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Abstract

Directed Evolution for the Discovery of Novel AAV Variants and Improving Library
Characterization

by

Ana Denise Carneiro

Doctor of Philosophy in Chemical Engineering

University of California, Berkeley

Professor David V. Schaffer, Chair

Adeno-associated viruses (AAVs) are a powerful tool in gene therapy, offering a safe and
highly effective method for delivering therapeutic genes to treat human disease. AAV-based
gene delivery vehicles, or vectors, have shown success in both preclinical studies and clinical
trials, with six therapies having received U.S. FDA approvals. Several properties of AAVs
make them an advantageous vector for delivering DNA for clinical gene therapy: their min-
imal lack of integration into the host genome, lack of pathogenicity, and ability to promote
high expression of the delivered therapeutic. However, issues still arise over the efficiency and
specificity of AAV gene delivery, as well as possible immune responses. Naturally-occurring
AAVs have the ability to transduce a wide range of tissue and cell types, reducing delivery ef-
ficacy to the intended tissue, requiring higher dosages to be administered, and increasing the
potential for off-target effects. In addition, the presence of neutralizing antibodies against
AAVs significantly limits the effectiveness of any AAV-based treatment or re-administration
of the therapeutic. To overcome this, engineering the AAV capsid, or virus shell, is necessary
to improve both improve its delivery efficiency to target cell types and prevent recognition
of our body’s neutralizing antibodies.

Several strategies have been implemented to engineer the AAV capsid and thus alter its
properties and function. Directed evolution is a technique that was designed to mimic nat-
ural evolution by subjecting a large library of AAV variants to iterative rounds of selection
against a selective pressure to isolate variants with the desired properties. Directed evo-
lution strategies have been applied to the AAV cap gene, which encodes the proteins that
comprise the capsid, to generate millions of novel AAV capsids and identify variants with
enhanced transduction towards specific cell types, evade neutralizing antibodies, and/or im-
prove packaging capabilities. In Chapter 2, we use the process of directed evolution to
identify novel AAV variants that successfully transduce wild-type Schwann cells in human
or mouse. The ability to deliver therapeutics to Schwann cells provides an opportunity to
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preventatively and actively treat genetic diseases of the peripheral nervous system, including
Neurofibromatosis Type I (NF1) and Charcot-Marie Tooth disease. Through this work, we
have subjected millions of AAV variants to iterative rounds of selection in human and mouse
Schwann cells to identify variants with improved transduction towards human or mouse
Schwann cells. We have identified two groups of capsids: human Schwann cell-tropic capsids
with increased resistance to antibody neutralization, and mouse Schwann cell-tropic capsids
that also demonstrate decreased localization to the liver compared to wild-type AAVs.

While directed evolution strategies offer a high-throughput method of screening millions of
AAV variants for enhanced properties, there is a significant lack of knowledge about the
composition of many AAV DNA libraries due to sequencing limitations. The ability to fully
sequence these DNA libraries offers insight into the evolutionary process and allows for earlier
detection of successful variants. However, complete characterization is hindered by current
sequencing methodologies. Short-read sequencing, or next generation sequencing (NGS), is
limited to 300-500bp reads, unable to sequence individual variants whose mutations span
the entire 2.2kb cap open reading frame. Long-read sequencing methodologies suffer from
high error rates and limits on the number of variants that can be sequenced. In Chapter
3, we develop a novel synthetic, long-read sequencing methodology, called Barcode-Labeled
Short Reads (BLaSR), to overcome the major barriers that current technologies encounter.
We harness the random mechanism of the Tn5 transposon (also known as a ‘jumping gene’)
to insert random barcodes into a diverse AAV plasmid library such that each AAV variant
contains insertions with a unique, identifiable barcode. This allows for the generation of
barcode-linked short reads that can be sequenced with NGS technologies, so that sequencing
reads with the same barcode can be traced to the same AAV variant and thus assembled
into the full AAV variant cap sequence. We have engineered a robust pipeline to ensure
highly efficient barcoded-Tn5 insertion into the AAV genome and have characterized BLaSR
according to error rate, read depth, and Tn5 insertion bias. We also applied BLaSR to a
diverse, randomly shuffled AAV capsid library and estimate the full assembly of thousands
of variants. Further work is ongoing to completely assemble and characterize the sequenced
shuffled library, as well as sequence the shuffled library after a round of selection in adult
human brain tissue to identify enriched variants.
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Chapter 1

Engineering Novel Adeno-Associated
Viruses (AAVs) for Improved Delivery
in the Nervous System

1.1 Chapter Abstract
Harnessing adeno-associated virus (AAV) vectors for therapeutic gene delivery has emerged
as a progressively promising strategy to treat disorders of both the central nervous system
(CNS) and peripheral nervous system (PNS), with many ongoing clinical trials. However,
unique physiological and molecular characteristics of the CNS and PNS pose obstacles to
efficient vector delivery, ranging from the blood brain barrier to the diverse nature of nervous
system disorders. It has become necessary to engineer novel AAV capsids to overcome these
ongoing challenges and maximize transgene delivery. This article discusses strategies for
innovative AAV capsid development, highlighting recent advances. Notably, advances in
next generation sequencing and machine learning have sparked new approaches for capsid
engineering and understanding. Furthermore, we outline future directions and additional
challenges in AAV-mediated gene therapy in the CNS and PNS.

1.2 Introduction
Gene therapy, the delivery of genetic material into target cells to replace defective genes
or otherwise ameliorate a disease condition, can be a powerful and long-lasting approach
to treating or preventing disease compared to traditional treatments such as therapeutic
proteins that typically require long-term, repeated dosing. Over the past decade, adeno-
associated virus (AAV) has emerged as an effective and predominantly safe viral vehicle for
delivering DNA in clinical gene therapy. Its ability to mediate effective transgene expression,
lack of pathogenicity, and minimal integration into the host genome make AAV an attractive
option for gene manipulation both in vivo and in vitro. In addition, six recent approvals of
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AAV-based gene therapies by the US Food and Drug Administration (FDA) have highlighted
its broad potential (U.S. FDA).

Figure 1.1: Recombinant AAV design and production. (a) Wild-type AAVs are converted to gene delivery
vehicles by removing the rep and cap genes and instead inserting a therapeutic gene of interest, along with its
necessary regulatory elements. (b) Recombinant AAVs are manufactured by triple transfection of a producer
cell line. Viral particles are then harvested from the producer cells and purified to generate AAV particles
containing the gene of interest. Created with BioRender.com.

Originally discovered as a contaminant of adenovirus stocks, AAV is a non-enveloped
member of the parvovirus family with a 4.8-kb single-stranded DNA genome[1]. It is depen-
dent upon co-infection with a helper virus, such as adenovirus or herpesvirus, to replicate.
The AAV genome is comprised of two open reading frames (ORFs): rep and cap, flanked by
two inverted terminal repeats (ITRs). The rep ORF encodes four proteins – Rep78, Rep68,
Rep52, and Rep40 – which are involved in replication of the viral genome and assembly of
viral particles. The cap ORF encodes the three capsid subunits – VP1, VP2, and VP3 – that
form the outer shell that encapsulates the genome [1]. In addition, assembly-activated pro-
tein (AAP), membrane-associated accessory protein (MAAP), and X are proteins generated
from alternative translational start sites within cap and assist with viral assembly[2, 3].

Wild-type AAVs have been converted into therapeutic delivery vehicles by replacing the
viral genome with a therapeutic gene of interest flanked by the two ITRs to form a recombi-
nant AAV (rAAV) genome, which must be less than 5 kilobases in length due to capsid size
constraints (Figure 1.1a). When packaging rAAV particles, the rep and cap genes, along
with necessary helper virus genes, are supplied in trans[2] to assemble complete virions
(Figure 1.1b).

The nervous system is an important target for clinical gene therapy, in part due to se-
vere unmet medical need. Within the central nervous system (CNS), neurons, microglia, and
oligodendrocytes are important gene delivery targets that play major functional roles includ-
ing learning, memory, regulation of movement, blood-brain barrier support, neuronal main-
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tenance, and immune responses. Analogously in the PNS, Schwann cells, satellite cells, and
enteric glia are the primary glial cells that mediate periphery nerve health and function[4].

Given the importance of the central and peripheral nervous systems to organismal func-
tion and the broad range of disorders involving nervous system dysfunction, they are impor-
tant gene therapy targets. There have been over 60 AAV-based therapies in clinical trials for
the nervous system, with major disease types highlighted in (Figure 1.2). Importantly, the
first two FDA-approved AAV gene therapies target the central nervous system (Luxturna
for the retina and Zolgensma for the spinal cord)[5].

Figure 1.2: Selection of AAVs in current clinical trials in the nervous system. Data from clinicaltrials.gov.
IP = intraparenchymal, IC = intracerebral, IM = intramuscular, IV = intravenous, IT = intrathecal, ICV
= intracerebroventricular.

However, therapeutic development for most nervous system diseases, especially in the
PNS, is hindered by ineffective delivery. For instance, spinocerebellar ataxias (SCAs) and
Rett syndrome are attractive gene therapy targets in the CNS but have not yet seen clinical
successes due in large part to challenges associated with efficient delivery to the large affected
structures[6, 7]. In the PNS, Schwann cells play a vital role in peripheral nerve regeneration
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and are involved in several PNS-associated diseases, including neurofibromatosis, Charcot-
Marie Tooth, and multiple sclerosis. However, no AAV-based vector has been shown to
effectively transduce this cell type to date. This review will describe the current state of
AAV-based gene therapy in the central and peripheral nervous systems while discussing the
major hurdles AAVs will have to overcome.

1.3 Barriers to Efficient Transduction in the Nervous
System

In general, numerous obstacles limit efficient transduction of the central and peripheral
nervous system, including immune responses, physical tissue barriers, and cellular trafficking.

Immune barriers
The host immune system can significantly impede effective delivery and transgene expression,
presenting one of the most critical challenges to AAV-based gene delivery. The presence of
pre-existing neutralizing antibodies (NABs) against the AAV capsid in blood and other
fluids bind and neutralize AAVs, preventing them from reaching their targets. Thus, any
intravenously (IV) administered AAV, such as for attempted targeting of the PNS or blood
brain barrier (BBB) crossing, must resist NAB neutralization. With up to 70% of the human
population having anti-AAV antibodies due to natural AAV exposure[8], this immunological
memory is a significant challenge. In addition, exceedingly high level NABs that develop
following administration of AAV therapeutics can significantly limit the effectiveness of re-
administration of the therapeutic, should it be necessary[9].

Routes of administration and physical barriers
Anatomical barriers pose hurdles for AAV delivery, and an optimal route of administration
must be strategically chosen to reduce these depending on the nature and location of the
disorder as well as the properties of a given AAV. For example, lysosomal storage disorders
result in the accumulation of undegraded substrates throughout the body, including the
CNS and PNS, leading to widespread pathology and necessitating widespread delivery of
a potential therapeutic[10]. Neurodegenerative diseases such as Parkinson’s, Alzheimer’s,
and Huntington’s disease affect more specific regions of the brain, arguing for more targeted
administration[11]. Similarly, neurosensory disorders, such as Leber Congenital Amaurosis
(LCA) that affect the retina, entail highly localized delivery, enabling a higher therapeutic
concentration in the delivered area and avoiding widespread biodistribution. Many diseases
of the peripheral nervous system, like peripheral neuropathy and neurofibromatosis, affect
cells throughout the body or are difficult to surgically access, likely warranting systemic
delivery[12].
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Intravenous administration offers the potential for widespread CNS and/or PNS delivery,
though the blood-brain barrier (BBB) in the CNS and the blood-nerve barrier (BNB) in the
PNS are major challenges. These barriers are comprised of endothelial cells with specialized
tight junctions to protect neural tissue by restricting the passage of substances within the
barrier[13, 14]. AAV9 and AAVrh.10 has been shown to cross the BBB in neonates, though
crossing the mature BBB remains a major hurdle[15, 16]. Systemic administration of AAV
vectors to reach the PNS has seen moderate success[17, 18] due to the fact that the BNB
is known mediate higher levels of transcytosis, i.e. to be leakier, than the BBB[19, 20].
Direct injection of AAV vectors into the brain or PNS via intraparenchymal or peripheral
nerve injection offers a potential solution to avoid these endothelial barriers and effectively
transduce cells in a given region with relatively low dosages[21, 22, 23]; however, these
localized routes of administration are not possible for cellular targets that are surgically
difficult to access or occupy a large tissue volume. Administration of therapeutics into the
CSF via intrathecal, intracisternal, or intracerebroventricular injections is an alternative for
more widespread CNS delivery, including the spinal cord, and has demonstrated effectiveness
in treating diseases such as SMA and ALS[24, 25]. While intra-CSF routes have demonstrated
high levels of delivery in the spinal cord, transduction efficiency remains low in the adult
brain due to limited diffusion beyond the ventricular lining[26, 27].

