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Introduction

1 Introduction

1.1 Glial cells

When Rudolf Virchow published his famous manuscript Cellular Pathology in 1858, he was one of the
first researchers to acknowledge that the central nervous system (CNS) consists of more parts than
just nervous elements. He postulated that there is a tissue that "lies between the proper nervous parts,
surrounds them and gives the whole its form and appearance" ([1] p. 316) and that it is impossible to
study nervous elements without understanding this interstitial tissue. For the lack of comparable
tissues in the body, he created the name Neuroglia (Greek for brain glue), implying that it resembles
connective tissue and that its primary purpose is the passive physical connection and cohesion of
neurons [1].

Today, it is widely known that the group of neuroglial cells consists of four main cell types that take
over various crucial functions in the brain apart from just providing structural support to neurons.
These main cell types are oligodendrocytes, oligodendrocyte progenitor cells (OPC, also known as NG-
2 glia), microglia, and astrocytes. Recent studies suggest that the median proportion of glial cells to
neurons in the whole brain is roughly equal to 1, with the distinct fractions of neurons and subtypes
of glial cells differing spatially and temporally throughout the brain (reviewed in [2]). In general, NG-2
glia and microglia show high regional variability and are less numerous than oligodendrocytes and
astrocytes. Oligodendrocytes are responsible for generating the insulating myelin sheath around the
neuronal axons, allowing increased transmission speed of action potentials along the axon. NG2-glia
maintain their proliferation ability in the adult brain with their main purpose of differentiating into
oligodendrocytes. Microglia are CNS-resident macrophages with phagocytotic abilities that clear the
CNS from pathogens, debris and, apoptotic cells while also involved in pruning aberrant synapses
during brain development (reviewed in [2]). The fourth and arguably the most versatile type of cells in

the CNS are astrocytes, which will be discussed in greater detail in the following paragraphs.

1.2 Astrocytes

1.2.1 Astrocyte subtypes and functions

Astrocytes, combined with oligodendrocytes, make up the biggest fraction of total glial cells. Although
the determination of the total number of astrocytes in the human brain is challenging due to limited
sample availability, the comparison of sections from rat and human cerebral cortex revealed a direct
correlation between astrocyte to neuron ratio and the evolutionary stage of the organism [3-5].

Astrocytes are versatile both in morphology and functionality and can be divided into two basic
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subgroups, protoplasmic and fibrillary astrocytes, with the common characteristic that they express
the glial fibrillary acidic protein (GFAP) at varying levels [6, 7]. The most abundant astrocyte cell type
in the human brain is the protoplasmic astrocyte that strikes with its unique bushy, star-shaped
morphology. Protoplasmic astrocytes are present in the gray matter and form numerous, highly
branched processes to connect with nearby neurons. In their connection to neuronal synapses,
astrocyte distribution is organized in domains so that one neuronal cell and its synapses are only
connected to one single astrocyte, and intercellular connection between astrocytes only happens at
domain borders. Estimates claim that one protoplasmic astrocyte can cover up to two million synapses
[8-11].

Astrocytes take over many crucial functions in the grey matter that exceed merely providing structural
support to neurons and that are depicted in an overview in Figure 1-1. In general, astrocytes are
responsible for maintaining environmental conditions for optimal neuronal functioning. They function
as a relay station for nutrients taken up from blood vessels and transported to the neurons. Besides,
lipid synthesis and glycolytic pathways are very active in astrocytes to provide nearby neurons with
source materials for the production of neurotransmitters and energy sources [11]. Modulation of
astrocyte metabolic activity by neural activity ensures neuronal nourishment even in states of high
nutrient consumption and even hypoglycemia. Astrocytes are closely connected to blood vessels in the
CNS and have been shown to induce vaso-contraction and dilatation by secretion of vaso-modulatory

factors, thereby influencing blood flow in the CNS [12].

While astrocytes are crucial for the pure survival of neurons, they are also acknowledged to participate
actively in different mechanisms involving synapses. Araque et al. were the first to postulate that
astrocyte projections ensheath the synaptic space, including the pre- and post-synaptic neuronal
terminals, and actively participate in synaptic transmission regulation. This concept is called the
tripartite synapse [13]. It was shown that astrocytes closely regulate the ion concentration and pH in
the synaptic space by shuttling protons, taking up potassium ions, and maintaining fluid homeostasis
via a high molecule density of aquaporine 4 (AQP4) channels. Importantly, astrocytes take up
glutamate from the synaptic space via specialized glutamate transporters and recycle it back to the
presynaptic terminal as a glutamine intermediate, thereby avoiding neuronal excitotoxicity and
providing the source material for excitatory and inhibitory neurotransmitter production [12, 14]. The
rate of glutamate uptake is not consistent over time but is rather influenced by overall synaptic activity,
allowing tightly regulated availability of neurotransmitters and reduced diffusion to neighboring
synapses. Astrocytes can also be directly influenced by the presence of neurotransmitters and
neuromodulators via specific receptors. These receptors activate an intracellular calcium signaling
cascade that ultimately leads to the release of gliotransmitters such as adenine triphosphate and D-

serine. Gliotransmitter act on the synaptic terminals and can either strengthen or weaken the
-2-
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respective synaptic connection, therefore influencing overall short and long-term synaptic plasticity

[11, 15, 16].

The synaptic connection between neurons is dependent on astrocyte appearance during neural
development, indicating the importance of astrocytes or astrocyte-derived factors for synapse
development. For excitatory synapses, the time-dependent protein secretion for synapse generation
is fairly well investigated and includes molecules for the structural and functional building of the
synapses [17, 18]. To counteract excessive synapse formation and emphasize certain synaptic
connections, astrocytes are also responsible for the pruning of synapses in an activity-dependent
manner. They can either phagocytically eliminate synapses via phagocytic receptors or mark synapses
for elimination by microglia cells by introducing complement component 1q (C1q) production in
neuronal terminals and their subsequent opsonization [17-21]. The contribution of astrocytes to
inhibitory synapse formation is not yet well characterized, but ex vivo cell culture experiments indicate
astrocyte involvement [18]. Overall, active astrocytes play an important role in learning and memory
formation by forming, strengthening, and stabilizing highly active synapses and eliminating weak or
excessive synapses. This function is broadly conserved across evolution [22, 23]. Astrocytes also
participate in the function of the blood-brain-barrier (BBB) in collaboration with pericytes and
endothelial tight junctions, but their concrete contributions to BBB establishment and function are still

under investigation [6, 12].

A widely researched function of astrocytes is their contribution to CNS protection after brain and spinal
cord injury. Protoplasmic astrocytes react to a compromised CNS by switching to an activated state of
astrogliosis, resulting in upregulation of GFAP, hypertrophy of processes, and changes in the gene
expression profile. In this state, astrocytes show increased proliferation and formation of borders, the
glial scar, to separate injured CNS parts from healthy brain tissue. Simultaneously, neurons are
protected by the secretion of neurotrophic factors and anti-inflammatory molecules, and axonal
growth to the severed site is inhibited. After glial scar formation, astrocytes promote the development
of new synapses and the refinement of neuronal circuits. Overall, reactive astrogliosis is a mechanism
to protect neurons and counteract the detrimental physiological changes after brain damage
(reviewed in [23]). White matter astrocytes are morphologically and functionally different from their
grey matter counterparts. Based on their larger size but fewer branches and straighter processes,
these cells are called fibrous astroglia. These astrocytes are characterized by generally higher GFAP
expression levels and seem to play an increased role in the metabolic support of axons but are not

involved in regulating neuronal activity.
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Neuron

Synapse
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Astrocyte endfeet
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Figure 1-1 Overview of astrocyte functions in the CNS. Astrocytes take part in essential functions like (1)
formation and maintenance of the BBB and nutrient uptake from blood vessels, (2) myelination of neuronal axons
in cooperation with oligodendrocytes, (3) formation of synapses and regulation of synaptic activity and synapse
functionality, and (4) maintenance of neuronal homeostasis, including balanced ion and fluidics levels and
metabolic support (modified from [24]).

While the two main astrocytic subtypes, protoplasmic and fibrous astrocytes, can be found in
organisms of different evolutionary stages, two morphologically distinct forms of astrocytes have been
described as primate- or even human-specific, namely interlaminar and varicose projection astrocytes.
Because of their exclusivity in higher-order primates, they are very likely involved in long-distance
coordination within the brain and even higher cognitive functions. Their distinct functions are still

under investigation and reviewed in Vasile et al. and Chung et al. [4, 25].

1.2.2 Astrocytes in neuropathologies

In the progress of psychological and somatic neuropathologies, malfunctioning and death of CNS
neurons are often observed and accompanied by synapse dysfunction. For decades, the death of
neurons was considered the leading underlying cause for CNS pathologies, while effects on astrocyte
number or morphology were attributed to the secondary impacts. Given the emerging data on
astrocytes' immense influence on brain function and synapse regulation, hypotheses arose whether
astrocyte misregulation and malfunctioning could be the cause rather than the symptom of

neuropathologies [26]. In most cases, genetic mutations in proteins that contribute to critical astrocytic
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functions lead to their incapability to maintain a healthy brain environment. One of these proteins is
GFAP, a very prominent astrocytic protein. Although it has been considered an astrocyte-specific
marker protein for decades, the exact function of GFAP in astrocytes remains unknown. Together with
vimentin, it forms intermediate filaments in the cell and contributes to structure, morphology, and
proliferation, and it is highly upregulated in reactive astrocytes after CNS injury. Several studies have
shown GFAP involvement in various astrocyte functions, but most of these processes can be
accomplished by vimentin alone, or their physiological relevance are in question [27]. In Alexanders'
disease, mutations in the GFAP gene lead to an abnormal gain-of-function phenotype in which GFAP
aggregates to Rosenthal fibers and leads to a severe neurodegenerative phenotype with loss of myelin
sheaths (reviewed in [27]). A similar phenotype of axonal hypomyelination can be observed in the
Vanishing-White-Matter disease (VWMD), in which a defect in the translation initiation factor 2B leads
to a lack of GFAP expressing astrocytes with abnormal morphology and unusual protein expression
patterns. Notably, the generation of other cell types such as oligodendrocytes from VWMD patient
progenitor cells is not significantly impaired, suggesting an increased susceptibility of astrocytes and
their crucial regulatory role for axon myelination, especially after brain damage, trauma, or
inflammation [12, 27-29].

Increased expression of GFAP in astrocytes has also been observed in a variety of other conditions and
is usually linked to prolonged reactive gliosis. Astrocytes are activated by the brain's
neurodegenerative changes and fail to return to their default state because of ongoing neuronal death.
It is unclear to what extent astrocytes contribute to the development of these diseases, but adverse
effects of chronic reactive gliosis may lead to aggravated symptoms and worse disease progression.
Diseases characterized by reactive gliosis are, among others, amyotrophic lateral sclerosis, Parkinson's,
and Alzheimer's disease [30]. Experimental evidence also connects these neurodegenerative diseases
to defects in glutamate transporters, leading to glutamate excitotoxicity of neurons due to ineffective
clearing of glutamate from the synaptic cleft [31]. Distinct mutations in the Na/K-ATPase on astrocyte
endfeet have been associated with lower activity and subsequent facilitation of spreading of migraine

attacks, depression, and anxiety-related behavior [32, 33].

Astrocyte function can also be negatively influenced after infection with certain viruses. Infection with
human T-lymphotropic virus type 1 leads to a disturbed ability to maintain the glutamate homeostasis
in the synaptic cleft by decreased expression of glutamate transporters and misregulation of
glutamate-metabolizing enzymes [34]. Astrocytes infected with Zika virus show significant
dysregulation of their protein expression profile, subcellular restructuration, and production of pro-
inflammatory cytokines [35, 36]. Due to their longevity, astrocytes are promising target cells for the
establishment of latency by integrating viruses. Human herpesvirus 6B was shown to establish a

persistent nonproductive infection with low integrated DNA levels and absent viral messenger RNA
-5-
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(mRNA). In cell culture experiments, it did not cause morphological changes of astrocytes but might
serve as a virus source in immunocompromised patients suffering from encephalitis [37, 38]. Another
example is the human immunodeficiency virus type 1 (HIV-1). Although its primary target cells are
cluster of differentiation 4 (CD4) expressing T-lymphocytes, it has been shown early after its discovery
that HIV-1 is also found in CNS tissue of symptomatic and asymptomatic patients. After integration
into the host cell genome, the HIV-1 provirus is transcriptionally silent but can be reactivated to form
infectious particles by pro-inflammatory cytokines or even stochastic events [39]. Data shows that
infected astrocytes can be sources for HIV-1 particles that emigrate from the CNS via trafficking
immune cells and support systemic infection [40]. Even in the latently infected state, astrocytes are
negatively affected by HIV-1 and produce low levels of mRNA and the viral accessory proteins trans-
activator of transcription (Tat) and negative regulatory factor (Nef), both of which have been shown

to have direct or indirect neurotoxic effects [41].

1.2.3 Astrocytes as a therapy target

As described above, dysregulation of protein expression in astrocytes is attributed to the development
or aggravation of neurocognitive disorders. These changes can have different origins, such as genomic
mutations, viral infections, or age-related factors. An increasing body of evidence indicates that
targeted genetic manipulation of or drug administration to astrocytes may positively influence
different CNS-related disorders. For implementing these strategies, tools for selective astrocyte
targeting are needed to further understand the fundamental molecular functions of astrocytes in the
healthy and diseased CNS and targeted therapeutic delivery (reviewed in [13, 42]). In the process of
developing these tools, several aspects of astrocyte biology have emerged as caveats. Astrocytes are
an incredibly diverse population across the CNS, both morphologically and physiologically. Targeting
all astrocytes or only specific subclasses has to be considered when designing delivery tools and
analyzing potential therapy outcomes [32, 43]. Astrocytes are also closely connected to neurons that
are very sensitive to physiological changes and can only be regenerated under very limited conditions,

increasing the need for high astrocyte selectivity.

Viral vectors have been widely used in investigating basic astrocyte functions and in therapeutic
astrocyte modulation in vitro and in mice [44]. Frequently used viral vectors include lentiviral (LV) as
well as adeno-associated virus (AAV) vectors. LVs are usually known for their very broad tropism and
high transduction efficiency when pseudotyped with the glycoprotein of the vesicular stomatitis virus
(VSV-G). Interestingly, the local injection of VSV-G LVs results in a mainly neurotropic phenotype with

limited transduction of other CNS cell types. Pseudotyping with envelope proteins from other viruses
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such as lymphocytic choriomeningitis virus and mokola virus leads to increased transduction of
astrocytes after local injection, although further quantifications are needed [45]. In addition, the
expression of an immunoglobulin G (IgG) antibody against the glutamate aspartate transporter 1
(GLAST) protein, which is highly expressed in astrocytes, leads to preferential astrocyte targeting [46].
While the long-lasting transgene expression mediated by LVs is useful for certain research questions,
e.g. for neurodegenerative models, integration into the host cell genome also poses risks for
insertional mutagenesis [47, 48]. So far, AAV-derived vectors are considered the gold standard for gene

therapy and will be described in more detail in the following section.

1.3 Adeno-associated viruses

1.3.1 Classification

AAVs were first described by Atchison et al. in 1965 [49]. When performing electron microscopy
analysis of adenovirus stocks, they identified virus-like particles that were approximately 24 nm in size
and displayed a hexagonal shape. At first, AAVs were considered an incomplete virus since they cannot
pursue a productive infection on their own but seem to be dependent on the presence of any
adenovirus co-infection [49]. Referring to this dependency, AAVs are classified into the genus
Dependovirus and the family of Parvoviridae. They are small, non-enveloped viruses with an
icosahedral capsid and carry a linear, single-stranded DNA (ssDNA) genome. Today it is known that
AAVs are not defective since they can infect target cells but instead remain in a latent stage without
additional harm to the target cell and will only enter the productive life cycle when additional stressors
and co-infection with a helper virus appear. Although approximately 80 % of the world population are
carrying antibodies against several serotypes, no pathological outcomes have been detected in
humans or other species so far [50, 51]. The AAVs known to date can be categorized in serotypes
according to the targeting by neutralizing antibodies and into clades according to their phylogenetic
relationships. Commonly known serotypes that are serologically separated from one another are
AAV1-5 and AAV7-9. Apart from these serotypes, AAV6, AAV10, and AAV11, and more than a hundred
poorly characterized human isolates, are known. For lack of good serological characterization, these
AAVs are termed AAV variants rather than serotypes. While AAV1-6 were detected as contaminants in
adenovirus stocks, AAV7-9 were identified by a targeted polymerase chain reaction (PCR)-based
approach in human and primate tissue samples, alongside a plethora of AAV variants [52]. By
sequencing the main capsid protein of AAVs from more than 250 human and non-human primate
individuals, Gao et al. postulated AAVs' separation into six clades (Clade A-F) and five genetically

distinct clones [53]. This analysis sheds light on the potential evolution of AAVs from avian AAVs to
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variants with clear human or non-human host tropism. Traces of AAV genomic DNA (gDNA) could be
found in various human and non-human primate tissues, indicating divers tropisms of different AAV

variants [53].

— [ |

Avian Goose AAVS  AAV4 I
AAV Parvovirus |

| Clade A: Clade F: AAV9

chs Clade B: AAV2 pavz  AAVI/AAVE Clade D: AAV7 th.8 Clade E: AAVS

Clade C

Figure 1-2 Classification of identified AAV variants into clades and clones. Each clade contains one
representative AAV serotype that is serologically unique and one or more closely related variants. AAV3, AAV4,
AAVS5, ch.5, and rh.8 are serologically distinct clones with no further clade members. Clades indicated in red only
contain AAV variants isolated from humans, clades shown in black include isolates from non-human primates.
Variants are clustered based on the phylogenetic relatedness of their cap gene sequences (modified from [53]).

1.3.2 Genome organization

The organization of the AAV genome is broadly conserved across AAVs. The AAV genome is
approximately 4700 nucleotides (nt) in length and is flanked on both sites by identical inverted terminal
repeats (ITRs) with a length of 145 nt. The first 125 nt of each ITR contain palindromic sequences that
lead to the formation of T-shaped secondary hairpin structures and have signals for DNA replication
and packaging [54, 55]. The genome itself contains the two open reading frames (ORF), rep and cap.
Rep encodes four non-structural proteins, Rep78, Rep68, Rep52, and Rep40, that are essential for
genome replication and viral packaging and are transcribed from two promoters p5 and p19. Rep78
and Rep52 are encoded by unspliced RNA, and Rep68 and Rep40 coding RNAs are generated by splicing
the respective RNA product. The structural proteins VP1, VP2, and VP3 are encoded by the cap gene
and transcribed via the p40 promoter. While VP1 is generated using an alternative splice site, the cap
gene contains two additional start codons with different efficiencies, from which VP2 and VP3 are
produced. Fairly recently, the existence of an alternative ORF within the cap gene called aap was
described. The transcribed 23 kilodaltons (kDa) assembly-activating protein (AAP) was shown to be

essential for capsid assembly next to the cap proteins in several AAVs among all clades [51, 56-58].
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Figure 1-3 Genome organization of AAV. The two primary genes, rep and cap, are framed by two identical
inverted terminal repeat (ITR) sequences. The rep gene contains all three promoters from which five non-
structural and three structural proteins are formed. The p5 and the p19 promoter each result in two non-
structural rep proteins, Rep78 and Rep52, by full-length transcription of the rep gene and Rep68 and Rep40 by
splicing one intron. Transcription from the p40 promoter results in the three cap proteins VP1, VP2, and VP3 and
the non-structural protein AAP. VP1 is generated using an alternative splice site, while VP2, VP3, and AAP contain
different start codons with varying efficiencies.

1.3.3 Replication cycle

Since AAV infection is not known to cause any disease in its host organism, most studies on the
molecular mechanisms of AAV infection and intracellular processing were not conducted in vivo or
with primary AAV samples but with tissue-culture adapted AAV stocks. Therefore, it is essential to note
that conclusions drawn from in vitro experiments might not wholly reflect the situation of wildtype
(WT) AAVs in their natural host. Also, different AAV serotypes are likely to differ in specific parameters
of their replication cycle, for example, the use of entry receptors and necessary factors for intracellular
trafficking, uncoating, and DNA replication. Therefore, the general features of the AAV life cycle are

described with AAV2 as the example organism and are depicted in Figure 1-4 [51].

1
Yol
|



Introduction

Receptor binding /

Early endosome K
/_\ Cell surface receptor
b
Clathrin
mp GED O Cytosol

Nuclear pore entry [ - Oy
) N - [ N

@ P @ Nucleus
| = =)

Extracellular space

Cytosol

f

Lysosome

(] lml ina

Y 4 Episome

Figure 1-4 Infection of a target cell by AAV. Free AAV particles attach to the target cell by interaction with cell
surface molecules unique for different AAV serotypes. After binding, AAVs enter the cell via clathrin-mediated
endocytosis and remain in clathrin-coated early endosomes. Upon development of the early endosome into the
endolysosome and subsequent pH changes, AAV escapes the endolysosome by an unknown mechanism and
presumably enters the nucleus via the nuclear pore complex. In the nucleus, uncoating of the virus takes place.
In the absence of a helper virus, the AAV genome undergoes targeted integration into the host cell genome or
remains in an episomal state within the nucleus (modified from [59]).

