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Abstract

Engineering of Novel Adeno-Associated Virus Vectors for Gene Therapy Applications
by
Jorge Luis Santiago Ortiz
Doctor of Philosophy in Chemical Engineering
University of California, Berkeley

Professor David V. Schaffer, Chair

Gene therapy — the introduction of genetic material into cells and tissues of interest for a
therapeutic purpose — has emerged as a very promising treatment for many diseases. Recent
advances in genomics and proteomics, coupled with the advent of genome editing technologies,
have generated an immense pool of potential nucleic acid cargoes that could be delivered as
therapies for a wide array of diseases, ranging from monogenic disorders to cancer. However,
before such therapies can be successful, a major hurdle must be overcome: the development of
gene-carrying vehicles — also referred to as vectors — that can safely, efficiently, and specifically
deliver those therapeutic payloads to the desired cells. The goal of this dissertation was therefore
to address a major need in the field: the development of improved gene delivery vectors.

To date, more than 2,000 clinical trials employing gene transfer have taken place,
establishing the safety of a number of vectors. Non-viral vectors can be easily produced at a large-
scale and are amenable to the engineering of their chemical and physical properties via chemical
modifications, but they suffer from a low delivery efficiency and cell toxicity. On the other hand,
viral vectors harness the highly evolved mechanisms that viruses have developed to efficiently
recognize and infect cells and offer several advantages that make them suitable candidates for use
in gene delivery, both for therapeutic application and as tools for biological studies. In fact, gene
therapy has enjoyed increasing success in clinical trials for numerous disease targets in large part
due to the gene delivery capabilities viral vectors. Vectors derived from viruses have been used in
the majority (over 68%) of gene therapy clinical trials to date, and the most frequently used have
been based on adenovirus, retrovirus, vaccinia virus, herpesvirus, and adeno-associated virus
(AAV).

AAYV vectors are non-pathogenic and can transduce numerous dividing and non-dividing
cell types. Because of these characteristics, AAV vectors have been utilized for gene therapy in
various tissues. The amino acid composition of the viral capsid affects tropism (tissue specificity),
cell receptor usage, and susceptibility to anti-AAV neutralizing antibodies — properties that
influence efficacy in therapeutic gene delivery. However, AAV vectors can still encounter
formidable impediments to efficacious gene delivery, including poor transduction (infection and
expression of delivered gene) of some cell types, off-target transduction, difficulties with
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biological transport barriers, and potential risks associated with the integration of their genetic
load. Extensive engineering of the AAV capsid promises to overcome these delivery challenges
and improve numerous clinically relevant properties. To this end, the overarching goal of my work
in the Schaffer Laboratory, which is presented in this thesis dissertation, was to advance current
gene delivery methods through the engineering and characterization of novel adeno-associated
virus vectors for gene therapy and research applications.

To access new viral capsid sequences with potentially enhanced infectious properties and
to gain insights into AAV’s evolutionary history, we computationally designed and experimentally
constructed an ancestral AAV capsid library. We performed selection for infectivity on the library,
studied the resulting amino acid distribution, and characterized the selected variants, which yielded
viral particles that were broadly infectious across multiple cell types. Ancestral variants displayed
higher thermostability than modern (extant) natural AAV serotypes, a property that makes them
promising templates for protein engineering applications, including directed evolution.
Additionally, some variants displayed high in vivo infectivity on a mouse model, highlighting their
potential for gene therapy.

Motivated by the success of directed evolution in the engineering of proteins with novel or
enhanced properties, | worked in the engineering of AAV vectors for gene delivery to glioblastoma
multiforme (GBM), a highly aggressive type of brain cancer. For this, | conducted directed
evolution to select AAV variants with selective localization to and infectivity on GBM tumor cells
and tumor initiating cells (TICs). Using an accurate GBM mouse model, | performed in vitro and
in vivo selection, recovering viral particles that successfully trafficked to tumor cells and TICs in
the brain after systemic administration to tumor-bearing animals. Following three rounds of in
vivo selection, convergence was achieved upon several variants, the most abundant of which
emerged from the ancestral reconstruction library. The selected variants are currently being
characterized and assessed for their ability to deliver reporter and therapeutic genes, hopefully
resulting in improved suppression of tumor progression compared to delivery with existing AAV
serotypes. These novel vectors could enable new, potent therapies to treat GBM tumors and pave
the way for engineering AAV vectors for other cancer targets.

In summary, this dissertation presents work on the development and characterization of a
novel AAV capsid library, as well as on the implementation of this and of other libraries towards
the engineering of novel AAV variants with selective gene delivery properties for brain tumors.
The work herein presented aims to advance both the field of AAV vector engineering as a whole
and the specific application of AAV vectors towards next generation cancer therapies.
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Chapter 1: Introduction

1.1 Gene Therapy

Gene therapy, defined as the introduction of genetic material into a target cell for therapeutic
benefit, is a very promising treatment for many diseases, including monogenic diseases, cancer,
cardiovascular disease, and neurodegenerative diseases. To date, more than 2,000 clinical trials
employing gene transfer have taken place and in general have established that a number of vehicles
or vectors are safel?. For gene therapies to be increasingly successful, however, a major hurdle
must be overcome: the development of gene delivery vectors that can safely, efficiently, and
specifically deliver genetic material to the target cells.

Non-viral vectors can be easily produced at a large scale and are readily amenable to engineering
or enhancement of their functional properties via chemical modifications; however, they suffer
from a low delivery efficiency and in some cases cell toxicity®. On the other hand, viral vectors
harness the highly evolved mechanisms that the parental viruses have developed to efficiently
recognize and infect cells and offer several advantages, which make them suitable for both
therapeutic application and as tools for biological studies; however, their delivery properties can
be challenging to engineer and improve. That said, viral vectors have been used in the majority
(over 68%%) of gene therapy clinical trials, and their increasing success has been enabled in large
part by the gene delivery capabilities of adeno-associated virus (AAV)?®, lentiviral vectors®, and
oncolytic viruses’. The first regulatory approved gene therapy product in Western nations (in the
EU in 2012) uses an AAV1 vector to treat LPLD8, and in 2015, the first recombinant viral therapy
— an oncolytic herpesvirus for the treatment of melanoma — received regulatory approval in the
us’.

1.2 AAV Vectors in Gene Therapy

AAV vectors in particular have been increasingly successful due to their gene delivery efficacy,
lack of pathogenicity, and strong safety profile®. As a result of these properties, AAV vectors have
enabled clinical successes in a number of recent clinical trials that have established the promise of
gene therapy in general, including for the treatment of diseases such as Leber’s congenital
amaurosis (LCA)*°, where over four Phase | and I/11 clinical trials have demonstrated safety and
long-term (over five years) improvement in retinal and visual function; hemophilia B, targeted in
several Phase | and Phase I/1l clinical trials that have shown long-term efficacy and no toxic
effects®!!; and the Sanfilippo B syndrome, where gene expression and consequently improved
cognitive development have been sustained for at least a year and are still ongoing (Pasteur
Institute Phase I/11 trial, unpublished). Moreover, alipogene tiparvovec (Glybera; uniQure), a gene
therapy for lipoprotein lipase deficiency (LPLD) that employs an AAV vector, received regulatory
approval by the European Medicines Agency in 20122, AAV vectors may also offer a strong
potential for the treatment of cancer, and their excellent gene delivery properties have been
harnessed for in vitro cancer studies (i.e. cultured cells), in vivo pre-clinical cancer models (i.e.
animal models of cancer), and cancer clinical trials under development®3.

1.3 AAV Biology



AAV is a single-stranded DNA parvovirus with a 4.7 kb genome (Figure 1.1A) composed of the
rep and cap genes flanked by inverted terminal repeats (ITRs)!4. The rep gene encodes non-
structural proteins involved in viral replication, packaging, and genomic integration, whereas the
cap gene codes for structural proteins (VP1, VP2, VP3) that assemble to form the viral capsid,
which serves as the viral gene delivery vehicle. Additionally, an alternative open reading frame
nested within the cap gene encodes the assembly activating protein (AAP), involved in the
targeting and assembly of capsid proteins®®. Following cellular entry through cell surface receptor-
mediated endocytosis, endosomal escape, trafficking to the nucleus, uncoating, and second DNA
strand synthesis, the virus can enter its replication cycle in the presence of a helper virus®®. In the
absence of a helper, however, AAV genomes can establish latency and persist as episomes*’ or in
some cases integrate into host chromosomal DNA,

A IR ITR
| rep I cap
S -
VP1 P2 VP3
L L L
I v v
AAP alternate reading frame
B TR ITR

Promoter

Figure 1.1: Genomic structure of AAV and AAYV vectors. (A) The 4.7kb AAV genome is composed of the rep and
cap genes flanked by inverted terminal repeats (ITRs). The rep gene codes for non-structural proteins involved in viral
replication, packaging, and genomic integration, while the cap gene encodes the structural proteins VP1, VP2, and
VP3 that assemble to form the viral capsid in a ratio of 1:1:10, respectively, in a total of 60 protein subunits. The
assembly-activating protein (AAP) is translated from an alternate open reading frame. Also depicted are capsid loop
domains I through V (LI-LV), which contain variable regions that influence gene delivery properties. (B) Recombinant
AAV vectors are generated by replacing the rep and cap genes with a gene expression cassette (e.g. promoter,
transgene, poly(A) tail) flanked by the ITRs. Vectors are then packaged by supplying the rep and cap genes in trans
as well as adenoviral helper genes required for AAV replication.

1.4 AAV Vectors: Properties and Clinical Success

Recombinant AAV vectors can be generated by replacing the endogenous rep and cap genes with
an expression cassette consisting of a promoter driving a transgene of interest and a poly(A) tail
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(Figure 1.1B). The rep and cap genes are then provided in trans as helper packaging plasmids
together with adenoviral helper genes needed for AAV replication®. Over 100 natural AAV
variants have been isolated, and variations in amino acid sequences result in somewhat different
tropisms (the range of cells and tissues a virus can infect)!®, though none are pathogens®.
Recombinant vectors have been generated from a number of these serotypes®, though vectors based
on AAV-serotype 2 (AAV2) have been the most widely studied and used in preclinical models
and clinical trials to date. In general, vectors based on natural AAV variants have desirable gene
delivery properties: a lack of pathogenicity and immunotoxicity, which grants them a strong safety
profile?®; the ability to infect dividing and non-dividing cells with reasonable efficiency?; the
ability to mediate stable, long-term gene expression following delivery'®; a ~5 kb genome that can
carry a broad range of cargoes??; access to faster expression Kinetics when using self-
complementary, double stranded DNA forms of the vector genome?®; and importantly the potential
for engineering and optimizing the viral capsid and thus vector delivery properties'*. Accordingly,
AAV-based vectors have been harnessed in an increasing number of clinical trials (>130 to date)
for tissue targets including liver, lung, brain, eye, and muscle>®. As a result of its properties, as
mentioned above, AAV has enabled clinical efficacy in an increasing number of trials for various
diseases?8:24-26,

1.5 Gene Delivery Challenges of AAV Vectors

Natural variants of AAV have enabled increasing success in human clinical trials, which have in
turn provided strong momentum to the gene therapy field as a whole. That said, natural AAV
serotypes have some shortcomings that render this success challenging to extend to the majority
of human diseases. As has been reviewed®, barriers for AAV and other vectors include: prior
exposure of most people to natural AAVs leading to anti-AAV neutralizing antibodies that can
reduce vector delivery efficiency by orders of magnitude in vivo, poor vector biodistribution to
important tissue targets, limited spread within those tissues, an inability to target specific cells, and
limited efficiency for many therapeutically relevant target cells. These concerns have motivated
the engineering of AAV capsids that can more efficiently traffic to and transduce cells, as well as
the engineering of genetic cargos for higher potency and selective expression.

1.6 General Developments in AAV Vector Engineering

The amino acid sequence of the proteins that constitute the viral capsid (Figure 1.2) determines an
AAV vector’s delivery properties, including interactions with tissue and vasculature, humoral and
cellular components of the immune system, specific receptors on the target cell surface, the
endosomal network following receptor-mediated internalization, the cytosol after the viral
phospholipase domain enables endosomal escape, and ultimately the nucleus. Thus, engineering
the AAV capsid can generate novel AAV variants with novel and enhanced delivery properties®.
Such vector engineering efforts can be grouped into two categories: rational design, where
structure-function relationships are used to guide specific capsid modifications, and directed
evolution, where libraries of AAV capsids are generated using a range of mutagenesis techniques
and then subjected to a selective pressure for properties of interest.



Figure 1.2: Representation of AAV2 capsid structure. Crystal structure of the AAV2 capsid®’, the most widely
used and studied AAV serotype. Loop domains | through V are depicted following the same color scheme as in Figure
1.1A. Image was produced with Pymol?,

The AAV capsid has been rationally engineered in several ways. For example, capsid surface-
exposed tyrosine residues, whose phosphorylation targets the virion for ubiquitination and
subsequent proteasomal degradation, have been modified via site-directed mutagenesis to
phenylalanine residues to generate variants with reduced proteasomal degradation and subsequent
higher gene expression?®. Structural capsid information has also been used to generate variants
with some resistance to pre-existing neutralizing antibodies by mutating surface residues that may
interact with Immunoglobulin G antibodies (IgG’s)*°. As reviewed elsewhere®®, rational design
has also been employed to generate variants with enhanced transduction (infection and transgene
expression) in tumor cells by using site-directed mutagenesis and inserting peptides with motifs
that bind to receptors highly expressed in cancer cells.

In general, however, the AAV delivery pathway from point of administration until the particle
arrives in the nuclei of target cells is extremely complex, and there is often insufficient knowledge
of viral structure-function relationships to enable rational design efforts. Therefore, another
approach is based on the idea that evolution can generate novel and useful biological function even
in the absence of detailed mechanistic knowledge. Specifically, directed evolution has been
developed and implemented to generate greatly enhanced AAV variants for a variety of
applications. In this approach, the AAV cap gene is genetically diversified to create large libraries
of novel AAV variants (~10* - 10%) utilizing a range of molecular approaches including DNA
shuffling, random point mutagenesis, insertional mutagenesis, random peptide insertions, and most
recently ancestral reconstructions®°. The libraries are then subjected to a selective pressure to
acquire specific, advantageous delivery properties®, and after a suitable number of selection rounds
individual AAV variants are isolated, validated, and harnessed for therapeutic gene delivery in
disease models. Directed evolution has been applied** to create novel, optimized AAV vectors
with enhanced delivery to non-permissive cells such as human airway epithelium*, neural stem
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cells*2, human pluripotent stem cells®, retinal cells*, and other tissues in vitro and in vivo3l3244-
48 AAV vectors have also been evolved for in vivo enhanced tissue spread and infection of non-
permissive cell types*#°, Thus, in vivo directed evolution strategies could potentially be extended
to engineer novel AAV vectors for enhanced gene delivery to tumors.

1.7 Scope of the Dissertation

This thesis dissertation was motivated by the continuous need for the development of improved
gene delivery vehicles that are safer, more specific, and more efficient at delivering nucleic acid
cargoes to cells and tissues of therapeutic interest. AAV vectors hold a great promise for gene
therapy applications, and the work presented here advances the field of AAV vector development
in multiple fronts. In Chapter 2, an ancestral reconstruction of the AAV capsid is generated as a
combinatorial library that is computationally designed, synthesized, packaged, and characterized
in vitro and in vivo. Chapter 3 presents an extensive review of AAV vector developments for
cancer cell-specific transduction and gene expression, and of the employment of AAV vectors
for gene delivery in pre-clinical cancer models and in cancer clinical trials. Finally, in Chapter
4, a novel in vivo directed evolution strategy is developed to engineer AAV vectors for gene
delivery to glioblastoma multiforme tumor cells and tumor initiating cells following systemic
administration. Overall, this dissertation presents the development of novel AAV libraries and
their subsequent employment in the engineering of improved vectors; it aims to enhance AAV
directed evolution efforts in general and to further advance the promise of AAV for cancer
applications, a field it is beginning to enter.
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Chapter 2: Reconstruction and Characterization of an Ancestral
Adeno-Associated Virus (AAV) Library

This chapter is adapted from a manuscript published as

J. Santiago-Ortiz*, D. Ojala*, O. Westesson, J. Weinstein, S. Wong, A. Steinsapir, S. Kumar, .
Holmes, D. Schaffer. AAV Ancestral Reconstruction Library Enables Selection of Broadly
Infectious Viral Variants. Gene Therapy 22, 934-946 (2015).

* Indicates co-first authors.