Cell-specificity and intracellular trafficking
Targeting and efficiently infecting specific cells within the diverse environment of the nervous
system is yet another challenge for many CNS and PNS disorders. For example, Parkinson’s
disease is associated with a loss of dopamine-producing neurons in the substantia nigra,
multiple sclerosis is an autoimmune attack against CNS glial cells, and neurofibromatosis
is associated with tumors of Schwann cell-origin in the PNS[11, 28]. Naturally-occurring
AAVs have limited overall delivery efficiency and are unable to achieve cell-specific transduc-
tion. The latter can lead to off-target toxicity, reduced efficacy, and/or the need for higher
dosages. Natural AAVs utilize different cellular surface receptors to bind to target cells,
including heparan sulfate proteoglycan (AAV2, 3B, 6, 13), sialic acid (AAV1, 4, 5, 6), and
galactose (AAV9), influencing the types of cells to which they can bind[29]. While this pri-
mary glycan binding strongly influences viral tropism, internalization of the AAV is thought
to depend on the transmembrane protein AAVR. First discovered by Pillay et al., AAVR
binding has been shown to be essential for the internalization for many AAV serotypes[30].
Once internalized within the cell, AAVs face additional hurdles in endosomal escape, nuclear
localization, uncoating of the capsid, and second-strand synthesis of the single-stranded DNA
genome[31]. Hindrances in any one of these steps can substantially compromise downstream
gene expression.
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1.4 Engineering the AAV Capsid
Overcoming the immune, physical, and transport barriers to AAV transduction is in many
cases critical for therapeutic benefit, and engineering the capsid is an attractive avenue
due to its role in cell-specificity, immune recognition, and overall transduction efficiency.
Increasingly utilized methods for engineering the capsid include rational design, directed
evolution, and in silico design (Figure 1.3).

Rational Design
In rational design, mechanistic knowledge of viral interactions with the target cell or tis-
sue type is harnessed to strategically design capsid variants. Such techniques include site-
directed mutagenesis of specific amino acid residues and the insertion of rationally chosen
targeting peptide sequences within the cap gene. For example, Zhong et al. discovered that
phosphorylation of AAV2 vectors by protein tyrosine kinases resulted in ubiquitin-mediated
degradation, preventing vectors from reaching the nucleus[32]. They additionally found that
mutating surface-exposed tyrosines to non-phosphorylatable residues led to an increase in
transduction efficiency[33]. Wang et al. used strategic point mutations to modify the three-
fold axis of AAV9, which has been shown to play a role in receptor binding and blood
clearance of rAAV vectors. They generated AAV9.HR, an AAV9-based vector with H527Y
and R533S double mutations at the three-fold axis, and demonstrated its capacity for CNS
transduction with PNS-detargeting properties in neonatal mice[34].

Strategic insertions of peptides and ligands into the AAV capsid also led to the identi-
fication of novel CNS-tropic capsids. Girod et al. first demonstrated peptide insertion to
retarget AAV2 by inserting a 14-amino-acid peptide into six different putative loops of the
capsid[35]. One of these variants successfully transduced an otherwise AAV2-resistant cell
line. Yao et al. displayed a cell-penetrating peptide on the AAV9 capsid, and the resulting
variant AAV.CPP.16 demonstrated enhanced transduction in both mouse and NHP brain
tissue[36].

Directed Evolution
Rational design strategies, however, are limited by an incomplete mechanistic understanding
of the many complex ways in which AAV capsid elements interact with tissues and cells to
mediate various steps of the viral transduction pathway (e.g. biodistribution, tissue spread,
vector internalization, intracellular trafficking, genome expression). Directed evolution, a
process designed to mimic natural evolution, addresses this limitation by creating a diverse
library of viral variants and subjecting it to iterative rounds against a selective pressure
to isolate optimal performers. A key advantage of directed evolution is that a mechanistic
understanding of the underlying delivery barriers is not necessary, yet molecular investigation
of the resulting variants can enhance mechanistic knowledge, akin to forward genetic screens
in model organisms.
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Figure 1.3: Engineering of AAV capsids. Rational engineering strategies use biological knowledge to guide
modifications of the AAV capsid through methods such as motif insertions or strategic point mutations.
Directed evolution techniques generate highly diverse libraries of AAV variants, which are then subjected to
a selective pressure to identify novel variants with enhanced properties. In silico strategies use computational
methods to develop improved AAV libraries as a better starting point for variant selection.

Directed evolution was first applied to AAV by Maheshri et al., work in which an AAV2
cap library was generated through error-prone PCR and selected for the capacity to mediate
gene delivery in the presence of neutralizing antibodies or for altered binding to the AAV2
primary receptor heparan sulfate[37]. This study resulted in the isolation of several variants
that exhibited reduced antibody neutralization in vitro and in vivo. Additional techniques
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for capsid diversification have been developed, including DNA shuffling[38, 39] and random
peptide insertions[40, 41], enabling the identification of novel AAV capsid variants with en-
hanced transduction towards cells in the nervous system. In vivo directed evolution studies
offer the advantage of identifying more clinically-relevant variants. Dalkara et al. identi-
fied 7m8 through an in vivo-directed evolution screen in mice designed to identify variants
that could efficiently transduce the retina via a non-invasive, intravitreal injection in the
eye[42], an approach that has since been extended to dog[43] and NHP[40]. Another study
evolved rAAV2-retro, an AAV variant that mediates retrograde access to projection neu-
rons at comparable efficiencies as synthetic tracer dyes[44]. For CNS diseases associated
with large volumes of neuronal tissue, rAAV2-retro offers a potential increase in therapeutic
distribution within the tissue.

Additional techniques were developed to further enhance the selection process, such
as barcoding AAV genomes to analyze cap variants in a high-throughput manner[45, 46]
and implementing Cre-lox systems to select for cell-specific, nuclear localizing variants in
vivo[41, 47, 48, 49]. Recently, Chuapoco et al. identified AAV.CAP-Mac after screen-
ing AAV9-based peptide insertion libraries in marmosets and macaques[50]. AAV.CAP-
Mac demonstrated higher delivery to the brain in marmosets, rhesus macaques, and green
monkeys after systemic administration, demonstrating the ability to cross the BBB in
NHPs. In addition, directed evolution studies have recently shifted towards RNA-based se-
lections to enrich for variants that are able to successfully deliver as well as transcribe their
cargo[46, 51, 52]. For instance, Stanton et al. identified novel proline arginine loop (PAL)
capsid variants through an RNA-based screen in juvenile cynomolgus macaques that demon-
strated higher transduction efficiencies in the macaque cerebrum compared to AAV9[53].

In silico-guided capsid optimization
Computational methods have also been used to generate novel AAV libraries, addressing
gaps in both rational design and traditional directed evolution diversification strategies.
SCHEMA is a computational algorithm that predicts optimal recombination junctures in
proteins without disruption of the three-dimensional structure, facilitating the development
of random chimeras of natural AAV serotypes[54]. Ojala et al. applied SCHEMA to natu-
ral AAVs to generate a new chimeric capsid library. The variant SCH9 was selected from
this library for high levels of transduction in subventricular neural stem cells of mice[49].
Another computer-guided method of developing new capsids is through ancestral capsid
reconstruction[55]. Through the reconstruction of phylogenetic trees to predict putative
ancestral sequences, multiple studies have created ancestrally-based AAV capsids libraries,
which resulted in the identification of thermostable variants (Anc80L65 and Anc80) with
improved tropism towards various tissue types[55, 56].

Enabled by next generation sequencing, machine learning approaches are increasingly
being applied to large datasets connecting viral sequence to function to train algorithms
that predict the impact of capsid modifications on viral behavior. Ogden et al. compre-
hensively characterized individual mutations within the AAV2 capsid. Specifically, they
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generated a single amino acid mutation AAV2 cap library that encompassed all single amino
acid substitutions, insertions, and deletions at all 735 positions to generate an AAV2 capsid
fitness landscape. Their results revealed many interesting findings, including the benefit of
negatively-charged amino acids at external projections, and the generally deleterious prop-
erty of positive charges across cap[57]. This work also revealed a novel open reading frame,
membrane-associated accessory protein (MAAP). A subsequent study applied deep learning
to a 28-amino acid region of the AAV2 capsid to generate highly diverse capsid proteins
that were still able to package a DNA genome. Through their machine learning models,
a library of over 200,000 variants was designed, 57,000 of which retained the ability to
package[58]. Huang et al., who had previously discovered a novel BBB-crossing mechanism
of the AAV.PHP.B viral family via interactions with the mouse CNS endothelium surface re-
ceptor LY6A[59], utilized protein target-binding assays to screen AAV capsid libraries for the
ability to bind LY6A and an additional surface protein LY6C1. ML-guided approaches then
utilized these datasets to further explore the capsid sequence space and generate additional
BBB-crossing sequences[60].

Machine learning can also be used to design ‘more packageable’ AAV libraries to pro-
vide a better starting point for selections that are broadly applicable to various selective
pressures. Danqing et al. developed a machine learning algorithm to design an AAV5-based
peptide insertion library that optimizes the ability to package while maintaining high levels
of diversity[61]. The newly designed library was then subjected to a round of selection in
primary human brain tissue, which identified top variants that both packaged at high titers
and demonstrated high glial transduction in human brain slices. The integration of ma-
chine learning with AAV capsid engineering represents a transformative step towards more
effective, safe, and tailored gene therapies for a variety of diseases.

1.5 Future Perspectives
Motivated by considerable unmet medical need, the central nervous system remains one
of the most pursued therapeutic areas in AAV clinical trials[62], with approximately 60
AAV-CNS therapies advanced to the clinic to date[63]. Notably, only few clinical trials
have addressed PNS-related diseases (clinicaltrials.gov). Improved capsids are still needed
for the central and especially for the peripheral nervous system. For example, Schwann
cells are an important therapeutic target due to their vital role in peripheral nerve health
and survival, and the ability to target these cells will offer avenues for treatment of several
related diseases including neurofibromatosis, multiple sclerosis, and Charcot-Marie-Tooth
disease. As the PNS neurological network extends to every corner of the body to relay
commands and ensure the brain can respond to any external and internal stimulus, delivery is
challenging compared to the relatively compartmentalized CNS. PNS-associated therapeutics
will need to widely target the entire system, likely via systemic administration. Exposure
to neutralizing antibodies would thus pose an additional challenge. Several initiatives are
underway to create novel AAVs to overcome these PNS challenges.
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Machine learning-guided approaches hold great potential for novel AAV library gener-
ation and analysis. One challenge is that work to date has primarily focused on capsid
regions that are short enough to fit within a next-generation sequencing read, excluding
libraries whose diversity spans the entire capsid such as shuffled or ancestral libraries. Long-
read sequencing offers the potential to cover more expansive regions of the cap gene, but at
substantially lower read depth and relatively high error rates[64]. Improvements in highly
accurate, high-throughput, long-read sequencing methodologies can allow ML-guided strate-
gies to be applied to a wider range of library diversification techniques.

In addition to engineering the capsid, AAV vector manufacturing is another major concern
for diseases requiring high dosages of AAV, though studies have engineered producer cells
or other genomic elements to improve manufacturing titers of AAV[65, 66]. Barnes et al.
tackled this issue by conducting genome-wide screens in HEK293 producer cells to identify
genetic factors that increased AAV production[65]. Focusing on the AAV genome itself,
Schieferecke et al. engineered the AAV-associated protein MAAP, which has been shown
to play a role in AAV secretion[66]. After rounds of packaging selection, the evolved bulk
MAAP variant library demonstrated increases in both overall titer and ratio of secreted
vector genomes. They also identified a MAAP variant, MAAP-SL08, that demonstrated
increased transgene packaging in AAV2, AAV6, and AAV9[66].

Another important factor in AAV gene therapy success is post-delivery toxicity. Studies
have also shown serious adverse events may occur or worsen due to immunogenicity of AAV
vectors, their occurrence often increasing with higher dosages. Atypical hemolytic uremic
syndrome (aHUS), defined by thrombocytopenia, hemolytic anemia, and acute kidney in-
jury, is linked to higher dosages of AAV due to complement activation[67]. In addition, a
recent clinical trial using AAV-based delivery of the human MTM1 gene to treat X-linked
myotubular myopathy resulted in four deaths due to hepatotoxicity[68]. There has also been
evidence of dorsal root ganglion (DRG) inflammation and toxicity associated with direct
delivery into the cerebral spinal fluid (CSF) or high dosages in the blood in non-human pri-
mates (NHPs)[69]. These studies highlight the importance of AAV targeted delivery, which
can lead to reduced dosages and a higher safety profile of AAV vectors.

