to traditional methods.

o FEnables high concentrations of rAAV in formulations, allowing for high-titer treatments with
reduced adverse effects.

e Offers significant potential for both therapeutic applications and transgenic research, advancing
gene delivery technology.

o Surpasses standard rAAV in delivery efficiency in vitro.
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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 Skbp, 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 .

The production of rAAV in mammalian cells has evolved to bypass the need for a helper virus, which is
necessary for wild-type AAYV 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 ',

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 costly!’>!73,

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 3. The removal of the density medium is a crucial step in the isolation process, as it often leads
to the aggregation of rAAYV virions, resulting in non-functional virus and poor titer retrieval. Consequently,

this makes the method less suitable for scalable concentration %,

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) '**. 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 %11,

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-AAYV, simplifies
the production process while maintaining the efficacy of traditional rAAV vectors. Our proposed method
for EV-AAYV 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 ef al., significantly increases the total
viral yield without compromising virus quality '*?. 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 '°. 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-AAYV 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

)19, The results indicate that the EV-AAYV formulation delivers active molecules

reporters in Lai et al. (2014
(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 7. Additionally, we utilized the EV-AAYV 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 rAAYV titers.

In conclusion, the EV-AAYV 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 pL/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 HindlIII 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 HindIIl. HDR cassettes of pAAV-Lck loxP2 HDR, pAAV-Actnl cKO HDR,
pAAV-Kcnmal-ctdTomato HDR, pAAV-Tacstd2-IRES-CreERT2 _HDR, pAAV-Nes-rtTA3-DTR-IRES-
iRFP670-Far5, pAAV-Dpp4-rtTA3-DTR-H1-mKate2, pAAV-Ube3a-sl-BiolD2 HDR, pAAV-Ube3a-lI-
BiolD2 HDR, were synthetized by GenScript, gene fragments were subcloned into pAAV-GFP backbone
using Notl 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 rAAYV 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 pL/mL) solution (Gibco). Per vessel total amount of plasmid DNA was 55ug 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 '7'1999.
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-AAYV 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
pL/mL) solution (Gibco). Per Hyperflask total amount of plasmid DNA was 50ug (for triple transfection)
and 55pg (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 FBS*" 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 um (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 1xXDPBS 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
0.22pm 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 um (Corning) overnight and stored at 4°C. Final concentration of the

PEG6000 NaCl solution waw 50% PEG6000 and 375 mM NacCl.
Western blot

Protein content of the samples was measured using BCA method by Pierce™ BCA Protein Assay Kit
(Thermo Scientific, described below). 10 pg 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
um 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-a-tubulin (mouse), 1:1000, reducing
conditions (Sigma Aldrich, DMI1A); 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 pg 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 pL./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.
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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 100puL. 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 C57BI/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 2,5x10'! GC/dose, EV-AAV 2,5x10'" GC/dose and EV-AAV-
CD9 2,5x10'"" GC/dose. The cohort was measured for bioluminescent signal after intraperitoneal injection
300puL 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 2x10'' GC/dose, EV-AAV 2,5x10'! GC/dose. The cohort was
measured for bioluminescent signal after intraperitoneal injection 300pL 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 gRT-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 '7,2001.
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 4648 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 uLL 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-AAYV 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 CDI

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 softwarel at a pixel size of 1.4 A with a 3s exposure

and a total electron dose of 46.9 electrons/A.
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-AAYV 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/uL, Thermo Scientific) and Deoxynucleotide Set,
100 mM (Sigma Aldrich). Genotyping was performed with following primers: Sox2-mStr, Ube3a-BiolD2,
Lck loxP2 and Actnl cKO.

3. Results
AAY 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. la, 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 GM 130, 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-AAYV 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-AAYV formulations

serotype AAY titer
vector
(genome form) [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-BiolD2

AAV2/1 (ss)

2.5E+12 £2.7E+11

EV-AAV-Ube3a-11-BiolD2

AAV2/1 (ss)

SA4E+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 Actnl 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

cKcenmal-tdTomato

AAV2/1 (ss)

1.2E+13 £ 4.6E+12

EV-AAV Hypertransposase

AAV2/1 (ss)

SE+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-AAYV 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-CD?9 formulations.