2.1 Introduction

Advances in DNA sequencing, synthesis, and computational phylogenetic analyses are enabling
the computational reconstruction and experimental investigation of ancestral protein variants.
Following the first ancestral reconstruction study — which resurrected a functional, ancestral
digestive ribonuclease from an extinct bovid ruminant using the parsimony principle? —
reconstructions and functional analyses have been carried out on inferred ancestral proteins
belonging to eubacteria, bony vertebrates, mammals, and the least common ancestor of higher
primates using several inference methods, including the parsimony, consensus, Bayesian distance,
and maximum likelihood methods?. Such ancestral reconstructions and subsequent analysis of
resurrected variants have yielded insights into the conditions that led to protein evolution as well
as the continuous adaption of organisms to changing environmental conditions®.

Ancestral reconstructions have also been harnessed to incorporate additional sequence diversity
into genetic libraries for protein engineering. For instance, small libraries of resurrected ancestral
variants were used in evolutionary studies of protein diversification®® and to generate variants that
are more tolerant to deleterious mutations. Moreover, inferred ancestral sequences have been
combined with extant sequences by swapping residues of interest (e.g. residues in or close to an
enzyme’s catalytic site) in modern sequences with those of the inferred ancestor. This residue
swapping approach was used in basic evolutionary studies® as well as to screen for variants with
properties such as increased thermostability’, improved catalytic activity®, novel substrate
binding®, and higher solubility’®. Ancestral reconstruction is thus a versatile approach to explore
new sequence space for engineering proteins with novel or enhanced properties, and it may
likewise offer potential for gene therapy.

This approach has recently been extended to more complex, multimeric proteins including viruses.
The evolutionary history of viruses is an especially interesting application given their rapid
mutational rates, importance to public health, and promise for gene therapy. For example, ancestral
reconstructions of viral proteins have been generated with the goal of developing vaccine
candidates against HIV-1 and influenza virus''*?, and to study the functionality and properties of
the resurrected variants of HIV-1, influenza, and coxsackievirus'®4, These studies demonstrated
that viral reconstructions could recapitulate properties of modern variants, including
immunogenicity, packaging, tropism, and cell receptor dependencies. These properties are key to
the viral life cycle, and they are also important properties for viruses used as gene therapy vectors.
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Adeno-associated virus (AAV) vectors are highly promising for gene therapy. AAVs are non-
pathogenic'® and can transduce numerous dividing and non-dividing cell types, leading to long
term expression in the latter'®, AAV vectors have accordingly been utilized for gene therapy in
various tissues, including liver, lung, brain, eye, and muscle!’*8, Furthermore, Glybera, the first
gene therapy product approved in the European Union in 2012, employs an AAV1 vector®®, The
amino acid composition of the viral capsid, encoded by the cap gene, affects AAV tropism, cell
receptor usage, and susceptibility to anti-AAV neutralizing antibodies?’. These key properties in
turn impact efficacy in therapeutic gene delivery, which is often limited by poor transduction of
numerous cell types, off-target transduction, difficulties with biological transport barriers, and
neutralization by pre-existing anti-AAV antibodies'®. However, extensive engineering of the AAV
capsid, via modification of the cap gene, promises to improve numerous clinically relevant
properties?®,

Given the functional diversity of natural AAV serotypes, availability of numerous genetic
sequences, and demonstrated clinical efficacy of recombinant vectors, AAV is an intriguing
candidate for ancestral reconstruction, which could further our understanding of its evolutionary
history and plasticity. Interesting questions include whether reconstructed variants exhibit higher
or lower infectivity on a range of cell types, and whether they are relatively specific for particular
cells — an attractive feature for many clinical applications — or are instead promiscuous, as are
many extant serotypes. Finally, ancestral sequences and libraries may be useful starting materials
for directed evolution studies®??, especially considering that such AAVs likely gave rise to the
modern serotypes with their divergent biological properties and tropism.

Motivated by these questions, we conducted ancestral reconstruction of the AAV capsid.
Acknowledging and taking advantage of the inherent ambiguity in reconstructing sequences
containing highly divergent residues, we synthesized the inferred ancestral capsid not as a single
“best guess” sequence, but rather as a large combinatorial library of candidate sequences
incorporating degenerate residues at positions of low confidence. We then explored whether
phenotypic selection of this ancestral sequence space using five cell lines representative of
different tissues would lead to highly infectious variants, and whether these would be promiscuous
— i.e. broadly infectious particles - or exhibit specific tropisms. The ancestral library was found to
be fit, with packaging and transduction efficiencies that were on par with extant serotypes, and
genetically selected variants were found to be broadly infectious on different cell lines.
Furthermore, putative ancestral clones exhibited strong in vivo gene delivery efficiency,
underscoring the potential of such vectors for gene therapy applications.

2.2 Results
Ancestral AAV sequence reconstruction

The goals of ancestral sequence reconstruction are, given a set of extant DNA sequences, to
generate a phylogenetic tree and sequence alignment that relates these sequences, and to infer the
sequences of ancestral variants at different ancestral nodes. Accurate sequence reconstruction is
challenging due to ambiguity in the evolutionary relationships between extant variants (which
affects the phylogenetic tree-building step) as well as sequence divergence at highly variable
residues (which affects the sequence alignment and ancestral reconstruction steps).
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As a starting point, we reconstructed the phylogeny of human, macaque and rhesus monkey AAV
cap sequences retrieved from Genbank (n=52)%2. We used MrBayes?3, which conducts Bayesian
Markov chain Monte Carlo (MCMC) simulation of tree space, to estimate the confidence values
at each internal node (shown in curly braces in Figs. 2.1a and A.1). This approach generated a
phylogenetic tree relating extant sequences, which is essentially a hypothesis concerning the
evolutionary history of AAVs. Each branch on this tree depicts the evolutionary direction that
diversified the sequences, and each internal node represents a ‘splitting” event where two AAV
lineages diverged.

With many ancestral nodes to choose from (full tree in Fig. A.1), we selected node 27 (Fig. 2.1a)
based on its high confidence value (1.00), which minimizes one potential source of uncertainty (at
the level of phylogenetic relationships between entire sequences) and thus improves confidence in
the finer-grained downstream reconstruction of individual amino acids’ evolutionary histories.
This node is also the ancestor of serotypes with demonstrated clinical efficacy (AAV1, Glybera),
biomedical interest (AAV624), or relative resistance to neutralizing antibodies (AAV7%).
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Figure 2.1. Ancestral AAV sequence reconstruction. a) A phylogenetic tree relating a subset of extant AAV variants
at node 27. Curly braced numbers indicate clade posterior probabilities®. The phylogenetic tree graphic was generated
in Dendroscope®. b) A multiple sequence alignment of a subset of AAV variants with column-specific confidence
annotated along the top with single digits. Confidence ranges from above 0.9 (shaded grey) to 0.3-0.4 (shaded white).
c) A distribution of predicted ancestral amino acid sequences for node 27, residues 451-481. The character height of
each amino acid is proportional to its posterior probability.

We then used the Markov chain Monte Carlo alignment sampler HandAlign?’ to explore alignment
space and predict the ancestral sequence of the most likely alignment at node 27. HandAlign
generates a multiple sequence alignment, arranging the sequences of different variants in aligned
‘columns’ such that residues grouped in a column share a common ancestor (Fig. 2.1b). It also
performs the ancestral reconstruction simultaneously with the alignment, and accounts for
sequence insertions, deletions, and character substitutions. Figure 2.1c shows the distribution of
predicted amino acids as a sequence logo, with character heights proportional to posterior
probabilities. The majority of amino acid positions could be predicted with high confidence (>
0.90) and thus represented residues highly conserved during evolution. However, as is common in
ancestral reconstruction, other positions were less evolutionarily conserved and could thus be
predicted with lower probabilities.

Position  Residue 1 % Freq. Residue2 % Freq. Residued % Freg.

264 T 55 Q 25 A 20
266 A 63 S 37
268 5 70 A 30
448 5 71 A 29
4598 T 69 N n
460 R 63 Q 20 X 17
a6/ A 75 G 25
470 S 85 A 15
471 N 60 T 32 5 8
474 A 83 E 16
495 ) 75 T 25
516 o 91 N 9
533 D 86 F 14
547 Q 3 E 11 T B
551 A 50 K 50
558 T sS4 A 26
557 3 86 D 14
561 M 62 ! 28 | 10
563 5 80 N 19
577 3 S0 Q 50
%83 s 26 o 8 A 5
593 A 45 Q 39 v 16
595 A 81 T 19
661 A 1 E 19 1 10
662 v 53 T 26 A 22
664 T 66 ) 34
665 P 64 i 26 Q 10
710 T g7 A 13
17 N 69 8} 3l
718 N 60 5 40
719 £ ad o 21
723 S 68 T 32

Table 1. Variable positions synthesized in ancestral AAV library.

A DNA library was designed based on these results, and residues above the 0.90 confidence value
were fixed, whereas those below this confidence level were varied by introducing the two or three
most likely amino acids (above a threshold value of 0.08), such that the fraction of library members
containing each amino acid at a given position reflects the probability of that amino acid appearing
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in the sequence reconstructions. The locations, identities, and synthesis frequencies of the 32
variable residues are presented in Table 2.1, and the most likely full ancestral cap amino acid
sequence is shown in Fig. A.2 and aligned with extant serotypes in Fig. A.3. The ancestral cap
library was synthesized (GeneArt, Life Technologies), and analysis of 61 sequenced clones from
this library revealed that the amino acid frequencies at variable positions were not significantly
different from the theoretical probabilities from the library (P <0.001, see Materials and Methods),
highlighting the correctness of the library synthesis.

Phenotypic selection of ancestral AAV library

Given the inherent probabilistic uncertainty of ancestral reconstruction, rather than investigating
many possible, candidate ancestral sequences one by one, we selected the library as a whole for
functional clones. Specifically, after validating the initial synthesized distribution of amino acids
at the 32 variable positions, we probed how those positions would change when subjected to
selective pressure for packaging and infectivity, which are key factors for successful viral
replicative fitness during the natural evolution of AAV. The ancestral library was cloned into an
AAYV packaging plasmid, and viral particles were produced by transfection into human embryonic
kidney 293T cells as previously described 28. The viral genomic titer was comparable to levels
obtained when packaging libraries based on extant AAV serotypes (data not shown), indicating
that the ancestral library can support robust packaging titers.
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Figure 2.2. Variable residues mapped to the crystal structure of homologous AAV1, the closest AAV relative
with an available structure. A three-dimensional molecular model of the AAV1 capsid was generated in PyMOL?°,
An amino acid alignment of the ancestral AAV sequence with AAV1 was used to map the highlighted residues to the
a) individual asymmetric unit and b) full biological assembly.

The amino acid distribution at variable positions was only slightly altered by one round of
packaging, and we hypothesized that additional selective pressure for infectivity could reveal more
about the significance of each variable position. We chose five cell lines representative of different
tissues to conduct rounds of selection: C2C12 mouse myoblast cells, IB3-1 human lung epithelial
cells, B16-F10 mouse skin melanoma cells, human embryonic kidney 293T cells, and LO human
glioblastoma (GBM) tumor-initiating cells. Briefly, for each round 1 x 10° of each cell type were
infected with iodixanol-purified, replication-competent AAV libraries at an initial genomic
multiplicity of infection (MOI) of 5,000, and successful virions were recovered by superinfecting
the cells with adenovirus type 5 two days later. Six rounds of selection were conducted on each
cell line, resulting in five independently selected pools, and the stringency of selection was
increased during subsequent rounds by decreasing the genomic MOI (Table A.1).

Amino Theoretical Synthesized Post- c2ciz2 2937 1B3 GBM B16
acid distribution library packaging round 6 round & round 6 round 6 round &
264 T, 55% T, 53% A, 52% QB6% A 79% A T71% A 79% Q 50%
266 A, 63% A, 54% 5.57% | 5,008 S, 86% S1006 586% A 56%
268 s, 7066 S, 72% S, 87% S 100% 5100% S5, 100% S 100% 5 100%
448 S, 7% S, 56% A, 52% S, 79% S, 64% 5,57% A 57% S, 56%
459 1, 69% T, 79% 1,61% N, 100% T,100% T, 100% T, 100% T,88%
460 R, 63% R, 79% R, 78% R, 86% R93% R100% R 93% R, B8%
467 A, 75% A 79% A, 61% G, B6% A93% G, 79 A64% A T75%
470 S, 85% 5, 96% 5, 87% A 79% S, 77%  5,93% 5 79%  5,94%
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547 Q,B1% Q, 79% Q, 83% Q,93% 093% Q100% Q100% Qio0%| %
551 A, 50% A, 58% A6A%  AI00% A 67% A 00% A T00% Ado0k| =
555 T, 54% T, 52% T, 59% T,79% A 60% AS7T% A% ASEn | 2
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563 S, 80% S, 65% s, 73% S, 79%  S,BI% N BE% S, 50%  5,69% 45%
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596 A B1% A 69% A, 68% 1,03% A B0%  T,64% T, 79% T, 56%
861 A, 11% A B2% A82% AI00% A 68% A BA% A SI% A 100N
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710 T,87% T,90% T,100%  T,100% T,100% T, 100% T, 100% T, 100%
717 N, 69% N, 81% N, 77% N, 100% N, 200% N 79% N 79% N, 100%
718 N, 60% N, 83% N, 59% S, 79%  5,93% N, ST% 5, 57% | 5,94%
719 E, 79% E, 63% E, B2% £, 100% E,64%  F 100% E 100% E, 100%
723 s, 68% S, 79% 5, 77% S100% T.57%  S86% T 71% S .8i%

Figure 2.3. Dominant amino acids at variable positions after six rounds of selection. A heat map was generated
based on the frequency of the most common amino acid at each position in the different libraries. The dominant amino
acid and frequency at each position were determined based on sequencing results from individual clones n = 61
(synthesized library), n = 23 (post-packaging), and n=14 (for each ancestral library after selection on respective cell
lines).
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To assess the progression of selection at each variable position, clones were sequenced (n = 14)
from each library after initial viral packaging (hereafter referred to as post-packaging), after three
rounds of selection, and after six rounds of selection. This analysis revealed a range of outcomes
for each variable position across the different cell lines. Figure 2.2 shows the positions of the
variable amino acids mapped onto the crystal structure of AAV1 (the most homologous serotype
with a solved structure), and Figure 2.3 depicts the dominant amino acid at each of these positions
for each selected pool as a heat map, with darker shades representing higher convergence. As
expected, selection for infection of cell lines led to increased convergence, and Figure 2.4 shows
the percentage change in amino acid frequency in rounds 6 relative to post-packaging (increases
in blue, decreases in red, and change of amino acid in yellow). Some amino acid positions
approached full convergence to the same residue across all cell lines; other positions were
divergent, or even acquired specific identities unique to only one cell line. The majority of residues
unique to one cell line are located on the surface of the capsid, and they could for example play a
role in altering the affinity of capsid interactions with cell surface receptors.
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Figure 2.4. Change in amino acid frequency at variable positions after six rounds of selection. The percent change
in amino acid frequency between the post-packaging library and evolved libraries after six rounds of selection on each
cell line was calculated. If the identity of the dominant amino acid did not change, the increase (blue) or decrease (red)
in frequency is displayed. If selection resulted in a change in amino acid identity at that position, the new amino acid
and frequency is shown (yellow).

To determine whether the changes in amino acid frequencies imparted by phenotypic selection
were statistically significantly different from the initial synthesized distribution, we conducted
Bayesian Dirichlet-multinomial model comparison tests (as described in Materials and Methods)
to calculate the posterior probability that the two sets of variable amino acids come from different
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distributions. This analysis identified several amino acid positions that are significantly different
after selection (P < 0.05, shown in green), and many more that are moderately different (P < 0.5,
shown in yellow) (Fig. 2.5).
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Figure 2.5. Identification of key variable residues by Bayesian Dirichlet-multinomial model comparison tests.
A comparison of the two sets of variable amino acids was conducted to identify positions that changed significantly
during selection. The posterior probability that the two sets of amino acids come from two different probability
distributions was calculated assuming probability parameters that are Dirichlet-distributed with low pseudocounts to
reflect sparse observed sequences. Results colored green indicate a >95% chance that the sets came from different
distributions, yellow a >50% chance, red a >5% chance, and no color a <5% chance. Synth, synthesized library; PP,
post-packaging; R3, round three of selection; R6, round six of selection.