1.6 Conclusion
Substantial progress has been made in the development of novel AAV capsids for enhanced
transduction in the central and peripheral nervous systems. These capsids are able to bypass
anatomical barriers and/or mediate efficient cellular transduction to enable more effective
gene expression. While additional development is needed in vector delivery, advances to-
wards these targets offer extensive therapeutic potential for the treatment of genetic CNS-
and PNS-associated diseases. Other important considerations in addition to delivery include
manufacturing costs, transgene expression durability, genome optimization, and immune
clearance. Furthermore, cross-species differences between animal models and humans sig-
nificantly hinder translation of preclinical studies to clinical development. These challenges
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highlight the need for further exploration of these areas and addressing them will enhance
the therapeutic potential of AAV-based gene therapies in the CNS and PNS.
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Chapter 2

Directed Evolution of Novel AAV
Capsids for Enhanced Delivery to
Mouse and Human Schwann Cells

2.1 Chapter Abstract
Effective delivery to target cell types remains a major obstacle in the field of gene therapy.
Recombinant adeno-associated viruses (AAVs) have proven to be effective delivery vectors
for the treatment of several disease types yet have not demonstrated efficient delivery to
many cell types, including cells of the peripheral nervous system. Schwann cells, essen-
tial for myelination, nerve regeneration, and general nerve maintenance, are strategic gene
therapy targets for treating peripheral neuropathies but present unique challenges for gene
delivery due to their protective barriers and extensive localization throughout the body. To
address this issue, we engineered novel AAV variants with enhanced transduction efficiency
towards Schwann cells. Using directed evolution, we identified two groups of capsids with
significantly improved delivery to Schwann cells in mice or human. In addition to higher
transduction efficiencies, the human-tropic capsids also demonstrated higher resistance to
antibody neuralization compared to natural serotypes. In vivo studies of the mouse-tropic
capsids confirm higher specificity, improved packaging titers, and decreased localization to
the liver. These engineered AAVs can provide a valuable tool for studying Schwann cells,
offering new avenues for the treatment of peripheral nerve disorders.

2.2 Introduction
Gene therapy offers the potential for prolonged, and even permanent, therapeutic efficacy
through the delivery of genetic material to cells to treat human disease. A primary challenge
in the field, however, is the effective delivery of the therapeutic to the intended cell type and
region of the body. Recombinant adeno-associated viruses (AAVs) are the most broadly-
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used delivery vectors in vivo[3] and have already seen success in the treatment of a variety
of disorders, including neurological, ocular, and hematological diseases[70]. Their lack of
pathogenicity, minimal integration into the host genome, and long-term transgene expression
make them advantageous delivery vehicles over other viral vectors[71]. Over 100 AAV-based
therapies have advanced to clinical trials, and six to date have received US Federal Drug
Administration (FDA) approvals (fda.gov). Given this track record, AAV-based gene therapy
holds great potential for the delivery of therapeutics to a wide range of tissue types, including
cells of the peripheral nervous system (PNS).

Schwann cells are the primary glial cells of the PNS and are crucial for the survival and
function of peripheral nerves. They myelinate neurons (depending on their subtype), help
guide developing or regenerating neurons to their target site, and are involved in the con-
duction of action potentials along the axon[72]. Dysregulation of Schwann cell function has
been associated with several pathologies, including Charcot-Marie Tooth disease, neurofibro-
matosis, and multiple sclerosis[73, 74]. For example, neurofibromatosis type 1 (NF1), which
results from mutations in the NF1 gene, often involves the formation of Schwann-cell derived
neurofibromas, benign tumors that form along peripheral nerves. Due to their proximity to
neurons, they can cause disfigurement, cognitive learning deficits, and loss of motor function,
and they additionally have the potential to develop into malignant peripheral nerve sheath
tumors (MPNSTs)[75, 76]. Thus, the ability to deliver therapeutics to Schwann cells offers
the potential to preventatively and actively treat such conditions. However, given the dis-
persed nature of the PNS, there is a need for widespread, yet targeted, delivery throughout
the body. AAV-mediated delivery of genetic material via systemic administration provides
a potential treatment for such disorders.

Natural serotypes of AAV have previously demonstrated moderate efficacy in transducing
Schwann cells in vitro and in vivo[77, 78, 79, 18]. In particular, AAV1, 2, and 6 have
been shown to be the best natural serotypes in targeting Schwann cells across rat, mouse,
and human cultures and nerve segments[77, 78, 79]. However, naturally-occurring AAVs
exhibit broad tropism, resulting in low on-target and considerable off-target delivery, and
suffer from high levels of neutralization by pre-existing neutralizing antibodies (NABs)[80].
For example, natural serotypes are predominantly retained in the liver after intravenous
delivery, diminishing therapeutic delivery to the target cell and increasing the likelihood of
hepatoxicity[67]. Thus, any therapeutic candidate must be able to efficiently target Schwann
cells while avoiding neutralization and minimizing localization to the liver to achieve both
efficacy and safety.

In this study, our objective was to engineer AAV capsids with improved delivery to
Schwann cells, in both mouse to harness animal models of human disease and human for
clinical translation. Accordingly, we conducted alternating rounds of evolution in in vitro
human Schwann cell (hSC) cultures and stringent in vivo mouse selections to identify novel
AAV variants. Surprisingly, our evolved variants demonstrated improved transduction to-
wards one species, but not both. We identified two groups of capsids: hSC-tropic capsids
C1 and C6, and mouse Schwann cell (mSC)-tropic capsids SCHW1 and SCHW2. C1 and
C6 demonstrate high transduction efficiencies of hSCs and display high resistance to human
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antibody neutralization. SCHW1 and SCHW2 exhibit higher transduction efficiency and
specificity of delivery to mSCs compared to natural serotypes. These variants also show sig-
nificantly improved packaging titers and lower biodistribution to liver, contributing to better
manufacturing potential and safety profiles. While our results suggest that the selective pres-
sures exerted by infection in each species were distinct enough to evolve variants towards
one species or the other, these groups of AAV capsids offer new tools for the development of
treatments for peripheral neuropathies across different model systems.

2.3 Results

Iterative in vivo and in vitro selections reveal two hSC-tropic
AAV variants
We applied directed evolution to diverse AAV capsid libraries to select for capsids with
enhanced Schwann cell transduction. Seven previously-designed AAV capsid libraries were
selected for evolution: 1) an AAV1 seven-amino acid (7mer) peptide insertion at amino acid
590, 2) an AAV2 7mer peptide insertion at amino acid 588[81], 3) an AAV5 7mer peptide
insertion at amino acid 575[61], 4) a SCHEMA AAV library[49], 5) a chimeric shuffled library
comprised of AAV1, 2, 4, 5, 6, 8, and 9[39], 6) an error-prone library based on a shuffled
variant, and 7) an ancestrally-reconstructed library[55]. These libraries were cloned into the
pSub2FloxCap backbone, described previously[49], in which mutant sites loxP66 and loxP71
flank the cap gene to favor unidirectional inversion of the cap (Figure 2.1a). Libraries were
then packaged in HEK293T cells via triple-transfection, purified, and mixed at an equimolar
ratio for iterative selection.

To select for novel AAV capsids with enhanced transduction in mouse and human Schwann
cells, alternating rounds of in vivo and in vitro selection were performed (Figure 2.1b). In
vivo rounds of selection were conducted in C57BL/6 mice expressing Cre recombinase down-
stream of the Schwann cell-expressed desert hedgehog regulatory locus (DhhCre). Variants
that successfully transduced Schwann cells in vivo undergo inversion of their cap sequences,
allowing for specific PCR amplification of Schwann cell-transducing variants, as described
in analogous systems[48, 49]. Selections in DhhCre mice were performed by systemically
injecting AAV via the tail-vein at 1x1011-1x1012 viral genomes (vg)/mouse in eight-week-old
mice to identify variants that can transduce Schwann cells while overcoming physical and
immunological barriers. For our human Schwann cell-based system, we utilized the human
telomerase reverse transcriptase (hTERT)-immortalized Schwann cell line hTERT ipn02.3
2λ, generated via the exogenous expression of both hTERT and murine cyclin-dependent
kinase (mCdk4) from patient-derived wild-type Schwann cells[82, 83, 84, 85].

Three rounds of selection were conducted initially (Figure 2.2a). The combined AAV
library was first injected systemically into DhhCre mice (n = 5). Two weeks later, AAV
genomic DNA was extracted from the sciatic nerve using a modified Hirt extraction protocol.
To prevent too stringent of a selection pressure initially, we amplified all cap genes (both
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Figure 2.1: Overview of directed evolution strategy. (a) Schematic depicting positioning of the mutant loxP
sites in the pSub2FloxCap library plasmid. The location of the lox66 (5’ loxP site) disables rep. In the
presence of Cre recombinase, the cap gene is inverted. (b) Diagram exhibiting the selection strategy used
to identify Schwann-cell tropic capsids. Alternating rounds of selection in DhhCre mice and Schwann cells
(hSCs) were conducted until convergence of the libraries was achieved.

inverted and non-inverted) from the mouse sciatic nerve tissue, and the resulting amplicons
were cloned back into the pSub2FloxCap backbone and repackaged. Upon sampling with
Sanger sequencing, most libraries were still represented in the selected library.

The second round of selection was then performed in hSCs. hSCs were transduced at an
MOI of 5000 and incubated at 37◦C. After three days, viral genomic DNA was harvested,
and AAV cap genes were amplified and subsequently cloned back into the pSub2FloxCap
backbone and repackaged. Sampling with Sanger sequencing revealed approximately 40% of
the selected variants were from either the shuffled or SCHEMA libraries.

The final round of selection was performed in vivo (n = 5). AAV DNA was extracted
from the sciatic nerve after two weeks, and only Schwann cell-transducing variants (i.e.,
inverted cap) were PCR amplified. After these three alternating rounds in vivo and in vitro
selection, Sanger sequencing analysis of 72 clones showed convergence of the library to three
variants: C1, C5, and C6. Variants C1 and C5 were from the randomly shuffled library,
whereas variant C6 was a SCHEMA clone comprised of AAV2, AAV8, and AAV9 blocks.
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Before characterization assays were conducted, we first assessed the packaging titer of our
variants. Manufacturability and scalability are important factors that contribute to clinical
success; thus, we wanted to ensure the packaging fitness of our variants was not impacted
in the directed evolution process. Upon packaging in HEK293T cells, we quantified viral
packaging yields. C5 packaged substantially better than both AAV1 and AAV2, while C1
and C6 demonstrated a three-fold increase in titer over AAV2 and were comparable to AAV1,
highlighting the ability for scale-up production of all three vectors (Figure 2.2b).

Figure 2.2: Evolution of hSC-tropic capsids. (a) Diagram representing the evolution process to show iden-
tification of variants C1, C5, and C6. (b) Packaging titers of C1, C5, and C6 compared to AAV1 and
AAV2. Data are normalized to the cell culture plate surface area and presented as mean ± SD, n = 3. (c)
Representative images of the transduction of C1, C5, and C6 in hSCs at an MOI of 5000. Cells were stained
for GFP (green) and DAPI (blue). Scale bar represents 100um. (d) Quantification of transduction efficiency
as the percentage of GFP+ cells. Data are presented as mean ± SD, n = 3. Statistical analyses were done
with a one-way ANOVA with Tukey’s multiple comparisons test (∗p < 0.05, ∗ ∗ ∗ ∗ p < 0.0001).

These variants were next analyzed for transduction of hSCs, in comparison to AAV1 and
AAV2, using a self-complementary CAG-GFP cassette (scCAG-GFP). Based on previous
work[77, 79] and our preliminary screen of natural serotypes on hSCs (Figure A.1), AAV1
and AAV2 were chosen as controls for validation studies. hSCs were transduced with each
variant at an MOI of 5000, fixed, and stained for GFP and DAPI three days later. Variants
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C1 and C6 demonstrated a higher percentage of transduced human Schwann cells compared
to AAV1 and AAV2, while variant C5 performed similarly to AAV1 (Figure 2.2c-d).