Protein composition of EV-AAYV formulation is dependent on rAAYV serotype and cargo

The composition of EV-AAV formulations varies depending on the rAAYV serotype used and the packaged
construct of interest. Raman spectrometry (RS) revealed significant differences between standard rAAV
particles and EV-AAV formulations. Standard rAAYV 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-AAVI1-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. 2¢).
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Figure 2: Comparative compositional analysis of EV-AAYV 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-CD?9). (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-AAVY), 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-AAY 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.3¢) 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 rAAYV virions (Fig. 3b). On average, only 0.9% of rAAVs were associated with EVs
inthe EV-AAYV 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-¢).
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Figure 3: Capture of EV-AAYV 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-AAY surpasses standard rAAYV in delivery efficiency in treatment to Neuro-2A and NIH3T3 cells.

EV-AAYV 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-AAYV 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). /n 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. Sc.
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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-AAYV 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. (¢) 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-AAYV 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 ir vive (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-AAYV Particles for CRISPR-Mediated Genome Engineering in Mice

The production of EV-AAYV 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-AAYV, 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:
SE+11 GC/mL (high), 1E+11 GC/mL (moderate), and SE+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.6¢,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-AAYV vectors

Transgenic construct delivered by EV- No. of transferred No. of born No. of positi imal Per of p: Per of p:
AAV embryos animals to born animals to transferred
i embryos
Viral titer per pl (high/medium/ low) high med low high med low low med low high med low high med low
EV-AAV-Ube3a-sl-BiolD2 (ssAAV) 182 197 172 0 19 16 0 8 6 0 42,1 37,5 0 41 3,5
EV-AAV-Ube3a-1l-BiolD2-CD9 (ssAAV) 136 - - 13 - 5 - - 38,4 - - 3,7 X X
Sox2-mStrawberry (scAAV) 64 64 75 3 0 13 1 0 6 33,3 0 46,2 1,6 0 8
EV-AAV Lck loxP2 (scAAV) 142 36 164 8 0 32 3 0 6 37,5 0 18,7 2,1 0 3,7
EV-AAV Actn1 cKO (ssAAV) 127 101 115 5 3 4 2 2 80 66,6 50 3,2 2 1,8
Nes-rtTA3-DTR-IRES-iRFP670-Far5 (ssAAV) 57 78 86 5 6 0 2 1 0 33,3 14,3 0 2,6 1,2
Dpp4-rtTA3-DTR-H1-mKate2 (ssAAV) 60 68 85 4 4 12 0 2 1 0 50 8,3 0 3 1,2
Tacstd2-IRES-CreERT2-pA (ssAAV) 19 34 34 0 5 11 0 2 6 0 40 54,5 0 59 17,6
cKcnma1l-tdTomato (gene trap) (ssAAV) 58 56 53 4 6 2 3 1 50 50 16,6 3,4 5,4 1,9
high = SE+11 GC/mL, medium = 1E+11 GC/mL, low = 5E+10GC/mL
a Sox2-P2A-mStrawberry b
Sox2 locus
viral titer EV-AAV AAV 1234567891011121314 1516wt ntc
Tkb g - - - - W —= 1088 bp 5° end Sox2-mStr
5E+11 GC/mL 5‘end genome-insert amplification
12345678910111213141516wtntc
700 bp [ TTew w w w - a1 836 bp 3 end Sox2mStr
3‘ end genome-insert amplification
1E+11 GC/mL
c d
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Figure 6: Delivery of HDR template into zygote ex vivo using EV-AAYV vectors
(a) Titration assay: Titration of EV-AAV and AAYV 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-AAYV titers, showing the percentage of
positive animals relative to the total number of implanted/transferred embryos into foster females.

151



Evaluating Toxicity, Delivery Efficiency and Replication Potential of EV-AAYV Particles Using the
PiggyBac System

The production of EV-AAYV 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
rAAYV 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-AAYV 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 SE+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-AAYV 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-AAYV treatment can achieve substantial integration while maintaining embryo viability (Fig.
7c,d).