Transduction efficiency of evolved ancestral libraries

Phenotypic selection could conceivably lead to specific infectivity of a given cell line or may
alternatively increase overall infectivity but in a promiscuous manner across all cell types. We
investigated these possibilities by evaluating the transduction efficiency of evolved ancestral
libraries on the cell line panel. The degree of convergence for each amino acid position after six
rounds of selection is shown in Figure 2.3. Selection did not drive full convergence to a single
sequence, potentially due to the presence of neutral positions that conferred no selective advantage.
Therefore, rather than packaging individual clones, the libraries selected on each cell line were
each packaged as a pool of recombinant virus (at a low ratio of AAV helper plasmid per producer
cell to minimize mosaic capsids), resulting in five distinct round 6 ancestral libraries; results thus
represent overall or average library infectivities. High titer, iodixanol-purified recombinant AAV
(rAAV) encoding the green fluorescent protein (GFP) was produced for the ancestral libraries, as
well as for natural serotypes AAV1-6, 8, and 9 for comparison of transduction efficiency and
tropism. Infection at a genomic MOI of 2,000 (or 32,000 for C2C12s) revealed a range of
properties (Fig. 2.6). Functionally selected ancestral libraries mediated high delivery efficiencies
most comparable to AAV1 and AAV6 and generally superior to AAV4, AAV5, AAVS, and
AAV9. Ancestral libraries were especially successful in infecting C2C12 and GBM cell lines
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relative to natural serotypes. Importantly, we observed a large increase in infectivity when
comparing the synthesized vs. the round 6 ancestral libraries, suggesting phenotypic selection of
advantageous amino acids at the variable positions. Interestingly, the libraries in general displayed
broad infectivity across all cell lines, indicating that this reconstructed ancestral pool contains

promiscuous AAVS, a property known to be advantageous for natural evolutionary adaptability
30,31
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Figure 2.6. Transduction efficiency of ancestral libraries benchmarked against natural AAV serotypes. After
six rounds of selection, viral genomic DNA was recovered from ancestral libraries and packaged as rAAV scCMV -
GFP along with wild type AAV 1-6, 8, and 9. Cell lines were infected at a genomic multiplicity of infection (MOI) of
2,000 (293T, 1B3, B16-F10, GBM) or 32,000 (C2C12). The fraction of GFP expressing cells was quantified by flow
cytometry 72 hours later. Data are presented as mean + SEM, n = 3. AL, ancestral library.

Characterization of the thermostability of candidate ancestral AAV variants

High thermostability and enhanced tolerance to mutations are also properties that could confer an
evolutionary advantage to ancestral viral capsids®"2. We benchmarked the thermostability of
AAV variants selected from our reconstructed pool against the natural serotypes AAV1, AAV2,
AAVS5, and AAV6 by assaying their transduction efficiency after heat treatment. Specifically, for
initial analysis we chose the ancestral library selected on C2C12 cells and a representative variant
from this library, C7. Virions packaged with self-complementary CMV-GFP were treated for 10
minutes at different temperatures using a thermal gradient before being cooled down to 37°C and
used to infect 293T cells. We normalized the resulting fraction of GFP expressing cells after
treatment at each temperature to the sample incubated at 37° (Fig. 2.7).

Ancestral variants displayed higher thermostability than natural serotypes and showed moderate
transduction levels even at the highest treatment temperature, 78°C, which ablated transduction by
natural serotypes. The obtained thermostabilities confirm those previously reported for natural
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serotypes*?, which showed that AAV5 is more stable than AAV1 and that AAV?2 is less stable than
both. Enhanced thermostability of the ancestral variants in general could enable a higher tolerance
to destabilizing mutations, and consequently a higher evolutionary adaptability.
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Figure 2.7. Candidate ancestral variants display higher thermostability than natural serotypes. The
thermostability of the ancestral library selected on C2C12 cells and of the representative ancestral variant C7 was
characterized and compared to that of natural serotypes 1, 2, 5, and 6. Virions packaged with scCMV-GFP were
incubated at temperatures ranging from 59.6°C to 78°C for 10 minutes before being cooled down to 37°C and used to
infect 293T cells. The fraction of GFP expressing cells was quantified by flow cytometry 72 hours later. Data are
presented, after being normalized to the fraction of GFP expressing cells after incubation at 37°, as mean + SEM, n=3.

Characterization of ancestral AAV glycan dependencies and susceptibility to neutralizing
antibodies

Our in vitro transduction experiments demonstrated the broad infectivity of reconstructed variants.
Given that ancestral node 27 gave rise to AAV1 and AAV6, we were interested in determining
whether the candidate ancestral clones shared the same glycan dependencies, or if those evolved
later. AAV1 and AAVG6 utilize both alpha 2,3 and alpha 2,6 N-linked sialic acids as their primary
receptor, and AAV6 has moderate affinity for heparan sulfate proteoglycans®*. To probe heparan
sulfate proteoglycan (HSPG) usage, we transduced parental CHO-K1 cells and the pgsA CHO
variant line deficient in HSPG. To examine sialic acid dependence we transduced parental Pro5
CHO cells presenting glycans with both N- and O-linked sialic acids, a Lec2 CHO variant cell line
deficient in all N- and O-linked sialic acids, and a Lecl line deficient in complex and hybrid type
N-glycans including sialic acids®* (Fig. 2.8b). Interestingly, candidate ancestral AAVs exhibited
no dependence on HSPG or N- and O-linked sialic acids (Fig. 2.8a). We also verified that selected
individual clones exhibited similar transduction behavior as the evolved libraries (Fig. A.6).
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We next examined whether ancestral AAVs were neutralized by antibodies against a broad range
of contemporary AAVS, in particular human intravenous immunoglobulin (IVIG) that contains
polyclonal antibodies against extant serotypes due to natural exposure across the human
population. In vitro incubation with 1VIG strongly reduced transduction of ancestral libraries and
the AAV1 control (Fig. A.7), indicating that this ancestral pool is not highly serologically distinct
from its progeny. Additional capsid engineering may be necessary to address this clinically

relevant problem.
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Figure 2.8. Glycan dependency of candidate ancestral AAV variants. a) After six rounds of selection, the
transduction efficiency of ancestral libraries carrying scCMV-GFP was quantified by flow cytometry 72 hours after
infection at a genomic MOI of 2,000 (Pro5, Lecl, Lec2) and 50,000 (CHO-K1, pgsA). The CHO-K1/pgsA comparison
examines heparan sulfate proteoglycan dependence, while Pro5/Lecl and Pro5/Lec2 probe sialic acid dependence.
Data are presented as mean = SEM, n = 3. b) Glycans present on CHO glycosylation mutants. AL, ancestral library.

Characterization of ancestral variants in vivo in mouse gastrocnemius muscle

Upon finding that the ancestral AAV libraries exhibited efficiencies comparable to or in some
cases higher than extant serotypes on a panel of cell lines from representative tissues, we next
probed in vivo infectivity. Based on the high transduction efficiencies of candidate ancestral AAVs
on the most nonpermissive cell line (C2C12 mouse myoblasts), we chose to evaluate in vivo
transduction of mouse gastrocnemius muscle. In particular, individual ancestral variant clones
from the selected viral pools (Table A.2) that were closest to the consensus sequences of libraries
evolved on C2C12 (clones C4, C7) and glioblastoma cells (clone G4) were chosen, based on the
efficiency of these two libraries in transducing C2C12 myoblasts in vitro. In addition, these
variants were benchmarked against AAV1, given its clinical efficacy in muscle-targeted gene
therapy .

We generated recombinant AAV vectors expressing firefly luciferase under the control of the
hybrid CAG (CMV early enhancer/chicken B-actin/splice acceptor of B-globin gene) promoter. A
volume of 30 pl DNase-resistant genomic particles (5 x 10'°vg) was injected into each
gastrocnemius muscle of BALB/c mice, and after six weeks, mice were sacrificed and tissue
luciferase activities analyzed (Fig. 9). Ancestral reconstruction variants yielded 19-31 fold higher
transgene expression than AAV1 in gastrocnemius muscle, with variant C7 yielding the highest
expression. Interestingly, variant C7 was the most abundant sequence (71%) in the round 6
ancestral library selected on C2C12 cells. These results demonstrate that candidate ancestral AAVs
also exhibit high infectivity in vivo, and even offer the potential to exceed the performance of the
best contemporary natural serotypes in gene therapy applications.
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Figure 2.9. Evaluation of gastrocnemius muscle transduction. Luciferase activity measured in relative light units
(RLU) per mg protein was determined in gastrocnemius tissue homogenate 48 days after intramuscular administration
of 5 x 10% viral particles of ancestral clones C4, C7, G4, or AAV1 in adult mice. Controls injected with phosphate-
buffered saline displayed no activity (data not shown). *, statistical difference of P < 0.05 by two-tailed Student’s t-
test.

2.3 Discussion

Ancestral sequence reconstruction offers unique opportunities to study fundamental biological
questions of virus evolution and fitness, including the characterization of ancestral sequence space
relative to extant serotypes, the importance of mutational tolerance or evolutionary conservation,
and the comparative advantages of promiscuous versus selective tropism. The primary challenge
of ancestral reconstruction is to accurately infer an ancestral sequence despite uncertainty arising
from sequence divergence within hypervariable regions of extant variants. We have combined
sophisticated computational and library synthesis approaches to address this uncertainty and
thereby generate a functional ancestral AAV library. We then studied the biological properties of
this library to learn more about the evolutionary behavior of AAV and the gene therapy potential
of reconstructed ancestral variants.

The posterior probability that an AAV ancestral sequence accurately reflects the actual ancestral
virus is the product of the probabilities that each of the amino acids in the capsid protein is correctly
predicted. At positions of high evolutionary convergence the posterior probability nears 1.0, yet
there are many sites that diverged during evolution and thus cannot be predicted with such high
confidence. Our library synthesis approach addressed this concern by introducing the two or three
most likely amino acids at the 32 lowest confidence positions in the AAV cap protein.
Interestingly, the majority of positions varied in our ancestral library have not been previously
described in studies of the functional importance of single mutations to the AAV capsid®®*’. Unlike
previous ancestral reconstructions of enzymes and other proteins, which utilized single best guess
ancestral sequences 138 or which sampled only a small fraction of library variants due to the low
throughput of enzymatic assays &2°, our massively parallel phenotypic selection enabled screening
of a large library (and is limited only by the transformation efficiency of electrocompetent
bacteria).

The selection strategy applied pressure for efficient packaging and transduction of cell types
representing a variety of tissues. By comparing the frequencies of amino acids selected at variable
positions to the theoretical ancestral sequence prediction, one can gain insights into both the
accuracy of our sequence reconstruction as well as the functional role of each residue in AAV
biology. Comparison of sequences from the synthesized library with those recovered after initial
library packaging suggested that one round of packaging imposed no statistically significant
changes on the amino acid distribution at variable positions (except for a low 0.076 probability
change in preference from a threonine to an alanine at residue 264). However, with selection for
infectivity on a range of cell types specific positions begin to diverge, and differences between
round six and post-packaging sequences were more significant than between round three and post-
packaging sequences, likely because six rounds enabled a larger cumulative effect of positive
selection. Genetic drift may also play a role, but is unlikely to be the main driving force given that
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the time to fixation by genetic drift increases with population size “°, and a large number of virions
(>108) was used in each sequential round of selection.

By comparing the ancestral libraries after six rounds of selection with the post-packaging library,
we identified several trends in the level of convergence of the amino acid residues, suggesting
these positions may have potential roles in modulating properties like capsid stability and
infectivity. Some amino acid positions approached full convergence to the same residue across all
cell lines (268, 460, 474, 516, 547, 583, 665, 710, 717, 719); these positions are distributed
throughout the capsid and may for example be important for core viral functions such as capsid
stability, uncoating, or endosomal escape. Others showed more divergent outcomes across
different cell lines (264, 467, 593, 664, 723) and may be neutral with respect to overall fitness.
Finally, some positions (459, 470, 471, 533, 555, 596, 662, 718) acquired identities specific to a
given cell line and may confer an infectious advantage on each respective cell line.

Positions 264 and 459 showed the strongest evidence of change due to selection (P < 0.05).
Position 459 is prominently exposed on loop IV of the AAV capsid surface. Position 264 is
positioned on loop | of the capsid and has been identified as a key determinant of muscle tropism
in the rationally engineered variant AAV2.5*. There is also suggestive evidence of selection at
positions 266, 470, 533, 551, 557, 577, 596, and 723 in various libraries (P < 0.5). Position 533
has been previously described as a key contributor to infectivity and glycan dependence in our
previously evolved variant ShH10, a vector differing by only four amino acids from AAV6 but
exhibiting unique tropism in the retina®. Additionally, Lochrie et al.*? examined several other of
these positions in their thorough mutational analysis of the AAV2 serotype, though AAV?2 lies in
a different phylogenetic clade than ancestral node 27. The characterization of these variable
positions is therefore novel, and lessons learned may inform targeted mutagenesis efforts to
improve the fitness of extant variants.

The assembly-activating protein (AAP), which is involved in directing capsid proteins to the
nucleolus and in assembly of the viral capsid in this organelle?, is translated from an alternative
open reading frame (ORF) with a non-canonical CTG start codon present within the cap gene.
This alternate ORF is also present in the ancestral reconstruction of the AAV capsid at node 27
(Fig. A.2b). Three of the variable residues (positions 264, 266, and 268) are present within the
AAP ORF, and the putative ancestral AAP sequence is otherwise conserved across the
reconstruction. As discussed above, residue 264 is among the positions that showed strong and
statistically significant changes after six rounds of packaging and infection on the cell line panel,
and it is possible that both capsid and AAP may have undergone functional selective pressure
during this process.

The in vitro transduction results also demonstrate the importance of utilizing a library approach
coupled with selection. A single or small number of best guess sequences could likely include
deleterious amino acids that significantly impact fitness. Indeed, our data show that the synthetized
ancestral AAV library evaluated prior to rounds of selection reproducibly exhibited dramatically
lower infectivity than libraries subjected to selective pressure. This is not surprising, given that
numerous directed evolution studies demonstrate that even single point mutations can significantly
alter enzyme activity or virus infectivity by several orders of magnitude 364343,
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Interestingly, despite differences in amino acid composition at variable positions, the ancestral
libraries selected for infecting a number of individual cell lines subsequently demonstrated broad
tropism across all of these cell lines. Such promiscuity may have been rewarded during the natural
evolution of AAVS, since the ability to replicate in different cell and tissue types enhances virus
spread. In fact, most natural AAV serotypes exhibit broad tropism*®4’_ indicating that promiscuity
continues to be a valued trait for natural evolution.

Such broad tropism, however, has important implications for gene therapy. In cases where disease
pathologies affect multiple tissues and cell types (e.g. lysosomal storage disorders), broader
infectivity could be an advantageous trait. Expanded tropism may also be useful for infecting cell
types refractory to infection by most AAV serotypes, or for ex vivo treatments of homogeneous
cell populations where off-target infectivity is not a concern. However, in the majority of gene
therapy applications it is desirable to limit transgene expression to a target tissue for several
important reasons, including risks associated with off-target expression of the transgene, off-target
transduction leading to higher immune presentation and reaction, and higher overall dosages
needed to overcome vector dilution into multiple tissues. This is true not only when vector is
delivered via routes that lead to intentional exposure to multiple tissues (e.g. intravascular delivery)
but also for local injection into multiple tissues in which vector leakage into circulation can lead
to widespread distribution to multiple organs. For example, biodistribution studies have shown the
spread of AAV vectors to sites distant from the target tissue after injecting viral particles through
the hepatic artery, intramuscularly, or into the putamen of the brain*®-C,

To address concerns with off-target transgene expression, strategies for controlling gene and
protein expression including cell type specific promoters °! and microRNA elements®?°2 are being
explored to restrict expression to target cells. These approaches are promising, but would not
address immune presentation of the capsid protein. Therefore, the optimal scenario is one in which
selective AAV tropism is engineered through modification of the capsid protein. Directed
evolution can generate vectors capable of targeted gene delivery®*, and evolution for enhanced
AAYV infectivity of a given target cell in general can enable a reduction in vector dose and thereby
reduce the level of off-target transduction. Ancestral variants may be promising starting points for
such directed evolution efforts given their high infectivity and representation of a capsid protein
sequence space that is different from and complementary to extant serotypes.

High thermostability may also be an advantageous property for AAV engineering. Ancestral
sequences have been correlated with increased thermostability in multiple studies *"*?, and in fact,
enriching for seemingly neutral mutations that resemble an ancestral sequence has been shown to
increase protein kinetic and thermodynamic stability and to improve the probability of acquiring
new function mutations®*. This work lends additional evidence of the correlation between ancestral
sequences and thermostability by demonstrating that candidate ancestral AAV variants are more
thermostable than contemporary serotypes.