The first step of the AAV infectious cycle is the attachment of viral particles to the host cell via specific
receptors. Different AAV serotypes and variants were shown to use different surface molecules as
binding partners and will be discussed in more detail below. After cell surface binding, AAV particles
are taken up by clathrin-mediated endocytosis and remain intracellularly in early endosomes. Here,
the data suggest that intact AAV particles escape the early endosome or lysosome through
conformational changes of the capsid induced by pH alteration, travel through the cytosol, and enter
the nucleus via the nuclear pore complex after the reorganization of the capsid structure to some

extent or even partial uncoating [60, 61]. It is also possible to assume that the route of AAV intracellular
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trafficking is dependent on the presence and identity of helper viruses [62]. However, the exact process

of how viral DNA eventually ends up in the nucleus for DNA replication is still subject to investigation.

In case of helper virus absence, AAVs establish a latent infection in the host cell. AAV DNA is either
present in a circular, episomal state or integrates into the host cell genome. With the help of the Rep78
protein, AAV performs a site-specific integration of its genome into the AAVS1 locus on chromosome
19. Latently infected host cells do not show any impairments morphologically or physiologically [63,
64]. After co-infection with a helper virus, AAV enters its lytic life cycle by Rep-mediated rescue of the

integrated or episomal DNA genome.

To produce new AAV particles, the excised AAV genome needs to undergo replication, as depicted in
Figure 1-5. In the first step of DNA replication, the single-stranded (ss) genome is complemented to a
double-stranded (ds) genome. The ITR serves as a primer with a free 3’-end for binding the polymerase
and docking site for Rep78 and Rep68, termed Rep-binding elements (RBE). Since the AAV genome
does not encode for a viral polymerase, AAVs rely on cellular polymerases for DNA replication (Fig. 1-
5 a-b). After complete polymerization, the genome exists in a double-stranded DNA (dsDNA)
intermediate with a covalently closed, hairpin structured end (Fig. 1-5 c). In this state, the helicase and
endonuclease activities of Rep78 and Rep68 unwind the dsDNA, including the ITR, and induce a nick at
the terminal resolution site (TRS), which is located opposite to the initial docking point for the DNA
polymerase, creating a new free 3’-end (Fig. 1-5 d-e). The polymerase binds to this new starting site
and replicates the now linearized ITR sequence, resulting in a full-length dsDNA construct. The
presence of the palindromic sequences at the ends of both strands of the dsDNA leads to the
spontaneous formation of the T-shaped secondary hairpin structures of the ITRs, creating a new primer
and attachment site for the polymerase. Via elongation by the polymerase, the two strands are
separated by single-strand displacement, leading to one AAV genome and one dsDNA intermediate
that can re-enter the replication cycle as a template for more AAV genomes (Fig. 1-5 f). The roles of
Rep52 and Rep40 are less characterized, but they are thought to play a role in separating and
accumulating ssDNA viral genomes from dsDNA intermediates and packaging of ssDNA genomes into
empty capsids [51, 65-67]. Although DNA replication and packaging and capsid assembly can
theoretically happen in the absence of helper viruses, AAVs are dependent on the presence of distinct
helper proteins from larger DNA viruses. For adenoviruses, these helper molecules have been
narrowed down to the viral proteins early-region four open reading frame 6 (E4orf6) and early-region
2A (E2A) and a viral associated RNA (VA-RNA), while early-region 1A (E1A) and early-region 1B 55
kilodalton (E1b55K) also have beneficial effects on AAV infection. Overall, helper virus factors modify
the host cellular environment to enhance AAV replication and facilitate AAV protein production [51,

68].
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Figure 1-5 Schematic representation of the AAV genome replication for WT AAVs or single-stranded (ssAAV)
and self-complementary (scAAV) AAV vectors. [a] After rescue from the host cell genome or the episomal state,
the AAV genome is present in an open, ss form with flanking ITRs. The ss genome is complemented into a double
strand by the host cell’s polymerase, using the 3’ end of the ITR as a starting point [b], which leads to a covalently
closed, ds intermediate form of the AAV genome [c]. The free 3’ and 5’ end spontaneously form the characteristic
hairpin structure of the ITR [d]. The host cell polymerase uses the newly generated 3’ end as a primer for DNA
polymerization, thereby displacing and unwinding the ds intermediate. During this process, Rep78 and Rep68
introduce a nick at the terminal resolution site (TRS) using their endonuclease activity [e], leading to two separate
DNA strands. Both strands are complemented by the polymerase [f], which leads to the formation of one
complete ssAAV genome ready for packaging and one covalently closed ds intermediate [g]. The intermediate
can re-enter the replication process at stage [e]. In the production of recombinant scAAV vectors, the TRS of one
ITR is mutated to prevent nicking and, therefore, separation of the single strands [h]. Because the strand
displacement cannot take place, the whole genome is complemented, and a ds intermediate containing the same
genetic information twice as palindromic sequence and a total of five ITR sequences is formed [i]. Now, nicking
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at the functional TRS is initiated. This results in one ss scAAV genome and one complex intermediate that can re-
enter the replication process at stage [h].

1.3.4 The cap proteins

As described above, the AAV genome is transcribed from three different promoters giving rise to at
least eight different viral proteins. In the latent phase, low amounts of transcription from the p5
promoter take place to produce Rep78/68 proteins that seem to be required for repressing the other
AAV promoters in the latent state, but also need to be readily available for genome excision as soon
as helper virus co-infection takes place. After helper virus infection, transcription from the AAV
genome is increased significantly, with a greater amount of cap transcripts being produced. The viral
p40 promoter is the starting site for transcribing the cap gene, resulting in a single pre-mRNA
transcript. After splicing the single intron of the cap pre-mRNA, the transcript is used to produce the
biggest 87 kDa capsid protein VP1. A second transcript is generated from the cap mRNA using an
alternate splice acceptor site. This shorter transcript contains two start codons from which the smaller
VP2 (72 kDa) and VP3 (63 kDa) cap proteins are produced. Different promoter and splicing activity lead
to the production of these proteins in a molar ratio of 1:1:10 and their assembly into a 60mer at the
same stoichiometry. Fully assembled AAV capsids have a T=1 icosahedral symmetry [66, 69, 70]. During
the formation of fully infectious virions, the assembly of full virus capsids occurs early and
independently from DNA replication and export to the cytoplasm. Subsequently, ssDNA viral genomes
are inserted into the virus capsids via capsid pore structures and the helicase activity of Rep52 [71].
Given the ratio of individual cap proteins in the fully assembled AAV capsid, it is evident that VP3 makes
up most of the virus capsid and is even capable of forming virus-like particles on its own [72]. Due to
its exposition on the capsid surface, VP3 is involved in primary steps of AAV infection, such as receptor
binding. The unique N-terminus of VP1 was shown to contain an exclusive phospholipase A2 (PLA2)
activity and a nuclear localization signal crucial for AAV infectivity, nuclear localization, and viral gene
expression [73, 74]. So far, no essential role has been assigned to the VP2 protein, which seems to be
dispensable for capsid formation [75]. To date, extensive investigation of the VP3 structure has been
performed in several AAV serotypes. The VP3 protein possesses a characteristic secondary structure
that is conserved across all further investigated serotypes and even in other members of the
Parvoviridae. Depending on their phylogenetic relatedness, capsid proteins of different AAVs share
between 53 and 99 % sequence homology, with the sequence differing greater in loop regions exposed
on the surface of the assembled capsid. Direct sequence comparison revealed up to 12 variable regions
in the VP3 protein that have been shown to be involved in the differential receptor binding across

serotypes [76, 77].
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1.3.5 Recombinant AAVs as viral vectors

1.3.5.1 Characteristics

Given the favorable conditions that AAVs are not known to cause any disease in their host organisms
and their low immunogenicity, AAVs were soon identified as suitable templates for novel viral vectors
for gene therapy [78]. In the production process of recombinant AAV particles (rAAVs), almost all viral
genetic elements can be removed from the genetic material packed inside the rAAV, leading to an
increased packaging capacity of up to 4.7 kb (Fig. 1-6 A). The transgene must be flanked by the viral
ITRs crucial for transgene replication and Rep-mediated transport to assembled capsids. On modern
rAAV production plasmids, AAV2 ITRs are commonly used. The viral rep and cap genes can be supplied
in trans on a separate plasmid. While the origin serotype of the rep gene has to match the origin
serotype of the ITR, the cap gene can be derived from any other AAV serotype or variant and can even
be genetically modified. A typical rAAV production system, therefore, consists of three plasmids: (1) a
transfer plasmid coding for the transgene under the control of a suitable promoter and flanked by
AAV2 ITRs, (2) a packaging plasmid carrying the AAV2 rep and any cap gene, and (3) a helper plasmid
coding for the adenoviral molecules E2a, E4, and VA-RNA (Fig. 1-6 B). These three plasmids are
transfected simultaneously into a production cell line, such as HEK293T, and rAAV particles carrying
only the ITR flanked transgene are formed. Since rAAVs do not carry the genetic information to form
viral proteins, the delivered transgene cannot replicate or integrate into the host cell genome but stays
in an episomal form, potentially leading to the elimination of the transgene from the transduced cell
based on its turnover rate [79-81]. Among rAAVs, two subtypes are distinguished based on the
transgene organization, namely single-stranded (ssAAVs) and self-complementary (scAAV, Fig. 1-6 A).
ssAAVs harbor an ssDNA molecule flanked by ITRs, analogous to WT AAV particles. As a disadvantage,
the ssDNA has to be completed to a dsDNA molecule in the nucleus before transgene expression can
occur, leading to a delayed and decreased onset of transgene expression due to DNA transport and
instability of dsDNA intermediates. Therefore, high amounts of vector genome (vg) containing particles
are needed to ensure sufficient transgene expression in the target cell [82, 83]. The usage of scAAVs
circumvents these hurdles. Here, a mutation is inserted in the 3' ITR that destroys the TRS. As a result,
the Rep proteins cannot introduce the nick at this ITR, which leads to the formation of an ssDNA
molecule that contains three ITRs and two complimentary copies of the transgene (Fig. 1-5 h). Nicking
can only occur after complementation to a dsDNA intermediate, and DNA polymerase-mediated strand
displacement will lead to the generation of one scAAV genome and a dsDNA intermediate that can re-
enter the replication cycle (Fig. 1-5 i-j). Due to its inert complementarity, this rAAV genome
spontaneously anneals to a dsDNA conformation either inside the AAV particle or right after entry and

uncoating in the target cell and is readily available for transcription and transgene expression. To
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ensure efficient packaging, the ssDNA molecule's length cannot exceed the size of 5 kb, including the

three ITRs, resulting in a maximum transgene size of approximately 2.2 kb (Fig. 1-6 A) [83—85].
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Figure 1-6 rAAV as viral vectors. (A) Modification of the AAV genome for use as a viral vector. For usage as an
ssAAV vector, the rep and cap genes are replaced by the transgene under the control of a promoter. The only
remaining viral elements are the ITRs flanking the transgene. The size of the transgene, including promoter
elements, cannot exceed 5 kb. In scAAV genomes, a mutation in one of the ITRs leads to the formation of a
genome containing two copies of the transgene separated by an additional ITR. This allows spontaneous
assembly into a double strand after uncoating in the nucleus but also limits the maximum transgene size to 2.2
kb. (B) Schematic representation of the workflow for rAAV production. Three plasmids containing (a) the
transgene flanked by ITRs, (b) the rep and the cap genes, and (c) the adenoviral elements E4, VA, and E2A are
transfected simultaneously into HEK293T cells. After a 72 h incubation period, cells are harvested and lysed, and
the rAAV particles are isolated and purified using a gradient.

1.3.5.2 Advantages of rAAVs as viral vectors

In comparison to other viral vectors such as LVs or adenoviruses, rAAVs show several characteristics
that favor their usage for cell transduction in vitro and in vivo and their consideration in gene
therapeutic approaches in humans. As the most important factor, WT AAV particles are unknown to
cause any disease in any species investigated [86]. Besides, the removal of viral genes from the DNA
within the viral particle leads to a decreased toxicity since no viral proteins can be produced from rAAV
vectors. rAAV vectors were also shown to be poorly immunogenic in the host and only elicit a mild,
mainly humoral immune response that is not aggravated by viral gene expression [57, 87]. In the
absence of the Rep proteins, rAAV mediated transgenes do not integrate into the host cell genome like
lentivirus-mediated transgenes, decreasing the risk of insertional mutagenesis. However, this leads to
a sequential loss of transgene expression in frequently dividing cell populations [64, 88, 89]. rAAV

vectors efficiently transduce non-dividing cells and promote a long-term transgene expression,
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preferably in non-proliferating tissues [48, 89]. Among the currently known WT AAV serotypes and
variants, a wide variety in cell and tissue tropism was observed. The last point broadens the

possibilities for targeted cell transduction, as described in the next chapter.

1.3.5.3 rAAV vectors as research tools

As described before, rAAV vectors are suitable as viral vectors for various reasons related to their
biological features that are unique among known virus species. These favorable characteristics can be
used even better given that rAAV vectors are very susceptible to genetic modification of the viral
genome and the cap genes. In combination with the modular nature of the rAAV vector production,
this allows the tailoring of rAAV particles to modify their tissue selectivity, transduction efficiency, or

even reduced interactivity with anti-AAV antibodies [90].

rAAV pseudotyping

Experiments using rAAV vectors and WT AAV particles in cell culture and animal models have revealed
the broad variety of tissue tropisms among AAV serotypes. These cell transduction differences mainly
depend on the binding of the serotype-specific capsid structure to surface molecules on the target cell.
Post-entry events mainly influenced by the non-structural proteins and the VP1 capsid protein were
shown to play a role in the onset timepoint and efficiency of transgene expression [91, 92]. Depending
on the target cell, the adequate capsid gene can be chosen and used to cross-package the designed
rAAV genome into the desired capsid structure. Comparison of pseudotyped rAAV vectors with
identical genomes allows determination of the capsid that promotes the most efficient transduction
on a given cell line [93]. Administration of the same transgene in several different capsids can help
avoid the clearance of all rAAV vectors by pre-existing antibodies or antibodies induced by earlier rAAV

injections [94].

Family shuffling

It is important to note that even though different capsids show preferences for certain cell types, it is
impossible to limit the transduction of a naturally occurring serotype or variant to one single cell or
tissue type. This originates in the fact that rAAV vectors usually do not bind to cell-specific receptors
but ubiquitous cell surface molecules. These molecules include but are not limited to specific terminal
glycan residues, such as sialic acid (SIA) or galactose (GAL), typical receptors for growth factors,
extracellular matrix proteins, or even integrins (see Table 1 and references therein). The best
investigated and mapped AAV primary receptor is membrane-associated heparan sulfate proteoglycan

(HSPG), the central receptor of AAV2. The abundance of HSPG on all cell types explains the broad

-16-



Introduction

tropism of AAV2 [95, 96]. However, differences in transduction efficiency are observed across cell

types and are attributed to various co-receptors used by AAV2 that have been identified.

Table 1-1 WT AAV serotypes with their respective tissue tropism in vivo and identified receptors. Primary
receptors are printed in bold. Coreceptors are printed in normal font. For detailed data on tissue tropism, see
[57, 68, 97-99]. AAVR = AAV receptor, RPE = retinal pigment epithelium, FGFR1 = fibroblast growth factor
receptor 1, avp5 = integrin alpha v beta 5, a5B1 = integrin alpha 5 beta 1, HGFR = hepatocyte growth factor
recetor, LamR = 37/67 kDa laminin receptor, CD9 = cluster of differentiation 9, PDGFR = platelet derived growth
factor, EGFR = epithelial growth factor receptor

AAV Receptors Tropism References
Serotype
1 N-linked SIA, AAVR Skeletal muscle, CNS, RPE, [100-102]
heart
2 HSPG, FGFR1, avfp5, a5B1, HGFR, broad [95, 102-109]
LamR, CD9, AAVR
3 HSPG, FGFR1, HGFR, LamR, AAVR Hematopoietic stem cells [95, 102, 103,
108, 110, 111]
4 O-linked SIA CNS, RPE, lung [112-114]
N-linked SIA, PDGFR, AAVR RPE, photoreceptor cells, CNS, | [102, 112-115]
lung
6 HSPG, N-linked SIA, EGFR, AAVR Skeletal muscle, lung [100, 102, 116,
117]
8 LamR, AAVR Heart, pancreas, skeletal [102, 103]
muscle, RPE, CNS, liver
9 N-linked GAL, LamR, AAVR Liver, skeletal muscle, lung, [102, 103, 118]
CNS, heart

During receptor identification, it has become evident that specific regions of the capsids are
responsible for the interaction with specific receptor molecules. In an approach called "domain
swapping," receptor binding domains from different serotypes are combined in a new artificial rAAV
vector to re-direct transduction and increase or decrease the transduction efficiency for the desired
cell type. A more randomized, screen-like variant of this approach is "DNA family shuffling." In this
method, capsids of different serotypes are not combined based on a previous body of knowledge but
rather in a random fashion by enzymatic digestion and assembly of capsid proteins. Several rounds of
in vitro or in vivo selection of the capsid libraries should eventually yield a combination of capsid

residues that is most beneficial for the transduction of a given cell type [119, 120].

Peptide display
Another approach for re-directing rAAV tropism is the insertion of small, randomized peptides in the

viral capsid's surface-exposed regions. Here, the variable regions of different AAV serotypes come into
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play since they are located on the virus capsid surface. The possibility for peptide insertion without
interference with capsid assembly or viral infectivity was first described in AAV2. It was shown that the
insertion of 7 amino acid (aa) peptides at the positions N587 or R588 is well tolerated and leads to
atypical transduction patterns of rAAV2 after systemic injection. The underlying cause is the
destruction of the HSPG binding site, which abolishes HSPG-driven transduction of hepatocytes and
the retention of injected rAAV particles in the liver [121]. Since AAV2 is the most researched among all
serotypes, it has been the backbone for peptide display studies for a long time. However, the high
transduction efficiency promoted by HSPG-binding implies that the HSPG binding motif must be
destroyed to observe efficient redirection of virus tropism. Peptides containing several basic aa are
likely to mimic the HSPG binding motif, therefore, limiting the aa composition of inserted peptides
[122, 123]. To circumvent this issue, peptide display approaches were applied to rAAVs that do not
display a very high transduction efficiency to achieve a strong transduction bias to specific cell types.
Successful examples include the insertion of arginine-glycine-aspartic acid (RGD)-peptides into AAV6
for efficient targeting of prostate, breast, and liver cancer cell lines and increased endothelial cell
transduction by rAAV1 modified with RGD-peptides [124, 125]. Insertion of specific peptides has also
been reported for AAV8 and AAV9 to improve breast and lung cancer tissue targeting in vivo [126].
Randomized peptide library approaches using AAV9 revealed new variants with better transduction of
endothelial cells and reduced immunogenicity, while others displayed significantly increased
transduction of CNS cells [127, 128]. Although rAAV vectors generated by peptide display show high
transduction efficiencies, the clinical use of these variants is hindered by the problem that underlying
molecular mechanisms for rAAV binding and cell selectivity are still elusive for most variants.
Therefore, a close investigation of promising variants is needed to further advance their usage in

research and clinic [120].

1.4 Selective astrocyte targeting with rAAV

As described above, AAV-derived vectors are considered the most promising candidates for
experimental and clinical in vivo approaches due to their ability to transduce non-dividing cells and to
mediate long-term transgene expression without integration into the host genome. Therefore, rAAVs
are investigated as vector systems to target astrocytes in the CNS to develop novel treatment
strategies for CNS-associated diseases. Unfortunately, rAAV vectors with the capsid of WT serotype
AAV2 that performed well in cell culture experiments were found to transduce non-neuronal cell types
only poorly in vivo [129, 130]. The serotypes AAV1, 5, 7, 8, and 9 show a broader tropism among CNS
cells, and AAV4 was shown to preferentially target astrocytes after local injection [131-136]. While

rAAV vector usage yields promising results for astrocytes targeting in cell culture and experimental
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trials using different animal species, transferring these vectors to clinical use is very difficult. Most
rAAVs show an astrocyte preference only after invasive, intra-cerebral, or even stereotactical injection
with limited diffusion potential inside the brain tissue. One of the few AAV variants capable of crossing
the BBB after intravenous injection is AAV9 and its derivates, but a substantial virus load is required
with only a few transduced cells in the CNS [137]. rAAV-PHP.B was generated from AAV9 by peptide
display and efficiently transduced neurons and glial cells after systemic administration. In addition,
rAAV-AS contains a polyalanine extension to the AAV9 VP2 protein, resulting in increased neuronal
transduction [127, 138]. These approaches show the promising nature of AAV9 derived variants for
crossing the blood-brain barrier and possible astrocyte transduction.