Given the improvement in transduction efficiency in hSCs, we next assessed efficacy
in mice; however, these variants unexpectedly performed only comparably to the wild-type
AAVs. Specifically, validation was performed in vivo using next-generation sequencing (NGS)
to quantify enrichment of the variants in mouse sciatic nerve. Unique 16-bp DNA barcodes
were cloned downstream of GFP in the plasmid pAAV-FLEX-GFP, which contains a doubly-
floxed inverted GFP gene. In the presence of Cre recombinase, the inverted GFP gene
is reversed and is thus expressed under the CAG promoter. C1, C5, and C6, as well as
AAV1 and AAV2 as controls, were packaged with the barcoded pAAV-FLEX-GFP cassette,
linking each variant with a unique barcode (Figure A.2a). Barcoded AAVs were mixed
at an equimolar ratio and intravenously administered to DhhCre mice at 9x1011 vg/mouse.
Viral DNA was harvested from sciatic nerves two weeks after administration. Schwann cell-
transducing barcodes were then amplified from the recovered DNA with primers specific for
reverted GFP sequences and prepped for NGS using nested PCRs. Enrichment scores for
each AAV were calculated, and analysis of the deep sequencing data revealed variant C5
and AAV1 demonstrated positive enrichment in mSCs, though AAV1 appeared to be the
most positively enriched. Variant C1 showed slight positive enrichment, while variant C6
and AAV2 were significantly de-enriched (Figure A.2b).

Characterization of variants C1 and C6
The results from the variant transduction profiles in vitro and in vivo prompted further eval-
uation of the hSC-tropic capsids C1 and C6. C1 is a variant originating from the randomly
shuffled library, comprised of only AAV2 and AAV6. The first 183 amino acids, belonging
to the VP1/VP2 unique region, align to AAV6, while the rest of the capsid aligns to AAV2
(Figure 2.3a-b). Interestingly, three point mutations were also present in C1: Q598L,
I648V, V708I (mapping of these single amino acid mutations can be seen in Figure A.3).
Variant C6 is derived from the SCHEMA AAV library (chimera AAV2, 9, 9, 8, 2, 2, 8, 9)
(Figure 2.3a). Assembly of the three-dimensional structure of C6 indicates a dominance
of AAV2 at the three-fold protrusions and AAV9 at both the five-fold and two-fold axes of
symmetry (Figure 2.3b).

Neutralization by pre-existing neutralizing antibodies (NABs) is another major obstacle
that AAV-based delivery methods must overcome to effectively deliver its cargo. To assess
the neutralizing properties of our novel human-tropic capsids, we quantified the ability of our
variants to avoid neutralization by human intravenous immune globulin (IVIG), or pooled
antibodies. C1 and C6, along with AAV1 and AAV2, were packaged with scCAG-GFP,
incubated with serial dilutions of IVIG, and then used to transduce a permissive HEK cell
line, 2v6.11. We quantified both percentage of GFP-positive cells transduced and total in-
tensity to fully capture antibody evasion (Figure 2.3c-d). Comparing IC50 concentrations,
C1 demonstrated similar neutralization resistance as AAV1 and a seven-fold increase in re-



CHAPTER 2. DIRECTED EVOLUTION OF NOVEL AAV CAPSIDS FOR
ENHANCED DELIVERY TO MOUSE AND HUMAN SCHWANN CELLS 18

sistance compared to AAV2. Most notably, variant C6 showed a 16-fold improvement over
AAV2 and a two-fold improvement over AAV1.

Figure 2.3: Characterization of hSC-tropic capsids. (a) Block schematic indicating the composition of each
variant with the corresponding parental serotype. (b) Full capsid assembly of each variant, mapped onto
AAV2 (PDB: 1LP3). AAV2 = red, AAV8 = yellow, AAV9 = purple). (c and d) Neutralization of C1, C6,
AAV1, and AAV2 after incubation with serial dilutions of human IVIG and transduction of 2v6.11 cells (n
= 3). Neutralization was quantified by (c) the number of GFP+ cells and (d) total fluorescence intensity
normalized to untreated AAV.

Re-diversification and additional evolution yield new mSC-tropic
capsids SCHW1 and SCHW2
The evolved variants C1 and C6, while demonstrating enhanced transduction of hSCs com-
pared to AAV1 and AAV2, still lack efficient delivery to Schwann cells in vivo. These capsids
have human clinical relevance for potential therapeutic development; however, we wanted
to assess whether it was possible to derive variants with both human tropism in vitro and
mouse infectivity in vivo. Evolved variants with the ability to effectively transduce SCs
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in both species would yield insights into determinants of species selective tropism, as well
as enable the use of mouse efficacy models for pre-clinical development. Accordingly, we
re-diversified our selected variants for additional rounds of evolution to enhance delivery to
murine Schwann cells in vivo while ideally maintaining their delivery capabilities to hSCs.

Random 7mer peptides libraries, flanked by linkers, were inserted into the C1 and C6
variants to establish new capsid libraries. An LA-(NNK)7-A peptide library was inserted at
amino acid position 586 of the C1 capsid and amino acid 588 of the C6 capsid (VP1 number-
ing) (Figure 2.4a). C5 was also included in the re-diversification process due to its positive
enrichment in mSCs (Figure A.2b), in which a TG-(NNK)7-GLS peptide library was in-
serted at amino acid 590 (Figure 2.4a). To enable both Cre-based and transcription-based
selections for this round of evolution, the three peptide insertion libraries were then cloned
into the pSub2-CMV-FloxCap backbone, which has a CMV promoter driving expression of
the floxed cap. Estimated diversity of these new libraries ranged 5x106 – 1x107 unique vari-
ants and were combined at an equimolar ratio. The AAV5 7mer library[61] was also cloned
into the pSub2-CMV-FloxCap backbone and spiked in to increase diversity of the starting
library.

Our libraries were then subjected to two rounds of selection: one in vitro transcript-
based selection followed by a round in vivo (Figure 2.4b). hSCs were transduced by the
re-diversified library at an MOI of 15,000. RNA was harvested after three days and reverse
transcribed to cDNA. Cap genes were PCR amplified and recloned into the pSub2FloxCap
backbone. The selected library was then injected intravenously into DhhCre mice (n =
5), and after two weeks, inverted cap genes were PCR amplified from the harvested sciatic
nerve gDNA. Because double-stranded DNA is required for successfully Cre recombination
(necessitating successful viral trafficking), RNA recovery in vivo was not needed to ensure
isolation of capsids that had undergone nuclear localization and second strand synthesis.
Sanger sequencing of 58 clones revealed convergence of the library to two variants: SCHW1
and SCHW2. SCHW1 is a C1-based variant with the insertion LA-DSNRSAM-A (Figure
2.4c), and SCHW2 is an AAV5-based variant with insertion TG-DTNSGIV-GLS (Figure
2.4d).

SCHW1 and SCHW2 were first characterized for packaging efficiency. SCHW1 pack-
aged four-fold more efficiently than AAV1 and 23-fold more efficiently than AAV2, whereas
SCHW2 showed a 2.8-fold higher degree of packaging compared to AAV1 and a 13-fold
increase compared to AAV2 (Figure 2.5a).

To determine whether SCHW1 and SCHW2 retained the capacity to transduce human
Schwann cells, we transduced hSCs with our variants and AAV1 at varying MOIs. Contrary
to expectation, transduction efficiencies were lower than AAV1 (Figure A.4).

We then validated the transduction efficiency of these two variants in vivo. Variants
were packaged with scCAG-GFP and injected systemically at 5x1011 vg/mouse into wild-
type C57BL/6J mice. AAV1 was used as the control based on our previous in vivo vali-
dation (Figure A.2b). Sciatic nerves were harvested after 3.5 weeks, fixed, cryosectioned,
and stained for GFP, S100 (a Schwann cell marker), and DAPI (Figure 2.5b). Transduc-
tion efficiency was calculated by the percentage of Schwann cell-stained area transduced by
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Figure 2.4: Evolution of mSC-tropic capsids. (a) Schematic of 7mer capsid library design and viral production
to generate re-diversified library. (b) Diagram representing the evolution process to show identification of
variants SCHW1 and SCHW2. (c) Three-dimensional structure of SCHW1 with peptide insertion sequence
indicated. Structure was mapped onto AAV2 (PDB: 1LP3). (d) Three-dimensional structure of SCHW2
with peptide insertion sequence indicated (PDB: 7PK3). Graphics created with BioRender.com and PyMol.

AAV. SCHW1 demonstrated higher transduction of Schwann cells compared to AAV1, while
SCHW2 showed comparable efficiencies to AAV1 (Figure 2.5c). Schwann cell specificity,
quantified by the percentage of AAV-transduced area stained by S100, was also calculated.
Interestingly, even though our evolution process did not select for Schwann cell specificity,
both SCHW1 and SCHW2 exhibited significantly improved specificity towards Schwann cells
in vivo, with SCHW2 demonstrating a 2.5-fold increase in specificity relative to AAV1 (Fig-
ure 2.5d).

Hepatoxicity is an adverse event associated with high dose intravenous AAV delivery.
Liver detargeting, which can accompany enhanced targeting of a desired cell target, is a
beneficial property that can enable lower dosages and reduce the risk of hepatoxicity. Fol-
lowing intravenous administration, we quantified SCHW1 and SCHW2 viral DNA in the liver
after 3.5 weeks. SCHW1 demonstrated a 2.5-fold lower transduction and SCHW2 a 57-fold
reduction in liver transduction (Figure 2.5e). Thus, the mouse-tropic variants SCHW1 and
SCHW2 demonstrate improvements in Schwann cell transduction, specificity, packaging, and
liver detargeting, though with decreased hSC transduction in vitro.
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Figure 2.5: Characterization of mSC-tropic capsids. (a) Packaging titers of SCHW1 and SCHW2 compared
to AAV1 and AAV2. Data are normalized to the cell culture plate surface area and presented as mean
± SD, n= 3. (b) Representative images of the transduction of SCHW1 and SCHW2 in mouse sciatic
nerve. Cryosections were stained for GFP (green) and S100 (red). Scale bars indicate 100 um. (c and d)
Quantification of c) transduction efficiency and d) Schwann cell specificity in mouse sciatic nerves compared
to AAV1. Data are presented as mean ± SD, n= 3. (e) Biodistribution of each variant to the liver, quantified
by number of viral copies normalized to total gDNA concentration extracted. Data are presented as mean
± SD, n= 3. All statistical analyses were done with a one-way ANOVA with Tukey’s multiple comparisons
test (*p < 0.05, **p<0.01, ****p<0.0001).

2.4 Discussion
There have been hundreds of clinical trials investigating AAV-based gene therapies to-
wards various diseases, including neurological, ocular, cardiovascular, and metabolic diseases.
While showing great potential for treating a wide range of diseases, effective AAV-based de-
livery has seen little success in the peripheral nervous system, specifically towards Schwann
cells. Schwann cells are associated with several PNS-associated diseases and represent an
important target for AAV gene therapy.

In this work, we evolved highly-diverse AAV libraries to identify novel capsids with
enhanced Schwann cell transduction. Alternating rounds of mouse in vivo and human in vitro
selection were conducted to enrich for capsids with improved delivery capabilities in these
two species. A Cre-dependent selection strategy was used during the in vivo rounds to isolate
Schwann cell-transducing variants. Because double-stranded genome synthesis is required for
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Cre recombination to occur, utilizing this stringent strategy ensures the isolated Cre-inverted
variants have successfully overcome intracellular trafficking hurdles to the nucleus, necessary
for transgene expression. Human telomerase reverse transcriptase (hTERT)-immortalized
Schwann cells were used for the in vitro rounds of selection. This cell line has been shown to
remain physiologically similar to the original primary Schwann cell, allowing for the selection
of human Schwann cell-targeting variants[84].

After three alternating rounds of selection, variants C1 and C6 were identified and shown
to demonstrate efficient transduction of hSCs and high resistance to human IVIG neutral-
ization compared to natural serotypes. Because pure hSC cultures were used in the selec-
tion process, it would be beneficial to evaluate the transduction efficiency of C1 and C6 in
other PNS cell types, such as human fibroblasts, sensory neurons, and mast cells, for future
study. In addition, assessment of transduction in human systems that recapitulate the three-
dimensional environment of the peripheral nervous system, such as human nerve segments,
will be critical for evaluating the delivery efficacy in human Schwann cells. While more
research is needed in evaluating these variants in human tissue, the significant improvements
in IVIG resistance make C1 and C6 attractive vectors for further development.

It is interesting to note the high degree of similarity between the sequences of C1 and
AAV2 yet varying phenotypes. C1 differs from AAV2 by the first 183 amino acids, which
align to AAV6. This region is within the VP1/VP2u region, implying a role in endosomal
escape and nuclear localization[86] and consequently, differences in transduction efficiency.
C1 also differs from AAV2 by three single amino acid mutations within the VP3 region:
Q598L, I648V, and V708I. A study investigating human polyclonal antibody neutralization
of the AAV9 capsid visualized prevalent Fab binding to the 2-fold region of the AAV9 capsid
using cryo-EM[87]. Mapping of the three amino acid point mutations of C1 (Figure A.3)
shows mutations in the 2-fold and 3-fold axes, suggesting these mutations may play a role
in antibody resistance, given the conserved general surface features of AAV capsids. In
addition, both C1 and C6 retain sites for heparan sulfate proteoglycan (HSPG) binding, but
C6, despite having blocks of AAV9, does not have the required N470 or W503 for galactose
binding, suggesting that both variants rely on HSPG for cellular entry.