152



In summary, these findings suggest that EV-AAYV 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-AAYV vectors in genetic engineering. Fig.7¢ 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.

a b c Embryo E15.5 CNA (highest dose) d Placanta CNA (highest dosa)
Embryo E15.5 (AAV vs EV-AAV) Placenta E15.5 (AAV vs EV-AAV) ] ]

44 20m . .

copy number per genome
copy number per genome

No. of embryos 3 7 2 2 1 1

in AAV group:
‘ 1
7 12 27 40 .
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Figure 7: Delivery efficiency and toxicity evaluation of rAAV and EV-AAYV 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-AAYV vectors in placenta (c) Graph showing number of copies of PiggyBac system in the
mouse genome delivered by high dose of EV-AAYV 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. (¢) Overview of rAAV and EV-
AAYV 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 '*®. 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-AAYV 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 *°, 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 '*’. Our method aims for
the isolation of EV-AAYV 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 (CD9Y) 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 [-resistant particles in the form of either
residual transfer plasmid encapsulated in EVs or rAAYV. The stability of EVs carrying plasmids corresponds
to the natural stability of EVs in mammalian systems, typically lasting a maximum of three days®*. 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)%!.

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 uL or 100 uL treatment, is easily achievable with the scalable
concentration of EV-AAV formulations. The minimal required number of genome copies per 50 uL
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-AAVI1 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 rAAYV variant of the PB system (Fig. 7ab). The titers for
comparison were based on the maximal possible TAAV 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-AAYV 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 TAAV 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-AAYV 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-AAYV 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 um 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) 22, 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-AAYV 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-CD?9 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 TAAV 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
anovel 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)".

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 tissues'**!*>, Additionally, constitutive promoters, such as the cytomegalovirus
promoter (CMV), can be subject to methylation-mediated silencing®®®. 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 scAAYV 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 AAVSI on
chromosome 19, while in mice, the orthologous site is Mbs85 on chromosome 7°*. AAVSI 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, AAVSI 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
AAVSI locus, has been associated with the development of hepatocellular carcinoma®®. 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 B-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 B-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
humans®®. 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 entry*”’. 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 infection®%,

The AAV-hACE?2 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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hACE?2 are higher than endogenous expression of Ace2 due to robust CMV expression, as demonstrated in

similar sensitized models'#+2%%-219,
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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,

210 144,211

replication , and testing specific reagents to prevent

SARS-CoV-2 infection or severe COVID-19'%%_ An additional unresolved question is the effect of the

, potential persistence, the inflammatory response

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 pPCAGGS-hACE2 model, while more specific models, such as hACE2(loxP-STOP),
rely on Cre drivers. The pPCAGGS-hACE2 model drives strong, constitutive expression of hACE2 across
various tissues®'2. In contrast, the hACE2(loxP-STOP) model is conditional, depending on the Cre driver,

213 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-hACE2*'*, HFH4-hACE22!%, and Ace2-hACE2%!'%, 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 humans®'’.

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

219 220,221

infection's interaction with risk factors like age®'8, diabetes, obesity*'’, or hypertension —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 B-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

tissues'*® (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)??? or pronuclear injection of mRNA?? 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 mRNA??*, To mitigate this limitation, we utilized only rAAV vectors
expressing SSR coding sequences (CDS) under strong constitutive promoters (EFla 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.

ITR ‘HBB TR TR ‘HBB -
intron intron
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[}@% Cre I poly(A) ){] &@:>H Dre | poly(A) ’:{]
ITR HBB ITR ITR HBB ITR
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Figure AAV SSR genomes used in Multistep Allelic Conversion in Mouse Pre-Implantation Embryos by AAV
Vectors publication. Abbreviations: CMV-cytomegalovirus promoter, HBB-human B-globin intron, hGH human
growth hormone poly(A) signal. EFla — 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 tmla 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)°. 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. S2¢-Sé6c, 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 rAAYV 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-AAYV) product originated from the goal of enhancing rAAV2/9 delivery
efficiency across the blood-brain barrier (BBB)!'*°. 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 membrane®?. 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 efficiency!**?522, 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-AAYV 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)*?’.

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 2*%. 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-AAYV 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.??’

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 ef
al. (2023) and Gyorgy et al. (2014) (Fig. 5a, ch. 4.4). Our experiment did not include testing for neutralizing
antibodies (NADb), 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-AAYV associations.
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In contrast, Li et al. separated EV-AAYV associations and tested only this strictly purified sub-population,

which is more suitable for clinical translation?*3-?°,
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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-AAYV preparations will be separated from AAV and other potential contaminants using a density

gradient, as described by Li ef 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 ef 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-AAYV 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-AAYV vectors perform better
at higher AAV titers. After treatment with a borderline toxic titer of SE+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-AAYV 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 implantation®*®?*!, 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 rAAYV 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 TAAV 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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