We also characterized the glycan dependencies of ancestral variants and found that previously
studied AAV glycan dependencies including N- and O-linked sialic acids, heparan sulfate
proteoglycans, and galactose were not utilized. It is conceivable that these dependences may have
arisen more recently in the evolution along these AAV lineages.
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In addition, we found that ancestral libraries were as susceptible to neutralizing antibodies as
AAV1, suggesting that this ancestral reconstruction pool exhibits immunogenic properties similar
to current serotypes. Multiple antigenic regions have been mapped on natural AAV serotypes,
including AAV1, AAV2, AAV5, and AAVS *°. Given that AAV1 is a descendant of the node 27
ancestral reconstruction, we aligned known AAV1 epitopes *° with the ancestral reconstruction
sequence. Mapped antigenic regions corresponding to AAV1 residues 496-499, 583, 588-591, and
597 were conserved in the ancestral reconstruction. Additionally, the ancestral sequence is
identical to several known AAV2 antigenic regions including residues 272-281, 369-378, and 562-
573°". Such conserved regions may contribute to the observed susceptibility of ancestral variants
to neutralizing antibodies.

Interestingly, previous studies have also demonstrated cross-seroreactivity between ancestral and
extant viral capsids. In particular, antiserum against extant viruses has been shown to neutralize
reconstructed ancestral variants 4, and ancestral viruses can elicit neutralizing antibodies that
protect against currently circulating strains, a property that has been exploited for the development
of vaccine candidates '%!2, Neutralizing antibodies may therefore pose a significant clinical
challenge for ancestral vectors. Further capsid engineering under a strong selective pressure for
evading neutralizing antibodies may enable selection of combinations of mutations that promote
antibody evasion °8. For example, there are variable residues in the ancestral reconstruction that
map to antigenic regions corresponding to AAV1 residues 456-459, 494, 582, and 593-595, and
to antigenic regions in other serotypes . Mutations in these regions could disrupt the binding of
antibodies to capsid epitopes, and could potentially be combined with other mutagenesis strategies
to engineer variants with enhanced antibody evasion properties °8.

Ancestral AAVs demonstrated efficient in vitro gene transfer to C2C12 mouse myoblast cells
comparable to AAV1, a current gold standard for muscle transduction, yet utilized a different
receptor for cell entry. This distinction may contribute to their efficient in vivo infectivity, which
impressively reached 19-31 fold higher levels of expression than AAV1 in mouse gastrocnemius
muscle. If the improved expression observed with ancestral reconstruction vectors is reproducible
in human muscle tissue, ancestral variants will be auspicious candidates for clinical translation.

In summary, our results indicate that a library of AAV variants representing sequence space around
a key ancestral node is rich in broadly infectious variants with potential in gene therapy
applications. We have taken initial steps in characterizing this sequence space by varying the
amino acids at the lowest confidence positions identified by ancestral sequence reconstruction,
followed by phenotypic selection to yield highly functional sets of amino acids at these locations.
Sequence analysis of variable residues revealed a variety of outcomes ranging from highly
conserved residues to more neutral positions that are pliable to change. Selected variants were
promiscuous in their infectivity but showed promise as recombinant vectors in vitro and in vivo,
and the putative mutational tolerance and evolvability of this library could be further harnessed in
directed evolution studies to overcome gene therapy challenges such as targeted gene delivery and
immune evasion.

2.4 Materials and Methods

Ancestral reconstruction
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AAYV cap sequences (n=52) from Genbank ??, including those from human and non-human primate
origin, were incorporated in this analysis, starting from lists of AAV sequences published in
previous phylogenetic analyses %%, The MrBayes package 2 was used to perform Bayesian
Markov chain Monte Carlo (MCMC) simulation of tree space and estimate the confidence values
at each internal node. We then used the Markov chain Monte Carlo alignment sampler HandAlign
2 to explore alignment space and estimate regional confidence for the most likely alignment at
node 27, discarding all but the sequences descended from this node. HandAlign generates a
multiple sequence alignment, arranging the sequences of different variants in aligned ‘columns’
such that residues grouped in a column share a common ancestor. Each alignment column was
modeled as a realization of the standard phylogenetic continuous-time Markov process of character
evolution, using amino acid and empirical codon substitution rate matrices that were estimated
from databases of aligned protein-coding sequence 1. HandAlign performs the reconstruction
simultaneously with the alignment, and accounts for sequence insertions, deletions, and character
substitutions. The codon-level model was used to account for the possibility of synonymous
substitutions with a phenotype at the DNA level; we also checked for the possibility of dual
selection in overlapping reading frames (“overprinted” genes), by reconstructing both ancestral
reading frames at the codon level. Neither of these subtle effects appeared significant enough to
warrant prioritizing synonymous (silent, DNA-level) variants over the many non-synonymous
amino acid variants.

Library construction and vector packaging

The reconstructed ancestral AAV cap sequence was synthesized (GeneArt, Life Technologies)
with a library size of 5.6 x 10!, greater than the theoretical diversity of 2.5 x 10 The library was
digested with Hind 11l and Not I, and ligated into the replication competent AAV packaging
plasmid pSub2. The resulting ligation reaction was electroporated into E. coli for plasmid
production and purification. Replication competent AAV was then packaged and purified by
iodixanol density centrifugation as previously described®®2, DNase-resistant genomic titers were
obtained via quantitative real time PCR using a Bio-Rad iCycler (Bio-Rad, Hercules, CA) and
Tagman probe (Biosearch Technologies, Novato, CA)%2.

Cell culture

C2C12 mouse myoblast, B16-F10 skin melanoma cells, CHO-K1, pgsA, Pro5, Lecl, and Lec2
cells were obtained from the Tissue Culture Facility at the University of California, Berkeley. IB3-
1 lung epithelial and human embryonic kidney 293T cells were obtained from American Type
Culture Collection (Manassas, VA). Unless otherwise noted all cell lines were cultured in
Dulbecco's Modified Eagle's medium (DMEM, Gibco) at 37 °C and 5% CO». LO human
glioblastoma tumor initiating cells were kindly provided by Dr. Brent Reynolds (University of
Florida, Gainesville), and propagated in neurosphere assay growth conditions ® with serum-free
media (Neurocult NS-A Proliferation kit, Stem Cell Technologies) that contained epidermal
growth factor (EGF, 20 ng/ml, R&D), basic fibroblast growth factor (bFGF, 10 ng/ml, R&D), and
heparin (0.2% diluted in phosphate buffered saline, Sigma). IB3-1 cells were cultured in
DMEM/F-12 (1:1) (Invitrogen, Carlsbad, CA). CHO-K1 and pgsA cells were cultured in F-12K
medium (ATCC), and Pro5, Lecl, and Lec2 cells were cultured in MEM o nucleosides (Gibco).
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Except for GBM culture, all media were supplemented with 10% fetal bovine serum (Invitrogen)
and 1% penicillin/streptomycin (Invitrogen).

Library selection and evolution

All cell lines were seeded in 6-well tissue culture plates at a density of 1 x 10° cells per well. One
day after seeding, cells were infected with replication competent AAV libraries. After 24 hours of
exposure, cells were superinfected with adenovirus serotype 5 (Ad5). Approximately 48 hours
later, cytopathic effect was observed, and virions were harvested by three freeze/thaw steps
followed by treatment with Benzonase nuclease (1 unit/mL) (Sigma-Aldrich) at 37 °C for 30
minutes. Viral lysates were then incubated at 56°C for 30 minutes to inactivate Ad5. The viral
genomic titer was determined as described above. To analyze cap sequences, AAV viral genomes
were extracted after packaging and rounds 3 and 6 of selection, amplified by PCR, and sequenced
at the UC Berkeley DNA Sequencing Facility.

Statistical analysis of variable positions in evolved ancestral libraries

A comparison of the two sets of amino acids at each variable amino acid position was conducted
to identify variable positions whose library proportions had changed significantly during selection.
The posterior probability that the two sets of variable amino acids come from two different
probability distributions was calculated assuming probability parameters that are Dirichlet-
distributed with low pseudocounts to reflect sparse observed counts. For comparison of the
synthesized and theoretical library, post-synthesis amino acid frequencies distributed via a
Dirichlet-multinomial were compared with the theoretical probabilities from the library distributed
by a multinomial.

In vitro transduction analysis

After six rounds of selection, ancestral library viral genomes were cloned into the pXX2
recombinant AAV packaging plasmid. To benchmark the infectivity of rAAV ancestral libraries
against a panel of natural AAV serotypes, vectors were packaged with a self-complementary
CMV-GFP cassette using the transient transfection method previously described®®%2, Cell lines
(293T, C2C12, I1B3-1, B16-F10, CHO-K1, pgsA, Pro5, Lecl, and Lec2) were seeded in 96-well
plates at a density of 15,000 cells per well. One day after seeding, cells were infected with rAAV
at a genomic MOI of 2,000 (293T, C2C12, IB3-1, B16-F10, GBM), 10,000 (Pro5, Lecl, Lec2),
32,000 (C2C12), or 50,000 (CHO-K1, pgsA) (n = 3). To analyze antibody evasion properties,
ancestral rAAV libraries were incubated at 37°C for 1 hour with serial dilutions of heat inactivated
IVIG (Gammagard), and then used to infect HEK293T cells at a genomic MOI of 2000 (n = 3).

To characterize thermostability, virions packaged with self-complementary CMV-GFP were
diluted with DMEM supplemented with 2% FBS and incubated at temperatures ranging from
59.6°C to 78°C for 10 minutes in a thermocycler (Bio-Rad) before being cooled down to 37°C and
used to infect 293T cells at genomic MOIs ranging from 1,500-16,000; MOIs were adjusted to
ensure an adequate number of GFP-positive cells for analysis. For all studies, the fraction of GFP-
expressing cells 72 hours post-infection was quantified with a Guava EasyCyte 6HT flow
cytometer (EMD/Millipore) (UC Berkeley Stem Cell Center, Berkeley, CA).
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In vivo animal imaging and quantification of luciferase expression

High-titer rAAV CAG-Luciferase vectors were purified by iodixanol gradient and then
concentrated and exchanged into PBS using Amicon Ultra-15 centrifugal filter units (Millipore).
To study skeletal muscle transduction 5 x 10%° rAAV-Luc DNase-resistant genomic particles were
injected in a volume of 30 ul into each gastrocnemius muscle of 7-week-old female BALB/c mice
(Jackson Laboratories, n = 3) as previously described °8. Six weeks after injection, animals were
sacrificed, and gastrocnemius muscle was harvested and frozen. Luciferase activity was
determined and normalized to total protein as previously described®. All animal procedures were
approved by the Office of Laboratory Animal Care at the University of California, Berkeley and
conducted in accordance with NIH guidelines on laboratory animal care.
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Chapter 3: Adeno-Associated Virus (AAV) Vectors in Cancer Gene
Therapy

This chapter is adapted from a manuscript published as

Santiago-Ortiz, J.L. & Schaffer, D.V. Adeno-associated virus (AAV) vectors in cancer gene
therapy. J Control Release (2016).

3.1 Introduction

Cancer, a large group of diseases characterized by the unregulated proliferation and spread or
metastasis of abnormal cells, collectively represents a major worldwide healthcare problem. In the
U.S. alone more than 1.5 million cases are diagnosed each year, and cancer overall has a 5-year
relative survival rate of 68%, making it the second leading cause of death after heart disease’.
Standard treatments include surgery, chemotherapy, and radiotherapy; however, these are often
incapable of completely eradicating a malignancy? and can be accompanied by serious side
effects®. Thus, there is a strong unmet medical need for the development of novel therapies that
offer improved clinical efficiency and longer survival times in patients afflicted with disease.

Gene therapy is a very promising treatment for many diseases including cancer. To date, more than
2,000 clinical trials employing gene transfer have taken place, establishing the safety of a number
of vectors*°. Furthermore, the majority (64%, n=1,415°%) of gene therapy clinical trials to date have
targeted cancer — including lung, skin, neurological, and gastrointestinal tumors —and have utilized
a variety of therapeutic strategies such as anti-angiogenic factors, tumor suppressors,
immunostimulation, and oncolytic viruses. In 2015, the first recombinant viral therapy for cancer
— an oncolytic herpesvirus for the treatment of melanoma — received regulatory approval in the
us.”.

For cancer gene therapies to be increasingly successful, however, a major hurdle must be
overcome: the development of gene delivery vectors that can safely, efficiently, and specifically
deliver genetic material to the target cells. Viral vectors have been used in the majority (over 68%°)
of gene therapy clinical trials, and the most frequently used have been based on adenovirus,
retrovirus, vaccinia virus, herpesvirus, and AAVS, As discussed in Chapter 1, AAV vectors in
particular have been increasingly successful due to their gene delivery efficacy, lack of
pathogenicity, and strong safety profile®. As a result of these properties, AAV vectors have enabled
clinical successes in a number of recent clinical trials that have established the promise of gene
therapy in general.

AAYV vectors may also offer a strong potential for the treatment of cancer, and as presented in this
review, their excellent gene delivery properties have been harnessed for in vitro cancer studies, in
vivo pre-clinical cancer models, and more recently cancer clinical trials under development. For
oncology applications, AAV vectors can transduce a wide variety of cancer primary cells and cell
lines!®'2 and have the capacity to carry highly potent therapeutic payloads for cancer including
anti-angiogenesis genes, suicide genes, immunostimulatory genes, and DNA encoding smaller
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nucleic acids (e.g. shRNAs, siRNAs) for post-transcriptional regulation of oncogenes®. AAVs
therefore offer a strong potential as gene delivery vehicles for cancer gene therapy and have
consequently been employed in numerous preclinical cancer models and in early stage clinical
trials for cancer.

3.2 Rational Design of the AAV Capsid for Cancer-Specific Transduction

Natural variants of AAV have enabled increasing success in human clinical trials, but as discussed
in Chapter 1, they also have some shortcomings that render this success challenging to extend to
the majority of human diseases, including cancer. These concerns have motivated the engineering
of AAV capsids that can more efficiently traffic to and transduce cancer cells, as well as the
engineering of genetic cargos for higher potency and selective expression.

Changes in protein expression patterns ** and subsequent presentation of tumor-specific antigens
1516 in cancer tissues may enable the preferential targeting of AAV gene delivery vehicles to tumor
tissues 1718, For example, Grifman et al. *° targeted aminopeptidase N (or CD13), a membrane-
bound enzyme that is highly expressed in cancerous tissue and vessels and has consequently been
explored for targeted cancer therapies 2°. Specifically, they modified the AAV2 capsid, whose
primary receptor for cellular entry is heparin sulfate proteoglycan (HSPG), by introducing a NGR
peptide motif, which binds to CD13 ¥, either in replacement of antigenic loops of AAV2 (residues
T448-T455 and N587-A591) or after residues 449 and 588 of the capsid (Figures 3.1B, 3.1C).
Mutant viruses with the NGR motif exhibited reduced affinity for heparin, suggesting a tropism
different from AAV2, and transduced the sarcoma cell lines KS1767 and RD (which express CD13
at high levels) 10- to 20-fold better than wild-type AAV2, demonstrating the selectivity of these
vectors.

Integrins, which contribute to tumor progression and metastasis, are also highly expressed in tumor
cells and tumor vasculature 2 and have accordingly also been harnessed for selective tumor
transduction. AAV2 vectors have been modified by inserting a 4C-RGD peptide 22, whose RGD
motif selectively binds to avB3 and avf5 integrins *', into different sites of the cap gene. Mutant
vectors with the RGD insertion after residues 584 and 588 of VP3 (Figures 3.1B, 3.1C) retained
infectivity, and the A5884C-RGD mutant was shown to bind to integrin and to mediate increased
in vitro and in vivo gene delivery to integrin-expressing tumor cells. A5884C-RGD- mediated gene
delivery was 40-fold higher on K562 human chronic myelogenous leukemia cells, 13-fold higher
on Raji human lymphoblast-like cells, and 6-fold higher on SKOV-3 human ovarian
adenocarcinoma cells, compared to wild-type AAV2.

Additionally, designed ankyrin repeat proteins (DARPIns) targeting cancer-associated receptors
have been fused to AAV?2 capsid proteins for enhanced selectivity to cancer cells 2. DARPin 9.29,
which specifically binds to HER2/neu, a receptor overexpressed in cancer cells, was fused to VP2
and then used to package AAV2 particles whose affinity for HSPG had been ablated through site-
directed mutagenesis. The resulting vectors (Her2-AAV) transduced cells in a HER2-dependent
manner, showing selectivity for HER2-expressing cells and only weakly transducing cells not
expressing the receptor. Moreover, systemically administered Her2-AAV vectors localized to
subcutaneous tumors of HER2* SK-OV-3 cells in mice, compared to a lack of tumor cell
transduction of AAV2 vectors, which instead localized primarily to the liver.
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Figure 3.1: Representation of AAV2 capsid structure and individual monomeric protein. (A) Crystal structure
of the AAV2 capsid?*, the most widely used and studied AAV serotype. (B) Residues that have been mutated to
engineer vectors for transduction of cancer cells are mapped onto the AAV?2 crystal structure and depicted in orange
(tyrosine to phenylalanine mutations) or red (other mutations). (C) Mutated residues are similarly depicted in the
individual VP3 monomer structure. Additionally, residues that have been removed to insert protein-binding peptides
[58] are depicted in green. Images were produced with Pymol?S.