Unexpectedly, despite rounds of selection in both human in vitro and mouse in vivo
models, C1 and C6 did not demonstrate improved transduction in our mouse in vivo model,
suggesting key species differences in our model systems. Though C1 and C6 demonstrated
high levels of transduction in hSCs, we re-diversified our variants with the insertion of a ran-
dom peptide library and performed additional rounds of selection to improve cross-species
translatability. Translatability between murine and human systems offers both clinical rel-
evance for therapeutic development, while also allowing for further preclinical validation of
potential therapeutics in relevant animal models. For this round of evolution, we imple-
mented a transcript-based selection strategy in our in vitro rounds to select for capsids that
successfully express their genetic cargo. After two rounds of selection, variants SCHW1 and
SCHW2 were identified and showed significant improvements in transduction and specificity
of Schwann cells within the mouse sciatic nerve over AAV1 after systemic administration.
They also retained their ability to transduce hSCs, though at lower efficiencies compared to
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wild-type AAVs, again raising the question of species differences.
Despite selection by infectivity of both hSCs in vitro and mSCs in vivo, both rounds

of directed evolution yielded variants with enhanced transduction towards one system, but
not both. It appears that selective pressures in each model system are significantly different
and achieving efficacy in both systems is difficult. Several species-related factors may play
a role in this differing behavior, including cell surface receptors, intracellular trafficking,
and transcriptional and epigenetic regulation. Differences in transduction efficiencies of
wild-type AAVs in rat and human SC cultures and nerve segments suggests differing cell
surface and biological properties between human and rodent SCs[79]. It has also been shown
that terminal Schwann cells at the neuromuscular junction differ in both morphology and
synaptic relationships between mouse and human[88]. In addition, nerve regeneration is
more accelerated in mice compared to human in response to peripheral nerve damage, due
to faster SC injury responses in mice[89]. However, we cannot exclude the possibility that
comparing in vitro vs in vivo validations may contribute to the difference in behavior, not
solely due to biological species differences[79].

While the conducted rounds of selection applied a strong positive selective pressure for
improved transduction of Schwann cells, assessment of off-targeting variants was not included
during the evolution process. It is interesting to note how our evolved variants SCHW1
and SCHW2 demonstrate significantly higher specificity towards Schwann cell in vivo than
AAV1 and AAV2. While Schwann cell-specific promoters can be used to improve cell-specific
expression of a therapeutic transgene, these promoters are often long, minimizing space for
the transgene, and not as strong as ubiquitous promoters like CAG and CMV[90]. Thus,
it is advantageous for AAV capsids to exhibit target cell specificity to minimize off-target
effects and lower the dosages necessary to achieve a therapeutic effect.

Another advantage of our in vivo variants is decreased targeting of the liver. A major
barrier in the efficacy of AAV-based gene therapy is its safety profile. Toxicities of the liver
have been reported due to high dosages of systemically-administered AAV. In a study for
X-linked myotubular myopathy (XLMTM), a fatal neuromuscular condition involving muta-
tions in the MTM1 gene, three patients died several weeks after being administered a high
AAV dosage of 3.5x1014 vg/kg due to severe hepatoxicity. All three patients had pre-existing
liver conditions and a lack of response to immunosuppressants[67]. Even after lowering the
dosage to 1.3x1014 vg/kg, a fourth patient died, showing cholestatic liver failure[68]. Thus,
being able to administer lower dosages of AAV and diminish transduction of the liver may
alleviate potential liver-related adverse events. SCHW1 and SCHW2 both demonstrate liver
detargeting properties, with SCHW2 showing a 57-fold decrease in liver transduction. In
combination with the increased transduction efficiency and specificity towards Schwann cells
in vivo, SCHW1 and SCHW2 may require lower dosages for potential therapeutic benefits,
increasing the safety profile of these vectors.

During the course of this study, a similar study also evolved novel variants for enhanced
transduction, instead using primary human Schwann cell cultures for rounds of selection,
reiterating the need for better delivery vehicles towards the PNS[91]. Their AAV2-peptide
insertion variants show high delivery efficacy to various human Schwann cell cultures and
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human nerve segments when administered locally, showing great potential for therapeutic
development. However, delivery efficiency diminished and tropism appeared to shift when
injected into the sciatic nerve of mice. This highlights the difficulty of cross-species translata-
bility and emphasizes the need for relevant model systems. Validation in mouse sciatic nerve
also revealed lower overall transduction of nerve tissue, with one variant shifting tropism
towards axons. In addition, many PNS-associated diseases, like neurofibromatosis type 1,
are spread widely throughout the body and necessitate widespread therapeutic delivery. Our
variants SCHW1 and SCHW2 demonstrate efficient in vivo delivery when administered sys-
temically, overcoming immune and physical barriers that vectors administered locally may
not be able to overcome.

In summary, we have generated a toolbox of novel AAV vectors for the development of
in vivo and human-relevant gene therapy strategies targeting Schwann cell-associated dis-
eases. While we had anticipated identifying effective delivery vectors for both mouse and
human Schwann cell delivery, cross-species differences created trade-offs in delivery between
the two model systems, a hurdle other studies have noted[92, 93, 52]. Instead, we engineered
two groups of variants: C1 and C6 with enhanced hSC transduction and high resistance
to neutralization by human IVIG over AAV1 and AAV2, and SCHW1 and SCHW2 with
high levels of transduction and specificity towards mSCs in the sciatic nerve while minimiz-
ing transduction of liver tissue. In addition, all variants packaged at similar or increased
titers compared to parental serotypes, highlighting the manufacturability of these vectors
and increasing their translational value. Given the many improvements of these vectors
over natural AAV serotypes, these engineered variants offer new avenues for the study and
development of Schwann cell-associated therapies.

2.5 Materials and Methods

Cell culture conditions
HEK293T cells (ATCC, CRL-3216) were grown in DMEM (Corning), supplemented with
10% fetal bovine serum (Invitrogen) and 1% Anti-antibiotics (Invitrogen) at 37°C and 5%
CO2. hTERT ipn02.3 2λ (ATCC, CRL-3392) were used as our hSCs for in vitro rounds of se-
lections and validation assays. These cells were originally isolated from a female patient with
no disease indication and immortalized through exogenous expression of human telomerase
reverse transcriptase (hTERT) and murine cyclin-dependent kinase (mCdk4). hSCs were
cultured in DMEM (Corning), supplemented with 10% fetal bovine serum (Invitrogen) and
1X GlutaMAX (Thermo Fisher Scientific). The permissive 2v6.11 cell line (Cytion, 305147),
derived from HEK293, allows for the inducible expression of the E4 34K protein, enabling
higher assay sensitivities when evaluating neutralization resistance. 2v6.11 cells were grown
in EMEM (ATCC) supplemented with 10% fetal bovine serum (Invitrogen).
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AAV vector production
A range of previously generated plasmid libraries, including libraries generated through
capsid shuffling, peptide insertions, and ancestral reconstruction, were packaged in HEK293T
cells. AAV vectors were produced by triple transient transfection with polyethylenimine
(PEI) in 15cm plates of HEK293T cells. For library production, 70ng library plasmid,
5ug pRepHelper, 13.5ug pHelper, and 9ug pBluescript were added per 15cm plate. For
recombinant vector production, 6ug transgene plasmid, 12ug pHelper, and 10ug rep-cap
plasmid were added per 15cm plate. Seventy-two hours after transfection, viral particles
were harvested, purified by iodixanol density centrifugation, and buffer exchanged into PBS
with 0.001% Tween 20 by Amicon filtration. DNase-resistant viral genomic titers were
measured by real-time qPCR using a Bio-Rad iCycler (Bio-Rad, Hercules, CA, USA).

In vivo selections
DhhCre mice (JAX 012929) were a generous gift from David Kirsch’s lab at Duke University.
Animal protocols were approved by the Animal Care and Use Committee at the University
of California, Berkeley. For rounds of in vivo selection, eight-week-old DhhCre mice were
injected via tail-vein with 1x1011-1x1012 vg/mouse. Mice were sacrificed two weeks after
injection, and sciatic nerves were harvested. Sciatic nerves were then sliced into small pieces
using a razor blade and enzymatically digested in Hirt lysis buffer with proteinase K (New
England Biolabs) and RNase A (Thermo Fisher) at 55°C for 3-4 hours. Viral DNA was
then extracted as described previously[94]. For PCR amplification of both inverted and
non-inverted cap, primers Cap_longFWD and Cap_longRev were used (Table A.1). For
amplification of inverted cap only, a nested PCR was performed after amplification of all
cap using primers Cap_InvF3 and Cap_Rev2 (Table A.1). Cap genes were then digested
with HindIII and NotI (New England Biolabs) and cloned into pSub2FloxCap for additional
rounds of selection or pXX2 for validation assays.

In vitro selections in hSCs
For in vitro selections, hSCs were transduced with AAV libraries at an MOI of 5000. After
three days, cells were rinsed with PBS (Gibco), dissociated with trypsin (Corning), pelleted
at 200g for 4 min, and either viral DNA or RNA was extracted. Viral DNA was harvested by
Hirt extraction described previously, and cap genes were amplified with primers Cap_NSF4
and Cap_Rev4. RNA was extracted from the cell pellet with the RNA Plus Mini Kit
(Qiagen, 74134) according to manufacturer’s protocol. cDNA was synthesized using iScript™
Select cDNA Synthesis Kit (Bio-Rad, 1708898), and cap genes were amplified using primers
Cap_cDNA_FWD and Cap_cDNA_REV (Table A.1). Cap genes amplified from either
viral DNA or RNA extraction were then digested with HindIII and NotI and cloned back
into pSub2FloxCap.
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Construction of GFP-barcoded variants and sequencing analysis
Unique 16-bp DNA barcodes were cloned downstream of the doubly-floxed GFP in the plas-
mid pAAV-FLEX-GFP (Addgene, 28304). Individual variants were packaged with their
corresponding GFP barcode, mixed at an equimolar ratio, and systemically injected into
DhhCre mice at 9x1011 vg/ mouse (n = 5). Two weeks after injection, viral DNA was
extracted from sciatic nerves and barcodes from reverted GFP genes were amplified. The
pre-selected (before injection) and post-selected (after injection) barcode pools were submit-
ted for sequencing on the MiSeq v3 (UC Berkeley Genomics Sequencing Laboratory) after
library prep. After filtering out low-quality reads, barcode counts for pool were quantified,
and enrichment scores for each AAV were calculated by normalizing the percentage of each
barcode after tissue harvest to the percentage of each barcode in the pre-selected library.

In vivo variant characterization and immunohistochemistry
For individual variant validation, variants packaged with scCAG-GFP were injected in wild-
type C57BL/6J mice (Jackson Laboratories 000664) via tail-vein injection. After three
weeks, mice were sacrificed, and harvested sciatic nerves were fixed in 10% neutral-buffered
formalin (Sigma-Aldrich) overnight, followed by a 30 min incubation in dH2O and storage
in 70% ethanol. Livers were also harvested from each mouse for biodistribution analysis.

To quantify GFP expression in the sciatic tissue, nerves were cryoprotected in 10% and
30% w/v sucrose gradients in PBS before being frozen in optimal cutting temperature (OCT)
compound (Tissue-Tek; Sakura Finetek USA) overnight. Frozen nerves were then cryosec-
tioned into 12um slices and mounted onto glass coverslips (VWR). Before staining, tissue
was permeabilized with 0.5% Triton-X in PBS for 10 minutes and blocked with 5% don-
key serum (Sigma-Aldrich) for one hour at room temperature. Primary antibody staining
was done at 4°C overnight using the following antibodies: rabbit anti-S100 beta (Abcam,
ab52642) and goat anti-GFP (Abcam, ab6673). After washing three times with PBS, tis-
sue was then stained with the corresponding secondary antibodies for one hour and DAPI
for 10 minutes at room temperature. Slides were mounted with ProLong™ Gold Antifade
Mountant (Thermo Fisher) and imaged on the BioTek Lionheart FX (Agilent).