Since precise astrocyte selectivity cannot be achieved with serotype selection alone, restriction of
transgene expression is limited to astrocytes by using astrocyte-specific promoters. The most
prominent example is the use of the GFAP promoter. Due to the limited packaging capacity of rAAVs,
two minimal promoters, gfa2 (2.2 kb) and gfaABC1D (600 bp) were identified and used in combination
with several serotypes [139, 140]. Expression of transgenes under GFAP promoter control has proven
to be efficient and selective in many studies [141, 142]. However, the expression of GFAP is highly
variable among astrocytes in the CNS and may be undetectable in non-reactive astrocytes. This
approach leads to a bias of the vector for reactive astrocytes when only using GFAP dependent
promoters. Unbiased, genome-wide studies on regulatory elements, alongside transcriptome studies,
have been used to detect additional GFAP independent promoters highly active in astrocytes and
upregulated proteins. Emerging candidates include the potential marker proteins sex-determining
region Y box transcription factor 9 (Sox9) and hepatic and glial cell adhesion molecule (HEPACAM) and
the promoters for solute carrier family 1 member 3 (Slcla3), gap junction protein beta 6 (Gjb6),
aldehyde dehydrogenase 1 family member L1 (Aldh1l1), glutamate transporter 1 (GLT1), and GLAST
[143—-145]. Caveats associated with these promoters are the spatial and temporal variability of
promoter activity and the comparably large size of eukaryotic promoters that limit the space for
transgene packaging in rAAVs and therefore need further optimization [146]. The most promising
approaches so far are the tamoxifen-inducible Aldh1/1-causes recombination/estrogen receptor 2
(Cre/ERT2) transgenic mouse line as a vector free system and the rAAV2/5 virus capsid in combination
with the gfaABC1D minimal promoter (see [142, 146] and references therein). Taken together, the
dependency of astrocyte selectivity of rAAV vectors on transgenic mouse lines and astrocyte-specific
promoters poses the problems of (1) cost and time-consuming breeding of transgenic mice, (2) spilling
of transgene expression in other cell types due to lack of promoter specificity, (3) impossibility of pan-
astrocyte targeting due to physiological heterogeneity of astrocytes, (4) reduced packaging capacity
due to large mammalian promoter constructs, and (5) impossibility to use strong, ubiquitous

promoters to ensure efficient transgene expression. Since no reliable astrocyte-specific cell surface
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markers are identified to date, targeted modification of AAV capsid structures to increase astrocyte

selectivity is impossible.

1.4.1 rAAV9P1 - a vector for selective targeting of human astrocytes in cell culture
To identify novel rAAV variants for selective targeting of human astrocytes, Kunze et al. performed a
screening of five WT AAV serotypes (1, 2, 6, 8, and 9) modified with a library of six random peptides
on a human neural stem cell line HNSC.100. They identified AAV9-derived vectors modified with a
seven aa peptide (rAAV9P1) to transduce proliferating and differentiated HNSC.100, as well as primary
astrocytes, significantly better than WT rAAV9 vector. In addition, rAAV9P1 was inefficient in
transducing a neuronal cell line and primary neurons and even showed selective transgene expression
in astrocytes in human induced pluripotent stem cell derived brain organoids under the control of a
ubiquitous cytomegalovirus (CMV) promoter. Transduction ensured long-lasting and robust transgene
expression in non-dividing astrocytes for a minimum of seven weeks, while rAAV transgene copy
numbers got eliminated from proliferating cultures after approximately 25 d, indicating that there was
no integration of the transgene. Combination of the rAAV9P1 with the minimal GfaABC1D promoter
reduced transgene expression in HNSC.100 cells but strongly repressed transgene expression in
potential off-target cell lines [147, 148]. A strong astrocyte selectivity that is only driven by
modifications in the capsid amino acid composition is unprecedented until today and introduces
rAAVI9P1 as a promising candidate for possible in vivo research applications. Since systemic injection
of rAAV9 leads to a low level and unspecific transduction of CNS cells, as well as heart, liver, and
skeletal muscle cells, it is still up for investigation whether rAAV9P1 also shows this selectivity in vivo
[149]. Further, the underlying molecular mechanisms of the rAAV9P1 astrocyte selectivity remain

elusive.

1.4.2 AAV9

AAV9 was first identified in human isolates and belongs to the F clade, one of the smallest among all
AAV clades containing only human and no primate isolates [53]. Its capsid sequence shows around 81
and 83 % identity with AAV2 and AAVS, respectively, but only 57 % identity with AAV4 [150]. In the
last decade, an increasing number of studies were conducted to investigate this serotype's structural
and functional properties due to its unique and interesting transduction pattern in vivo. rAAV9 targets
tissues like cardiac and skeletal muscle, liver, and pancreas and cells in the eye more efficiently than
other serotypes [145-151]. However, the most striking feature of rAAV9 is its capability to cross the
BBB after systemic injection in mice and transduce CNS cells in the brain and spinal cord. This is of

great importance since it offers the possibility to target the CNS without invasive injection directly into
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the brain. It was observed that the rAAV9 transduction pattern in the brain is dependent on the
developmental stage and species of the injected organism, indicating that rAAV9 is capable of
transducing both neurons and glial cells and that its transduction is likely to be influenced by cell
differentiation state and thus, receptor availability [137, 158]. Although the cell-binding behavior of
AAV9 is far less investigated than the one of AAV2, several AAV9 receptor molecules and crucial capsid
domains are in discussion. The primary receptor for AAV9 is the terminal galactose of N-linked glycans.
The amino acid residues in the VP protein involved in galactose binding were mapped by site-directed
mutagenesis studies to the positions N470, D271, N272, Y446, and W503. These amino acids form a
galactose binding pocket on the capsid surface, which is likely to be necessary for discrimination of
galactose from other sugars and physical binding of the capsid to the galactose moiety [118, 159].
Usage of glycans with terminal sialic acid has been shown for several other serotypes (see Table 1) but
do date binding of galactose is a unique feature of AAV9.

Compared to its least related serotype, AAV4, the AAV9 VP protein shows nine highly variable regions
(VR-I to VR-IX) that are likely to be involved in receptor binding. rAAV9 transduction efficiency
significantly benefits from overexpression of LamR and is inhibited by small interfering RNA (siRNA)
mediated knockdown of LamR, similar to rAAV8 transduction. The binding domains of AAV8 to LamR
are mapped to aa 489 to 545 and aa 591 to 621 (laminin footprint), which are identical in AAV9 and
therefore are likely to show the same interaction [103]. AAV9 also requires the transmembrane
molecule Dyslexia associated protein KIAA0319 like (KIAA0319L, AAVR), which was recently identified
in a genome-wide clustered regulatory interspersed small palindromic repeats (CRISPR)/CRISPR-
associated 9 (Cas9) knockout screen, for efficient transduction. AAVR knockout in Hela cells and
transgenic mice completely abrogated transduction by rAAV9, but the underlying molecular

interactions are not identified yet [102].

Although the receptor landscape needed for rAAV9 transduction is not fully understood, rAAV9 is a
promising candidate as a gene therapy vector. An important factor is the reduced seroprevalence for
neutralizing antibodies against AAV9 in comparison to AAV2. A study in a healthy cohort showed that
IgG and neutralizing factors against rAAV9 are comparably low, reducing the risk of therapy failure due
to vector elimination [160]. Between 2015 and 2019, more than 15 clinical trials were conducted using
rAAV9 vectors. The targeted diseases were diverse (including spinal muscular atrophy, Batten disease,
gangliosidosis, and Duchenne muscular dystrophy), which is in line with rAAV9s primary target organs,

the CNS and skeletal muscle [61, 161].
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1.5 Aim of the thesis

Selective targeting of astrocytes in vitro and in vivo is still one of the major obstacles to the
development of efficient therapies for neuropathologies with proven or suspected astrocyte
contribution. Further, studying the underlying involvement of astrocytes is hindered by the lack of
selective non-invasive tools for targeting astrocytes in mixed human brain cell cultures or in animal
models. While AAV variants generated by novel genetic engineering approaches show improved CNS
penetrance after systemicinjection, astrocyte-specific transgene expression is usually ensured by using
supposedly astrocyte selective promoters, which introduces an inherent bias to the expression of the
reporter or therapeutic agent. The AAV variant rAAV9P1 combines the BBB penetrance of its ancestor
serotype AAV9 with an unprecedented astrocyte selectivity in co-culture with neuronal cells. However,

the underlying molecules involved in this selective transduction remain elusive.

The aim of this work was to investigate target molecules on human astrocytes involved in cell-type
selective transduction by rAAV9P1. This should be achieved by in silico modelling and structural
analysis of the capsid protein as well as a hypothesis-driven approach to validate and identify receptors
of rAAV9P1. In addition, a CRISPR/Cas9 knockout screen was used to identify intra-cellular pathways
that might contribute to efficient and selective transduction of human astrocytes by rAAV9P1. The
detailed receptor binding profile of rAAVIP1 elaborated in this thesis contributes to a better
understanding of the extra- and intra-cellular parameters that drive astrocyte-selectivity in rAAV
transduction and might classify rAAV9P1 as the backbone for new and optimized generation of

astrocyte—selective vectors.
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2 Material and methods

2.1 Material

2.1.1 Consumables

Consumables Manufacturer
8.9 ml Polyallomer OptiSeal® Centrifuge Tubes Beckman Coulter, Brea, CA, USA
Aspiration pipet Greiner Bio-One, Kremsmiunster, AUT
Cell culture flasks (T25/75/175) Sarstedt, Niumbrecht, GER
Cell scraper TPP, Trasadingen, SUI
Cellstar® (6/12/24/48/96-well), flat-bottom, clear | Greiner Bio-One, Kremsmunster, AUT
Cellstar® (96-well), V-bottom, clear Greiner Bio-One, Kremsmunster, AUT
Cellstar® dish (15 cm) Greiner Bio-One, Kremsminster, AUT
Cellstar® serological pipets (2/5/10/25/50 ml) Greiner Bio-One, Kremsmunster, AUT
Combitips Plus (1/5/10 ml) Eppendorf, Hamburg, GER
Corning” 96-well plate black, with clear bottom Merck, Darmstadt, GER
Counting chamber - Fast-Read® 102 Immune Systems Ltd., Paignton, UK

EMD Millipore™ Steritop™ Sterile Vacuum Bottle- | Thermo Fisher Scientific, Waltham, MA, USA
Top Filters 0.22uM

Falcon® 100 mm TC-treated Cell Culture dishes Corning Inc., Corning, NY, USA

Falcon® 5 ml Polypropylene Round bottom tubes | VWR, Radnor, PA, USA

Glassware Schoh DURAN, Wertheim, GER

Gloves — KIMTECH™ Science Purple Nitrile Kimberly-Clark, Irving, TX, USA

Gloves — Nitril® NextGen® Meditrade, Kiefersfelden, GER

Millex® HV 0.45 um filter Merck, Darmstadt, GER

Needle 23 G Sterican® B. Braun SE, Melsungen, GER

Nitrocellulose Blotting Membrane Amersham™ GE Healthcare, Chicago, IL, USA

Protran®

Nunc™ CryoTubes™ cryogenic vials, 1.8 mL Sigma-Aldrich, Darmstadt, GER

PCR Plate - FrameStar® (96-well) 40tude® Ltd., Wohon, UK

Parafilm® Bemis Company Inc., Oshkosh, WI, USA

Pipet tips with and without filter — TipOne® Starlab International GmbH, Hamburg, GER

(2.5 pl, 10 pl, 20 pl, 200 pl, 1,000 pl)

Reaction tubes (15/50 ml) Sarstedt, Nimbrecht, GER

Reaction tubes (0,5 ml) - amber/safe-lock Eppendorf, Hamburg, GER

Reaction tubes (0,5/1,5/2 ml) Eppendorf, Hamburg, GER

Reagent reservoir Sorensen BioScience Inc., Salt Lake City, UT,
USA

Syringes Becton Dickinson, Franklin Lakes, NJ, USA
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Chemical/solution

Manufacturer

1 kb Plus DNA ladder

New England Biolabs, Ipswich, MA, USA

30 % acrylamide mix

Bio-Rad, Munich, GER

avp8-ligand 2a [c(GLRGDLp(NMe)K)]

[162]

Agar

Sigma-Aldrich, St. Louis, MO, USA

Agarose NEEO Ultra-Quality

Roth, Karlsruhe, GER

Ampicillin Gibco™

Thermo Fisher Scientific, Waltham, MA, USA

Antibiotic-Antimycotic (100x)

BioWest, Nuaillé, FRA

Ammonium persulfate

Roth, Karlsruhe, GER

B-Mercaptoethanol

Sigma-Aldrich, St. Louis, MO, USA

Benzonase® Nuclease

Merck Millipore, Burlington, MS, USA

Blasticidin InvivoGen, Toulouse, FRA

BSA Sigma-Aldrich, St. Louis, MO, USA
CaCl, Roth, Karlsruhe, GER

Chloroform Merck Millipore, Burlington, MS, USA
Cilengitide Tocris Bioscience, Bristol, UK

Collagen Serva Electrophoresis, Heidelberg, GER

Deoxycholate

Sigma-Aldrich, St. Louis, MO, USA

DMEM/F12 GlutaMAX™ Gibco™

Thermo Fisher Scientific, Waltham, MA, USA

DMEM with glutamine and 4,5 g/L Glucose
Gibco™

Thermo Fisher Scientific, Waltham, MA, USA

DMSO, cell culture grade

PanReac AppliChem, Darmstadt, GER

DNase |

Qiagen, Hilden, GER

dNTPs

Thermo Fisher Scientific, Waltham, MA, USA

Dpnl (10 U/pl)

Thermo Fisher Scientific, Waltham, MA, USA

Erythrina cristagalli lectin-biotin

Vector Laboratories Inc., Burlingame, CA, USA

EDTA Roth, Karlsruhe, GER
EGF PeproTech Inc., Rocky Hill, NJ, USA
Ethanol Roth, Karlsruhe, GER

Ethidium bromide

Sigma-Aldrich, St. Louis, MO, USA

FCS, heat-inactivated Gibco™

Thermo Fisher Scientific, Waltham, MA, USA

FGF-2

PeproTech Inc., Rocky Hill, NJ, USA

Gel Loading Dye, Purple (6x)

New England Biolabs, Ipswich, MA, USA

Glycerol Roth, Karlsruhe, GER

Glycine AppliChem GmbH, Darmstadt, GER
GoTaqg® G2 DNA Polymerase Promega, Madison, WI, USA

HCI Roth, Karlsruhe, GER

Heparin sodium salt for cell culture

neoFroxx, Einhausen, GER
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Hepes Gibco™

Thermo Fisher Scientific, Waltham, MA, USA

lodixanol OptiPrep™ Gibco™

Thermo Fisher Scientific, Waltham, MA, USA

Isopropanol Merck, Darmstadt, GER
KCl Roth, Karlsruhe, GER
KH2POq4 Sigma-Aldrich, St. Louis, MO, USA

Light Cycler® 480 SYBR Green | Mastermix

Roche, Basel, Schweiz

Methanol

Roth, Karlsruhe, GER

MgCl,

Roth, Karlsruhe, GER

Milli-Q water (H,0)

Merck-Millipore, Burlington, MA, USA

N-2 supplement Gibco™ (100x)

Thermo Fisher Scientific, Waltham, MA, USA

NazH PO4X 2 Hzo

Roth, Karlsruhe, GER

NaCl

Sigma-Aldrich, St. Louis, MO, USA

NaOH

Roth, Karlsruhe, GER

NEB2 buffer

New England Biolabs, Ipswich, MA, USA

Neuraminidase

Merck-Millipore, Burlington, MA, USA

NP40

Sigma-Aldrich, St. Louis, MO, USA

NuPAGE™ sample buffer Invitrogen™ (4x)

Thermo Fisher Scientific, Waltham, MA, USA

Opti-MEM™ Gibco™

Thermo Fisher Scientific, Waltham, MA, USA

P11

Tocris Bioscience, Bristol, UK

PAGERuler™ Prestained Protein Standard

Thermo Fisher Scientific, Waltham, MA, USA

Penicillin/Streptomycin Gibco™

Thermo Fisher Scientific, Waltham, MA, USA

PfuUltra™ Il Fusion High-fidelity DNA
Polymerase

Agilent Technologies, Santa Clara, CA, USA

Phenol

Roth, Karlsruhe, GER

Phenol/Chloroform/Isoamylalcohol

Roth, Karlsruhe, GER

Phenol red

AppliChem GmbH, Darmstadt, GER

Phusion™ High-fidelity polymerase

Thermo Fisher Scientific, Waltham, MA, USA

Polybrene

Sigma-Aldrich, Darmstadt, GER

Polyethylenimine, Linear, MW25000

Polyscience Inc., Warrington, PA, USA

Poly-L-lysine

Sigma-Aldrich, Darmstadt, GER

Protease Inhibitor cOmplete®

Roche, Mannheim, GER

Proteinase K

VWR, Radnor, PA, USA

Puromycin Sigma-Aldrich, Darmstadt, GER

RNase A Thermo Fisher Scientific, Waltham, MA, USA
RNase-free DNase Set Qiagen, Hilden, GER

SDS Roth, Karlsruhe, GER

Skim milk powder

Roth, Karlsruhe, GER

Super optimal broth + 20 mM Glucose (S.0.C.)

Medium

Thermo Fisher Scientific, Waltham, MA, USA

Sodium pyruvate Gibco™ (100x)

Thermo Fisher Scientific, Waltham, MA, USA
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TEMED Sigma-Aldrich, Darmstadt, GER

Tris-Acetate Sigma-Aldrich, St. Louis, MO, USA

Tris-HCI Sigma-Aldrich, St. Louis, MO, USA

Triton X-100 Roth, Karlsruhe, GER

Trypan blue (0.4 %) Roth, Karlsruhe, GER

Trypsin (0,05 %)-EDTA ( 0,02 %) Gibco™ (1x) Thermo Fisher Scientific, Waltham, MA, USA
Tryptone Sigma-Aldrich, St. Louis, MO, USA
Tunicamycin Tocris Bioscience, Bristol, UK

Tween 20 Sigma-Aldrich, St. Louis, MO, USA

Yeast extract Sigma-Aldrich, Darmstadt, GER

2.1.3 Buffers and media

Buffer/medium Composition
15 % lodixanol solution 25 % (v/v) lodixanol (60 % stock solution)
75 % (v/v) PBS-MK-NaCl
25 % lodixanol solution 42 % (v/v) lodixanol (60 % stock solution)

58 % (v/v) PBS-MK
2.5 pl/ml Phenol red stock solution

40 % lodixanol solution 66 % (v/v) lodixanol (60 % stock solution)
34 % (v/v) PBS-MK
60 % lodixanol solution 100 % lodixanol stock solution

2.5 pl/ml Phenol red stock solution
AAV lysis buffer 50 mM Tris-HCI

0.15 M NaCl

pH 8.5 in H,0

Differentiation medium DMEM/F12 GlutaMAX™

1% BSA

1x N-2 Supplement

5 mM Hepes

0.5 % FCS

1 % Penicillin/Streptomycin
Direct lysis buffer (2x) 10 mM Tris pH 7.5

3 mM MgCl,

1 mM EDTA

1 mM CaCl,

1 % (v/v) Triton X-100

In H,O

0.2 mg/ml Proteinase K

EDTA solution (2 mM) 1x PBS
2 mM EDTA
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FACS buffer 1x PBS
1% (v/v) FCS

Freezing medium Respective culture medium
10 % DMSO

Full DMEM DMEM (+ 4.5 g D-Glucose, + 25 mM Hepes, +
L-Glutamine)

10 % FCS
1 % Antibiotic-Antimycotic
1 % Sodium pyruvate

LB-Agar LB-Medium with 15 g/| Agar
LB-Medium 10 g/ Tryptone

5 g/l Yeast extract

10 g/I NaCl

pH 7,5 in H,0
LBamp selection medium LB-medium

100 mg/ml Ampicillin

Phosphate buffered saline (PBS) 140 mM NaCl

5,9 mM KCl

9.7 mM Na;HPO4 x 2 H,0
2 nM KH,PO,

pH 7.4 in H,0

PBS-MK 1x PBS
1 mM MgCl,
2.5 mM KCI

PBS-MK-NacCl 1x PBS-MK
1 M Nacl

PBS-T 1x PBS
0.1 % (v/v) Tween 20

Phenol red stock solution 0.5 % (w/v) Phenol red
in HzO

Proliferation medium DMEM/F12 GlutaMAX™

1 % BSA

1x N-2 Supplement

5 mM Hepes

0.5 % FCS

1 % Penicillin/Streptomycin
20 ng/ml FGF-2

20 ng/ml EGF

Tris-Acetate-EDTA (TAE) buffer (50x) 2 M Tris-Acetate
100 mM EDTA
10 mM Tris-HCI
In H,0
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Tris-EDTA (TE) buffer 10 mM Tris
1 mM EDTA
pH 8.0 in H,O

TELysis buffer 10 mM Tris-HCI

1 mM EDTA

50 mM KCl

2 mM MgCl,

pH 8.0 in H,O

200 pg/ml RNase A
25 ng/ml Proteinase K

Towbin buffer (2x) 50 mM Tris

400 mM Glycine

0.1 % (w/v) SDS

40 % (v/v) Methanol
Tris-Glycin-SDS (TGS) buffer 25 mM Tris

200 mM Glycine

0.1 % (w/v) SDS

in H,0

Western blot lysis buffer 100 mM Tris-HCI pH 8.3
150 mM NaCl

1 % (v/v) Glycerol

1% (v/v) NP40

0.5 % (w/v) Deoxycholate
0.1 % (w/v) SDS

0.1 % (v/v) Triton X-100

in H20
2.1.4 Kits and reagents
Kit/reagent Manufacturer
CellTiter-Blue® Viability Assay Promega, Madison, WI, USA
Lipofectamine™ Stem transfection reagent Thermo Fisher Scientific, Waltham, MA, USA
Invitrogen™
NucleoSpin® Gel and PCR Clean-up Machery and Nagel, Diiren, GER
NucleoBond® PC500/2000 Machery and Nagel, Diren, GER
NucleoSpin® Plasmid Machery and Nagel, Diiren, GER
Pierce™ BCA Protein Assay Kit Thermo Fisher Scientific, Waltham, MA, USA
RNeasy® Mini Kit QIAGEN, Hilden, GER
SuperScript™ Il First-Strand Synthesis Kit Thermo Fisher Scientific, Waltham, MA, USA
Invitrogen™
SuperSignal™ West Femto Substrate Kit Thermo Fisher Scientific, Waltham, MA, USA
QlAamp® DNA Mini Kit QIAGEN, Hilden, GER
QlAshredder QIAGEN, Hilden, GER
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Qubit™ dsDNA BR assay kit Invitrogen™ Thermo Fisher Scientific, Waltham, MA, USA

X-tremeGene™ 9 DNA transfection reagent Roche, Basel, SUI

2.1.5 Oligonucleotides
Single guide RNA (sgRNA) sequences in the oligonucleotides used for sgRNA cloning are indicated in

bold. All oligonucleotides were ordered from Metabion International AG (Planegg, GER).