AAV5 has also been engineered by inserting homing peptides for integrins, sialyl Lewis X (sLex),
and tenascin C (TnC), which are overexpressed in many cancer tumors 26, Mutants with RGD
peptides infected integrin-expressing cells 5-fold better than AAV5, and both integrin- and TnC-
targeting AAVs preferentially transduced cells presenting these molecules while showing very low
transduction of cells negative for these antigens. Mutants with the sLex-targeting peptide did not
transduce sLex-expressing cells.

Cheng et al. %" studied the effects of mutating surface-exposed tyrosine residues to phenylalanines
on AAV3. Three of the single-residue mutants — Y701F, Y705F, and Y731F (corresponding
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residues in AAV2 depicted in Figures 3.1B, 3.1C) — showed 1.5-, 2.2-, and 8.8-fold enhanced
transduction, respectively, of Huh7 hepatocellular carcinoma (HCC) cells and 2.3-, 3.3-, and 9.1-
fold enhanced transduction, respectively, of Hep293TT human hepatoblastoma tumor cells
compared to wild-type AAV3. A double mutant, Y705F+Y731F, showed further increased
transduction (11-fold higher) on Huh7 cells. This double mutant, when administered intra-
tumorally or systemically to a mouse xenograft model of human liver tumors, also showed
enhanced transduction, as reported by fluorescence microscopy, compared to AAV3. Additional
studies with AAV3 have mutagenized serine, threonine, and lysine residues to valine, glutamate,
and arginine residues, respectively, in addition to changing tyrosine residues to phenylalanines
(corresponding residues in AAV?2 depicted in Figures 2B, 2C) 2. Mutants S663V+T492V+K533R,
S663V+T492V+K533R, and S663V+T492V had transduction efficiencies over 10-fold higher
than wild-type AAV3 on Huh7 cells. Some of these mutants also showed 2- and 8-fold enhanced
transduction on HepG2 and Hep293TT cells, respectively, and the S663V+T492V mutant showed
2-fold higher transduction than the Y705+731F mutant in mouse xenografts of these cells lines.

There has also been a strong interest in AAV delivery to immune cells. In particular, given that
cancers can develop resistance mechanisms against both drugs and the immune system, cancer
research efforts have also focused on stimulating the adaptive immune system to mount a T cell-
mediated anti-tumor response. Immunotherapy offers important potential advantages over
traditional therapies, including selectivity for tumor cells and the generation of memory T cells
that protect against recurring tumors 2°. This has motivated the engineering of viral vectors with
enhanced infectivity for dendritic cells (DCs), antigen-presenting cells that can prime T cells and
generate an anti-tumor cytotoxic T lymphocyte (CTL) immune response. Surface-exposed serine
and threonine residues in AAV6 (corresponding residues in AAV2 depicted in Figures 3.1B, 3.1C)
have been mutated to valine residues for enhanced in vitro transduction efficiency on monocyte-
derived DCs (moDCs) 0. Mutants T492V, S663V, and T492V+S663V showed enhanced
infectivity, with the double mutant showing 5-fold higher transduction. This T492V+S663V
mutant was used to transduce moDCs with human prostate-specific antigen (hPSA), which led to
and a 3-fold higher hPSA expression in moDCs and a 1.3-fold stronger CTL response against
human prostate adenocarcinoma cells compared to wild-type AAV6 gene delivery, underscoring
the utility of enhanced AAV vectors that can be used for cancer immunotherapy, particularly if
delivery can be achieved in vivo.

Additionally, AAV vectors have been modified by inserting protease recognition sequences on the
capsid such that protease cleavage is required for complete viral transduction 3. Specifically, short
sequences encoding negatively charged amino acids, which serve as “locks” by interfering with
virus-receptor interactions, were flanked by protease cleavage sites recognized by matrix
metalloproteinases (MMPs) and genetically inserted into surface-exposed regions near the heparin
binding domain of the AAV2 capsid. Inactivated or “locked” vectors had reduced heparin affinity
and infectivity, and treatment with MMPs restored heparin binding and allowed efficient
transduction. MMPs are highly expressed in most cancers compared to normal tissue 2, so such
protease-responsive AAV vectors could provide enhanced selectivity towards cancerous tissues,
as other studies that have exploited high levels of MMP expression for selective viral gene delivery
have demonstrated 3.

3.3 Directed Evolution for the Engineering of Cancer-Specific Transduction
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As described above, directed evolution and library selection are alternative approaches that can
generate highly efficient vectors, even in the absence of mechanistic knowledge underlying a
particular gene delivery barrier. Michelfelder et al. ** employed an in vitro selection scheme to
identify variants from an AAV2-based random peptide insertion library that had high infectivity
on tumor cells. In this case, analogous to the rational approach, the selected AAV variants shared
the RGDXXXX amino acid motif and exhibited over 15-fold higher transduction than wild-type
AAV2 vectors on PymT breast cancer cells. The investigators also performed an in vivo selection,
in which they administered the AAV library to tumor-bearing mice, harvested tumor tissue, and
then recovered the peptide sequences of viral particles that had successfully infected tumor cells.
Selected mutants had peptide sequences rich in serine and glycine residues. Dominant clones
displayed 40- to 200-fold higher in vivo transduction of breast tumor tissue compared to wild-type
vectors and interestingly also showed enhanced cardiac tropism; however, the liver tropism of the
mutants was comparable or only moderately lower than that of wild-type vectors.

A DNA shuffled library of AAV serotypes 1, 2, 5, 9, rh8, and rh10 was selected for transduction
of U87 human glioma cells and generated infectious mutants after seven rounds of in vitro
selection *°. One of the selected clones, AAV-U87R7-C5, had a chimeric cap gene with
contributions from serotypes 1, 2, rh.8 and rh.10. This mutant transduced U87 cells and a panel of
other glioma cells moderately better than AAV2.

3.4 Payload Engineering for Cancer-Specific Expression

In addition to tissue specificity and high transduction efficiency, AAV vectors for cancer gene
delivery may also have regulatory elements that promote tissue-selective gene expression, a feature
particularly important when off-target transduction with a cytotoxic or immunostimulatory factor
is a potential risk. Promoters that are tissue-specific, tumor-specific, or tumor microenvironment-
specific have been explored to restrict transcription of the delivered transgene to a cancerous tissue
of interest . For instance, the promoter for C-X-C chemokine receptor type 4 (CXCR4), which is
overexpressed in many cancer tissues, was implemented to restrict AAV-mediated transgene
expression to primary and metastatic breast cancer *’. AAV2 vectors encoding firefly luciferase
under the control of either the CMV promoter or the CXCR4 promoter were directly delivered to
subcutaneous or liver-localized MCF-7 (a human breast cancer cell line) xenografts in mice, and
the ratio of expression levels between tumor tissue and muscle was determined. Off-target
luminescence in muscle from control CMV vectors was 4- to 21-fold higher than in tumor tissue.
In contrast, expression from CXCR4 vectors was selective for tumor tissue, with off-target muscle
luminescence levels of only 10%-50% relative to tumor luminescence. Systemic administration
via a splenic port of CXCR4 vectors to tumor-bearing mice resulted in luminescence levels at the
tumor site that were five-fold higher than in tumor-free mice, confirming selectivity for tumor
tissue.

The human telomerase reverse transcriptase ("nTERT) promoter has been widely used as a cancer-

selective promoter, though its in vivo utility has sometimes been limited by its low strength . In

one study, it was combined with an advanced two-step transcriptional activation system (TSTA)

to enhance cancer-specific gene expression in a panel of cancer cell lines in vitro and in an in vivo

orthotopic liver tumor mouse model °. An intravenously delivered AAV2 vector carrying hTERT-

driven firefly luciferase with the TSTA system led to liver tumor bioluminescence levels 18-fold
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higher than delivery of only hTERT-driven luciferase, and 16-fold higher than using the standard
TSTA system.

As mentioned earlier, Pandya et al. generated an AAV6-based mutant with enhanced transduction
of DCs . They also developed a chimeric promoter sufficiently small to fit into AAV vectors by
combining different functional modules of the CD11c promoter, which is specific to DCs. Gene
expression using this chimeric promoter (chmCd11c) was restricted to DCs, and delivery of the
hPSA gene under its control to DCs resulted in a CTL response against human prostate
adenocarcinoma cells, albeit 50% lower than when using the stronger yet ubiquitous chicken beta-
actin (CBA) promoter.

Recently AAV8’s strong murine liver tropism was combined with a liver-specific promoter and
post-transcriptional regulation based on miR-122a to restrict gene expression to cancer cells in a
murine model of metastatic hepatocarcinoma (HCC) . MiR-122a, which is highly expressed in
healthy liver tissue but downregulated in HCC, suppresses translation of mRNAs that harbor its
target binding sequence. The HLP liver-specific promoter ** was combined with tandem repeats
of miR-122a-binding sequences inserted in the 3 untranslated region of the expression cassette.
Systemic delivery of the resulting construct encoding firefly luciferase led to 40-fold lower liver
expression compared to control vector without miR-122a elements. Furthermore, vector
administration to mice bearing a subcutaneous HCC xenograft of miR-122a-negative SK-Hep1l
cells led to tumor-restricted bioluminescence, with no luminescence from surrounding healthy
liver tissue, confirming the combinatorial tumor tissue specificity of this vector and expression
cassette.

3.5 AAV Delivery of Therapeutic Payloads in Preclinical Models of Cancer

In addition to efficiently transducing a variety of cancer cells in vitro 12 AAV has been
increasingly employed to deliver therapeutic genes to in vivo preclinical tumor models. Over the
last decade, the arsenal of delivered transgenes has greatly expanded, as have the types of cancer
for which AAV vectors have been used. These transgenes can be divided into several categories:
anti-angiogenesis genes, cytotoxic or suicide genes, cytokines for stimulating the immune system,
tumor suppression and anti-tumor genes, DNA encoding small RNA’s, antigens to stimulate
antigen-presenting cells, and antibodies that block signaling.

Anti-Angiogenesis Therapy

Angiogenesis, the formation of new blood vessels from existing ones, is an important process for
tumor nourishment, growth, and metastasis 2. Consequently, inhibiting angiogenesis in tumors to
reduce their progression and capacity to metastasize is a longstanding anti-cancer strategy.
Multiple gene delivery approaches have been used to inhibit vascular endothelial growth factor
(VEGF), a potent angiogenic growth factor, including using decoy receptors, monoclonal
antibodies, and a combination of gene delivery with small molecule inhibitors. Mahendra et al. *3
used AAV2 to deliver a soluble splice variant of VEGF-Receptor-1 (sFltl), a decoy that
competitively inhibits VEGF-A binding to its endogenous receptor. Intramuscular AAV2-sFItl
injection of vector to mice harboring a subcutaneous human ovarian cancer cell line (SKOV3.ip1)
xenograft resulted in reduced tumor volume and in 83% survival rate, compared to no survival of
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untreated mice, six weeks post tumor implantation. In an analogous study, intramuscular
administration of AAV1-sFItl suppressed tumor growth and enhanced survival in a subcutaneous
SHIN-3 ovarian cancer cell line xenograft model %4,

Soluble VEGFR1/R2, a chimeric VEGF receptor comprising domains of both VEGFR-1 and
VEGFR-2, was combined with irradiated granulocyte-macrophage colony-stimulating factor
(GM-CSF)-secreting tumor cell immunotherapy in mouse models of melanoma and colon
carcinoma *°. AAV8-sFVEGFR1/R2 was intravenously delivered to mice, followed by
subcutaneous implantation of B16F10 melanoma tumor cells and later immunization with
irradiated GM-CSF-secreting B16F10 (B16.GM) tumor cells. VEGR1/R2 delivery resulted in a
mean survival time (MST) of 63 days, compared to 31 days for no treatment. This effect was
further enhanced by combining vector delivery with B16.GM vaccination (MST of 93 days), which
also led to increased numbers of activated DCs and T cells.

VEGF-C, which can mediate angiogenesis and metastasis to lymphatic vessels, has been targeted
by delivering a secreted soluble VEGF-C decoy receptor, SVEGFR3-Fc, to melanoma and renal
cell carcinoma mouse models 6. Systemic portal vein administration of AAV2-sVEGFR3-Fc
before subcutaneous implantation of A375-minl metastatic tumor cells had no effect on primary
tumor growth, but inhibited metastasis to the lymph nodes, with only two out of seven mice
developing lymph node metastases compared to all of nine mice in the control group. However,
vector-mediated inhibition of metastasis to lung was less effective. Additionally, intramuscular
injection of AAV2-sVEGFR3-Fc to the quadriceps inhibited lymph node metastasis in renal cell
carcinoma (Caki-2) and prostate cancer models (PC-3) by 70% and 75%, respectively. Finally,
intramuscular injection of AAV1-sVEGFRS3 to mice bearing orthotopic endometrial cancer tumors
(HEC1A) led to complete ablation of detectable lymph node and lung metastases compared to
untreated mice *'.

In addition to VEGF receptors, other native inhibitors of angiogenesis have also been employed in
anti-angiogenic gene delivery studies. Pigment epithelium-derived growth factor (PEDF) is a very
potent inhibitor of angiogenesis that prevents the formation of new vessels from endothelial cells
by interacting with VEGFR-1, without affecting the existent vasculature %8, Intratumoral delivery
of AAV2-PEDF to a mouse model of Lewis lung carcinoma (LCC) led to a 58% reduction in tumor
size, reduced tumor microvessel density, increased tumor cell necrosis, and a 75% increase in MST
compared to no treatment “°. In a subsequent study, combining AAV2-PEDF with the
chemotherapeutic drug cisplatin * prolonged survival by 150% and 50% compared to no treatment
and either treatment alone, respectively. Investigators also reported greater tumor size reduction,
tumor apoptosis, and tumor angiogenesis suppression compared to untreated mice or those
receiving either treatment alone.

Monoclonal antibodies that block angiogenesis, widely used as a front-line treatment for many
types of cancer, have been encoded into AAV vectors for sustained expression and therapeutic
effects. Intravenous administration of AAV8-DC101 — encoding a neutralizing mAb against
VEGFR2 — resulted in high antibody expression levels in serum, conferred protection against
subcutaneous B16F10 melanoma and U87 glioblastoma tumors, and led to reduced tumor size
(65% and 82% reduction, respectively) and long-term survival (10% and 80%, respectively) in
both models . Tumor angiogenesis was targeted in a DU 145 metastatic lung cancer model by
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delivering AAVrh.10 encoding a murine mAb with a VEGF-A antigen recognition site equivalent
to that of the humanized VEGF-A antibody bevacizumab. Intrapleural vector administration led to
high levels of anti-VEGF-A mAb expression, which resulted in reduced growth (76%),
vascularization (63%), and proliferation (74%) of metastatic lung tumors and subsequent over 2-
fold longer mean survival of treated mice °2. In another study, the same group intraperitoneally
delivered AAVrh.10 packaged with bevacizumab to intraperitoneal models of ovarian
carcinomatosis based on A2780 or SK-OV3 cells, eliciting 90% reduced A2780 tumor growth,
82% lower A2780 tumor angiogenesis, and prolonged survival (1.6-fold and 1.2-fold higher mean
survival time in A2780 and SK-OV3 tumors, respectively) compared to untreated mice °3.
Additionally, the combination of vector delivery with chemotherapy drugs topotecan or paclitaxel
generated further enhanced anti-tumor effects on A2780 xenografts (3.2-fold and 1.9-fold higher
mean survival time, respectively, compared to untreated mice).

Endostatin and angiostatin, endogenous inhibitors of angiogenesis that prevent pro-angiogenic
factors from interacting with endothelial cells >, have been employed as protein therapies in
clinical trials, motivating their use in gene therapies. Intratumoral delivery of AAV2-endostatin to
mice carrying a subcutaneous human bladder cancer tumor (T24) yielded a 40% reduction in tumor
volume and a 60% reduction in tumor angiogenesis, as well as enhanced tumor cell apoptosis *°.
The same group later combined endostatin with herpes simplex virus thymidine kinase (HSV-TK),
a suicide gene that converts the pro-drug ganciclovir into a thymidine analog that is incorporated
into and subsequently fragments DNA undergoing synthesis, for intratumor AAV2-mediated
delivery to bladder cancer tumors °°. This combination therapy led to three-fold slower tumor
progression and a 60% reduction in tumor size compared to untreated mice, with either therapy
individually producing a 40% reduction in size. Another group °’ delivered AAV2-angiostatin to
a mouse liver cancer model based on intraportally injected EL-4 tumor cells previously transduced
in vitro with AAV2-B7.1, a molecule that stimulates T-cells. Delivery of AAV2-angiostatin to
mice vaccinated with B7.1-transduced cells suppressed tumor growth by 87% and greatly
increased survival rates, with six of ten treated, vaccinated mice surviving for over 100 days,
compared to median survival rates of 33, 42, and 25 days in untreated vaccinated mice, angiostatin-
treated unvaccinated mice, and untreated, unvaccinated mice.