In vitro characterization in hSCs and immunocytochemistry
For individual variant characterization in vitro, AAVs packaged with GFP were added to
hSCs at an MOI of 5000 unless otherwise specified. Three days after transduction, cells were
fixed in 4% paraformaldehyde (Thermo Fisher) in PBS for 20 minutes at room temperature.
After washing three times in PBS, cells were permeabilized in 0.5% Triton-X in PBS for 10
minutes and blocked in 5% donkey serum (Sigma-Aldrich) for one hour at room temperature.
Primary antibody staining was performed at 4°C overnight with rabbit anti-GFP (Abcam,
ab6556). Cells were then washed three times with PBS and stained with a secondary anti-
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body for one hour and DAPI for 10 minutes at room temperature. Images were taken on
the ImageXpress Micro (IXM) imaging system.

Design of chimeric-based peptide insertion library
For the generation of our peptide insertion libraries from chimeric variants C1, C5, and C6,
a stop codon was first inserted within each capsid sequence first to ensure that any variant
without a 7mer insertion would not be able to successfully package. The stop codon (nu-
cleotide sequence TGA) was inserted after amino acid G586 of C1, G588 of C6, and D590
of C5 using the Q5 Site-Directed Mutagenesis Kit (New England Biolabs). A variable 7mer
insertion region flanked by amino acid linkers (LA-A for C1 and C6 and TG-GLS for C5)
was inserted into the capsid using splice overlap extension PCR. Briefly, left and right frag-
ments were amplified using primer pair seq_fwd/seq_X_rev and 7mer_X_fwd/7mer_rev
(Invitrogen) respectively, where X represents the corresponding linker. The random 7mer
region was incorporated into the 5’ end of the right fragment. A second PCR using equimo-
lar amounts of the purified left and right fragments (250 ng total DNA) and primer pair
7mer_fwd/7mer_rev (Invitrogen) was then run to generate full length cap genes with the
variable peptide region (Table A.1). The generated library was digested with HindIII and
NotI (New England Biolabs), ligated into the pSub2FloxCap backbone, and electroporated
into electrocompetent E. coli (Thermo Fisher Scientific, 18290015) for plasmid library pro-
duction.

Neutralization assay
To quantify antibody evasion, 2v6.11 cells were seeded into a 96-well plate (Corning). After
16 hours, the media was replaced with fresh media supplemented with ponasterone A (Invit-
rogen, H10101) at a final concentration of 1ug/ml to induce the E4 gene. C1, C6, AAV1, and
AAV2 were packaged with GFP and incubated with serial dilutions of human IVIG (Gam-
maguard) for two hours at 37°C. The neutralized samples were then added to the 2v6.11 cells
at an MOI of 10,000 (n = 3), 24 hours after supplementation with ponasterone A. Cells were
fixed after three days, stained for GFP and DAPI, and imaged as previously mentioned. The
percentage of cells transduced and total intensity were measured and normalized to GFP
expression in the absence of IVIG.

Biodistribution assay
Three weeks after systemic injection of variants packaged with scCAG-GFP into C57BL/6J
mice, livers were harvested and sliced into small pieces using a razor blade. gDNA was
collected using the DNeasy Blood and Tissue Kit (Qiagen, 69504) following manufacturer’s
instructions. Vector copy number was then quantified using real-time qPCR using a Bio-Rad
iCycler (Bio-Rad, Hercules, CA, USA) with primers GFP_FWD and GFP_REV (Table
A.1) and normalized to the extracted concentration.
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Chapter 3

Long-read sequencing of Diverse DNA
libraries through Barcode-Labeled
Short Reads (BLaSR)

3.1 Chapter Abstract
A major shortcoming of short-read sequencing technologies – the inability to sequence long
stretches of DNA – has been addressed by newer, long-read technologies, such as Oxford
Nanopore and PacBio SMRT Sequencing. These sequencers can characterize longer read
lengths ranging from a few thousand to several thousands of base pairs. However, limi-
tations still exist. Long-read sequencing techniques, particularly single-molecule long-read
technologies, suffer from high error rates, ranging up to 10%, which cannot capture single-
nucleotide variations in highly diverse DNA libraries. In addition, current methodologies
are often labor-intensive and require large amounts of input material. There is a need for
accurate profiling of highly-diverse DNA libraries with minimal error that existing long-read
sequencing technologies cannot achieve. Here, we demonstrate a new synthetic long-read se-
quencing methodology we term Barcode-Labeled Short Reads (BLaSR) that can sequence a
diverse AAV cap library using a randomly-barcoded Tn5 transposon system. By leveraging
transposition within a bacterial system, we harness the Tn5 transposon to insert random
barcodes throughout the AAV cap library such that each cap variant contains insertions
with a unique, identifiable barcode. This allows for the generation of barcode-linked next-
generation sequencing short reads in which reads with the same barcode can be traced to
the same AAV variant and thus be assembled into the longer cap variant sequence. We have
engineered a robust pipeline to ensure highly efficient barcoded-Tn5 insertion into the AAV
genome and have assembled thousands of 2.2kb AAV cap variants with an average 20x read
depth with a 0.1% error rate, with a path towards considerably larger numbers of sequenced
cap variants per run through further optimizations.
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3.2 Introduction
Recombinant adeno-associated viruses (AAVs) are an effective gene delivery vehicle and
offer several advantages over other viral and non-viral vectors for clinical gene therapy.
Their ability to promote high expression of the therapeutic cargo and lack of pathogenicity
make AAVs an attractive option[70]. In addition, AAV therapies have achieved success in
numerous clinical trials, with six to date having received US Food and Drug Administration
(FDA) approvals and others in preclinical and clinical development (fda.gov).

Despite the benefits of AAV-based vectors for gene therapy, it has become crucial to
modify naturally-occurring AAVs to enhance their efficacy for most tissue and disease targets.
Natural AAVs exhibit broad tissue tropism, contributing to diminished delivery to target cell
types and potential off-target effects[95]. Neutralization of the AAV upon administration is
also another hurdle. With 30-60% of the human population previously exposed to naturally
occurring AAVs, neutralizing antibodies (NABs) against AAV can substantially reduce the
efficacy of AAV-based treatments and greatly hinder the potential for re-administration[96].
To address this issue, it is essential to engineer the AAV capsid to enhance its delivery
efficiency and specificity while also evading the body’s immune recognition.

Directed evolution is a high-throughput approach for creating and identifying novel AAV
capsid variants with enhanced properties, such as infectivity, targeted delivery, tissue spread,
or immune evasion[40, 50, 48, 37]. Mimicking natural evolution, AAV capsid directed evo-
lution is a process that involves genetically diversifying the AAV cap gene to generate a
large, highly-diverse library of mutant AAV capsids, which are then subjected to iterative
rounds of a selective pressure to identify variants with improved properties. The ability to
deeply sequence these libraries offers insight into the evolutionary process, as well enable ear-
lier identification of effective variants; however, accurate characterization of these diversified
AAV libraries is not possible due to limitations in current sequencing technologies.

The integration of short read next-generation sequencing (NGS) into directed evolution
processes has allowed for data-guided engineering of AAVs, but with a major restriction[97].
NGS allows for comprehensive sequencing of highly-diverse libraries with a relatively low
error rate and can capture variant mutations in which mutations are restricted to a specific
region or within the read length of NGS sequencers. However, a major issue with short-
read technologies is that libraries that have been diversified via methods such as error-prone
PCR, random shuffling, or ancestral reconstruction[37, 49, 39, 55], in which diversity is spread
through the full cap open reading frame, are unable to be correctly sequenced as individual
clones. Long read sequencing offers this potential, but at substantially lower read depth
and high error rates (1-10%). Significant improvements have been made in lowering error
rates[98]; still, large amounts of input DNA are required, data yield per run is lower than
short-read technologies, and costs per data remain higher than short-read methodologies[99].

Here, we have made progress in addressing the limitations of both long- and short-
read sequencing methodologies to profile a diverse AAV cap (∼2.2kb) library. We have
developed a synthetic long-read methodology Barcode-Labeled Short Reads (BLaSR) that
aims to address the pitfalls of existing sequencing methodologies and have applied it here
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to mutagenized adeno-associated virus (AAV) cap libraries that have been diversified across
the entire cap open reading frame. Moreover, the use of BLaSR is not limited to AAV cap
libraries; rather, this long-read sequencing methodology can be applied to other diverse DNA
libraries that cannot otherwise be accommodated by next-generation sequencing.

3.3 Results

Overview of BLaSR
Tn5 transposons are DNA elements that can change their genomic integration positions, or
“jump” from one place in the genome to another, via a “cut and paste” mechanism[100, 101].
They are commonly used in molecular biology and genetics for their ability to randomly insert
into DNA, unlike other transposons, such as the mariner transposon that inserts preferen-
tially at TA dinucleotides[102], which makes them valuable tools for mutagenesis, mutant
fitness assays, and the creation of insertion libraries[103, 104, 105, 106, 107, 108]. Addi-
tionally, Tn5 transposons are integral in DNA library preparation for sequencing purposes,
where their transposase activity can simultaneously fragment DNA and attach sequencing
adapters in a highly efficient and streamlined process, known as tagmentation[109]. Conven-
tional tagmentation involves incubation of the Tn5 transposase with each adapter set (i.e
the DNA to be “inserted”) and the target DNA to be tagmented in a sample well. However,
for every unique DNA sequence to be inserted, a separate reaction well is required. A crucial
aspect of BLaSR is the establishment of a link between a unique Tn5 insertion and an AAV
variant, which is nearly impossible to scale up for highly-diverse libraries that contain mil-
lions of variants with current tagmentation strategies. Here, we utilize bacterial cells as the
“reaction wells” to tagment AAV plasmid variants. A Tn5 transposon-containing plasmid,
carrying short, random barcodes, is co-transformed into E. coli with an AAV plasmid library,
such that cells receive one copy of a barcoded Tn5 plasmid and one copy of an AAV vari-
ant. During the culture period, the target AAV plasmid replicates inside the bacterium, and
when the bacterium divides, it gives many copies of the same AAV plasmid. Simultaneously,
Tn5 insertion of the barcode is happening into the AAV plasmids, at different sites for each
plasmid, so that the end result is an originally-clonal population of AAV plasmids with Tn5
insertions randomly distributed throughout them. The AAV variant is then sequenced using
next-generation sequencing, beginning from the inserted barcode. Thus, we harness random
Tn5 insertions to barcode Illumina short reads so that each short read containing the same
barcode can be traced back to the same AAV variant and assembled to form the full cap
sequence.

The BLaSR methodology is summarized in Figure 3.1a. Briefly, a library of Tn5
transposon-containing plasmids with random barcode sequences were co-transformed into E.
coli with an AAV cap plasmid library to generate barcoded AAV plasmids. Co-transformation
was optimized to maximize the number of bacterial cells that received a copy of each plasmid
while minimizing the chance of a bacterial cell receiving two plasmids from the same library
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Figure 3.1: Overview of BLaSR sequencing methodology. (a) Schematic for BLaSR process for the assembly
of diverse AAV cap sequences. (b) Representation of Tn5 transposition into the AAV genome. (c) Design
of randomly-barcoded Tn5 plasmid library. (d) Restriction enzyme digest confirming Tn5 insertion into the
AAV cap gene. Graphics created with BioRender.com.

(Figure B.1). The transformed bacteria were then cultured in dual-resistant media, allow-
ing for replication and transposition of Tn5 barcodes into the AAV plasmid (Figure 3.1b).
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Barcoded AAV cap genes were selectively extracted and sequenced using next-generation
sequencing. Short reads were then bioinformatically grouped according to barcode and as-
sembled to generate full-length cap sequences.

Generation of a barcoded AAV cap library using
randomly-barcoded transposons
The BLaSR transposon plasmid library was modeled after the plasmid pBAM1[110]. In
short, the backbone contains an R6K gamma origin of replication and a hyperactive Tn5
transposase gene (E54K, M56A, and L372P modifications to the wild-type sequence) up-
stream of the transposable element. The transposable element contains a kanamycin selec-
tion marker (KAN) to allow for dual selection with the ampicillin-resistant AAV plasmid
library, flanked by two 19-bp hyperactive inverted terminal repeat regions, termed mosaic
ends (MEs). Unique 20-bp barcodes were cloned downstream of KAN and within the MEs
(Figure 3.1c).

For validation of insertion, BLaSR sequencing was first applied to the wild-type AAV2
cap sequence. The AAV2 cap sequence was cloned into the pSub2 backbone, which con-
tains a pBR322 origin of replication and an ampicillin resistance marker (AMP), allowing
for co-replication with a Tn5 plasmid within the same bacterial cell. After two rounds of
transformation to enrich for Tn5-inserted AAV plasmids, Tn5 transposition into the AAV
cap was validated by digesting the Tn5-inserted AAV plasmid library with two restriction
enzymes HindIII and NotI that flank the cap gene and analyzing the fragments on a gel
(Figure 3.1d). Additional experimental optimizations were performed to maximize the
number of Tn5 insertions into the AAV genome and characterize locations of Tn5 insertions
to develop the complete experimental pipeline (Figure B.1).