Name Sequence Usage

YFPnew forward TTCTCGTTGGGGTCTTTGCT qRT-PCR

YFPnew reverse TGAACTTCAAGATCCGCCACA qRT-PCR

Cas9 forward TCGGAAGCGACCACTTATCG gRT-PCR

Cas9 reverse TCCGGTCTGTACTTCGGTCT gRT-PCR

RNAPolll forward GCACCACGTCCAATGACAT gRT-PCR

RNAPolll reverse GTCGGCTGCTTCCATAA gRT-PCR

ITGAV GGAAAGGACGAAACACCGGGCAATAGAGATTATGCCA sgRNA cloning
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGG

ITGB5 GGAAAGGACGAAACACCGTTTCTCCTACACGGCACCGG sgRNA cloning
TTTTAGAGCTAGAAATAGCAAGTTAAAATAAGG

ITGB1 GGAAAGGACGAAACACCGTGGCGCGTGCAGGTAAGCT sgRNA cloning
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGG

ITGB3 GGAAAGGACGAAACACCGGTGAGCTTTCGCATCTGGGG sgRNA cloning
TTTTAGAGCTAGAAATAGCAAGTTAAAATAAG

ITGB8 GGAAAGGACGAAACACCGTACCGCCATCTGTCCAGATG sgRNA cloning
TTTTAGAGCTAGAAATAGCAAGTTAAAATAAGG

AAVR GGAAAGGACGAAACACCGTCGCAGAGAGCTGTAAGGT sgRNA cloning
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGG

RPSA GGAAAGGACGAAACACCGGGCCAGGTTTGTGGAACAG sgRNA cloning
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGG

Universal reverse AACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTA sgRNA cloning

strand oligo AAAC

ITGAV_Miseq forward ACACTCTTTCCCTACACGACGctcttccgatctCTATTTCTCAA Miseq NGS
CCTAGCTGGGGA

ITGAV_Miseq reverse TGACTGGAGTTCAGACGTGTGctcttccgatctCTGTGTCTCC Miseq NGS
ACATAAACTGACT

ITGB1_Miseq forward ACACTCTTTCCCTACACGACGctcttccgatctAAGCGAAGGC Miseq NGS
ATCCCTGAAA

ITGB1_Miseq reverse TGACTGGAGTTCAGACGTGTGctcttccgatctAAACTGATC Miseq NGS
TTGTGGTGAGCAA

ITGB3_Miseq forward ACACTCTTTCCCTACACGACGctcttccgatctGCAGGTGGA Miseq NGS
GGATTACCCTG

ITGB3_Miseq reverse TGACTGGAGTTCAGACGTGTGctcttccgatctGTCTGGAGG Miseq NGS
AGGGACTTACTCA
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ITGB5_Miseq forward ACACTCTTTCCCTACACGACGctcttccgatctCTGTCCATGA Miseq NGS
AGGATGACTTGG

ITGB5_Miseq reverse TGACTGGAGTTCAGACGTGTGctcttccgatctGCTAAATTTT Miseq NGS
CCTGCTTCTCCA

ITGB8_Miseq forward ACACTCTTTCCCTACACGACGctcttccgatctGAAAGTACGC Miseq NGS
CAAACAACTTAGT

ITGB8_Miseq reverse TGACTGGAGTTCAGACGTGTGctcttccgatctAGCTTGACT Miseq NGS
CTGCTTTGTTGCTG

Miseq_AAVR forward ACACTCTTTCCCTACACGACGctcttccgatct TGAACCACAA Miseq NGS
GGCTGGAGCTTAC

Miseq_AAVR reverse TGACTGGAGTTCAGACGTGTGctcttccgatct CCCAGTACC Miseq NGS
ATCTTAGGTCTTTG

Miseq_RPSA forward ACACTCTTTCCCTACACGACGctcttccgatctAAGTGCTGGG Miseq NGS
ATTACAGGCGTAG

Miseq_RPSA reverse TGACTGGAGTTCAGACGTGTGctcttccgatctCTTCTGCCCT Miseq NGS
CACTTAGGCATCT

pLKO-1 seq CGTGACGTAGAAAGTAATAATTTC Sanger

sequencing
cap9_G263 seq GGTGCTGTAGCCGAAGTAGG Sanger
sequencing

cap9 G263 forward

GCAAATCTCCAACGGCACATCTGGAGGATCTTCAAATGA

Quickchange

CAACGCC PCR
cap9 G263 reverse GGCGTTGTCATTTGAAGATCCTCCAGATGTGCCGTTGGA Quickchange
GATTTGC PCR

NGS_short forward

TGAAAGTATTTCGATTTCTTGGCT

CRISPR screen

NGS_short reverse

TGTCTCAAGATCTAGTTACGCCA

CRISPR screen

Forward NGS reverse

CCTCTCTATGGGCAGTCGGTGATTTGTCTCAAGATCTAGT
TACGCCA

CRISPR screen

Forward NGS_BC1
forward

CCATCTCATCCCTGCGTGTCTCCGACTCAGCTAAGGTAAC
GATTGAAAGTATTTCGATTTCTTGGCT

CRISPR screen

Forward NGS_BC2
forward

CCATCTCATCCCTGCGTGTCTCCGACTCAGTAAGGAGAA
CGATGAAAGTATTTCGATTTCTTGGCT

CRISPR screen

Forward NGS_BC3
forward

CCATCTCATCCCTGCGTGTCTCCGACTCAGAAGAGGATTC
GATTGAAAGTATTTCGATTTCTTGGCT

CRISPR screen

2.1.6 Plasmids

pHelper encodes for the adenoviral proteins E2A and E4 and the long non-coding VA-RNA. This plasmid

was used to produce rAAV particles and was a kind gift from Prof. Dirk Grimm (University of

Heidelberg).
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pBSUF3-YFP encodes for an enhanced yellow fluorescent protein (eYFP) reporter under the control of
a CMV promoter, flanked by an AAV2 ITR and an AAV4 ITR. This Plasmid was used to produce

recombinant scAAV particles and was a kind gift from Prof. Dirk Grimm (University of Heidelberg) [163].

pTRrep2cap2 encodes for the AAV2 rep proteins (Rep78, Rep68, Rep52, and Rep40) and the AAV2 cap
Proteins (VP1, VP2, and VP3). This plasmid was used to produce rAAV particles that carry an AAV2

derived capsid and was a kind gift from Prof. Dirk Grimm (University of Heidelberg).

pTRrep2cap9 encodes for the AAV2 rep proteins (Rep78, Rep68, Rep52, and Rep40) and the AAV9 cap
Proteins (VP1, VP2, and VP3). This plasmid was used to produce rAAV particles that carry an AAV9

derived capsid and was a kind gift from Prof. Dirk Grimm (University of Heidelberg).

pTRrep2cap9P1 encodes for the AAV2 rep proteins (Rep78, Rep68, Rep52, and Rep40) and the AAV9
cap Proteins (VP1, VP2, and VP3), which were modified by the insertion of the seven amino acid
artificial peptide P1. This plasmid was used to produce rAAV particles that carry the AAV9P1 capsid

and was a kind gift from Prof. Dirk Grimm (University of Heidelberg).

pTRrep2capS1P1 encodes for the AAV2 rep proteins (Rep78, Rep68, Rep52, and Rep40) and a capsid
protein generated by family shuffling of the AAV1, 6, 8, and 9 capsid genes. In addition, the capsid
protein is modified by the insertion of a seven amino acid artificial peptide P1. This plasmid was used
to produce rAAV particles that carry the AAVS1P1 capsid and was a kind gift from Prof. Dirk Grimm
(University of Heidelberg).

pTRrep2capS10P1 encodes for the AAV2 rep proteins (Rep78, Rep68, Rep52, and Rep40) and a capsid
protein generated by family shuffling of the AAV1, 6, 8, and 9 capsid genes. In addition, the capsid
protein is modified by the insertion of a seven amino acid artificial peptide P1. This plasmid was used
to produce rAAV particles that carry the AAVS10P1 capsid and was a kind gift from Prof. Dirk Grimm
(University of Heidelberg).

pTRrep2capH15P1 encodes for the AAV2 rep proteins (Rep78, Rep68, Rep52, and Rep40) and a capsid
protein generated by family shuffling of the AAV1, 6, 8, and 9 capsid genes. In addition, the capsid
protein is modified by the insertion of a seven amino acid artificial peptide P1. This plasmid was used
to produce rAAV particles that carry the AAVH15P1 capsid and was a kind gift from Prof. Dirk Grimm
(University of Heidelberg).

pTRrep2capD20P1 encodes for the AAV2 rep proteins (Rep78, Rep68, Rep52, and Rep40) and a capsid
protein generated by family shuffling of the AAV1, 6, 8, and 9 capsid genes. In addition, the capsid

protein is modified by the insertion of a seven amino acid artificial peptide P1. This plasmid was used
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to produce rAAV particles that carry the AAVD20P1 capsid and was a kind gift from Prof. Dirk Grimm
(University of Heidelberg).

pTRrep2cap9P1_S5263G was generated from the pTRrep2cap9P1 plasmid by the amino acid exchange
§263G in the VP1 protein sequence. This plasmid was used to produce rAAV particles that carry the
AAV9P15253 capsid.

pPMD2.G encodes for the envelope protein of the vesicular stomatitis virus VSV-G under the control of
a CMV promoter. This plasmid was used as an envelope plasmid in the production of pseudotyped

lentiviral particles. pMD2.G was a gift from Didier Trono (Addgene plasmid #12259).

psPAX2 encodes for the lentiviral proteins Gag, Pol, Rev, and Tat. This plasmid was used as a packaging
plasmid to produce pseudotyped lentiviral particles. psPAX2 was a gift from Didier Trono (Addgene
plasmid #12260).

lentiCas9-Blast encodes for a codon-optimized Cas9 from Staphylococcus pyogenes and a blasticidin
resistance. This plasmid was used as a transfer plasmid for the production of pseudotyped lentiviral

particles and was a kind gift from Dr. Kamyar Hadian (Helmholtz Center Munich) [164].

lentiGuide-Puro-(GeCKO v2 A) encodes for the tracrRNA sequence for the Cas9 protein from
Staphylococcus pyogenes under the control of a U6 promoter and contains the sgRNA sequences from
the pooled human CRISPR knockout sub-library A (GeCKO v2 A)[164]. This plasmid was used as a
transfer plasmid to produce lentiviral particles and was a kind gift from Dr. Kamyar Hadian (Helmholtz

Center Munich).

pMini_U6_sgRNA_CMV_Puro_T2A_Cas9 encodes for the tracrRNA sequence for the Cas9 protein
from Staphylococcus pyogenes under the control of a U6 promoter and contains restriction sites for
the insertion of sgRNA sequences. It also encodes for a Puromycin resistance gene under the control
of a CMV promoter coupled to a codon-optimized Cas9 from Staphylococcus pyogenes via a T2A
connection. This plasmid was used for the transient transfection of target cells and knockout

generation and was a kind gift from Prof. Veit Hornung (LMU Munich).

2.1.7 Prokaryotic cells

Invitrogen™ subcloning Efficiency™ DH5a (Thermo Fisher Scientific, Waltham, MA, USA) are

chemically competent E. coli cells used for subcloning of plasmids.

XL10-Gold® (Agilent Technologies, Santa Clara, CA, USA) are chemically ultracompetent E. coli cells

used for de novo ligated plasmid cloning.
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2.1.8 Eukaryotic cells

H1299 (ATCC® CRL-5803™) are human lung cells derived from non-small cell lung cancer metastatic

tissue.

HEK293T (ATCC® CRL-3216™) are human embryonic kidney cells. They are derived from 293 cells and

contain the SV40 T-antigen.
Hela (ATCC® CCL-2™) are human epithelial cells derived from cervix carcinoma tissue.

HNSC.100 are human neural stem cells stably expressing the v-myc protein. These cells have a neural
stem cell phenotype in their proliferating state and spontaneously differentiate into astrocyte-

enriched cultures upon mitogen removal [147, 165-167].
Huh? are human hepatocytes derived from liver carcinoma tissue.

U251MG (ECACC 09063001) are human astrocytoma cells derived from a malignant glioblastoma

tumor.

2.1.9 Antibodies and staining agents

Antibody Host Dilution/ Manufacturer
concentration

anti-hGAPDH mouse 1:10,000 Merck Millipore, Burlington, MA, USA
anti-Cas9 mouse 1:10,000 Abcam, Cambridge, UK

anti-mouse Peroxidase goat 1:5,000 Jackson ImmunoResearch Laboratories

Inc., West Grove, PA, USA

anti-avp3 mouse 5 ug/10° cells R&D Systems, Minneapolis, MN, USA
anti-avB5 mouse 2.5 ug/108 cells | R&D Systems, Minneapolis, MN, USA

anti-human integrin p1 mouse | 0.25 pg/108 cells | R&D Systems, Minneapolis, MN, USA

anti-human integrin B8 | mouse | 0.5 ug/10° cells | R&D Systems, Minneapolis, MN, USA

anti-human av/CD51 mouse 1 pg/10° cells R&D Systems, Minneapolis, MN, USA
Alexa Fluor® 647

anti-mouse Alexa goat 1:200 Thermo Fisher Scientific, Waltham, MA,
Fluor™ 488 USA

Sambucus nigra lectin 10 pg/ml Vector Laboratories Inc., Burlingame,
(SNA)-Fluorescein CA, USA
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Software

Manufacturer

Affinity Designer

Serif Ltd, Nottingham, UK

BLAST NCBI, Bethesda, MD, USA

BLAT UCSC Genome Bioinformatics, Santa Cruz, CA, USA
Diva BD, Franklin Lakes, NJ, USA

FlowJo v10 FlowlJo, LLC, Ashland, OR, USA

GeneRanker Genomatix AG, Munich, GER

GraphPad Prism 9.0.2

GraphPad Software Inc., San Diego, CA, USA

i-control™ Software

Tecan Group, Mannedorf, SUI

Image)

U.S. National Institutes of Health, Bethesda, MD, USA

In silico PCR

UCSC Genome Bioinformatics, Santa Cruz, CA, USA

LightCycler 480 Software (Version
1.5.0.39)

Roche, Basel, SUI

Mega7

[168]

Microsoft Office 2016

Microsoft Corp., Redmond, WA, USA

NanoDrop™ 2000c

Thermo Fisher Scientific, Waltham, MA, USA

Outknocker V 2.0 [169]

PhyreV 2.0 [170]

Quantity One Vers. 241 Build 008 Bio-Rad Laboratories Inc., Hercules, CA, USA
R/R Studio The R Foundation

SerialCloner 2.6.1 Serial Basic

SnapGene Viewer 4.1.8 GSL Biotech LLC, Chicago, IL, USA
Swiss-model [171, 172]

T-Coffee [173]

Tm-Calculator version 1.13.0 New England Biolabs, Ipswich, MA, USA
UCSF ChimeraX 1.1 [174, 175]

2.2 Cell culture methods and rAAV-virology

All cell culture work was carried out in a sterile environment under a biological safety cabinet. Cells

were cultured under standard conditions in a cell culture incubator (5 % CO,, 37 °C, 85 % humidity).

2.2.1 Thawing and freezing of cells

Frozen cells were rapidly thawed at room temperature (RT) by pipetting pre-warmed culture medium

into the cryotube and resuspending the thawed cells in 10 ml pre-warmed culture medium. Cells were
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centrifuged for 4.5 min at 200 g, the supernatant was discarded, and the cell pellet was resuspended
in 10 ml fresh pre-warmed culture medium. The cell solution was transferred to a fresh (coated if
necessary, see below for details) cell culture flask and incubated at 37 °C. For long-term storage, cells
were counted, and 1-5x10° cells were spun down for 4.5 min at 200 g, the pellet was resuspended in
1 ml freezing medium (culture medium supplemented with 10 % DMSO) and transferred to a 1.8 ml
cryotube. Cells were frozen slowly in a freezing container at -80 °C for medium-term storage. For long-

term storage, cells were transferred to a liquid nitrogen tank (-172 °C) after 24-48 h.

2.2.2 Cultivation and passaging of cells (except HNSC.100 cells)

Cell lines were cultured in appropriate culture medium in sterile polystyrene flasks and passaged twice
a week. Cell confluency was assessed under a light microscope, and cells were passaged when
confluency was between 80 and 90 %. The medium was removed from the flasks and cells were washed
once with PBS. The appropriate amount of Trypsin-EDTA solution was added (Table 2-1), the flask was
tilted to cover the entire surface of the flask and incubated at 37°C for 3 min. Flasks were lightly tapped
to loosen cells. Cells were harvested in full DMEM, and one tenth of the volume was transferred to a
new culture flask, resulting in a splitting ratio of 1:10. The new cell culture flask was filled up to regular

culture volume with full DMEM and incubated at 37 °C.

For cultivation of U251MG ITGAV/-, U251MG ITGB57, and U251MG ITGB3/B5” knockout cell lines
flasks and other cell culture containers were coated with 1 % collagen in H,O for 10 min at RT, washed

once with PBS, and used immediately for cell seeding.

2.2.3 Cultivation and passaging of HNSC.100 cells

Proliferating, progenitor-like HNSC.100 cells (HNSC.100 prol) were cultured in proliferation medium in
sterile polystyrene flasks coated with Poly-L-Lysine and passaged twice a week. For coating,
polystyrene or glass culture vessels were incubated with enough Poly-L-Lysine solution to cover the
entire culturing surface for 20 min at RT. Poly-L-Lysine was removed completely, culture vessels were
washed twice with PBS, and air-dried for at least 1 h. Cell confluency of HNSC.100 cells was assessed
under a light microscope, and cells were passaged when confluency was between 95 and 100 %. The
medium was removed from the flasks, and cells were washed once with PBS. The appropriate amount
of Trypsin-EDTA solution was added (Table 2-1), the flask was tilted to cover the entire culturing
surface and incubated at 37 °C for 3 min. Flasks were lightly tapped to loosen cells, and cells were
harvested in PBS + 10 % FCS and centrifuged for 4.5 min at 200 x g at RT to inactivate the trypsin. The

supernatant was discarded, the pellet was resuspended in 5 ml proliferation medium, and one fifth
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was added to a freshly coated, dry polystyrene flask. The new cell culture flask was filled up to regular

culture volume with proliferation medium and incubated at 37 °C.