Isayeva et al. *8 studied the effect of co-delivering endostatin and angiostatin in an intraperitoneal
mouse model of ovarian cancer (SKOV3.ipl). Intramuscular injection of bicistronic AAV2-
angiostatin-endostatin (AAV2-E+A) resulted in a 50% reduction in tumor size, increased tumor
cell apoptosis, decreased tumor angiogenesis, and 30% of mice surviving for over 150 days
compared to control mice surviving an average of 45 days. In a subsequent study °°, combining
intraperitoneal AAV2-E+A delivery with the chemotherapy drug taxol led to complete survival of
90% of dually-treated mice and a 90% reduction in tumor size compared to untreated mice. The
same group extended this combinatorial approach to the transgenic adenocarcinoma of mouse
prostate (TRAMP) prostate cancer model by intramuscularly delivering bicistronic AAV6
encoding endostatin and angiostatin ¢°. Mice receiving AAV6-E+A at an early age (5 or 10 weeks
old) had low grade, smaller tumors, and 60% of them survived longer than 60 weeks, compared to
median survival times of 30-35 weeks for untreated mice or those receiving AAV6-E+A at older
ages (>18 weeks), respectively. Endostatin has also been used in conjunction with another
angiogenic inhibitor, thrombospodin-1 (TSP-1), in a mouse orthotopic pancreatic cancer model
(AsPC-1) °%. Intramuscular delivery of either AAV2-endostatin or AAV2-3TSR (the
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antiangiogenic domain of TSP-1) prior to xenografting resulted in similar levels of protection,
causing 45% lower tumor microvessel density and a 43% reduction in tumor size. Co-delivery of
both vectors led to more marked effects in those parameters (65% and 62%, respectively)
compared to either treatment alone.

Intramuscular delivery of AAV2-P125A-endostatin, an endostatin mutant with enhanced binding
to endothelial cells and stronger anti-angiogenic effects, in an ovarian carcinoma mouse model
(MA148) led to 72% smaller tumors and decreased angiogenesis, with a 46% reduction in the
mean number of vessel nodes 2. In a subsequent study ®3, the same group delivered AAV2-P125A-
endostatin in combination with the chemotherapy drug carboplatin to an orthotopic ovarian cancer
model (MA148). This combination led to 25% higher median survival and 52% less vessel nodes
compared to untreated mice.

A range of other antiangiogenic transgenes have been delivered with AAV vectors. AAV2 was
used to deliver tissue factor pathway inhibitor (TFPI-2) — a suppressor of angiogenesis, tumor
growth, and tumor cell invasiveness — to a glioblastoma mouse model (SNB19) ; kringle 5, a
fragment of plasminogen with potent antiangiogenic properties, to a mouse model of ovarian
cancer (MA148) ®; and self-complementary cargoes encoding siRNAs against the unfolded
protein response (UPR) proteins IRE1a, XBP-1, or ATF6 in a mouse breast cancer model (NeuT)
with an AAV2 mutant with seven surface tyrosine to phenylalanine mutations . Cai et al. ¢’ used
AAVS5 to deliver vasostatin — an endogenous inhibitor of angiogenesis — to a subcutaneous,
orthotopic xenograft, and a spontaneous metastasis model of lung cancer (A549, LLC Lewis lung
carcinoma, respectively). Finally, AAV8 encoding human plasminogen kringle 1-5, an inhibitor
of angiogenesis, was administered to murine models of mouse melanoma (B16F1), mouse lung
cancer (LLC), and human melanoma (A2058) 8. Delivery of the described transgenes resulted in
suppression of both angiogenesis and tumor growth.

Delivery of Cytotoxic or Suicide Genes

Suicide gene therapy has been broadly investigated as an anti-cancer therapy . The most utilized
system is the herpes simplex virus type 1 thymidine kinase (HSV-TK), which converts ganciclovir
(GCV) into the toxic metabolite GCV-triphosphate within cells expressing the enzyme and also
induces bystander toxicity to neighboring tumor cells . Intratumoral administration of AAV2-
HSV-TK under Dox-inducible Tet-On regulation to a mouse model of breast cancer (MCF-7)
resulted in 75% suppression of tumor growth with only moderate toxicity *. In a subsequent study,
the same group confirmed these results and elaborated on the therapeutic mechanism of the HSV-
TK system in MCF-7 cells . AAV2-mediated delivery of sc39TK, a hyperactive variant of HSV-
TK with enhanced affinity for GCV, to HeLa cells that were later implanted into mice to generate
subcutaneous tumors enabled 70% tumor growth suppression upon GCV administration 3.

Other cytotoxic genes have also been employed in AAV-mediated delivery to cancer cells.
Kohlschiitter et al. ? used AAV2 to deliver diphtheria toxin A (DTA) and p53 upregulated
modulator of apoptosis (PUMA) to HelLa cells, SiHa cervical carcinoma cells, and RPMI 8226
myeloma cells in vitro. DTA exerted a cytotoxic effect on all cell lines, whereas PUMA delivery
cause cytotoxicity in HeLa and RPMI cells. They also used an AAV2 mutant they had previously
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developed, RGDLGLS 3, to deliver DTA to mammary tumor cells from mice carrying the
polyomavirus middle T antigen (PymT cells) and induced a 40% cytotoxicity.

Immunomodulation through Delivery of Cytokines

The delivery of stimulatory molecules such as cytokines can elicit an enhanced immune response
against tumors. A widely used cancer therapeutic is tumor necrosis factor (TNF)-related apoptosis-
inducing ligand (TRAIL), which elicits a strong apoptosis effect primarily in tumor cells, but not
in normal tissue, by binding to death receptors . Intraportal administration of AAV2-TRAIL in
an orthotopic mouse model of lymphoma (EL-4) suppressed tumor growth by 95% and enhanced
median survival by 92%, an effect of induced apoptosis in the tumor cells metastasizing to the
liver ™. The same group subsequently delivered AAV2-sTRAIL (soluble TRAIL) to a
subcutaneous mouse model of human liver cancer (SMMC-7721) 6. Oral or intraperitoneal
administration of AAV2-sTRAIL suppressed tumor growth by 88% and 82%, respectively. This
group also observed 82% tumor size suppression and 52% enhanced median survival when
administering STRAIL, packaged in AAV5, to mice bearing subcutaneous or orthotopic A549 lung
adenocarcinoma tumors ’. Another group " also delivered sSTRAIL, packaged in AAV2, to an
A549-based subcutaneous lung adenocarcinoma tumor model. Intratumor vector delivery led to
62% reduced tumor size, and systemic vector delivery before implantation of A549 cells lowered
the frequency of tumor occurrence to 43% compared to 100% in untreated mice.

Intratumoral delivery of TRAIL, packaged in AAV2 under the control of the cancer-specific
hTERT promoter, to a subcutaneous SMMC7721 HCC xenograft led to a 70% suppression of
tumor growth and long-term survival, compared to a survival of 78-105 days in untreated mice ’°.
They subsequently combined AAV2-hTERT-TRAIL and cisplatin in a subcutaneous BEL7404
HCC model, which resulted in 94% reduction in tumor size and complete survival . In another
study, intratumoral AAV2-hTERT-TRAIL delivery to an HCC SMMC7221 mouse model was
combined with administration of the chemotherapeutic 5-fluorouracil (5-FU) . Combination
therapy led to a strong anti-tumor effect, with an 83% reduction in tumor growth compared to
treatment with vector or 5-FU only (60% and 16% reduction, respectively). The same group
extended intratumoral delivery of AAV2-TRAIL, combined with cisplatin, to a subcutaneous
mouse model of head and neck squamous cell carcinoma (HNSCC), resulting in 40% smaller
tumors. In a different study, intracranial delivery of AAVZ2-interleukin-12 (IL-12), a potent
immunostimulatory cytokine, in a RG2 rat model of glioblastoma led to enhanced TRAIL
expression and microglia activation, 3.5-fold higher median survival time, and 30% reduced tumor
volume 8,

Interferons (IFNs) are cytokines that induce antitumor effects that include interfering with cancer
cell division and slowing tumor growth progression. Systemic administration of AAV8-hIFN-f to
a mouse retroperitoneal xenograft of NB-1691 human neuroblastoma cells, by itself or combined
with trichostatin, resulted in similar (90%) suppression of tumor growth relative to untreated or
trichostatin-treated mice ®. Maguire et al. 8 studied the protective effects of IFN-B expression
against intracranial, orthotopic U87 xenografts of glioblastoma multiforme. Stereotactic delivery
of AAVrh.8-IFN-f followed by cancer cell implantation prevented growth of glioma tumors, and
even led to 100% survival against glioma challenge. Additionally, vector delivery into tumor-
bearing mice led to regression of established tumors and subsequent complete survival. In another
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study, AAV2-1FN-f under the control of the hTERT promoter reduced tumor growth by over 90%
and enhanced survival in mouse models of colorectal cancer (SW620) and lung cancer (A549),
with 87% and 83% long-term survival in treated mice, respectively &. Other interferons have been
used in AAV-mediated delivery to cancer models, including intravenously administered AAV6-
IFN-a to a B16F10 mouse model of metastatic melanoma, leading to a 60% reduction in the
number of metastatic colonies and a modest enhancement in the survival of treated mice &'.

CD40-ligand (CD40L) is an immunostimulatory protein implicated in the activation of dendritic
cells and induction of tumor cell apoptosis. Intratumor delivery of self-complementary AAV5-
CD40L to subcutaneous A549 lung cancer tumors led to a 67% reduction in tumor size and 2.7-
fold higher level of tumor cell apoptotic death 8. Recently, self-complementary AAV5 vectors
expressing a non-cleavable CD40L mutant were used to treat subcutaneous A549 lung cancer
xenografts 8. Intratumoral delivery of AAV5-CD40L and AAV5-CD40LM (i.e. mutant) reduced
tumor size and increased apoptosis, with the CD40L mutant exhibiting greater effects than wild-
type ligand (33% vs. 28% tumor reduction for wtCD40L).

Interleukins, another class of immunostimulatory molecules, have been employed in cancer gene
therapies. Systemic delivery of AAV1 carrying melanoma differentiation-associated gene-
7/interleukin-24 (mda-7/1L24), a cytokine capable of inducing tumor apoptosis and inhibiting
tumor growth and metastasis, to a subcutaneous Ehrlich ascites tumor mouse model suppressed
tumor growth by 63%, increased tumor cell apoptotic death, reduced tumor angiogenesis, and
enhanced mean survival time by over 80% %. Likewise, intratumoral delivery of AAV2-1L24 to
an orthotopic MHCC97-H HCC model increased apoptotic tumor cell death and inhibited tumor
recurrence and metastasis in the liver and lung ®. In another study, intramuscular delivery of
AAVSB-IL24 to a transgenic mouse model of mixed-lineage leukemia/AF4-positive acute
lymphoblastic leukemia (MLL/AF4-positive ALL) reduced tumor angiogenesis by 57% °2.

Chang et al. ®® studied the delivery of IL-15, a cytokine capable of stimulating an immune response
by inducing proliferation and activation of natural killer cells and T cells, to a BNL-h1 mouse
model of metastatic HCC. Prophylactic intravenous delivery of AAV8 encoding an IL-15
superagonist followed by cancer cell implantation led to 82% lower tumor metastasis.
Analogously, therapeutic delivery (vector delivered to tumor-bearing mice) led to both 80% lower
tumor metastasis and enhanced mean survival by 41% with no apparent liver toxicity observed.
Another group intramuscularly administered AAV2-IL15 to a transgenic model of SV40 T/t
antigen-induced breast cancer prior to induction of breast cancer, which stimulated lymphokine-
activated killer (LAK) cells, slowed tumor growth (tumor size reached 2500 mm? after 33 days vs.
20 days for control) and reduced final tumor size by 30% %,

Other AAV-delivered immunostimulatory transgenes that have elicited anti-tumor effects include
secondary lymphoid tissue chemokine (SLC), delivered preventatively and therapeutically by
AAV?2 to a Hepal-6 mouse liver cancer tumor model %; Nk4, delivered by AAV2 to a metastatic
Lewis lung carcinoma (LLC) mouse model %; the cytokine LIGHT, delivered by AAV2 to a TC-
1 mouse cervical cancer model %; the granulocyte-macrophage colony stimulation factor (GM-
CSF) cytokine, delivered by AAV1 to a 9L tumor model %8; and TNF-a, delivered by AAV2 to a
U251 human glioma xenograft mouse model *.
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Delivery of Tumor Suppression and Repair Genes

Another anti-cancer gene therapy strategy is the delivery of transgenes and nucleic acids that can
elicit tumor suppression or down-regulation of tumorigenic proteins (i.e. those overexpressed in
tumor cells). Several groups have delivered dominant negative mutants of survivin, an anti-
apoptotic protein overexpressed in most types of cancer. Tu et al. 1 used AAV?2 to deliver the
C84A survivin mutant, capable of inducing apoptosis, to SW1116 and Colo205 colon cancer cells
that were then subcutaneously injected in nude mice, and they observed suppressed tumorigenesis
and reduced tumor growth by 80% and 55%, respectively. Alternatively, intratumor therapeutic
delivery inhibited the growth of previously established tumors by 81% and prolonged mean
survival of treated mice by 75%. The same group °* subsequently delivered another dominant-
negative survivin mutant capable of inducing apoptosis and reducing tumor growth, T34A, to an
HCT-116 human colon cancer mouse model using AAV2 and obtained similar results, with further
enhanced therapeutic effects when combining AAV with oxaliplatin (62% of mice showing
complete survival). Two other groups 1°%1% also used AAV-mediated delivery of the C84A and
T34A survivin mutants, respectively, for in vivo models of gastric cancer and observed reduced
tumor growth, increased tumor cell apoptosis, and increased tumor sensitivity to 5-fluoracil.