Characterization of BLaSR applied to AAV cap
Before applying BLaSR to a diverse AAV cap library, we first investigated the nature of
Tn5 insertion sites into AAV cap. In order for BLaSR to be most effective, the Tn5 barcode
should insert in an unbiased manner and ideally uniformly across the AAV capsid. To assess
this, we applied BLaSR to the wild type AAV2 capsid gene, a known sequence, and mapped
all reads to the AAV2 cap sequence to identify the exact locations of Tn5 insertions with
high precision. BLaSR utilizes paired-end Illumina sequencing to sequence both ends of
Tn5-inserted cap amplicons (average amplicon length of 500bp), with Read 2 containing the
Tn5 barcode and Read 1 containing mostly AAV DNA (Figure 3.2a). Mapping of Read 2
sequences (containing the Tn5 barcode insertion location) can pinpoint the insertion sites.
With the heterogeneity of NGS amplicon length, Read 1 provides additional insight into
sequencing coverage of cap (Figure 3.2a). Because BLaSR requires paired-end sequencing,
both Read 1 and Read 2 (excluding the Tn5-associated region) were mapped to AAV2.
Interestingly, a bias in coverage was noted at both the 5’ and 3’ ends of cap, though a
relatively unbiased coverage throughout the rest of cap (Figure 3.2b-c).
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Figure 3.2: Characterization of BLaSR. (a) Schematic representing the NGS amplicon library. (b) NGS
analysis of Read 1 coverage across AAV template before optimization of Tn5 bias. (c) NGS analysis of Read
2 coverage across AAV template before optimization of Tn5 bias. (d) NGS analysis of Read 1 coverage across
AAV template after optimization of Tn5 bias. (e) NGS analysis of Read 2 coverage across AAV template
after optimization of Tn5. (f) Locus sequence coverage of 5’ region before cap and cap region before and
after optimization of Tn5 bias. (g) Error rate of the BLaSR methodology, as applied to known sequence
AAV2 cap.
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To further assess bias, a restriction enzyme digest was performed. After extracting the
Tn5-inserted cap fragments from the Tn5-inserted AAV plasmid library by restriction enzyme
digest, a Tn5-specific restriction enzyme (SpeI ) was then used to digest the cap-containing
fragments. If the Tn5-barcode had in fact inserted uniformly, we would expect to see a smear
after gel electrophoresis. Instead, our results correlated to our NGS results and revealed two
dominant bands in addition to a smear, suggesting an insertion bias for the end regions
of cap (Figure B.2a-b). The smear was gel-extracted, excluding the dominant bands,
and submitted for NGS. Upon analysis of the mapped reads, a decreased coverage in the
5’ end by 57% in Read 1 and 20% in Read 2 and increased coverage in the remainder
of cap was observed, suggesting removal of the dominant bands improved coverage of the
desired cap region, though bias towards the end regions was still observed (Figure 3.2d-
f). It is also known that the Tn5 transposition creates a 9-bp duplicate of the target DNA
insertion sequence[111, 112], so sequence logos, used to show motifs or patterns in biological
sequences, were constructed before and after removal of the dominant bands (Figure B.3).
Interestingly, there appears to be a slight preference for G/C bases at the first and last
position of the 9bp target sequence, corresponding to previous studies[113].

Upon further analysis, it was noticed that if, in fact, there was a bias of insertion at both
ends of cap, removal of the dominant bands after the SpeI digestion might leave behind the
smaller (>300 bp), corresponding fragments that may still contribute to bias in coverage
and thus less efficient coverage of the cap (Figure B.2b - highlighted in green). It
was observed upon assessment of the reads that mapped to either end of cap that before
removal of the dominant bands, reads that aligned to either end of cap were of a mix of
either orientation (FWD and REV). However, upon removal of the dominant bands, reads
that aligned to the 5’ end were entirely of the reverse (3’ to 5’) orientation, while reads that
mapped to the 3’ end were mostly of the forward (5’ to 3’) orientation, hinting that not
all of the insertion bias had been experimentally removed. Thus, a DNA cleanup step that
removed fragments under 300bp after library preparation was implemented before Illumina
sequencing to further reduce bias (data not shown).

Another important aspect of BLaSR to characterize is error rate, a major limitation in
current single-molecule long-read sequencing methodologies. Due to the hurdle of long-read
sequencing, however, the shuffled AAV cap library has yet to be fully sequenced, and thus
lacks a benchmark for comparison. Accordingly, we applied BLaSR to wild-type AAV2,
as mentioned previously, with Illumina’s MiSeq Nano, which outputs approximately 1x106

reads. To quantify the error rate, we randomly sampled varying numbers of sequences and
assembled contigs, which were then aligned to AAV2 cap. The number of point mutations
was counted and then normalized to the length of the assembled contig to calculate error
rate. We plotted the error rate versus the number of sequences used to assemble the contig
(Figure 3.2g). Our calculated error rate ranged from 0.1% with 1000 sequences to 0.2%
with 100 sequences, superior to existing long-read sequencing technologies.
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Sequencing of a shuffled AAV capsid library using BLaSR
To assess efficacy of this synthetic long-read methodology, we next applied BLaSR to a
diverse, chimeric, randomly-shuffled capsid library, described previously[39]. We applied
BLaSR to approximately 45ng AAV DNA (about 5x109 AAV plasmids), used a modified
GUIDE-seq protocol for NGS library preparation of the barcoded cap library, removed se-
quences under 300bp, and sequenced on the NovaSeq6000 platform.

An overview of data analysis is provided in Figure 3.3a. For analysis of the sequenced
data, reads were first filtered by base pair quality scores and length, with about 2 billion reads
remaining post-filtering. After filtering, we first assessed the number of unique Tn5 barcodes.
Given that the number of unique barcodes is the theoretical number of variants that can be
sequenced, it is imperative that this number is greater than the number of variants we aim to
sequence. We calculated 252 million unique barcodes, which is 10 to 100-fold higher than the
maximum size of the shuffled library, based on the number of independent bacterial clones
from generation of this library. We next sought to quantify the number of reads associated
with a given Tn5 barcode (Figure 3.3b-c). Barcodes had varying numbers of reads, with
2.3x104 barcodes having more than 5000 sequences and about 3x105 barcodes containing
1000 or more sequences.

With this information, we next aimed to estimate the number of sequences needed to as-
semble a full cap sequence. For this, we randomly sampled 30 barcodes with varying numbers
of associated sequences. Using Geneious Prime’s de novo assembly program, we manually
assembled individual contigs and plotted the length of the assembled contig against the
number of sequences used to assemble that contig (Figure 3.3d). From this, we estimated
that approximately 3000 sequences are needed to assemble the full cap sequence, implying
that BLaSR can sequence up to 7.1x104 cap sequences based on Figures 3.3b-c. However,
further analysis is ongoing to comprehensively quantify the number of sequences that can be
assembled (see Future Directions).

In addition, we also estimated the read depth of our assembled contigs. Read depth is a
crucial parameter in long-read sequencing, and high read depth allows for consensus building
and thus higher sequencing accuracy. It also improves the quality of the assembled sequences
by ensuring that all regions of the cap sequence are sufficiently covered. From our sequenced
shuffled library, we randomly selected three barcodes that had successfully assembled the
full capsid sequence with 2000-3000 sequences and plotted the read coverage (Figure 3.3e).
Read depth averaged approximately 20x over these variants.

3.4 Discussion and Future Steps
Long-read sequencing of diverse AAV cap libraries is an invaluable tool to characterize li-
braries that have yet to be fully sequenced - libraries in which mutations span the entire
length of the cap gene - due to read length limitations, error rates, and read numbers of
existing technologies. The ability to fully sequence diverse AAV cap libraries provides infor-
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Figure 3.3: Sequencing a shuffled AAV library with BLaSR. (a) Overview of BLaSR data processing pipeline
and analyses. Graphic created with BioRender.com. (b) Analysis of number of unique barcodes identified
versus the number of sequences linked with each unique barcode. (c) Number of unique barcodes that have
a particular number of sequences per barcode. (d) A subset of AAV assembled cap contigs, indicating the
number of sequences used to generate the assembly versus the percentage of the full cap sequence assembled.
(e) Assembly of a small subset of AAV cap variants, demonstrating read depth across the AAV cap sequence.
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mation into the diversity of the library, as well as insight into the selection process of directed
evolution. By providing a comprehensive view of the cap gene variants, long-read sequencing
facilitates the development of more effective AAV vectors for gene therapy, ensuring that the
full spectrum of viral diversity and evolution is captured.

To that end, we have developed a synthetic long-read sequencing methodology termed
BLaSR to enable full characterization of AAV cap libraries and move towards addressing the
limitations of current sequencing technologies. Despite its read length limitations, Illumina
is superior to long-read sequencing in cost, run time, amount of input material needed, and
read accuracy (especially with strong read depth)[99]; thus, we aimed to harness Illumina’s
technology to create a synthetic long-read sequencing method by inserting a barcode into
each short read. Using a randomly-barcoded Tn5 transposon, we tagmented AAV cap vari-
ants and generated an NGS-compatible library such that each short read contained a 20bp
barcode that could be mapped back to an AAV clone, allowing for the assembly of complete
cap sequences. By first applying BLaSR to wild-type AAV2, we were able to quantify in-
sertion bias and error rate of this methodology. Error rates were calculated to be 0.1-0.2%,
depending on the number of sequences per barcode, which is significantly improved over
Oxford Nanopore and marginally improved over PacBio’s Sequel II system[99]. In addition,
while the Tn5 insertion demonstrated preference of insertion at the 5’ and 3’ ends of cap, we
were able to reduce insertion bias at these regions and saw approximately 20x coverage of
the AAV cap.

An imperative consideration in the development of BLaSR is the co-transformation of
the barcoded-Tn5 library and AAV library into E.coli for transposition. For BLaSR to be
effective, it is crucial that we maximize the number of cells that receive one copy of each
plasmid to maximize the number of Tn5 barcodes inserted into the cap gene. By strategically
designing the barcoded Tn5 plasmid to contain a different origin of replication (R6K) and
selection marker (KAN) than our AAV library, our two plasmids can successfully co-replicate
in a singular bacterial cell. Varying experimental conditions were also tested to maximize
Tn5 insertion into the AAV plasmid. However, it is important to also minimize the number
of bacterial cells that uptake more than one copy of either plasmid. Two Tn5 barcodes in the
same cell as one AAV variant splits the number of Tn5 insertions - and thus sequencing reads
- of the variant among two different barcodes, which may lead to not enough transpositions
to sequence the full cap. Two AAV variants transformed into a bacterial cell with one Tn5
plasmid would cause two AAV variants to contain the same Tn5 barcode, leading to possible
incorrect assembly of the AAV variant. Because of this issue, measures were incorporated to
minimize this occurrence. First, low amounts of DNA (15ng total DNA per transformation)
were used to co-transform the two libraries into E. coli. The probability of three plasmids
transforming the same cell with this amount of DNA via electroporation is highly statistically
unlikely. Tomoiaga et al. showed that electroporation of DH5alpha cells with three plasmids,
at varying amounts of total DNA and differing in just their fluorescent marker, resulted in
about zero percent of colonies being transformed with all three plasmids[114]. In addition,
plasmids with the same origin of replication (e.g two AAV plasmids or two Tn5 plasmids)
compete for the same replication machinery if taken up by the same cell, leading to one
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plasmid “outcompeting” the other in replication[115, 116]. Upon co-transformation of the
two plasmid libraries, we sampled individual bacterial colonies and used Sanger sequencing to
assess whether individual cells had taken up two copies of either plasmid. Results indicated
no or minimal occurrence of triple transformations based on the output of a singular sequence
and base-pair quality of the read (data not shown).

Further work is needed and currently ongoing to comprehensively sequence the shuffled
AAV library. While we have estimates of the number of variants that can be fully assembled,
we are developing a pipeline to assemble contigs of every variant to provide insight into
the composition of our shuffled library. In addition, we plan to utilize existing long-read
methodologies, such as PacBio’s Sequel II system (8 million reads), for comparison. It will
be interesting to compare the number of sequences, error rate, ease of assembly, and cost of
both these sequencing technologies to understand the advantages and disadvantages of each.