Table 2-1 Cell culture numbers

Dish Dish T75 | T175 6- 12- 24- 48- 96-
10cm@ | 15cm @ well well well well well
Culture 10 20 10 20 2 1 0.5 0.25 0.1
medium [ml]
Trypsin-EDTA 1 2 1 2 0.2 0.1 0.05 0.03 0.02
[ml]

2.2.4 Seeding and harvesting of cells

To seed the cells, cells were harvested from their culture flasks as described above. After removing the
appropriate volume of cells for maintenance, the remaining cells were counted using a cell counting
chamber, and cells per ml were calculated according to the manufacturer’s manual. In brief, 10-15 pl
of cell suspension was pipetted in one of the ten compartments of the ready-to-use disposable
counting slide, making sure that the cell suspension was distributed equally and bubble-free in the
chamber space. For highly concentrated cell suspensions or cell lines that are difficult to count, cells
were diluted 1:5 or 1:10 in 0.4 % Trypan blue solution before adding it to the counting chamber. Under
a light microscope, cells in 16 of the smallest squares were counted, and cell number per ml was
calculated with the following equation

cell count x 10,000
squares counted

cells perml = X dilution factor

From this concentration, the volume of cell suspension needed for the appropriate number of cells for

seeding of the respective cell line (Table 2-2) was calculated using the following equation

cells needed
volume [ul] = —— % 1,000
cells per ml

To harvest cells, the culture medium was removed from the wells, and cells were washed once with
PBS. The appropriate amount of Trypsin-EDTA solution was added to the wells, and cells were
incubated at 37 °C for 2 to 4 min. Cell culture vessels were slightly tapped to loosen cells, and cells
were harvested in PBS + 10 % FCS. Cells were transferred to an appropriate reaction tube and

processed for downstream experiments as described in the respective sections.
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Table 2-2 Seeding density of different cell lines

Cell line Medium Dish Dish 6-well | 12-well | 24-well 48- 96-well
10cm@ | 15cm @ well
Hela, Huh7, DMEM full 2x10° 11x10° 2x10° 1x10° 5x10% 3x10* | 1.5x10%
H1299,
HEK293T
U251MG DMEM full 2x10° 2x10° 1x10° 5x10* 3x10* 1.5x10*
HNSC.100 Prol medium 4x10° | 2x10° 1x10° 6x10* 3x10*

2.2.5 Differentiation of HNSC.100

HNSC.100 cells were seeded in the appropriate format in proliferation medium and incubated at 37
°C. Once cells reached 100 % confluency, cells were washed once with PBS, and differentiation medium
was added to cells. HNSC.100 cells were incubated at 37 °C for 14 days. During this time the medium
was changed to fresh differentiation medium twice a week. The differentiation progress of cells was
assessed by monitoring their change in morphology and cell proliferation arrest by light microscopy
[147, 167]. After 14 days, successfully differentiated, astrocyte-enriched cultures (HNSC.100 diff) were

used for follow-up experiments.

2.2.6 rAAV vector production by iodixanol gradient

HEK293T cells were seeded in 10 sterile polystyrene cell culture dishes (15 cm @) and incubated for 48
h to a confluency of 70-80 %. On the day of transfection, the transfection mix was prepared as
described in Table 2-3, vortexed 5 times, and incubated for 10 min at RT. After incubation, the
transfection mix was added dropwise to the plates, and cells were incubated for 72 h. Cells and
supernatant were harvested using a sterile cell scraper and pooled into 50 ml reaction tube. The
remaining cells in the plates were collected by flushing two plates with 10 ml PBS in total and adding
it to the pooled cells. Dishes were stacked in a tilted manner, and the remaining liquid (collected at the

lower rim of the plate) was transferred to the pooled cells.

Cells were centrifuged at 500 g for 15 min at RT, the supernatant was discarded, and cells were pooled
into one 50 ml reaction tube with 20 ml PBS. Reaction tubes were flushed with 10 ml total to collect
the remaining cells, and pooled cells were centrifuged again at 500 g for 15 min at RT. The supernatant
was discarded the cell pellet was resuspended in 5 ml AAV lysis buffer and frozen at -80 °C. The lysate
was subdued to 5 freeze-thaw cycles in liquid nitrogen and a 37 °C water bath. 50 U/ml of Benzonase®

was added to the lysate, and it was incubated at 37 °C for 1 h while carefully inverting the falcon every
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20 to 30 min. The cell lysate was centrifuged at 1500 g for 15 min at 4 °C, the supernatant was

transferred to a new reaction tube and centrifuged again.

Table 2-3 Transfection mix for transfection of one 20 cm @ dish of HEK293T cells

Reagent Amount
pHelper plasmid 7.5 ug
pBSUF3-YFP plasmid 7.5 ug
Capsid plasmid 7.5 ug
Polyethyleneimine 1 mg/ml 67.5 ug
DMEM up to 2 ml

Viral particles were purified from the supernatant by iodixanol density gradient centrifugation. The
supernatant was transferred bubble-free to an 8.9 ml round bottom polypropylene centrifuge tube
and under-layered with iodixanol solutions of different concentrations (15 %, 25 %, 40 %, 60 %) to
create a gradient. Centrifuge tubes were topped up and leveled out to 0.01 g with AAV lysis buffer and
centrifuged at 50,000 rpm for 2 h at 4 °C in a Optima LE-70 Preparative Ultracentrifuge with a fixed
angle 70.1 Tl rotor. The 40 % phase of the gradient, containing full rAAV particles, was extracted using
a sterile 23 G syringe while being careful not to touch the white ring at the bottom of the 25 % phase,
which contains the empty capsids. Purified virus stocks were divided into 50 ul aliquots and stored at

-80 °C until further usage or at -20 °C until titration the next day.

2.2.7 Transduction with rAAV vectors

Target cells were seeded in different formats and incubated overnight. One well of every plate format
used was washed once with PBS, detached with Trypsin-EDTA, and resuspended in 1 ml culture
medium. Absolute cell number in one well was determined by cell counting, and the amount of virus
stock needed for specific multiplicities of infection (MOI) was calculated as described in the equation
below. Virus stock was diluted in culture medium, added to the cells, and incubated for the indicated

time periods.

(cells per well) x MOI [vg]

virus stock per well [ul] = x 1,000

virus titer ﬂ]
ml
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2.2.8 Cell treatment assays
Target cells were seeded in different formats and incubated overnight. After incubation, cells were

treated and transduced at the following conditions.

For integrin inhibition, cells were overlayed with medium containing different concentrations of

Cilengitide (CGT), avB8-ligand 2a, or P11 and co-incubated with rAAV9P1 or rAAV2 for 48 h at 37 °C.

For heparin competition, cells were co-incubated with different concentrations of soluble heparin and
rAAV2 or rAAVIP1 for 4 h at 37 °C. After the incubation, the supernatant was removed, cells were
washed once with pre-warmed PBS, overlaid with fresh, pre-warmed culture medium, and incubated

for 48 h at 37 °C [128].

For modulation of surface glycans, cells were treated with 50 mU/ml Neuraminidase (Neu) from Vibrio
cholerae diluted in full DMEM for 2 h at 37 °C to promote the removal of terminal sialic acid residues
from cell surface glycans. Subsequently, cells were briefly washed with PBS, chilled on ice for 5 min,
and co-incubated with 100 pug/ml Erythrina cristagalli lectin (ECL) conjugated with biotin diluted in PBS
and rAAV9P1 or rAAV2 for 1.5 h on ice. ECL masks N-terminal galactose residues and renders them
unavailable for binding by rAAV capsids. Cells were washed three times with pre-chilled PBS and either

incubated for 48 h at 37 °C or used immediately for an in vitro recombinant AAV-binding assay (rABA).

For tunicamycin (TUN) treatment, cells were treated with different concentrations of TUN diluted in
full DMEM for 24 h at 37 °C. After this incubation period, the medium was changed, cells were pre-
chilled on ice for 5 min and subsequently incubated with rAAV9P1 or rAAV2 for 1.5 h on ice.
Subsequently, cells were washed three times with pre-chilled PBS and either incubated at 37 °C for 48

h or used immediately for an rABA.

In all experiments, untreated and/or untransduced cells served as controls. The transgene expression

was determined 48 h after rAAV exposure by flow cytometry.

2.2.9 CellTiter-Blue® (CTB) viability assay

To assess metabolic activity and indirectly cell viability, a CellTiter-Blue® Cell Viability Assay was
conducted. This test is based on the conversion of Resazurin to Resorufin via metabolic reduction, and
the conversion rate can be calculated from the fluorescence intensities of the samples [176]. Cells were
seeded in black 96-well plates with clear bottoms and incubated overnight at 37 °C. Cells were treated
with the respective substance and incubated for varying time periods. After incubation, the culture
medium was removed, and cells were supplemented with 65 pl CTB reagent diluted 1:5 in culture

medium. Dead cells, which were left without culture medium for the incubation time, and untreated
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cells served as controls. Plates were incubated at 37 °C for 1-4 h depending on the metabolic activity
of the respective cell line until the test reagent in wells with untreated control cells turned from blue
to violet. Fluorescence activity of Resorufin was measured using an Infinite? M200 microplate reader
(Excitation wavelength 550 nm, Emission wavelength 600 nm). Viability was determined relative to

untreated controls, with untreated controls being considered 100 %.

2.2.10 In vitro rAAV-binding assay (rABA)

Cells were seeded in 48-well plate and incubated overnight at 37 °C. One well was harvested and
counted for absolute cell number determination. Cells in plates were pre-chilled for 5 min on ice and
subsequently exposed with different rAAV vectors for 30 min on ice to allow surface binding of virus
vectors without effective cell transduction. Untransduced cells served as negative controls. Samples
from glycan modulation assays were treated and transduced as described in above. Cells were washed
twice with ice-cold PBS to remove unbound virus particles and lysed directly in the well with 50 pl 1x
direct lysis buffer supplemented with 40 pg/ml Proteinase K. Lysates were collected by flushing the
bottom of the well repeatedly with the lysis buffer in the well and transferred to a 0.2 ml PCR tube.
Lysis was conducted for 1 h at 56 °C, and Proteinase K was inactivated for 15 min at 95 °C. Lysates were
cooled back to RT and stored subsequently at -20 °C until further analysis by quantitative real-time PCR
(gRT-PCR) [177].

2.2.11 Fluorescence-activated cell sorting (FACS)

Cells were harvested as described before and transferred to a 96-well V-bottom plate. After harvesting,
all steps were performed on ice. Cells were centrifuged, accumulation of cells in the bottom of the
wells was checked visually, and the supernatant was discarded by rapidly emptying the plate into the
sink and shortly blotting the plate against a stack of paper towels to remove all liquid from the wells.
Cells were resuspended in FACS buffer and washed once again using the same technique as described
before and resuspended in 200 pl FACS buffer. Samples were transferred to 5 ml polystyrene tubes
and analyzed on a three-laser BD FACSCanto Il device. Data was processed using the FlowJo v10
software. In the first step, live cells were manually gated in the forward scatter (FSC)-side scatter (SSC)
plot where events with small size and low granularity were excluded as dead cells or debris. Proceeding
with live gated cells, cells negative for the fluorescence marker were gated using a sample of
untransduced and/or unstained cells that were cultured in the same format for the same time as the
treated cells. Experimental cells were analyzed for the expression of the respective fluorescence

marker by the percentage of positive cells and the median fluorescence intensity (MFI).
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To assess expression of target proteins on the cell surface, cells were harvested by incubation in 2 mM
EDTA in PBS for 10 min at 37 °C, transferred to a V-bottom 96-well plate, and washed as described
above. Cells were stained in 50 Ml primary antibody diluted in FACS buffer for 30 min on ice,
supplemented with 100 pl FACS buffer, and washed one additional time. If required, samples were
stained in 50 Yl anti-mouse Alexa Fluor™ 488 for 30 min on ice. Cells were washed again and analyzed

by flow cytometry as indicated above.

2.3 Molecular biology methods

2.3.1gDNA isolation

Cells were harvested using Trypsin-EDTA solution, washed once with PBS, and pelleted for 5 min at
500 g in a tabletop centrifuge. The supernatant was discarded, and gDNA was isolated using the
QlAamp® DNA Mini Kit, according to the manufacturer’s manual. The gDNA was eluted from the
column in 30 pl dH,0 and concentration was determined by NanoDrop™ analysis. Samples were stored

at -20 °C until further analysis.

2.3.2PCR

PCRs were performed using the GoTaq® G2 DNA Polymerase according to the manufacturer’s manual.
For amplification of segments of gDNA or plasmid DNA, 50-100 ng total DNA were used for each 50 ul
reaction. The optimal annealing temperature for each primer pair was assessed beforehand by using
the Tm-calculator tool from New England Biolabs web site. Amplicons were subsequently purified
using the NucleoSpin™ Gel and PCR clean-up kit according to the manufacturer’s manual or analyzed

by agarose gel electrophoresis.

2.3.3 Quickchange PCR

Quickchange PCR was performed for site-directed mutagenesis of the pTRrep2cap9P1 plasmid. The
cap9 G263 forward primer was designed to contain the desired G>A nucleotide substitution in its
middle, flanked by 10-30 nucleotides to ensure efficient binding of the primer despite the mismatch.
The cap9 G263 reverse primer represents the reverse complement sequence of the cap9 G263 forward
primer. The reaction mix was prepared, and the PCR was conducted according to the protocols in Table

2-4.

After the PCR, 10 pul of the reaction mix were mixed with 2 pl Gel Loading Dye and analyzed for correct

size and circularity of the plasmid on a 0.8 % agarose gel. The remaining 40 pl were supplemented with
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1 ul Dpnl to digest any unmethylated template plasmid DNA and incubated for 1 h at 37 °C.

Subsequently, the reaction was transformed into chemically competent bacteria.

Table 2-4 Reaction mix and thermo cycler protocol for a standard quickchange PCR

Reagent Volume Step Temp [°C] Time Cycles
10x PfuUltra™ Il reaction 5ul Denaturation 98 2 min 1
buffer

dNTPs (10 mM) 2 ul Denaturation 95 60s

cap9 G263 forward (125 ng/ul) 1ul Annealing 50 40s 17
cap9 G263 reverse (125 ng/pl) 1l Elongation 68 10 min

PfuUltra™ Il Fusion High- 1ul Elongation 68 10 min 1
fidelity

pTRrep2cap9P1 (25 ng/ul) 1.0l Storage 4 oo 1
H20 39 ul

2.3.4 Agarose gel electrophoresis

To obtain 0.8-2 % agarose gels for gel electrophoresis, 0.8-2 g of ultra-quality agarose powder were
weighed into an Erlenmeyer flask and heated in 100 ml 1x TAE buffer in a microwave until the agarose
was completely dissolved. The flask with the dissolved agarose was cooled under running water with
constant swirling and was subsequently supplemented with 200 ng/ml ethidium bromide. The agarose
solution was transferred to a gel casting system with an inserted comb and cooled until complete
polymerization. The gel was placed in a gel electrophoresis chamber and submerged in 1x TAE buffer.
10-50 pl of the sample were loaded depending on gel pocket size, and 5 ul 1 kb Plus DNA ladder was
used as a standard. Gel electrophoresis was conducted for 0.5-1.5 h at 100-130 V. Separated DNA
pieces were visually analyzed using a GelDoc Gel Imaging System or cut from the gel using a clean
scalpel. Gel pieces were transferred to a fresh 2 ml reaction tube, and DNA was isolated using the

NucleoSpin™ Gel and PCR CleanUp Kit, according to the manufacturer’s manual.

2.3.5 Ligation independent cloning (LIC) for sgRNA expression plasmids

For CRISPR/Cas9 mediated knockout generation, sgRNAs sequences were taken from the “Brunello”
sgRNA library [178]. The sgRNA sequences were incorporated in cloning oligonucleotides and cloned
into the pMini_U6_gRNA_CMV_Puro_T2A_Cas9 vector using LIC. To prepare the vector for cloning, it
needs to be cut and “chewed” to generate single-stranded DNA overhangs as described in Schmid-

Burgk et al. [179].
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To integrate the sgRNA into the recipient vector, the prepared vector was diluted with reaction buffer,
H,0, and the short universal reverse strand oligo. Gene-specific sgRNA oligonucleotides were diluted
to afinal concentration of 0.25 uM, and 2.5 pl diluted oligonucleotide were mixed with 2.5 ul of diluted
vector and ligated in a PCR cycler following the protocol in Table 2-5. The 5 pl of LIC reaction mix were
transformed in chemically ultra-competent XL10-Gold® bacteria, and the plasmid was propagated in
chemically competent bacteria and isolated. Integration and the correct sequence of the target sgRNA

were verified by Sanger sequencing.

Table 2-5 Reaction mix and thermo cycler protocol for the LIC of an sgRNA oligonucleotide with recipient

vector
Reagent Volume Step Temp [°C] | Time[s] | Cycles
10x NEB2 buffer 2 ul Denaturation 70 60 s 1
“Chewed” vector 10 ul Annealing 65 60 s 1
Short universal reverse strand 0.5 ul Annealing 60 30 min 1
oligo (100 uM)
H,0 69.5 ul Annealing 55-25 -1 29
°C/cycle
Storage 12 oo 1

2.3.6 Transformation of competent bacteria

For propagation of plasmids, heat shock transformation of chemically competent bacteria was
performed. 30 ul of competent bacteria were slowly thawed on ice, plasmid DNA was added, and the
mixture was incubated on ice for 25 min. Bacteria supplemented with water instead of plasmid DNA
were used as a negative control. Bacteria were heat-shocked for 40 sin a 42 °C water bath and instantly
put back on ice for another 3 min. 500 ul S.0.C. medium were added, and bacteria were incubated at
37 °C for 30-60 min with constant shaking. Bacteria were spun down for 10 min at 3,000 g, and the
supernatant was discarded down to 50-100 pl. The pellet was resuspended, plated on LBamp plates,
and plates were incubated overnight at 37 °C. When the control plate did not show growth of any
colonies, grown colonies were picked from the other plates and transferred to 5 ml (Miniprep), 300 ml
(Maxiprep), or 400 ml (Megaprep) of liquid LBamp medium. Liquid cultures were incubated overnight

at 37 °C with constant shaking.
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2.3.7 Plasmid isolation

Liquid cultures were spun for 20 min at 4,500 g at 8 °C, and the supernatant was discarded. Plasmids
were isolated from the pellet using the NucleoSpin™ Plasmid Mini Kit (Minipreps), NucleoBond™ PC
500 Kit (Maxiprep), or the NucleoBond™ PC 2000 Kit (Megaprep) according to the manufacturer’s
manual. Plasmids were eluted in 30 ul, 100 ul, or 200 ul dH,0, respectively, and concentration was

measured in a NanoDrop™ spectrophotometer. Plasmid preparations were stored at -20 °C.

2.3.8 Sanger sequencing

Plasmid and PCR amplicon sequences were verified by Sanger sequencing. The sequencing mix was
prepared by mixing 15 pl DNA solution (50-100 ng/ul Plasmid DNA or 1-20 ng/ul PCR amplicon) with 2
ul gene-specific sequencing primer and sent to Eurofins Genomics (Ebersberg, GER) for Sanger

sequencing.

2.3.9rAAV lysis

For alkaline lysis of virus particles, 10 ul of virus stock were mixed with 10 ul sterile TE buffer and lysed
by addition of 20 ul 2 M NaOH and incubated at 56 °C for 30 min. As a negative control, 10 pl dH,0
were used instead of virus stock. The mixture was neutralized by the addition of 38 ul 1 M HCl and

diluted to 1:1,000 ml with dH,0. Diluted lysates were vortexed and stored on ice until titration by gRT-
PCR.

2.3.10 RNA isolation and complementary DNA (cDNA) synthesis

Cells were harvested using Trypsin-EDTA solution, washed once with PBS, and pelleted for 5 min at
300 gin a tabletop centrifuge. The supernatant was discarded, and RNA was isolated using the RNeasy®
Mini Kit and the QlAshredder kit according to the manufacturer’s manual. As indicated in the RNeasy®
Mini handbook, an on-column DNase digestion was performed using the RNase-Free DNase Set
according to the manufacturer’s manual. The RNA was eluted from the column in 20 pl nuclease-free
dH,0 and the concentration was determined by NanoDrop™ analysis. Samples were stored at -80 °C
until further analysis. 150 ng to 1 ug total RNA per sample were used for cDNA synthesis using the
SuperScript™ Il First-Strand Synthesis System according to the manufacturer’s manual. Isolated cDNA

was stored at -20 °C until use in gRT-PCR.

-44-



Material and methods

2.3.11 qRT-PCR

2.3.11.1 gRT-PCR from DNA

gRT-PCR was conducted for titration of rAAV vector stocks and analysis of the rABA. For the standard
curve, a serial dilution was prepared using the pBSUF3-YFP plasmids at starting concentrations of 30-
15 ng/ul, followed by 1:5 dilutions with dH,0 in 10 steps. The reaction mix was prepared as described
in Table 2-6, and 2 ul of either diluted virus lysate, standard, or test lysate was added. Reactions were

performed in technical duplicates.

Table 2-6 Reaction mix and light cycler protocol for a standard qRT-PCR

Reagent Volume Step Temp [°C] Time Cycles
2x LightCycler® 480 SYBR Green 5ul Denaturation 95 3 min 1
Master Mix

Gene-specific forward primer 1ul Denaturation 95 10s

(10 pMm)

Gene-specific reverse primer 1l Annealing 60 10s 45
(10 uM)

rAAV lysate/rABA lysate/cDNA 2 ul Elongation 72 10s

dH,0 1l Melting curve 65-97 +2.2°C/s 1

The gRT-PCR was performed according to the protocol in Table 2-6 in a Light Cycler 480 Instrument I
from Roche. An absolute number of molecule copies in the standard curve was calculated as described
in the equation below and plotted against cycle threshold (Ct) values to generate a standard curve. Ct
values from test samples were interpolated to obtain absolute viral genome copies per mlin the virus

stock or absolute viral genome copies per reaction in rABA test samples.