The C-terminal fragment of the human telomerase reverse transcriptase (hnTERTC27), which
exerts an anti-tumor activity by inducing telomere dysfunction, was packaged in AAV2 and
intratumorally delivered to a human glioblastoma multiforme U87-MG tumor xenograft mouse
model 1%, The results were increased levels of tumor necrosis and apoptosis, increased infiltration
of polymorphonuclear neutrophils into the tumor, reduced angiogenesis, and consequently an 83%
reduction in tumor growth and two-fold higher median survival of treated mice. The same group
then combined AAV2 and adenoviral vector delivery of hTERTC27 and obtained a synergistic
therapeutic effect of 2.56-fold higher median survival compared to untreated mice 1%,

A wide array of other anti-tumor transgenes have been delivered to preclinical cancer models using
AAYV vectors. These include AAV2-maspin to LNCaP and DU145 prostate cancer tumors *°;
AAV2-nm23H1 to SW626-M4 metastatic ovarian cancer tumors °”; AAV2-HGFK1 (kringle 1
domain of human hepatocyte growth factor) to CT26 and Lovo colorectal carcinoma tumors %;
AAV2-encoded anti-calcitonin ribozymes to an orthotopic implantation model and a transgenic
model of prostate cancer 1%°; AAV2-4EBP1 (eukaryotic translation initiation factor 4E-binding
protein 1) to a K-rast*! lung cancer model 11%; AAV2-mediated delivery of the chemokine receptor
CXC chemokine receptor 2 (CXCR2) C-tail sequence to an HPAC pancreatic tumor model %;
AAV1 delivery of IL-24 and apoptotin to a HepG2 liver cancer model 2, AAV2-TAP (alpha-
tocopherol-associated protein) to PC-3 and LNCaP prostate cancer tumors %; delivery of
trichosanthin, packaged in AAV3-S663V+T492V vectors, to HuH7 hepatocellular carcinoma
(HCC) tumors 28; AAV2-decorin to a US87MG glioblastoma multiforme model 4, AAV2-
cathelicidin to HT-29 colon cancer tumors **°; AAV8-mediated delivery of Niemann-Pick type C2
(NPC2) to the N-methyltransferase knockout (Gnmt-/-) transgenic spontaneous HCC model *26;
and AAV9-mediated delivery of human Mullerian inhibiting substance (MIS, albumin leader
Q425R MIS (LRMIS)) in a xenograft model of ovarian cancer 7. Additionally, groups have
delivered the p53 tumor suppressor gene, commonly mutated in cancerous cells, using AAV2
vectors to bladder cancer cells 18 and non-small cell lung cancer cells *° in vitro and to an H358
bronchioalveolar carcinoma tumor model in vivo 1%,
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AAV Vectors Encoding Small RNAs

AAVs encoding RNA cargoes are another anti-cancer modality that has been employed in a variety
of tumor models. Prophylactic administration of AAV2 encoding small hairpin RNA (shRNA)
targeting Epstein-Barr virus (EBV) latent membrane protein-1 (LMP-1) to a C666-1
nasopharyngeal carcinoma (NPC) mouse model led to a 47% inhibition of tumor metastasis,
though no effects on tumor growth were observed *21. AAV2 encoding antisense RNA targeting
the E7 oncogene from human papilloma virus 16 (HPV16) present in CaSki cervical cancer cells
and subsequent implantation of these cells reduced tumor formation by 80% and inhibited the size
of formed tumors by 79% compared to transplantation of uninfected cells %2, Sun et al. 1%
delivered AAV2 encoding shRNA targeting the androgen receptor (AR) gene to 22Rv1 prostate
cancer xenografts. Among the group of AR-shRNAs that they screened, AAV2-ARHP8
suppressed tumor growth by 88% when delivered intratumorally, and systemic delivery of AAV2-
ARHP8 caused elimination of xenografts. Intratumoral AAV2 encoding siRNA against Snail, a
transcription factor involved in anti-apoptotic and chemoresistance upregulated in pancreatic
cancer, to a PANC-1 xenograft model of pancreatic cancer suppressed tumor growth by 76% 24,
Subsequently, the same group delivered AAV encoding siRNA targeting the Slug gene, a
suppressor of apoptosis, to an orthotopic QBC939 model of cholangiocarcinoma, a type of liver
cancer 12°, Intratumoral injection of AAV2-SlugsiRNA led to 51% reduced tumor growth alone
and complete tumor regression when combined with radiation treatment. Delivery of AAV2
encoding shRNA against FHL2 (four and a half LIM-only protein 2), a putative oncogene involved
in various cellular processes including proliferation and migration, to a LoVo colon cancer
xenograft led to 66% reduced tumor volume, an effect that was enhanced to a 95% reduction with
co-administration of 5-FU 12

Other AAV serotypes have also been employed for delivery of small RNA-encoding payloads.
Delivery of AAV1 encoding shRNA against Hecl (Highly Expressed in Cancer 1) to a U251
glioma xenograft mouse model increased tumor cell apoptosis but did not ultimately reduce tumor
growth 27, Systemic delivery of self-complementary AAV8 vectors encoding microRNA miR-
26a, which becomes downregulated in HCC cells, to the tet-o-MYC, LAP-tTA bi-transgenic HCC
mouse model resulted in high expression levels of miR-26a in the liver, reduced tumor occurrence,
and 65% smaller average tumor size without any observed toxicity 22,

Delivery of Antigens for Stimulating Antigen-Presenting Cells (APCs)

Adeno-associated virus vectors have also been employed to deliver antigens to antigen-presenting
cells and thereby elicit an immune response against tumor cells expressing that antigen, i.e. a tumor
vaccine. An excellent example of AAV-mediated vaccination focused on antigens from human
papilloma virus 16 (HPV16), which is associated with the development of cervical and anogenital
cancer. Several groups have used AAV to express the HPV16 structural protein L1 and thereby
induce anti-HPV neutralizing antibodies '?°. L1-based virus-like particles (VLPs), which are non-
infectious and morphologically identical to HPV virions but do not carry any oncogenes, are safe
vaccine agents that can elicit high titers of neutralizing antibodies. Liu et al. used intramuscularly
delivered AAV2-HPV16L1 to elicit anti-L1 antibodies, then compared the resulting titers with
those generated by either an AAV control vector, HPV16 VLPs composed of L1, naked DNA
encoding L1, adenovirus coding for mGM-CSF, or a combination of AAV2 and adenovirus *?°.
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The antibody titer induced by AAV2-L1 delivery was 20% lower than that generated by VLPs;
however, a single dose of combined AAV and adenovirus led to titers as high three doses of VLPs.
AAV2-L1 delivery also led to accumulation of macrophages and DCs at levels comparable to VLP
delivery.

Interestingly, a single dose of intranasal AAV5-mediated delivery of HPV16-L1 was sufficient to
generate long-lasting, high titers of serum anti-L1 antibodies in mice, comparable to those
generated by VLP delivery 0. Additionally, vector delivery led to generation of mucosal
antibodies in vaginal washes and to a long-term cellular immune response against HPV16. The
same group subsequently investigated intranasal vaccination of mice by delivering an HPV16
L1/E7 fusion gene using AAV5, AAVS, or AAV9 vectors and showed serotypes 5 and 9 were
most effective at generating neutralizing antibodies and a CTL response against HPV16 3L,
Moreover, the murine study was followed by successful intranasal vaccination of rhesus macaques
using HP16 L1 delivered by AAV5 and AAV9 vectors, where the latter induced long lasting
immunization 32, Building upon their previous study of AAV-mediated vaccination against
HPV16 1%, Liao et al. 13 developed vaccines against three HPV16 oncogenes — E5, E6, and E7 —
that conferred immune protection against cervical cancer tumor growth. They used AAV?2 to
deliver a long peptide targeting HPV16 E5, E6, and E7 that induced an immune response against
TC-1 cells, which express HPV16 proteins; vaccinated mice were protected from tumor growth
for 300 days.

Various other antigens have been delivered using AAV vectors to preclinical cancer models for
APC stimulation and antibody generation. AAV2 encoding a B-cell leukemia/lymphoma 1 (BCL1)
idiotype led to the generation of anti-Id antibodies and protection against BCL1 cell-based tumors
135 Intramuscular AAV?2 packaged with the LMP2/1-hsp fusion gene, consisting of the Epstein-
Barr virus latent membrane proteins 1 and 2 fused to heat shock protein as an adjuvant, to a tumor
model based on SP2/0 cells expressing LMP2 led to a humoral and CTL response against LMP2-
expressing tumor cells, 83% reduction in tumor growth, and long-term survival of 90% of treated
animals %, In addition, intramuscular AAV6 encoding melanoma antigen Trp2 generated an
antitumor response against B16.F10 tumors when combined with Toll-like receptor (TLR)
agonists ¥" The same group subsequently co-administered TLR agonists and AAV2 encoding
carcinoembryonic antigen (CEA) to vaccinate mice against colon cancer cells, resulting in
antitumor response against MC38 cells expressing CEA . In another study investigating neu-
expressing TUBO breast cancer tumors 13, intramuscular vaccination with AAV5-neu or AAV6-
neu resulted in humoral and cell-mediated immune response, leading to 50% and 100% long-term
survival, respectively. Similarly, oral vaccination led to 80% and 100% long-term survival with
AAV5 and AAVG, respectively. Additionally, oral AAV6-neu vaccination also protected against
re-challenge with TUBO tumor cells 320 days after original tumor cell implantation. Han et al. 14
used AAV?2 to systemically deliver a soluble form of B and T lymphocyte attenuator (BTLA) in
combination with a heat shock protein (HSP70) vaccine to a B16F1 mouse melanoma pulmonary
metastasis model, which initially reduced metastatic foci but did not prevent late-stage metastatic
melanoma. Conversely, prophylactic treatment caused enhanced innate and adaptive immune
responses against tumor cells, leading to 80% inhibition of tumor formation and long-term survival
of 83% of treated mice. One general challenge with prophylactic tumor vaccination with AAV,
however, is that a single administration can lead to long-term neutralizing antibodies that cross-
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react against multiple AAV serotypes, complicating subsequent AAV administrations to treat other
conditions.

Delivery of Antibodies to Block Signaling

A number of anti-cancer monoclonal antibodies (mADbs) therapeutics have been developed to target
cancer cells for immune system processing and presentation, to inhibit cancer cell growth and
tumor progression by blocking antigens involved in tumor cellular processes such as migration,
and to inhibit immunosuppressive signaling molecules and thereby boost anti-tumor immune
responses. Adeno-associated virus vectors have been employed to deliver genes encoding such
monoclonal antibodies for long-term expression in preclinical models.

Ho et al. **! delivered 14E1, a murine antihuman epidermal growth factor (EGFR) antibody, by
intramuscular administration of AAV1 vectors in the A431 human vulvar carcinoma xenograft
model. Administration of vector prior to tumor cell xenografting completely inhibited or reduced
tumor growth by 93% when administered 28 days before and 1 day after tumor cell implantation,
respectively. Gene delivery also led to long-term survival, with a majority of mice showing
complete tumor regression. Intratumorally injected AAV2 encoding adximab, a mouse-human
chimeric antibody against death-receptor 5 (DR5), to mouse models of human liver cancer
(SMMC7221) and colon cancer (HCT116) reduced tumor growth (58% and 40% reduction,
respectively) and increased tumor cell apoptotic death (2-fold and 2.6-fold higher, respectively) in
both models #2. Finally, administration of an AAV9 vector encoding a monoclonal antibody
against the glycolytic enzyme alpha-enolase (ENO1) prior to xenografting orthotopic CFPAC-1
pancreatic ductal adenocarcinoma (PDAC) tumors led to high concentrations of anti-ENO1
antibody in serum and a 95% reduction in lung metastases 4.

3.6 AAV Vectors in Cancer Clinical Trials

The promising results of adeno-associated virus vectors in preclinical models of cancer, coupled
with their clinical successes for monogenic diseases °, have motivated the translation of AAV
vectors into oncology clinical trials.

A phase | trial performed between the Peking University School of Oncology and the Beijing
Cancer Hospital and Institute 4 administered cytotoxic T lymphocytes (CTLs) that had been
activated by dendritic cells (DCs) previously transduced with AAV2 vectors carrying
carcinoembryonic antigen (CEA) to cancer patients who had failed to respond to standard
treatments. From the 25 patients evaluated after treatment, 2 showed partial remission, 10 showed
stable diseases, and 13 had progressive disease, with a resulting mean progression-free survival of
3.1 months. Importantly, no treatment-related serious adverse events were reported for any
patients. Larger, randomized studies may follow.

A clinical trial (ClinicalTrials.gov ldentifier:NCT02496273), led by Wu Changping, M.D. and
Jiang Jingting, Ph.D. at The First People's Hospital of Changzhou in China, is investigating the
clinical safety and efficacy of administering CEA-specific CTLs activated by DCs previously
loaded with CEA via AAV?2 transduction. This phase I clinical trial is focused on stage IV gastric
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cancer patients, will monitor T cell populations and tumor progression, and initiated in January,
2016.

Another clinical trial (ClinicalTrials.gov Identifier: NCT02602249), developed by Beijing Doing
Biomedical Co., Ltd in China, is similarly investigating the clinical safety and efficacy of
administering CTLs specific for the Mucin 1 (MUC1) antigen, whose overexpression can be
associated with cancer, to stage IV gastric cancer patients. MUC1-specific CTLs will be activated
by DCs either loaded with MUCL1 via AAV2 transduction or directly pulsed with a MUC1 peptide.
This study is projected to be completed in June, 2018.

Finally, although not targeting cancer cells per se, another phase I clinical trial (ClinicalTrials.gov
Identifier: NCT02446249) led by John A Chiorini, Ph.D. at the NIH is investigating the safety of
using an AAV2-aquaporin (AAV-hAQP1) gene therapy for patients with irradiation-induced
parotid salivary hypofunction (xerostomia), a condition that can develop in patients with a history
of radiation therapy for head and neck cancer. The investigators have already completed a separate
phase | clinical trial (06-D-0206) using adenovirus, where they showed safety and therapeutic
efficacy of hAQPL1 delivery to a single parotid gland. The study initiated in April, 2015, and the
investigators will monitor therapeutic efficacy of the treatment by measuring parotid salivary gland
output as well as safety through traditional clinical and immunological measures.

3.7 Future Prospects and Conclusions

AAYV vectors have enjoyed increasing clinical success as a result of their excellent safety profile
and high gene delivery efficacy. To date, over 130 clinical trials ® have employed AAV vectors to
treat conditions in a wide range of tissues, including muscle, eye, liver, central nervous system,
heart, and lung diseases °. The approval of Glybera in the European Union and recent reports on
clinical trials, including those for Sanfilippo B syndrome (Pasteur Institute, Phase I/II) and Leber’s
congenital amaurosis (Spark Therapeutics, Phase I11), underscore the strong promise of AAV-
mediated therapeutic gene delivery and foreshadow the development and approval of AAV gene
therapies in the United States in the near future.

As presented in this review, AAV vectors, particularly AAV2, have been extensively used in a
variety of preclinical models of cancer to deliver a wide array of transgenes, including anti-
angiogenic factors, suicide genes, immunostimulatory genes and antigens, tumor suppressors,
payloads encoding small interfering nucleic acids, and monoclonal antibodies. Despite the high
prevalence of gene therapy clinical trials directed at cancer, AAV vectors have only recently
entered this field, which has so far been focused on oncolytic viruses — including adenovirus,
herpes simplex virus, and reovirus — and to a lesser extent, non-viral methods *°. However, AAV
vectors offer several complementary advantages that can be harnessed for anti-cancer therapies,
including the potential for high efficiency transduction, the promise of vector engineering for
targeted delivery, and gene expression in post-mitotic cells.

Due to their inability to replicate or efficiently integrate in transduced tumor cells, AAV vectors

may have a limited potential for sustained oncolytic or pro-apoptotic effects, as evidenced by some

in vitro and in vivo studies . Instead, AAV vectors may be an excellent platform for eliciting

protective anti-tumor effects via tumor suppression and immunostimulation — a strategy that
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ongoing AAV cancer clinical trials are currently employing. Delivery of tumor-suppressive or
stimulatory payloads — such as anti-angiogenic factors, monoclonal antibodies, cytokines, antigens
for loading APCs, and immunomodulatory factors - would harness AAV’s excellent safety and
delivery properties, and, more importantly, would not require transduction of all tumor cells to
induce an efficient therapeutic effect.

In particular, AAV vectors can deliver tumor-specific antigens to generate tumor-specific humoral
and T cell-mediated responses — in efforts to vaccinate against the tumor — and this approach has
been explored in both murine and non-human primate preclinical models that have strongly
suggested the vector’s potential against conditions like cervical cancer (HPV-L1) and prostate
cancer (hPSA). Antigen delivery can also be employed in the ex vivo transduction of antigen-
presenting cells like dendritic cells (DCs), which after being stimulated, loaded with the antigen,
and reinjected into the patient, can elicit a CTL response against the tumor. Dendritic cell vaccines
are safe and effective, and as explained above, mark some of the first AAV clinical trials directed
at treating a type of cancer; this approach could potentially be extended to other types of cancer
previously treated with DC vaccines, including melanoma, colon cancer, and prostate cancer 4.

Another important immunostimulatory strategy consists of augmenting anti-tumor cytotoxic T
lymphocyte (CTL) responses by inhibiting negative immunoregulators such as CTLA-4 and PD-
1 8 Blocking antibodies against CTLA-4, PD-1, and PD-1 Ligand 1 (PD-L1) have led to
significant improvements in the treatment of various cancers (e.g. melanoma, renal cell carcinoma,
lung cancer), and are either approved by the FDA (ipilimumab, anti-CTLA-4 approved for
melanoma) or in advanced clinical trials 1*°. AAV’s gene transfer properties have already been
exploited for the delivery of recombinant anti-angiogenesis monoclonal antibodies, including
bevacizumab, to preclinical cancer models. AAV vectors could therefore be used to stimulate a
CTL response by local delivery of blocking antibodies against CTLA-4 or PD-1. Long-term,
sustained expression of these or other therapeutic antibodies could reduce overall dosage while
increasing local expression levels, and consequently improve treatments for multiple indications
such as non-Hodgkin’s lymphoma, breast cancer, and colorectal cancer.