We have also applied BLaSR to the shuffled library that has undergone a round of selec-
tion in adult human brain tissue to demonstrate its utility in direction evolution selections.
AAV targeting of central nervous system (CNS) cell types offers great potential for treating
CNS diseases, including Huntington’s and Parkinson’s disease[63]. Our shuffled AAV cap
library was packaged and administered to three brain slices at an MOI of 1000. Three days
later, gDNA was harvested from the bulk tissue, and cap was PCR amplified and cloned back
into the pSub2 backbone. The selected library was sequenced with BLaSR via the NextSeq
2000, and the number of sequences per barcode were quantified (Figure B.4). Analysis is
ongoing to fully sequence these variants and calculate the enrichment score for each variant
to identify AAV capsids with improved delivery to adult human brain tissue.

While additional analysis is needed to fully characterize BLaSR’s capabilities, we are
optimistic in its ability to accurately characterize AAV libraries that have yet to be com-
prehensively sequenced. BLaSR is a novel synthetic long-read sequencing methodology that
may provide a useful alternative to capturing/characterizing diverse AAV libraries and has
the potential to be used for other DNA libraries that may not be able to be sequenced using
existing technologies.

3.5 Materials and Methods

Generation of randomly-barcoded Tn5 transposon vector
Full Tn5 transposon vector, without any barcodes, was synthesized by GenScript, modeled
after the plasmid pBAM1[110]. The synthesized plasmid contained an R6K gamma origin
of replication, a kanamycin resistance marker, two 19-bp mosaic ends, and the Tn5 trans-
posase gene. Barcodes were generated via PCR using the primers Tn5_BC_FWD and
Tn5_BC_REV (Table B.1). Barcodes were then subcloned into the synthesized Tn5 vec-
tor using the restriction sites PpuMI and EcoRI. The ligated reaction was electroporated
into TransforMax™ EC100D™ pir-116 Electrocompetent E. coli (Lucigen) and midiprepped
(Invitrogen), resulting in the randomly-barcoded Tn5 vector library.
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Strains and standard growth conditions
TransforMax™ EC100D™ pir-116 Electrocompetent E. coli (Lucigen) were cultured at 37°C
and 225 rpm. ElectroMAX™ DH10B electrocompetent cells (Invitrogen) were also cultured
37°C and 225 rpm. Overnight cultures refer to a 14-hour incubation.

Transposon mutant AAV capsid library construction (BLaSR
Methodology)
AAV and Tn5 plasmids were electroporated into TransforMax™ EC100D™ pir-116 Electro-
competent E. coli at 2.5 kV, 200Ω, 25 uF using a BioRad GenePulser II electroporator. A
total of 15ng was electroporated, at a ratio of 10:1 AAV:Tn5. Transformed bacteria were
then cultured overnight for 14 hours in LB media supplemented with kanamycin and ampi-
cillin to enrich for cells that received both types of plasmids. After 14 hours, the culture
was diluted 1:3 and cultured for another six hours at the same conditions. The midiprepped
library was then electroporated again into DH10B electrocompetent cells at 80ng per reac-
tion and cultured in LB media supplemented with kanamycin and ampicillin for 14 hours to
enrich for AAV plasmids with the Tn5 insertion. DH10B cells do not support the replication
of plasmids containing an R6K origin of replication, so non-transposed Tn5 plasmids would
not propagate through this transformation. In addition, any uninserted AAV plasmid would
not propagate due to the lack of kanamycin resistance.

BLaSR NGS library preparation
From the barcoded AAV library, Tn5-inserted cap genes were first extracted by digestion
with HindIII and NotI. The library was then prepped according to the GUIDE-seq protocol,
described previously[117]. Briefly, the Tn5-inserted cap library was sheared to an average
length of 500bp using the Covaris S2 sonicator. After a cleanup with AMPure XP SPRI beads
(Beckman Coulter), Y-adapters were blunt-end ligated to the sheared library after end repair
and A-tailing. A nested PCR was then performed to specifically amplify fragments with the
Tn5-barcode and add the Illumina adapters. The prepped library was then sequenced on
either the MiSeq Nano, NovaSeq 6000, or NextSeq 2000 (2 x 150bp paired end reads).

BLaSR data analysis
Raw data was first filtered based on base pair quality scores and PCR duplicates were then
removed. With an average amplicon length of 500bp, a majority of the read pairs did not
overlap in sequence; however, a small percentage of Read 1 sequences did read into the Tn5-
associated region. To improve accuracy of the contig assemble pipeline, all Tn5-associated
regions from Read 1 were subsequently trimmed. Tn5 barcodes were then split from the
AAV-associated squence of Read 2. All AAV sequences linked to the same Tn5 barcode
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were then binned into one fasta file, and contig assembly was done manually with Geneious
Prime. An automated contig assembly pipeline is currently being developed.

AAV vector production
The shuffled AAV cap plasmid library[39] was packaged in HEK293T cells. AAV vectors
were produced by triple transient transfection with polyethylenimine (PEI) in 15cm plates
of HEK293T cells. For library production, 70ng library plasmid, 5ug pRepHelper, 13.5ug
pHelper, and 9ug pBluescript were added per 15cm plate. Seventy-two hours after transfec-
tion, viral particles were harvested, purified by iodixanol density centrifugation, and buffer
exchanged into PBS with 0.001% Tween 20 by Amicon filtration. DNase-resistant viral ge-
nomic titers were measured by real-time qPCR using a Bio-Rad iCycler (Bio-Rad, Hercules,
CA, USA).

Brain selection
Adult brain tissue was obtained, sliced into 300um sections, and cultured by Prof. Tom
Nowakowski’s lab at University of California, San Francisco (UCSF). The packaged shuffled
AAV library was added dropwise to the culture media at an MOI of 1000 and incubated at
37°C for 72 hours. Tissue was then flash frozen for storage and transportation. Genomic
DNA was then extracted using the DNeasy Blood and Tissue Kit (Qiagen, 69504) following
manufacturer’s instructions. Cap genes were then PCR amplified using primers Cap_NSF4
and Cap_Rev4 (Table B.1), digested with HindIII and NotI (New England Biolabs),
and cloned into pSub2 for BLaSR sequencing. Post-selection library was sequenced on the
NextSeq 2000 (2 x 150bp paired end reads).

Insertion bias and error rate
To quantify both insertion bias and error rate of this methodology, BLaSR was applied
to the wild-type AAV2 genome and sequenced on the MiSeq Nano (2 x 150bp paired end
reads). For assessing Tn5 insertion locations, the raw sequencing data was filtered based
on base pair-quality score thresholding, and PCR duplicates were removed. For Read 1,
Tn5-associated regions were removed in the case of shorter amplicons. For Read 2, AAV
DNA immediately downstream of the Tn5 insertion was extracted. Both trimmed Read 1
and Read 2 sequences were then aligned to the wild-type genome template using Rsubread
and visualized in Geneious Prime.

To quantify the error rate, raw data was processed similarly to analysis of insertion
locations. Reads were filtered based on quality score, PCR duplicates were removed, and both
Read 1 and Read 2 were trimmed of Tn5-associated sequences. Due to the limited number of
reads (∼one million), barcodes were not included in this analysis. Groups of sequences were
randomly selected, ranging from 100 to 5000 sequences. Contigs were assembled and aligned
to the wild-type AAV2 genome sequence. The number of point mutations was measured,
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and error rate was calculated by normalizing the number of point mutations to the length
of the assembled contig.
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Table A.1: Primers used in study

Primer Name Primer Sequence (5’to 3’)
Cap_longFWD CGCAGGAGCAGAACAAAGAGAATC
Cap_longREV ACCGATACCACACGAACAGGTG
Cap_InvF3 AGAGACCAAAGTTCAACTGAAACG
Cap_Rev2 TACCACACGAACAGGTGTAGTT
Cap_NSF4 GCGCAGCCATAGATCTATAACTTC
Cap_Rev4 TAGTTGCCAATGACGACCACA
Cap_cDNA_FWD GAACGGTACGAAGCTTCGATCA
Cap_cDNA_REV GATTAACAAGCGGCCGCA
GFP_FWD AGCAGCACGACTTCTTCAAGTCC
GFP_REV TGTAGTTGTACTCCAGCTTGTGCC
seq_fwd GGTGGAGCATGAATTCTACGTC
seq_LAA_rev GCCTCTCTGGAGGTTGGTAGATAC
seq_TGGLS_rev GTCTGTGCTGCTGCTCTGGAA

7mer_LAA_fwd GTATCTACCAACCTCCAGAGAGGCCTAGCANNKNNKNNK
NNKNNKNNKNNKGCTAACAGACAAGCAGC

7mer_TGGLS_fwd TTCCAGAGCAGCAGCACAGACACCGGTNNKNNKNNK
NNKNNKNNKNNKGGCTTAAGTCCTGCGACCGGAGAT

7mer_rev TCAGTTGAACTTTGGTCTCTGCG
7mer_fwd GGTACGAAGCTTCGATCAACTACG
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Figure A.1: Natural serotype transduction in hSCHWs. hSCHWs were transduced with each natural serotype
packaged with scCAG-GFP at an MOI of 5000. After three days, cells were fixed, stained for GFP and DAPI,
and imaged. Data are presented as mean ± SD, n= 3. All statistical analyses were done with a one-way
ANOVA with Tukey’s multiple comparisons test (*p < 0.05, **p<0.01, ****p<0.0001).
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Figure A.2: Next-generation sequencing (NGS) analysis of variant enrichment in mouse Schwann cells. a)
Schematic demonstrating the barcoded pAAV-FLEX-GFP plasmids and b) quantification of enrichment of
each AAV in mouse Schwann cells. Enrichment was calculated as shown, where N = number of reads, pre
= equimolar library pool before injection, post = harvested library after injection.
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Figure A.3: Mapping of single amino acid point mutations in C1 capsid. The structure of the C1 capsid was
modeled onto the AAV2 capsid (PDB: 1LP3). Distance from the center of the viral capsid is indicated by
the scale bar below (Angstroms). The three point amino acid mutations are colored black.
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Figure A.4: 7mer variant validation in hSCHWs. hSCHWs were transduced with SCHW1, SCHW2, and
AAV1 at an MOI of 50,000. After three days, cells were fixed, stained for GFP and DAPI, and imaged.
Scale bar represents 100um. Data are presented as mean ± SD, n= 3. All statistical analyses were done
with a one-way ANOVA with Tukey’s multiple comparisons test (*p < 0.05, **p<0.01, ****p<0.0001).
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Table B.1: Primers used in study

Primer Name Primer Sequence (5’ to 3’)
Tn5_BC_FWD AATTGGAAGCTTTAGAGGTCCCC

Tn5_BC_REV ATCCCGGAATTCCGGGTCGACCTGCAGCGTACGNNNNNNNNNNNNNNNNNNNN
AGAGACCTCGTGGACATCTTCGAGCTCAAGACTGCGT

Cap_NSF4 GCGCAGCCATAGATCTATAACTTC
Cap_Rev4 TAGTTGCCAATGACGACCACA
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Figure B.1: Development of BLaSR experimental pipeline. (a) Schematic depicting BLaSR experimental
pipeline. Barcoded-Tn5 and AAV plasmid libraries are electroporated into pir-116 electrocompetent E. coli
and culture in dual-resistance LB media for 14 hours. Afterward, the culture is diluted and cultured for
an additional 6 hours, and Tn5-inserted AAV plasmids are harvested. Tn5-inserted AAV plasmids are then
further enriched by an additional electroporation into DH10B electrocompetent E. coli and culture in dual-
resistance LB media. Graphic created with BioRender.com. (b) Transformation efficiencies of the dual
electroporation of barcoded-Tn5 and AAV plasmid libraries at varying ratios and total amounts of DNA. (c)
Optimization of dilution and additional culture time after the initial 14-hour culture to maximize the number
of Tn5-inserted AAV plasmids. (d) Location of Tn5 insertions within the AAV plasmid after sampling 15
individual colonies after the second round of electroporation.
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Figure B.2: Restriction enzyme digest to assess insertion bias. (a) Tn5-inserted cap sequences were digested
with SpeI and run on an agarose gel. Schematic depicting example digestions of individual sequences. (b)
Diagram showing suggested origin of dominant bands and potential insertion bias. While removal of the
dominant bands removes biased insertion towards the ends of the cap, the “left-over” fragments under 300bp
must also be removed to reduce insertion bias. Graphics created with BioRender.com.

Figure B.3: Assessment of Tn5 insertion bias. (a) Sequence logo profiling the 9-bp Tn5 insertion site before
optimization of Tn5 bias. (b) Sequence logo profiling the 9-bp Tn5 insertion site after optimization of Tn5
bias.
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Figure B.4: Application of BLaSR in directed evolution. (a) Schematic depicting selection strategy of a
diverse shuffled AAV cap library and application of BLaSR sequencing to the selected library. Graphic
created with BioRender.com. (b) Number of unique barcodes that have a particular number of sequences
per barcode for the selected library.
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