DNA copy number plasmid c ncentraion [%]

1
* Avogadro constant [—]

pl molecular weight ds plasmid [%] me!

2.3.11.2 gRT-PCR from cDNA

gRT-PCR was conducted from cDNA template for gene expression analysis. The reaction mix was
prepared as described in Table 2-6, and 2 ul of cDNA was added to each reaction. For every sample,
two primer pairs were used. The first primer pair was specific for the gene of interest (GOI), while the
second one was specific for the housekeeping gene RNA polymerase Il (RPIl). Reactions were

performed in technical duplicates. The qRT-PCR was performed according to the protocol in Table 2-6
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in a Light Cycler 480 Instrument Il from Roche. Ct values from all samples were extracted and the
expression of the GOI relative to housekeeping gene expression was calculated using the ACt method

according to the following equation

Relative expression(GOl) = p~[Ctvalue (Gon—ct value(RPII)]

2.3.12 Bicistronic acid (BCA) protein assay

A BCA assay was performed to determine the protein concentration in protein lysates for subsequent
SDS polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblot analysis. Cells were harvested
using Trypsin-EDTA solution and centrifuged for 5 min at 300 g. The supernatant was discarded, and
cells were washed once in PBS with the same centrifugation conditions. The pellet was resuspended
in the appropriate amount of western blot lysis buffer supplemented with 1x cOmplete™ EDTA-free
protease inhibitor (prepared according to the manufacturer’s manual) and incubated for 20 min at 4
°C with constant agitation. Lysates were spun for 10 min at 16,000 g to pellet nucleic acids and cell
debris, and the supernatant was carefully transferred to a fresh reaction tube and stored at -20 °C until
further analysis. For determination of the protein concentration in the cell lysate, a BCA protein assay
was performed using the Pierce™ BCA Protein Assay Kit according to the manufacturer’s manual. 25 pl
of either test sample or a previously prepared BSA standard (concentrations from 2,000-0 ug/ml) were
pipetted into a transparent 96-well plate. The test reagent was prepared by mixing provided buffers A
and Bin a 50:1 ratio, and 200 ul test reagent was pipetted into each well. The plate was swirled shortly,
wrapped in tin foil for light protection, and incubated at 37 °C for 30 min. Absorption of samples was
measured in a Infinite® M200 microplate reader at 562 nm, and a standard curve was generated by
plotting absorption of the standards against their protein concentrations. Test sample concentrations

were determined by interpolating their absorption values using the standard curve.

2.3.13 SDS-PAGE and immunoblot analysis

Polyacrylamide gels for SDS-PAGE were cast using the Protean® Gel casting system. For the preparation
of the gels, mixtures for the separation and stacking gel were prepared separately, as described in
Table 2-7. TEMED and 10 % APS were only added right before casting of the gel to prevent premature
polymerization in the reaction tube. First, the separation gel mixture was filled between the glass
plates and overlaid with 1 ml isopropanol to smooth the top edge and prevent air bubble formation.
When the gel was polymerized entirely, isopropanol was discarded, and the stacking gel was cast on
top of the separation gel, and a comb was inserted to generate pockets. After complete

polymerization, the comb was removed, and gels were used for SDS-PAGE.
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Table 2-7 Mastermix for preparation of a 12 % separation gel and stacking gel for acrylamide gel

electrophoresis
Reagent 12 % Separation gel [ml] Stacking gel [ml]
dH,0 1.6 1.4
30 % Acrylamid Mix 2 0.33
1.5 M Tris (pH 8.8) 1.3 -
1M Tris - 0.25
10 % SDS 0.05 0.020
10 % APS 0.05 0.020
TEMED 0.002 0.002

For SDS-PAGE sample preparation, 10 ug total protein were mixed with 4x NUPAGE™ sample buffer
and dH,0 to a total volume of 12-18 ul depending on gel pocket size and incubated at 95 °C for 10 min
for protein denaturation. Samples were loaded onto the gel in a Mini-Protean® Tetra cell gel
electrophoresis chamber next to 4 ul of PageRuler™ pre-stained protein standard. Gel electrophoresis

was conducted in TGS Buffer for 1.5 h at 20 mA per gel.

Proteins were blotted onto a 0.45 um nitrocellulose membrane by wet transfer using the Tetra Blotting
Module for the Mini-Protean® Tetra Cell. For every gel, two sponges and Whatman-paper were soaked
in 1x Towbin buffer, and the blotting setup was assembled in the following manner: anode, sponge,
Whatman-paper, acrylamide gel, nitrocellulose membrane, Whatman-paper, sponge, cathode. Protein

transfer was conducted at 0.33 A for 1-1.3 h at RT with a cooling pack to prevent overheating.

After protein transfer, membranes were blocked in 5 % milk in PBS-T for 1 h at RT and incubated in
primary antibody diluted in 5 % milk in PBS-T overnight at 4 °C. The next day, the membranes were
washed 3x 10 min in PBS-T and incubated with secondary antibody diluted in 5 % milk in PBS-T for 1.5
h at RT. The membrane was rewashed 3x 10 min in PBS-T. Before image acquisition, the membrane
was overlaid with SuperSignal™ West Femto Substrate Kit, incubated for 1 min in the dark, and the

signal was acquired using a Fusion FX chemiluminescence detector.

47-



Material and methods

2.3.14 CRISPR/Cas9 mediated gene targeting

2.3.14.1 sgRNA transfection

One day prior to the experiment, U251MG cells were seeded in a 24-well plate and incubated
overnight. Cells were transfected with pMini_U6_gRNA CMV_Puro_T2A_Cas9 containing the
respective sgRNA sequence using the Lipofectamine™ Stem Transfection reagent according to the
manufacturer’s manual. In detail, 500 ng of plasmid DNA were mixed with 2 ul transfection reagent in
50 pl Opti-MEM™, vortexed briefly, and incubated for 30 min at RT. The transfection mix was added
dropwise to the well, swirled, and incubated for 24 h at 37 °C. Cells were detached using Trypsin-EDTA
and re-seeded in a fresh 12-well plate in selection medium containing 0.8 pg/ml puromycin.
Untransfected cells served as negative controls. Transfected cells were selected for 1-3 days or until
the control cells died completely. If necessary, the puromycin selection medium was refreshed after
24 h. After complete selection, the medium was changed to regular full DMEM, and cells were allowed

to recover and expand.

2.3.14.2 Limiting dilution and clonal expansion

Selected cells were harvested using Trypsin-EDTA solution, counted, and seeded in 96-well plates at
densities of 1 to 3 cells per well in full DMEM and 5 plates per cell line. Since a reduced surface
attachment was expected when knocking out crucial attachment receptors such as av or B5 integrins,
96-well plates were coated with 1 % collagen in dH,0 for 10 min at RT prior to plating. Plated cells were
incubated at 37 °C for 3-4 weeks until clones had expanded in the wells. Grown colonies were identified
by visual inspection, pooled on a 96-well plate, and incubated at 37 °C until cells having reached
confluency. Plates were duplicated and used for either cell lysis and genotyping or further cell

maintenance.

2.3.14.3 Genotyping — Miseq

25 pl of cell suspension were transferred to a 96-well PCR plate, and 25 pl of 2x direct lysis buffer
supplemented with 200 pg/ml Proteinase K were added to each well. Lysates were mixed by slow
resuspension with a multichannel pipet, and lysis was conducted at 65 °C for 10 min, and Proteinase K

was inactivated for 15 min at 95 °C.

Lysates were used to analyze genomic target regions for mutations by lllumina sequencing. For this,
gRNA target sites were amplified from the lysates using target site-specific primer pairs containing
adaptor sequences for binding of barcode primers in a first PCR (Table 2-8). Annealing temperatures
for different primer pairs were determined with the Tm-calculator tool from New England Biolabs.
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Table 2-8 Reaction mix and thermo cycler protocol for the first PCR for MiSeq sample preparation

First PCR First PCR
Reagent Volume Step Temp [°C] | Time | Cycles
5x HF polymerase buffer 1.2 ul Denaturation 95 3 min 1
dNTPs (10 mM) 0.12 ul Denaturation 95 30s
Gene-specific primer forward 0.06 ul Annealing 62 30s
(50 uM) 18
Gene-specific primer reverse 0.06 ul Elongation 72 30s
(50 uM)
Phusion® polymerase 0.06 ul Elongation 72 3 min 1
Lysate 1.0 ul Storage 12 oo 1
H20 3.5ul

In the second PCR, target gene-specific amplicons were tagged with barcodes to enable pooling of
multiple samples in one sequencing run. Using barcodes, sequencing results can be tracked back to
their position on the PCR plate from the first PCR, and hence, their knockout identity can be
determined. For the second PCR (Table 2-9), barcoded primers containing Illumina sequencing

adaptors that bind to the adaptor sequences introduced in the first PCR were used.

PCR products from the second PCR containing unique barcodes were pooled, and amplicon size was
validated by separating 5 ul each of the first and the second PCR in agarose electrophoresis. A part of
the remaining pooled sample was also run in an agarose gel electrophoresis, and the region of the gel
with the amplicon of the correct size was cut and purified from the gel. PCR products were applied to

further purification and Illumina sequencing (performed by the group of Prof. Veit Hornung).

Table 2-9 Reaction mix and thermo cycler protocol for the second PCR for MiSeq sample preparation

Second PCR Second PCR
Reagent Volume Step Temp [°C] Time Cycles

5x HF polymerase Denaturation 95 3 min 1
buffer 1.2l

dNTPs (10 mM) 0.12 ul Denaturation 95 30s

Barcode primer 1.5 ul Annealing 62 30s 18
Phusion® polymerase 0.06 ul Elongation 72 30s

PCR 1 product 1.0l Elongation 72 7 min 1
H,0 2.42 ul Storage 12 oo 1
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The obtained sequencing files were analyzed for frameshift mutations using the OutKnocker.org
software [169]. The FastQ files were aligned to the reference WT amplicons, including the used target
sequence, and the number of reads was counted. The software output is a read number of a certain
sequence at their barcoded position in reference to the WT sequence. Clones with insertions/deletions
leading to out-of-frame mutations are colored in red/orange, while clones with in-frame mutations are
colored in dark and light blue. All found WT sequences are colored in grey. All clones with exclusively
out-of-frame mutation reads, especially those with two different out-of-frame mutations (one for each

of both alleles), were considered as knockouts.

Knockout clones with identified frameshift mutations were picked from the 96-well plate, expanded,

and used for follow-up experiments.

2.3.15 CRISPR/Cas9 knockout screen

2.3.15.1 Lentivirus production

HEK293T cells were seeded in 10 cm dishes to grow to a confluency of 60-70 % overnight. Cell culture
medium was aspirated and exchanged for 7 ml fresh full DMEM medium. For transfection, a
transfection mix was prepared as described in Table 2-10 and incubated at RT for 30 min. “Transfer
plasmid” accounts for a 3™ generation lentiviral transfer plasmid that encodes the transgene
transmitted by the lentiviral particles. The transfection mix was added dropwise to the dishes, swirled,
and incubated at 37 °C for 72 h. Lentiviral particles produced by HEK293T cells were released into the

cell culture supernatant.

Table 2-10 Transfection mix for the production of lentiviral particles

Reagent Cas9-Blast Lentivirus Production | GeCKO V2 A-Puro Lentivirus production
pMD2.G plasmid 1ug 2.5ug

psPAX2 plasmid 1.5pug 3.75 ug

“Transfer plasmid” 1ug 5ug

X-tremeGene™ 9 8 ul 33.75 ul

DNA transfection

Reagent

Opti-MEM™ up to 250 ul Up to 800 ul
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2.3.15.2 Generation of U251MG-Cas9 stable cell line

U251MG cells were seeded in 6-well plates and incubated overnight. Supernatant from one 10 cm dish
of virus-producing HEK293T cells was collected, filtered through a 0.45 um filter, and polybrene was
added at a concentration of 8 pug/ml. Cas9-Blast lentivirus was diluted 1:2 in full DMEM. The medium
from U251MG cells was removed, diluted Cas9-Blast lentivirus was added and incubated at 37 °C for
24 h. The remaining virus stock was stored at -80 °C for later use. After incubation, cells were harvested
and re-seeded in medium containing 20 pg/ml blasticidin. As controls, one well of untransduced cells
was cultured in selection medium. U251MG-Cas9 cells were selected for three days or until all
untransduced cells died under selection pressure, and transduced cells were further cultured and
propagated in full DMEM for further experiments. Successful integration and expression of the

transgene were evaluated by PCR, gRT-PCR, or immunoblot.

2.3.15.3 Lentivirus sgRNA library titration

For the generation of the stable U251MG-Cas9-GeCKO cell pool, the produced sgRNA library lentivirus
was titrated to determine an MOI of 0.4 for the target cell transduction. U251MG-Cas9 cells were
seeded in 6-well plates and incubated overnight. The next day, cells were supplemented with varying
dilutions of sgRNA library lentivirus stock ranging from 1/10 to 1/40 in 2 ml total medium supplied with
8 pg/ml polybrene. The cells were transduced for 24 h at 37 °C. Subsequently, the medium was
removed, cells were washed, detached from the plate using Trypsin-EDTA, and re-plated in a new 6-
well plate in selection medium containing 0.8 pg/ml puromycin. Untransduced U251MG-Cas9 cells
served as a negative control. Cells were incubated in selection medium for three days and until all
control cells have died due to puromycin selection. Subsequently, cells in all wells were harvested, and
surviving cells were counted with a counting chamber. The amount of virus stock that yielded 40 %

surviving cells after the selection was chosen for the following experiments.

2.3.15.4 Generation of U251MG-Cas9-GeCKO cell pool

U251MG-Cas9 cells were seeded in 6-well plates and incubated overnight. To ensure that every sgRNA
is represented at least 400x in the cell pool, 90 wells were seeded to obtain a minimum of 6.1x107 cells
on the day of transduction. The next day, cells were transduced with GeCKO v2 A lentivirus library
diluted 1:50 in full DMEM and supplemented with 8 ug/ml polybrene and cells incubated for 24 h at
37 °C. Three wells remained untransduced as controls. After lentivirus transduction, all wells were
harvested, pooled, and homogenously re-seeded in selection medium containing 0.8 pg/ml
puromycin. Untransduced control cells were not pooled but also re-seeded in selection medium. Cells

were selected for three days. After successful selection, surviving U251MG-Cas9-GeCKO cells were
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harvested, pooled, and equally distributed in T175 flasks for further maintenance. Ten vials with 6x10°
cells each (100x library coverage) were pelleted and frozen for gDNA isolation. These samples served

as a quality control (QC) to analyze the distribution of sgRNAs within the population.

2.3.15.5 CRISPR/Cas9 screen

U251MG-Cas9-GeCKO cells were seeded in 18x 10 cm dishes one day prior to the experiment for the
actual screen. The next day, nine dishes were exposed to rAAVIP1 at MOI 100,000 and incubated for
48 h at 37 °C. The second set of nine dishes was not exposed to rAAV9P1 as a control. After incubation,
cells were harvested, pooled, and centrifuged for 5 min at 300 g. The supernatant was discarded, and
the pellet of untransduced cells (C) was stored at -20°C until further analysis. Transduced cells were
resuspended in PBS supplemented with 2 mM EDTA and 2 % (w/v) BSA and sorted on a BD FACSAria
Il for eYFP negative cells (Neg). Gates were assigned with untransduced cells as reference. The sorted
cells were collected, centrifuged for 5 min at 300 g, and the pellet was stored at -20 °C until further
analysis.

The gDNA was isolated from all frozen pellets (QC, C, Neg) by Phenol-Chloroform extraction. Cell pellets
were resuspended in 300-500 pl TELysis buffer supplemented with 200 pg/ml RNase A and 625 ng/ml
Proteinase K and lysed overnight at 60 °C. Proteinase K was inactivated by incubation at 95 °C for 2
min. Subsequently, one volume of phenol was added, and the tube was inverted 5-8 times. The
samples were centrifuged for 5 min at 10,000 g and 4 °C until the aqueous phase has separated from
the organic phase. The aqueous phase was carefully transferred to a fresh tube and supplemented
with one volume of phenol/chloroform/isoamyl alcohol, followed by inverting 5-8 times and another
centrifugation step. The aqueous phase was again transferred to a fresh tube, one volume of
chloroform was added, inverted, and centrifuged. In the next step, the upper aqueous phase was
mixed with 2.5 volumes of 100 % ethanol, the tube was inverted, and incubated at -20 °C overnight to
precipitate the DNA. The DNA was pelleted by centrifugation for 5 min at 10,000 g and 4 °C, the
supernatant was discarded, and the DNA was resuspended in 30-50 pl sterile, HPLC grade H,0. The
gDNA was dissolved for 30 min at 55 °C and subsequently stored at -20 °C. The concentration of gDNA

was determined by NanoDrop™ analysis.

The amplicon library for amplicon sequencing was generated by performing two subsequent PCRs. In
the first PCR, the region in the host cell genome with integrated sgRNA was amplified with universal
primers in the U6 promoter and the sgRNA scaffold region. These regions are integrated into the host
cell genome regardless of the sgRNA sequence. Each reaction contained 5 pug gDNA, and 32 separate
reactions were prepared per population (QC, C, Neg) to ensure representation of at least 400x the

sgRNA library (Table 2-11). The PCR products were purified using the NucleoSpin™ Gel and PCR Clean-
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up Kit according to the manufacturer’s manual, eluted, and pooled. In a second PCR, barcodes for the
lonTorrent NGS were attached to the amplicons from the first PCR with at least 7 independent
reactions per population (QC, C, Neg; Table 2-12). PCR products were again purified, eluted, and
pooled. The amplicon concentration was determined with the Qubit™ dsDNA BR Assay Kit according

to the manufacturer’s manual in a Qubit™ Fluorometer and sent for NGS by PrimBio (Exton, PA, USA).

Table 2-11 Reaction mix and thermo cycler protocol for amplification of sgRNA integration sites from gDNA

First PCR First PCR

Reagent Amount Step Temp [°C] Time Cycles
5x HF polymerase buffer 10 ul Denaturation 95 3 min 1
dNTPs (10 mM) 1l Denaturation 95 30s
Primer NGS short 1l Annealing 60 30s
forward (10 uM) 18
Primer NGS short 1l Elongation 72 30s
reverse (10 uM)
Phusion® Polymerase 0.5yl Elongation 72 3 min 1
gDNA 5pg Storage 12 oo 1
H.0 up to 50 I

Table 2-12 Reaction mix and thermo cycler protocol for indexing and barcoding of amplicon library

Second PCR Second PCR

Reagent Volume Step Temp [°C] Time Cycles
5x HF polymerase buffer 10 ul Denaturation 95 3 min 1
dNTPs (10 mM) 1l Denaturation 95 30s
NGS barcode primer 1l Annealing 60 30s
forward (10 uM) 18
Universal NGS primer 1l Elongation 72 30s
reverse (10 uM)
Phusion® Polymerase 0.5 ul Elongation 72 3 min 1
PCR 1 product 10 pl Storage 12 oo 1
H20 40 pl

Analysis of the sequencing data was performed by Dr. Joel Schick (Helmholtz Center Munich) and Dr.
Thomas Werner (Scientific & Business Consulting). From the sequencing data, detected sgRNA
sequences in the different populations were matched to their respective protein-coding genes. Based
on the design of the sgRNA library each protein-coding gene is targeted by three individual sgRNAs but

usually only one of the three sgRNAs was efficient in knockout induction. To compensate for these
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differences between genes, downstream analyses were performed with the one best-performing
sgRNA per gene as determined by most reads detected in the sequencing. The enrichment of sgRNAs
in the eYFP-negative sorted population in comparison to the unsorted control population was
calculated as fold increase of sgRNA reads. To increase the biological significance of the obtained
results the minimum number of reads for an sgRNA to be considered in the comparison was set to 100
and the lower threshold of fold increase was set to 2fold. The obtained list of enriched sgRNAs in the
YFP-negative sorted population was subjected to pathway, tissue, gene onthology (GO-) and medical

subject headings (MeSH-) Term analysis using the GeneRanker tool (Genomatix AG, Munich).

2.4In silico modelling and alignments

Alignment of the VP3aave and VP3aavep1 amino acid sequences was performed with the T-coffee online
tool [173]. The coordinates of the VP3aaver: model were generated using wild-type AAV9 protein data
bank (PDB) coordinates (PDB model ID: 3UX1) as template in the Phyre2 online tool [170]. Multimer
assembly of AAVIP1 was generated using the SWISS-MODEL online tool [171, 172]. Cartoon
representation of the VP3-monomers and 60-mer, structural alignments, and depth-cue surface

representations were generated using the UCSF-ChimeraX software [174, 175].

2.5Transmission electron microscopy

Sample preparation and image acquisition were performed by the group of Prof. Andreas Klingl. For
the analysis via transmission electron microscopy, samples were applied to carbon-coated copper grids
and negatively stained with 2% uranyl acetate as described previously [180]. After air drying, the
samples were investigated at 80 kV with a Zeiss EM 912, equipped with an integrated OMEGA filter in
the zero-loss mode. Images were acquired using a 2k x 2k CCD camera (TRS Trondle
Restlichtverstarkersysteme, Moorenweis, Germany) with the respective software package. Images of

particles were analyzed using the Imagel image processing software.

2.6 Statistical analysis

The GraphPad Prism 9.0.2 software was used for all statistical analyses. Individual values from all
experimental replicates were entered into the software and statistical significance of differences was
assessed by using a one-way or two-way ANOVA. In the case of the influence of multiple factors, Sidak’s
correction for multiple comparisons was employed. Data is represented as mean plus standard error
of the mean (SEM) of two to three independent experiments.; * p < 0.05; ** p <0.01; *** p <0.001;
Not significant (ns) p > 0.05.
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3 Results

3.1rAAV9P1 transduces human astrocytic cell lines more efficiently than rAAV9 and
more selectively than rAAV2
The rAAV vector rAAVI9P1 was generated from the naturally occurring serotype AAV9 by peptide
display. This novel variant was identified in a crude lysate screen and was shown to efficiently and
selectively transduce astrocytes even in co-culture with neurons [147]. Vectors from various AAV
serotypes have been shown to efficiently transduce different cell lines in vitro. Here, the efficiency and
selectivity profile of rAAVIP1 vectors was compared with those of rAAV9 and rAAV2 vectors in side-
by-side transduction xperiments on four human cell lines. In all experiments, rAAV vectors containing
sc genomes were used. Optimal comparability of the different vectors and high transgene expression
was ensured with an eYFP transgene under the control of a ubiquitous CMV promoter. Figure 3-1 A
shows the analysis of transduced cells for eYFP expression by flow cytometry 48 h after exposure to
rAAV vectors. In the initial experiment, the neural stem cell line HNSC.100 and the glioblastoma cell
line U251MG were chosen as representatives for astrocytic cell lines, as well as the two frequently
used cell lines HEK293T and Hela. As expected, rAAV9P1 vectors transduced proliferating HNSC.100
as well as U251MG cells with high efficiencies. In contrast, the non-astrocytic cell lines HEK293T or
Hela cells were not efficiently transduced by rAAV9P1 vectors with transduction efficiencies below 25
% in both cell lines. rAAV9 vectors failed to transduce any of the investigated cell lines efficiently.
rAAV2 vectors showed a strong and unselective transduction pattern on all cell lines irrespective of
their origin tissue, with mean transduction of over 80 %. Taken together, rAAV9P1 vectors transduce
human astrocytic cells much more efficiently than rAAV9 vectors and display a higher selectivity for

astrocytic cells in comparison to rAAV2 vectors.

In this experimental setup, the transduction efficiencies were analyzed by monitoring the expression
of the eYFP transgene delivered to the target cell by rAAV vectors. To ensure that the observed
differences in transduction efficiency are evoked by changes of cell surface attachment rather than by
alterations of post-entry processes such as intracellular trafficking, uncoating, or gene expression, a
cell surface rABA was performed. This assay allows the binding of rAAV vector particles to the cell
surface at 4 °C without effective transduction of the cells. Cells with attached virus particles were
harvested, lysed, and the number of rAAV vector genomes was measured by gRT-PCR. To compare the
binding efficiencies, U251MG cells were analyzed in the rABA for their binding of rAAV9P1, rAAV9, and
rAAV2 virus particles (Fig. 3-1 B). The rABA showed that the number of bound virus particles differs
between the three rAAV vectors, with rAAV2 being the most efficient in cell binding. rAAV9P1 particles

bound to the cell surface at significantly higher numbers than rAAV9 particles.
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Figure 3-1 Transduction profile of rAAV2, rAAV9P1, and rAAV9 on different cell lines. (A) Indicated cell lines
were transduced with rAAVs at MOI 10,000, and eYFP expression was determined 48 h post-transduction by flow
cytometry. (B) U251MG cells were incubated with rAAVs at MOI 10,000 for 30 min on ice for virus particles to
attach to the cell surface without productive transduction. Cells were washed, lysed, and the number of bound
virus particles was analyzed by detecting vector genomes (vg) per cell by gRT-PCR. Data depicts mean + SEM of
three independent experiments. Statistical significance was determined by One-way ANOVA. *** p <0.001, **
p<0.01, * p<0.05, ns p>0.05

3.2The P1 peptide is located on an exposed position in the capsid

While rAAV9P1 and rAAV9 vectors are very closely related they show significant differences in effective
transduction of and cell surface binding to astrocytic cells. The efficiency of rAAV particles to bind to
cells is dependent on the interaction of the AAV capsid with a specific subset of receptor molecules on
the target cell. To detect parts of the rAAVIOP1 capsid that have a high potential to be involved in
binding astrocyte selective receptor molecules, the sequence and structure of the capsid proteins VP1,
VP2, and VP3 of AAVIP1 were compared with AAV9. Figure 3-2 shows the sequence alignment of the
VP1 protein of AAVIP1 (VP1aaver1), AAV9 (VP1aave), and the prototypical AAV2 (VP1aav2). Due to the
structure and ORF organization of the AAV cap gene (see Figure 1-3), the sequences of the VP2aavs
(starting at VP11s6) and VP3aavs (starting at VP1,19) proteins are contained within the VP1aavs protein.
In the sequence alighment, identical regions are indicated in grey, while mismatches are displayed on
a white background. The VP1aavep: differs from the VP1aave sequence in only 14 amino acid residues
between Qsss and Agoo. The seven amino acids RGDLGLS (dark blue background) represent the inserted
P1 peptide, while the flanking amino acids are altered due to the cloning process. The insertion site of
the peptide is located in the VP3 region, rendering it present in all members of the cap proteins. In
addition, the P1 peptide is inserted in VR-VIII, which is associated with high inter-serotype sequence

variability [150].
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AAVIOP1 1 MAADGYLPDWLEDNLSEGIREWWALKPGAPQPKANQQHQDNARGLVLPGYKYLGPGNGLDKGEPVNAADAAALEHDKAYDQQLKAGDNPY
AAVY 1 MAADGYLPDWLEDNLSEGIREWWALKPGAPQPKANQQHQDNARGLVLPGYKYLGPGNGLDKGEPVNAADAAALEHDKAYDQQLKAGDNPY
AAV2 1 MAADGYLPDWLEDTLSEGIRQWWKLKPGPPPPKPAERHKDDSRGLVLPGYKYLGPFNGLDKGEPVNEADAAALEHDKAYDRQLDSGDNPY

AAVOP1 91 LKYNHADAEFQERLKEDTSFGGNLGRAVFQAKKRLLEPLGLVEEAAKTAPGKKRPVEQSPQEPDSSAGIGKSGAQPAKKRLNFGQTGDTE

AAV9 91 LKYNHADAEFQERLKEDTSFGGNLGRAVFQAKKRLLEPLGLVEEAAKTAPGKKRPVEQSPQEPDSSAGIGKSGAQPAKKRLNEFGQTGDTE

AAV2 91 LKYNHADAEFQERLKEDTSFGGNLGRAVFQAKKRVLEPLGLVEEPVKTAPGKKRPVEHSPVEPDSSSGTGKAGQQPARKRLNFGQTGDAD

le— | —

AAVI9P1l 181 SVPDPQPIGEPPAAPSGVGSLTMASGGGAPVADNNEGADGVGSSSGNWHCDSQWLGDRVITTSTRTWALPTYNNHLYKQISNSTSGGSSN

AAVIY 181 SVPDPQPIGEPPAAPSGVGSLTMASGGGAPVADNNEGADGVGSSSGNWHCDSQWLGDRVITTSTRTWALPTYNNHLYKQISNSTSGGSSN
AAV2 181 SVPDPQPLGQPPAAPSGLGTNTMATGSGAPMADNNEGADGVGNSSGNWHCDS TWMGDRVITTSTRTWALPTYNNHLYKQISSE-—

[e—11—>|

AAVIP1l 271 DNAYFGYSTPWGYFDENRFHCHFSPRDWQRLINNNWGFRPKRLNFKLENIQVKEVTDNNGVKTIANNLTSTVQVEFTDSDYQLPYVLGSAH

AAV9 271 DNAYFGYSTPWGYFDFNRFHCHEFSPRDWQRLINNNWGFRPKRLNFKLENIQVKEVTDNNGVKTIANNLTSTVQVEFTDSDYQLPYVLGSAH

AAV2 271 DNEYFGYSTPWGYFDFNRFHCHFSPRDWQRLINNNWGFRPKRLNFKLFNIQVKEVTONDGTTTIANNLTSTVQVEFTDSEYQLPYVLGSAH

[ 111>

AAVIP1l 361 EGCLPPFPADVFMIPQYGYLTLNDGSQAVGRSSFYCLEYFPSQMLRTGNNFQFSYEFENVPFHSSYAHSQSLDRLMNPLIDQYLYYLSKT

AAVY 361 EGCLPPFPADVFMIPQYGYLTLNDGSQAVGRSSFYCLEYFPSQMLRTGNNFQFSYEFENVPFHSSYAHSQSLDRLMNPLIDQYLYYLSKT

AAV2 361 QGCLPPFPADVFMVPQYGYLTLNNGSGAVGRSSFYCLEYFPSQMLRTGNNFTFSYTFEDVPFHSSYAHSQSLDRLMNPLIDQYLYYLSRT

le— IV — |e— \ —>| |e— VI —»

AAVI9P1 451 INGSGQONQQ-TLKFSVAGPSNMAVQGRNYIPGPSYRQQRVSTTVTQNNNSEFAWPGASSWALNGRNSLMNPGPAMASHKEGEDRFFPLSG

AAVY 451 INGSGQNQQ-TLKFSVAGPSNMAVQGRNY IPGPSYRQOR\SSHEREISINNINSINPAWIZEr NIRRT eI NI I sieHelani Ny -gucle
AAV2 449 NTPSGTTTQSRLQFSQAGASDI.DQSRNWLPGPCYRQQRVSKTSADNNNSEYS GATKYHLNGRDSLVNPGPAMASHKBBEEKEFFPQSG

RV I — le— Vil —»
AAVOP1 540 SLIFGKQGTGRDNVDADKVMITNEEEIKTTNPVATESYGQVATNHQGQSGHEMEGMEAQAAQTGWVONQGILPGMVWQDRDVYLQGPIWA
AAVY 540 EBIJORelETGRDNVDADKVMITNEEEIKTTNPVATESYGQVATNHQSAQ-~ ¥NO/A QTGWVQNQGILPGMVWQDRDVYLQGP I WA
AAV2 539 VLIFGKQGSEKTNVDIEKVMITDEEEIRTTNPVATEQYGSVSTNLQORGN RGAATADVNTQGVLPGMVWQDRDVYLQGPIWA
le— IX
AAV9P1 630 KIPHTDGNFHPSPLMGGFGMKHPPPQILIKNTPVPADPPTAFNKDKLNSFITQYSTGQVSVEIEWELQKENSKRWNPEIQYTSNYYKSNN
AAVY 621 KIPHTDGNFHPSPLMGGFGMKHPPPQILIKNTPVPADPPTAFNKDKLNSFITQYSTGQVSVEIEWELQKENSKRWNPEIQYTSNYYKSNN
AAV2 620 KIPHTDGHFHPSPLMGGFGLKHPPPQILIKNTPVPANPSTTESAAKFASFITQYSTGQVSVEIEWELQKENSKRWNPEIQYTSNYNESVN
—>|
AAVOP1 720 VEFAVNTEGVYSEPRPIGTRYLTRNL
AAVY 711 VEFAVNTEGVYSEPRPIGTRYLTRNL
AAV2 710 F@DETVDINGVYSEPRPIGTRYLTRNL

Figure 3-2 Sequence alignment of the AAV9P1, AAV9, and AAV2 capsid proteins. Sequences of the AAV VP1 (aa
1-745), VP2 (aa 157-745), and VP3 (aa 220-745) proteins are aligned. ldentical sequence regions are indicated
with grey background, while mismatches are indicated with white background. The inserted P1 peptide is colored
with a dark blue background. Published binding sites in the AAV9 sequence for galactose and LamR are
highlighted in yellow and teal, respectively. Amino acid numbering refers to standard VP1 numbering. In the
AAV2 sequence, HSPG binding residues (light blue) and predicted AAVR binding sites according to Meyer et al.
(magenta) are indicated [181]. Roman numbers and arrows show variable regions VR-I to VR-IX in the VP1aavo
sequence.

The fully assembled AAV capsid is formed by the interaction of the cap proteins VP1, VP2, and VP3 in
a stoichiometry of 1:1:10, and it has been shown that capsid assembly can be achieved with VP3 alone
in the absence of the other two cap forms [72]. This indicates that the structural integrity of the VP3

protein is crucial for capsid formation and functioning.
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||
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Figure 3-3 Structural analysis of VP3aaver1. (A) Alignment of the predicted VP3aavop1 structure (blue) with the
published crystal structure of VP3aave (PDB ID 3UX1, orange). The insertion site of the P1 peptide, which is located
on the GH loop 2, is indicated in magenta. (B) Predicted assembly of the VP3aaver1 60mer. Left: AAVIP1 virion
with P1 peptide highlighted in magenta. Right: AAV9P1 virion with radial coloring corresponding to radial depth
cueing. The color transition from blue to red indicates amino acid localization from surface to center.

To assess whether the introduction of the P1 peptide may influence VP3aaver: folding and
polymerization, modeling of the VP3aavep1 protein monomer and 60mer was performed with Phyre2
and subsequently aligned with the published structure of the VP3aavq protein. The structural alignment
showed that the P1 peptide did not influence the folding of the VP3aavep1 monomer and that the
secondary and tertiary structure shows high identity with VP3aavs (Fig. 3-3 A). In addition, the modeling

showed that the modified VP3aavop1 is still capable of assembling into the whole capsid (Fig. 3-3 B).
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It has been shown for several AAV serotypes that they can interact with surface receptor molecules
via specific domains of the VP3 protein. Therefore, we assessed whether the P1 peptide has a high
probability of engaging in receptor binding of rAAV9P1. In Figure 3-3 A, the P1 peptide is depicted in
magenta and is shown to induce the formation of a bulge in the so-called GH loop 2. This loop
contributes to the protrusions from the capsid surface around the 3-fold axis of symmetry by
interacting with the GH loops from two additional VP3 subunits. The comparison of the localization of
the P1 peptide on the fully assembled capsid with the coloring of the capsid according to surface depth
cueing revealed that the P1 peptide co-localizes with the reddest, and therefore most surface exposed,
regions of the assembled capsid (Fig. 3-3 B). The sequence of the P1 peptide, including its flanking
amino acid residues, contains several relatively small amino acids like glycine that increase the
flexibility of this loop and decrease the rigidity of the pocket formed at the 3-fold axis. Taken together,
the P1 peptide is located in an exposed position on the capsid surface and displays favorable

characteristics for interaction with receptor molecules.

This in silico finding was further corroborated by the conduction of transmission electron microscopy
analysis of rAAV vector stocks purified by iodixanol gradient. rAAVIP1 particles displayed the typical
hexagonal shape and did not differ in their morphology from analyzed virus particles from rAAV2 or
rAAV9 vector stocks (Fig. 3-4 A). From each rAAV variant, 100 particles were analyzed for their
diameter, which revealed no significant difference between rAAV9P1 (26.16 nm) and rAAV9 (25.73
nm) or rAAV2 (26.68 nm) (Fig. 3-4 B).
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Figure 3-4 Analysis of rAAV9P1 particle morphology and size in comparison to rAAV2 and rAAV9. Samples from
rAAV vector stocks purified by iodixanol gradient were analyzed by transmission electron microscopy. (A)
Samples pictures of rAAV2, rAAVIP1, and rAAV9 vector particles. Scale bar indicates 50 nm. (B) Per rAAV vector
production, the diameter of 100 particles was analyzed. Data depicts mean + SEM. Statistical significance was
determined by One-way ANOVA. *** p <0.001, ** p<0.01, * p <£0.05, ns p >0.05

3.3Subunits of RGD-binding integrins are differentially expressed on astrocytes and
neurons

The P1 peptide originates from a random peptide library used to perform genetic modification of the
capsid genes from different AAV serotypes by peptide display to redirect the tropism of rAAV vectors
to different cell types. So far, this peptide has been used in the capsid of an AAV2 derived vector to
increase transduction of breast cancer cells by Michelfelder et al, but its potential proteinaceous
interaction partner is unknown [122]. To identify possible interaction partners of this peptide, we
focused on the harbored RGD amino acid motif in the N-terminal end of the P1 peptide. The amino
acid sequence arginine (R), glycine (G), and aspartic acid (D) is a common part of extracellular matrix
(ECM) proteins and serves as a minimal recognition motif for a subset of integrins [182]. Integrins are
transmembrane proteins that are expressed rather ubiquitously on the animal cell surface. Integrins
always consist of an a- and a B-subunit, forming a functionally active heterodimer (Fig. 4-1 A). The
specific integrin combinations that have been described to interact with the RGD-motif are avp1, av3,

avp5, avps6, avBs, allbfl, a5B1, and a8B1 (Fig. 4-1 B) [183, 184].
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Although the integrin landscape differs between cell types, no single astrocyte-specific integrin has
been identified so far. Since rAAV9P1 vectors were shown to efficiently discriminate between
astrocytic and neuronal cells in terms of transduction [147], the differential expression of integrin
subunits involved in RGD-binding on astrocytes and neurons was analyzed using a published RNA
sequencing dataset. This dataset was generated by the laboratory of Dr. Ben Barres using antibody-

assisted cell separation and subsequent RNA isolation and next-generation sequencing [185].
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Figure 3-5 Expression levels of genes for integrin subunits in mature astrocytes and neurons. Analysis of the
differential expression of integrin subunits that are known to form RGD-binding heterodimers in mature
astrocytes and neurons. This graph was generated by re-analysis of a published RNA sequencing dataset from
antibody-assisted cell sorting of human CNS cells published by Zhang et al. in 2016 [185]. Mature astrocytes and
neurons were sorted using anti-HepaCAM and anti-Thy1 antibodies, respectively. FPKM (fragments per kilobase
per million mapped reads) depicts the relation between detected reads that are mapped to the respective gene
and the total number of mapped reads in the library while also considering the gene length for normalization.

In this analysis, the data obtained from mature astrocytes was compared with neurons (Fig. 3-5). The
analysis revealed that among the investigated a-subunits, only av was expressed at detectable levels
in both neurons and astrocytes and was expressed in astrocytes at more than 4-fold higher levels than
in neurons. Among the B-subunits, B8 shows the most striking difference between astrocytes and
neurons, with more than 3-fold higher expression levels in astrocytes. Expression levels of Integrin
subunit B1 and B5 are about twice as high in astrocytes than in neurons, while B3 and 6 are not
expressed at detectable levels in either cell type. These results demonstrate that specific integrin

subunits are expressed at higher levels in astrocytes than in neurons.
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3.4rAAV9IP1 transduction is prevented by pharmacological inhibition of avp3 and
avp5 or avp8

To investigate the involvement of integrin heterodimers formed by these subunits in rAAV9P1
transduction, the effects of selected integrin ligands on the transduction behavior of rAAV9P1 in
human astrocytes were analyzed. The subclass of RGD-binding integrins shares the characteristic that
they use the RGD sequence as a minimal recognition motif for protein binding. However, integrin
heterodimers can discriminate between different RGD-containing ligands. This discrimination is
promoted by the amino acids flanking the RGD motif but also by the conformation of the motif within
the protein structure [186]. Research is ongoing to develop peptides with stable conformations to

selectively bind to a specific integrin heterodimer for efficient and selective inhibition.

One selective inhibitor is the cyclic pentapeptide cilengitide (CGT) that is described to bind to av3 and
avB5 integrins in the nanomolar range and occupies their RGD binding site [187]. To investigate the
effect of blocking avB3 and avB5 on the transduction efficiency of rAAVOP1 HNSC.100 and U251MG
cells were treated with different concentrations of CGT and simultaneously exposed to rAAV9P1 or
rAAV2 vectors. Transduction efficiency was measured 48 h after vector addition by flow cytometry
analysis of eYFP positive cells. Before the experiment, a range of non-toxic CGT concentrations for
treatment of cells was determined by cell CTB assay. The CTB assay showed no effect on the viability
of proliferating HNSC.100 cells up to concentrations of 25 uM (Fig. 3-6 B). Viability of U251MG cells
was not affected at CGT concentrations < 2 UM and was decreased to < 50 % at concentrations
exceeding 5 uM (Fig. 3-6 F). Therefore, HNSC.100 prol cells were treated with 10, 5, and 0.5 uM and
U251MG cells with 2, 1, and 0.5 uM of CGT. The treatment of both cell lines with CGT showed a dose-

dependent decrease in transduction efficiency of rAAVIP1.

-62-



A HNSC.100 prol
% %k %k ns
% %k %k ns
1.59
ns ns
2 = — —
T °
&2,
.g g 1.0
e 2
% 3 0.5+
X =
0.0~
Y 2
& .
&
C HNSC.100 diff
3% %k %k ns
% %k % ns
1.59
% %k ns
L - —
2
S8,
.GE) § 1.0
-g E
232
™ . -
E E0.5
0.0-
Y Ky
& &
&
E U251MG
% %k %k ns
%k %k %k ns
1.54
% %k %k ns
2L - R — —_
Bl
§ § 1.0
£
o =
e 8
> s 0.5+
X =
0.0~
Y Q“'
& &
&

CGT

I opM
1 05um
[J s5um
= 10um

CGT

H 0puMm
1 0.5um
[ 5um
= 10um

CGT

I oum
1 0.5um
[ 1um
B 2um

% viability

% viability

% viability
[rel to untreated]

Results

0 0.1 0.5 1.0 5.0 10 25
[uM]

)
2
©
Q
£
c
=S
]
g
0 01 05 10 50 10 25
[um]
)
2
©
£
<
=1
8
3

0 0.25 0.5 1 2 4 8
[uM]

Figure 3-6 Effects of pharmacological inhibition of av83 and avB85 integrins by Cilengitide (CGT) on rAAV9P1
and rAAV2 transduction efficiency. HNSC.100 prol (A), HNSC.100 diff (C), or U251MG (E) were treated with non-
toxic concentrations of CGT (viability = 80 %), and co-incubated with rAAV vectors at MOI 10,000 for 48 h, and
eYFP expression was determined 48 h post-transduction by flow cytometry. Data depicts mean + SEM of three
independent experiments. Statistical significance was determined by two-way ANOVA. *** p <0.001, ** p <0.01,
* p £0.05, ns p > 0.05. Non-toxic CGT concentrations on HNSC.100 prol (B), HNSC.100 diff (D), or U251MG (F)
were determined beforehand by treatment of cells with different concentrations of CGT for 48 h, followed by
assessment of cell viability by CTB. Data depicts mean + SEM of two independent experiments.
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Treatment of proliferating HNSC.100 with 5 and 10 uM lead to a significant decline of rAAV9P1
transduction by 52.2 % and 79.4 %, respectively (Fig. 3-6 A). All three concentrations used on U251MG
cells reduced the transduction efficiency of rAAVIP1 by 37.3 %, 59.8 %, and 80.4 %, respectively, in a
dose-dependent fashion (Fig. 3-6 E). In contrast, transduction by rAAV2 was not affected by any
concentration of CGT on either cell line. To investigate whether this effect was limited to proliferating
cells, the experimental procedure was repeated with differentiated HNSC.100 cells, which represent
post-mitotic, astrocyte-enriched cultures. The dose-dependent reduction of rAAV9P1 transduction
efficiency was similar to the effect found in proliferating HNSC.100 cells, while rAAV2 transduction was

not affected (Fig. 3-6 C+D).

As shown in the analysis of the RNA sequencing dataset, expression of av and 8 is increased on mature
astrocytes in comparison to neurons. To investigate the contribution of the avB8 heterodimer on
rAAV9P1 transduction we blocked this integrin subtype by incubation of the target cells with the cyclic
pentapeptide c(GLRGDLp(NMe)K) (avB8-ligand 2a) which was described to bind to avp8 with high
selectivity and only low or no cross-interaction with avf3 or avp5 [162]. HNSC.100 or U251MG cells
were incubated with different concentrations of avB8-ligand 2a and simultaneously exposed to
rAAVIP1 or rAAV2 vectors. None of the concentrations used resulted in impaired cell viability of any
cell line as analyzed by CTB assay (Fig. 3-7 B+F). Treatment of proliferating HNSC.100 and U251MG
cells with avB8-ligand 2a resulted in a strong and dose-dependent reduction of the transduction
efficiency of rAAVIP1 with a reduction of over 85 % even at the lowest concentration of 0.5 uM (Fig.
3-7 A+E). This dose-dependent reduction could be replicated in non-dividing, differentiated HNSC.100
cells, although the inhibitory effect was slightly reduced with a decrease of 56.8 % and 83.5 % at 0.5
UM and 10 uM, respectively (Fig. 3-7 C). Transduction by rAAV2 was not affected by treatment with

avp8-ligand 2a in any of the investigated cell lines.
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Figure 3-7 Effects of pharmacological inhibition of integrin av88 by avB8-ligand 2a on rAAV9P1 and rAAV2
transduction efficiency. HNSC.100 prol (A), HNSC.100 diff (C), or U251MG (E) were treated with different
concentrations of avB8-ligand 2a, and co-incubated with rAAVs at MOI 10,000 for 48 h, and eYFP expression was
determined 48 h post-transduction by flow cytometry. Data depicts mean + SEM of three independent
experiments. Statistical significance was determined by two-way ANOVA. *** p <0.001, ** p £0.01, * p £0.05,
ns p > 0.05. Concentrations of avB8-ligand 2a tolerated by HNSC.100 prol (B), HNSC.100 diff (D), or U251MG (F)
cells were determined beforehand by treatment of cells with different concentrations of anti-avp8 for 48 h,
followed by assessment of cell viability by CTB. Data depicts mean + SEM of two independent experiments.
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The combinatorial inhibition of avB3 and avB5 with CGT significantly inhibited the transduction of
astrocytic cells by rAAVIP1. To further dissect whether the inhibition of a single subtype of integrin
heterodimers is sufficient for reducing rAAV9P1 transduction, we performed integrin inhibition

experiments using P11, a commercially available, selective peptide inhibitor for avp3.
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Figure 3-8 Effects of pharmacological inhibition of integrin av83 by P11 on rAAV9P1 and rAAV2 transduction
efficiency. Proliferating HNSC.100 (A) or U251MG (C) were treated with different concentrations of P11, and co-
incubated with rAAVs at MOI 10,000 for 48 h, and eYFP expression was determined 48 h post-transduction by
flow cytometry. Data depict mean + SD of three independent experiments. Statistical significance was
determined by Two-way ANOVA. *** p < 0.001, ** p <0.01, * p <0.05, ns p > 0.05. Effects on cell viability on
HNSC.100 prol (B) or U251MG (D) were assessed by treating cells with different concentrations of P11 for 48 h
and conduction of CTB. Data depicts mean + SEM of two independent experiments.

P11 does not contain an RGD motif but was predicted to occupy the RGD binding site of av3 [188]. In
the CTB assay, neither proliferating HNSC.100 nor U251MG cells were significantly affected in their
viability by P11 concentrations of up to 50 pg/ml (Fig. 3-8 B+D).Figures 3-8 A+C show the analysis of
eYFP positive cells by flow cytometry after 48 h of simultaneous exposure of HNSC.100 and U251MG
cells to rAAVIP1 or rAAV2 vectors and P11. Treatment with P11 concentrations as high as 25 pug/ml

did not significantly influence the transduction efficiency of rAAVIP1 or rAAV2 (Fig. 3-8 A+C). Taken
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together, pharmacological inhibition of both avB3 and avB5 or avB8 alone has a strong negative

influence on the transduction of astrocytic cells by rAAVIP1.

3.5Genetic ablation of integrin subunits av, B8, or B3/B5 decreases the transduction
efficiency of rAAVIP1
Analysis of RNA sequencing data revealed increased expression of the a-subunit (av) and several B-
subunits (B1, B5, and B8) on astrocytes compared to neurons (Fig. 3-5). Furthermore, pharmacological
inhibition of avp5 and avB3 or avB8 significantly influenced transduction of astrocytic cell lines by
rAAVIP1. To further investigate the possible contribution of RGD-binding integrins to rAAV9P1
transduction, frameshift mutations were introduced into the genes of ITGAV, ITGB1, ITGB3, ITGB5, and
ITGB8 of U251MG cells using CRISPR/Cas9 mediated gene targeting. U251MG cells were transfected
with a plasmid directing expression of Cas9, an sgRNA directed against an early exon of the respective
gene, and a puromycin resistance gene. Transfected cells were selected for antibiotic resistance and
clones were generated by limiting dilution and clonal expansion. Clones with frameshift mutations in
both alleles of the target genes were identified by lllumina MiSeq sequencing. Clones with frameshift
mutations in both alleles were considered as knockouts and chosen for further analysis and testing.
ITGAV, ITGB57, and ITGB3/B5" cells displayed severely reduced attachment to standard cell culture
plasticware. This phenotype could be reversed by coating cell culture ware with 1 % collagen in H,O
for 10 min before seeding the cells. In addition to sequence analysis, knockouts were also validated by
surface staining of U251MG knockout cell lines with antibodies against assembled integrin
heterodimers (avp3 and avp5) or the individual integrin subunits av, 1, or B8 and subsequent analysis
by flow cytometry (Fig. 3-9 A). In all knockout cell lines (U251MG ITGB17, ITGB3'", ITGB5"", ITGB8™",
ITGB3/B57) fluorescence intensity for the staining with the antibody against the respective B-subunit
or assembled integrin heterodimer was reduced to background fluorescence levels confirming absence
of subunit expression. In the av-subunit knockout cell line (U251MG ITGAV) fluorescence intensity of
the av staining was reduced to background level, as expected. Furthermore, av knockout also lead to
abrogated expression of assembled avB3 and avB5 integrin heterodimers as well as B8 subunit

expression (Fig. 3-9 A).
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Figure 3-9 Effects of genetic ablation of subunits of RGD-binding integrins on transduction by rAAV9P1 and
rAAV2. CRISPR/Cas9 gene editing was used to target the indicated integrin subunit genes in U251MG cells. All
clones carry out-of-frame mutations of both alleles as identified by Illumina MiSeq sequencing. (A) Surface
staining of knockout cell lines with antibodies against assembled avp3 or avp5 heterodimers, or the subunits 1,
B8 or av. Data depict FITC-MFI relative to samples stained with anti-ms Alexa Fluor® 488 only (for anti-av3, anti-
avB3, anti-B1, and anti-B8) and APC-MFI relative to unstained samples (for anti-av Alexa Fluor® 647). (B)
Knockout cell lines were exposed to rAAV vectors at MOI 10,000, and eYFP expression was determined 48 h post-
transduction by flow cytometry. Data depicts mean + SEM of three independent experiments.

Figure 3-9 B shows the proportion of eYFP expressing cells detected by flow cytometry 48 h after
transduction of U251MG WT and integrin knockout cell lines with rAAVOP1 and rAAV2 vectors.

Compared to WT cells, knockout of the ITGAV genes, and therefore ablation of all integrin
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heterodimers containing the av subunit, resulted in a drastic reduction of rAAV9P1 transduction of

U251MG cells to almost undetectable levels.

Among the B-subunits, cell clones with knockouts of either the ITGB1, ITGB3, or ITGB5 genes did not
show in a decrease of rAAVIP1 transduction compared to the WT cells. Strikingly, knockout of the B8
integrin subunit had a very strong impact on rAAV9P1 transduction, similar to that of an av knockout,
with a decrease of rAAVIP1 transduction by 97.37 % compared to the WT cells. The transduction
efficiency of rAAV2 did not change between the U251MG WT and single integrin subunit knockout cell

lines.

As shown above, blocking of avB3 and avB5 by treatment with CGT significantly reduced the
transduction of U251MG and HNSC.100 cells with rAAV9P1. To mimic the effect of CGT on a genetic
level, U251MG ITGB3/B57 double knockouts were generated by transfecting established U251MG
ITGB57 knockout cells with an sgRNA against the ITGB3 gene and subsequent selection, clonal
expansion, and sequencing. U251MG /TGB3/B5"- double knockout cells were transduced by rAAV9P1
at significantly lower levels than WT cells with a reduction of 85.96 % (Fig. 3-9 B). The double knockout
cells also affected rAAV2 transduction efficiency with a reduction of 44.99 %. Taken together,
transduction of U251MG cells is dependent on the presence of avPB8 and to a lesser extent on the

combination of avp3 and avp5.

3.6 The P1 peptide is not sufficient for efficient astrocyte transduction

All known AAV serotypes are described to attach to cells via interaction with several cell surface
molecules rather than a single primary receptor (Table 1-1). Therefore, it can be hypothesized that the
high transduction efficiency of rAAVIP1 on astrocytes is promoted by engagement with other co-
receptors next to RGD-binding integrins. The in silico analysis of AAV9P1 revealed a high probability
for the P1 peptide to participate in receptor binding. To investigate whether the presence of the P1
peptide is sufficient to promote efficient transduction of astrocytes, we analyzed four different rAAV
vector variants rAAVS1P1, rAAVS10P1, rAAVH15P1, and rAAVD20P1. These rAAV variants were created
by family shuffling of the cap genes of the AAV serotypes 1, 6, 8, and 9 and selected in vivo to efficiently
transduce different tissues (Grimm D., unpublished data). All variants contain the P1 peptide at the
same position as the AAVIP1 capsid. The rAAV variants were produced with the same protocol as the
rAAV9P1 stocks, and all carry an eYFP transgene under the control of a CMV promoter. HNSC.100 cells
were transduced with the rAAV variants, and the transduction efficiency was determined 48 h post-
transduction by eYFP detection via flow cytometry. As seen in Figure 3-10 A, none of the investigated
P1 variants reached the levels of rAAVIP1 transduction efficiency on astrocytic cells. While rAAVH15P1
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displayed the highest transduction efficiency of 51.24 %, the other variants were weaker in
transduction with 13.15 %, 35.56 %, and below 2 % for rAAVS1P1, rAAVS10P1, and rAAVD20P1,
respectively. The rABA also revealed lower levels of surface binding for all P1 variants compared to
rAAV9P1 (Fig. 3-10 B). However, cell surface binding of the P1 variants did not completely reflect the
transduction effectiveness on HNSC.100 cells. These results indicate that cell surface molecules other

than RGD-binding integrins are involved in efficient rAAV9P1 binding to astrocytes.
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Figure 3-10 Transduction and binding efficiency of P1 variants on HNSC.100 cells. Proliferating HNSC.100 were
transduced with rAAV9P1, or four rAAV vector variants that contain the P1 peptide at the same position as
AAVIP1. (A) Cells were transduced with rAAVs at MOI 10,000, and eYFP expression was determined 48 h post-
transduction by flow cytometry. Data depict mean + SEM of three independent experiments. (B) rABA of rAAV9P1
and P1 variants on HNSC.100 prol cells. Data depicts mean + SEM of two independent experiments.

3.75263 is an essential amino acid residue for rAAV9P1 transduction

In the previous experiment, two rAAV variants rAAVS1P1 and rAAVD20P1 were identified, that carry
the RGD-containing P1 peptide at the same position as rAAVIP1 but displayed the lowest transduction
efficiencies on HNSC.100 cells. To identify possible regions of the VP1aavep: that are crucial for efficient
transduction of astrocytes, a comparison of the sequences of the VP proteins from all tested P1
variants was performed and analyzed for amino acid substitutions that are unique to VP1aavsip1 and
VP1aavoaor1. Here, a particular focus was put on the sequence of the VP3 protein and the variable
regions therein because they have a higher potential to engage in receptor interactions. The VP3
sequence alignment revealed that the only change unique to these two variants is an S263G
substitution in VR-I. In addition, the sequences of both variants contain the substitution S268A and
S269T, but these substitutions can also be detected in the rAAVS10P1 variant, which showed increased
transduction efficiencies compared to rAAVS1P1 and rAAVS10P1. To analyze the importance of the
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S$263G substitution for astrocyte transduction, the variant rAAV9P 15,636 Was generated by introducing
the S263G mutation into the pBSUF3-YFP plasmid by quickchange PCR and subsequent rAAV
production by iodixanol gradient. rAAV9P 1636 failed to transduce HNSC.100 cells and displayed
equally low transduction efficiencies as rAAVD20P1, even at an MOI of 10,000. This effect turned out
to be not astrocyte-specific since neither rAAVD20P1 nor rAAV9P1s636 was able to transduce the
investigated cell lines Huh7 and H1299 (Fig. 3-11). Taken together, Sxs; seems to play an essential role
in transduction by rAAV9P1 that does not contribute to astrocyte selectivity but rather overall

infectivity of the vector.
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Figure 3-11 Transduction of different cell lines by rAAV9P13636. Proliferating HNSC.100, a human hepatocellular
carcinoma cell line Huh7, and human non-small cell lung carcinoma cell line H1299 were transduced with
rAAVIP1, rAAVD20P1, or rAAV9P1gie3s at MOI 10,000, and eYFP expression was determined 48 h post-
transduction by flow cytometry. Data depicts mean + SEM of three independent experiments.

3.8rAAV9P1 does not require HSPG, but N-linked glycans with terminal GAL for
efficient astrocyte transduction

The first receptor to be identified for an AAV serotype was HSPG and its interaction with AAV2 [95]. It
is known that AAV2 binds to HSPG via a binding pocket that is created by four basic amino acids and
that is located on the GH loop 2 [189]. Membrane HSPGs are proteins in the cellular membrane, that
are modified by the covalent attachment of one or more heparin sulfate chains [190]. The WT AAV9
serotype lacks these basic amino acids and, therefore, cannot bind to HSPG [118]. The P1 peptide of
AAV9P1 contains several basic amino acids that might potentially mimic the HSPG binding pocket of
AAV2 and mediate rAAV9P1 binding to HSPG. To identify possible dependencies of rAAV9P1

transduction on interaction with HSPG, a heparin competition assay was performed. Since heparin is a
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highly sulfated form of heparan sulfate, it binds to the HSPG-interaction motif of the virus capsid and
therefore inhibits cell binding and transduction. Here, U251MG cells were simultaneously treated with
different concentrations of soluble heparin and rAAV2 or rAAV9P1 for 4 h at 37 °C and subsequently
incubated for 48 h until analysis of eYFP positive cells by flow cytometry (Fig. 3-12).
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Figure 3-12 Effects of heparin competition on transduction by rAAV9P1 or rAAV2. U251MG WT cells were
treated with 0, 1, 2, or 4 mg/ml soluble heparin and simultaneously incubated with rAAV9P1 or rAAV2 at MOI
10,000 for 4 h at 37 °C. Cells were washed, and YFP expression was measured 48 h post-transduction by flow
cytometry. Data depicts mean + SEM of three independent experiments. Statistical significance was determined
by Two-way ANOVA. *** p <0.001, ** p<0.01, * p <£0.05, ns p > 0.05

Treatment of U251MG cells with heparin resulted in a strong and dose-dependent reduction of rAAV2
transduction efficiency with a decrease by 79.9 % even at the lowest tested concentration of 1 mg/ml.
In contrast, transduction by rAAV9P1 was not significantly affected even at high heparin
concentrations of 4 mg/ml. This indicates that transduction of astrocytes by rAAV9P1 is not dependent

on the interaction of the capsid with HSPG.

Like other AAV serotypes, AAV9 utilizes glycans that are attached to the extracellular region of
membrane proteins as primary attachment partners. As a unique feature, AAV9 binds to terminal
galactose via a binding pocket in the capsid that consists of five distinct amino acid residues in the VP3
protein [118, 159]. Since these amino acids are still present in the AAV9P1 VP3 protein, it was analyzed
whether the binding to surface glycans and specifically terminal GAL promotes efficient astrocyte
transduction by rAAV9P1. In a first experiment, we exploited the effect of diminished N-linked

glycosylation in the whole cell by treatment with tunicamycin (TUN). TUN prevents the first step of the
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formation of N-linked glycans in the endoplasmic reticulum (ER) by inhibiting the UDP-N-
acetylglucosamine-dolichyl-phosphate N-acetyl-glucosamine-phosphotransferase (DPAGT1) [191].
U251MG cells were treated with varying concentrations of TUN for 24 h, and the effect on surface
glycosylation was analyzed by surface staining of the cells with the Sambucus nigra lectin (SNA)
coupled to fluorescein (FITC) and subsequent flow cytometry analysis. SNA belongs to the family of
lectins and selectively stains sialylated glycans on the cell surface and is a tool to estimate total surface
glycosylation. We found that treatment of cells with 100 ng/ml TUN reduced the surface glycosylation
of U251MG cells by approximately 50 % (Fig. 3-13 A). Higher concentrations did not result in stronger
deglycosylation but impaired morphology of the cells with fewer astrocyte-like processes and a
rounded shape (data not shown). Since TUN is known to cause ER stress and reduce proliferation, the
proliferation of treated U251MG cells was monitored over three days. U251MG cells stopped
proliferating when treated with 100 ng/ml TUN while untreated cells proliferated as expected (Fig. 3-
13 B). To compensate for this discrepancy in cell number at the day of transduction, treated and
untreated cells were counted separately for MOI determination. U251MG cells were treated with 100
ng/ml TUN for 24 h and subsequently exposed to rAAVIP1 or rAAV2 as a control. Transduction
efficiency was analyzed 48 h post transd