As another future direction, AAV vectors can benefit from further developments that would make
them even more suitable gene delivery vehicles for cancer therapies. Novel vectors with selective
tropism towards the tissue of interest, low off-target transduction, and the capacity to evade pre-
existing neutralizing antibodies would promote high levels of gene expression, a requirement for
a strong therapeutic effect. Furthermore, AAV vectors would strongly benefit from engineering
for localization to primary and secondary tumors as well as to tumor initiating cells (sometimes
regarded as “cancer stem cells”), which are resistant to traditional therapies and greatly contribute
to the poor prognosis and post-therapy relapse of many cancers 2. Vectors may also be engineered
for specific transduction following different routes of administration — for example, systemic
delivery, localized injection to post-mitotic non-tumor tissue for sustained transgene expression
and secretion, or intratumoral administration — which can in turn influence gene delivery efficacy
150 As previously discussed, directed evolution — which has successfully been applied to enhance
existing vector properties or engineer entirely new and optimized properties for delivery to normal
tissues —similarly offers strong potential for engineering novel AAV vectors for cancer therapies.
Capsid engineering efforts can additionally be combined with the development of innovative
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payloads that can provide tissue selectivity, strong expression, and maximization of genomic space
for transgene delivery.

Finally, numerous studies presented in this review combined therapeutic gene delivery with
traditional chemotherapy drugs or other therapeutic strategies to yield therapeutic effects greater
than those elicited by either treatment alone. Thus, integrating AAV-mediated gene delivery with
standard therapies (e.g. surgery, chemotherapy, radiotherapy) to develop novel anti-tumor
treatment strategies offers strong promise in future cancer gene therapy studies.
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Chapter 4: In Vivo Directed Evolution of Adeno-Associated Virus
Vectors for Glioblastoma Multiforme Tumor-Initiating Cells

This chapter is the product of a collaboration with the Sanjay Kumar Laboratory in the
Department of Bioengineering at U.C. Berkeley

4.1 Introduction

Glioblastoma multiforme (GBM), a grade IV astrocytoma, is both the most virulent and the most
frequent of adult glial tumors?, with an incidence of 3-4 new cases per 100,000 people each year?.
In contrast to lower grade tumors that are localized and tend to have favorable prognosis, GBM
tumors are diffuse and highly invasive, and thus result in poor prognosis®. Conventional treatment
of this high-grade glioma includes concomitant surgical resection, chemotherapy, and radiation.
However, even with this aggressive intervention, median survival post-diagnosis is frequently less
than 1 year, and most patients have an overall survival of less than two years*.

One property of GBM that greatly influences its poor prognosis is the existence of highly invasive,
therapy-resistant cells — termed tumor-initiating cells (TICs) — that can re-initiate tumor formation
after therapy is discontinued. These TICs are also involved in GBM invasiveness, as they migrate
into the brain parenchyma as either single cells or small groups of cells, sometimes infiltrating the
whole brain® and initiating the formation of secondary tumors that further contribute to poor
survival’. Imaging studies have shown that infiltrating tumor cells course through white matter
tracts in “normal” brain parenchyma, a process that obviates the ability to delineate between
normal brain tissue and the tumor and thus renders successful surgical resection virtually
impossible. TICs — which display “stem cell-like” qualities such as self-renewal, expression of
“stemness’ markers including nestin and CD133, and the capacity to differentiate into more mature
GBM tumor cells® — also exhibit resistance to standard therapies due to their slow cycling rates®,
ability to activate DNA damage responses®, and increased expression of anti-apoptotic and drug
resistance genes'®. Because of these features, TICs should be taken into account in GBM therapies.
In particular, successful targeting of these cells along with other tumor cells could enable enhanced
clinical efficacy and eventually longer survival times in patients afflicted with this highly
aggressive and invasive disease.

Xenografts of GBM TICs offer a more accurate recapitulation of cancer biology compared to more
traditionally cultured and xenografted cancer cell lines, which have been the typical models for
human cancer biology and therapeutic development. In fact, the phenotypic and genetic
characteristics of cancer cell lines extensively passaged in vitro often do not correspond to those
found within a primary human tumor!’. In general, this has led to poorly predictive therapeutic
screening models and an incomplete understanding of tumor cell biology*2. This is also the case
for glioblastoma models, where GBM cells lines subjected to extensive in vitro passaging fail to
generate xenograft models with genomic and phenotypic features present in the original tumor®?,
yielding for example well-segregated rather than highly invasive tumors and an inaccurate
representation of GBM cellular heterogeneity®*. In contrast, preclinical models based on primary
and early passage GBM TICs can recapitulate the biology of the tumors from which they were
derived®. In particular, GBM models generated by xenografting TICs isolated from patient GBMs
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into immunocompromised mice develop into GBMs that accurately match the biological
characteristics of the primary tumors, including tumor invasiveness, heterogeneity (e.g. mix of
TICs and differentiated GBM tumor cells), genetic properties, and susceptibility to chemotherapy
and antiangiogenic treatment'®%’. We therefore propose to develop novel gene therapy strategies
harnessing xenografts of primarily-cultured GBM TICs derived from glioblastoma patient
resections®?8 that we have previously studied and characterized®® .

Gene therapy investigations for glioma have employed retroviral, adenoviral, vaccinia, and herpes
virus-based vectors®. These have been utilized for suicide gene therapy?, immunotherapy??,
oncolytic therapy?®, and other cargoes?*. However, currently approved oncolytic therapies can
require direct intratumoral administration and are still early in development, and immunotherapies
such as CART-T have shown strong responses in leukemias with a clear tumor-associated antigen
but limited success for solid tumors and antigens that are also expressed in host cells (leading to
graft vs. host disease)?®. Furthermore, preclinical and clinical development of other vectors and
cargoes has been hindered by low gene delivery efficiency due to anatomical barriers including
the blood-brain barrier (BBB), limited dispersion of vectors from a local intracranial
administration site, poor gene delivery efficiency to tumor cells, and the inability to access and
target tumor cells and TICs that have disseminated throughout the brain parenchyma. Therefore,
the development of novel gene delivery vectors that can address these challenges is of utmost
importance for potential cancer gene therapies.

Adeno-associated viruses (AAV) are non-pathogenic parvoviruses with a 4.7 kb double-stranded
DNA genome encoding two genes: rep, which encodes enzymes that mediate viral DNA
replication, and cap, which encodes the viral capsid that serves as the viral gene delivery vehicle.
AAV vectors have a strong safety profile?®, can mediate delivery to a number of tissues, and as a
result have enjoyed increasing success in human clinical trials?’=® for monogenic disease targets
including Leber’s congenital amaurosis type 22, choroideremia, hemophilia B¥, and familial
lipoprotein lipase deficiency (LPLD)*. Moreover, the first regulatory approved gene therapy
product in Western nations (in the EU in 2012) uses an AAV1 vector to treat LPLD®.

As we have recently reviewed®, AAV vectors have also been harnessed for delivery of an
extensive repertoire of transgenes in preclinical models of cancer and, more recently, clinical trials
involving certain cancers®’. However, the natural versions of AAVs utilized in these studies suffer
from numerous shortcomings that render this success difficult to extend to the majority of human
diseases. As we have reviewed®®, barriers for AAV and other vectors include high titer neutralizing
antibodies due to prior exposure of the majority of the human population to natural AAVs, poor
biodistribution to important tissue targets, poor spread within those tissues, an inability to target
specific cells, and poor efficiency on those cells. Moreover, AAV vectors experience a number of
delivery and transport barriers for CNS gene delivery — including biodistribution to the central
nervous system (CNS), the BBB, and intraparenchymal and intratumoral transport to the primary
and diffuse secondary tumors — and once they arrive they do not display strong intrinsic cell
tropism for glioma cells. Thus, it would highly desirable to develop AAV vectors that upon
administration via an optimal route of administration — such as systemic injection — are capable of
overcoming these delivery barriers.
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Directed evolution is a powerful, high-throughput approach that was initially applied to generate
antibodies with enhanced binding affinity and enzymes with improved catalytic activity®®. Our
group first developed and has since broadly implemented directed evolution to create novel,
optimized lentiviral and AAV vectors*®*. Importantly, this work has also included the in vivo
directed evolution of AAV for enhanced tissue spread and infection of non-permissive cell
types*3*. We have thus developed an in vivo directed evolution selection strategy to create AAV
vectors for efficient gene delivery to GBM tumor cells and TICs after systemic administration.
Here, we describe the methodology for this stringent selection strategy and the initial
characterization of their infectivity. We also describe on-going experiments to validate their in
vivo gene delivery properties, as well as their efficacy in delivering a therapeutic agent that can
inhibit tumor growth and progression and thereby extend the survival of our animal models. The
resulting AAV vectors will have the potential to enable new, potent therapies to treat highly
invasive and malignant GBM tumors, as well as help establish a paradigm for engineering
optimized AAV against other cancer targets.

4.2 Results
In vitro directed evolution of AAV libraries for infectivity on cultured GBM TICs

It has been well-established that natural AAVs are ineffective on GBM cell lines®%4, and to
confirm this with GBM TICs, natural AAV serotypes (AAV1-6, 8, 9) encoding the green
fluorescent protein (GFP) were packaged and incubated with cells at a multiplicity of infection
(MOI) of 10,000 viral genomes/cell (Figure 4.1). This high MOI mediated only very low or modest
transduction of GBM cells and confirmed the need for the engineering of the AAV capsid for
delivery to GBMs, as task we set out to do via directed evolution.

Like its natural counterpart, directed evolution involves iterative genetic diversification and
selective pressure to create and isolate genetic variants with enhanced properties. Importantly, the
approach does not require preexisting structural and mechanistic knowledge of virus-cell
interactions (i.e. why natural AAVs do not infect GBMSs well) in order to achieve greatly improved
function. It relies instead on the generation of a diverse gene pool or library and development of a
phenotypic selection that yields therapeutically relevant properties. We have previously generated
a large (~100 million) library of novel AAV cap variants utilizing using a range of molecular
approaches, including error-prone polymerase chain reaction (PCR)*, saturation mutagenesis of
key regions, DNA shuffling*®, ancestral reconstruction®, and insertion of a string of seven random
amino acids into the capsid of natural serotypes®® or within other libraries including the ancestral
library® and a computationally-guided DNA shuffling library (Ojala, D.S. et al., in preparation).
These genetic libraries are then packaged such that each virus particle is composed of a variant
capsid protein shell that surrounds the viral genome encoding that mutant capsid. Functional
selections are performed on these pools, and with each round the cap variants responsible for the
desired functional changes are recovered (e.g. by PCR), repackaged, and re-selected. After a
suitable number of rounds, individual AAV variants are isolated, characterized, and harnessed for
therapeutic gene delivery in disease models.
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Figure 4.1. Ratio of infectious to genomic MOI (x 10°) of natural AAV serotypes on GBM TICs. Cultured cells
were transduced with vectors packaged with a self-complementary CMV-GFP cassette at a genomic MOI of 10,000
viral genomes/cell. The fraction of GFP-positive cells was quantified by flow cytometry 72 hours later. Data presented
as meant+SEM, n=3.

We therefore initiated directed evolution using all of the AAV libraries mentioned in the prior
paragraph, as well as error-prone libraries of the AAV3 and AAV6 cap genes (based on Figure
4.1)*". As an initial step to prime for in vivo infectivity on TICs, we performed three rounds of
AAV library selection in vitro on TIC cultures from GBM patient surgical resections®. Specifically,
GBM cells were first infected with AAV libraries at an initial genomic MOI of 10,000, and
successful virions were recovered by superinfecting the cells with adenovirus type 5 to induce
AAYV replication and rescue®. The stringency of selection was then elevated by decreasing the
genomic MOI to 1,000 and 100 in the second and third round of infection, respectively. After
completing three rounds of in vitro selection, the primed libraries were packaged and we proceeded
with an in vivo selection.

Generation of reporter GBM TICs for in vivo selection

Our GBM animal model involves xenotransplantation of human primary GBM TICs into non-
obese diabetic/severe combined immunodeficient gamma (NSG) mice®, which are stereotactically
injected intracranially with TICs into their striatum®. To enable monitoring of xenografted tumor
cells and their progression into tumors, we stably transduced these GBM TICs so they
constitutively express a firefly luciferase gene, which does not affect tumor properties®® but
enables live monitoring of tumor progression using bioluminescence imaging (BLI)*°, as well as
mCherry®, a fluorescent protein previously used to monitor cancer cells®® and that will facilitate
both the in vivo AAV selection and downstream histology. Confirmation of bioluminescence and
fluorescence of transduced cells is shown for a representative mouse in Figure B.1.
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In vivo directed evolution strategy

We hypothesized that selection for the capacity to transduce GBMs in vivo would result in vectors
capable of infecting both TICs as well as bulk tumor cells that would have differentiated between
the time of xenografting and virus administration. For the first round of our in vivo directed
evolution, depicted in Figure 4.2, we intravenously injected, four weeks post-xenotransplantation
and confirmed tumor presence (Figure B.1), the combined in vitro selected libraries of AAV
particles. Two weeks after virus administration, brain tissue was recovered, and cells were
dissociated using the neurosphere assay8. Cells expressing mCherry were sorted through FACS
and the DNA extracted from cells was used for PCR amplification of viral genomes. Recovered
cap sequences were cloned into the replication competent AAV packaging plasmid pSub2, further
diversified using error-prone PCR*’ (and subsequently recloned into pSub2), and packaged into
AAV particles for further selection. A total of three rounds of in vivo selection were conducted.

Injection of Injection of Dissection of Isolation of
TICs to induce AAV libraries brains cells

tumors D
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Figure 4.2. Depiction of in vivo AAV directed evolution scheme. TICs are intracranially injected in
immunocompromised mice and over the course of 4 weeks are allowed to expand into tumors that harbor both TICs
as well as differentiated tumor cells. AAV libraries are then administered intravenously, and one week later GBM
cells are recovered using fluorescence-activated cell sorting (FACS) for mCherry expression. Viral genomes that have
successfully arrived in GBM cells are then recovered using PCR primers designed to specifically amplify cap
sequences. Recovered sequences are diversified using error-prone PCR and then packaged into viral particles that will
enter further rounds of selection until convergence is achieved and the best clones are recovered.

Convergence of AAV libraries upon selected variants

After three rounds of in vivo selection and recovery, 22 cap genes were sequenced. Interestingly,
every single clone was a seven-amino acid insertion (7mer) (Figure 4.3a) into a capsid clone
derived from either our ancestral AAV library® or a computationally-guided AAV DNA shuffling
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library (SCHEMA library; Ojala, D.S. et al., in preparation). In particular, three 7mer sequences
were recovered. The most prominent 7mer sequence was (SSARASA, clone name SGAL1), found
in 9 of the 22 clones, where it was present in the context of an ancestral AAV cap gene. The residue
identities at the positions diversified during the ancestral library construction are presented in
Table B.1; this clone additionally contains the mutations A70S and P148S. The location of the
7mer sequence, which may confer novel properties upon this AAV vector, is depicted in Figure
4.3 in the crystal structure of AAV1 (4.3b), the most homologous natural serotype with a solved
structure; the modeled depiction (4.3c) shows the predicted structure of the 7mer insertion.

Figure 4.3 Distribution of 7mer insertions and predicted crystal structure of SGAL clone. After three rounds of
selection, convergence was achieved upon three different 7mer insertion sequences (a). The crystal structure of AAV1
(b) was used to predict the structure of variant SGAL (c), which is of ancestral origin and therefore shares the most
homology with AAV1. The 7mer insertion is depicted in magenta.




The second most abundant 7mer sequence, (SSPTTKS), was present in 7/22 clones, which are
derived from a SCHEMA DNA shuffling library. Briefly, the library was generated by fragmenting
the cap genes from AAV natural serotypes 2, 4, 5, 6, 8, and 9 into “blocks” such that the break
points between blocks would minimize the disruptions of protein-protein contacts within
monomers and at the full multimeric capsid assembly (Ojala, D.S. et al., in preparation). Clones
that come from this library can thus be characterized by describing the AAV natural serotype
present in each block (Table B.2). All recovered SCHEMA clones with the (SSARASA) 7mer
insertion shared the following string of blocks: AAV2;F110L-AAV2;L129F,P135G,V136A-
AAV6/AAVI-AAVE-AAV2-AAV2-AAV2, with a few individual ones having certain mutations
including T415S, T567A, and A674T. The representative clone, named SGS1, had the string
AAV2;F110L-AAV2;L129F,P135G,V136A-AAVE-AAVE-AAV2-AAV2-AAV?2 and no
additional mutations.

Finally, the third most abundant 7mer insertion was (IRTNGGA), present in 6/22 clones, all of
which also came from the SCHEMA library. Five of these shared the same backbone sequence,
AAV2;F110L-AAV2;L129F,P135G,V136A-AAVI-AAVE-AAV2-AAVI-AAVY, (Table B.2)
which was used as the representative clone SGS2; the remaining clone had AAV2 present in its
last two blocks instead of AAV9. The sequences of the three chosen evolved vectors are described
in Table B.3.

In vitro characterization of evolved clones
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Figure 4.4 Infectivity of evolved AAV clones on L0 tumor initiating cells. Cultured cells were transduced with
vectors packaged with a self-complementary CMV-GFP cassette at a genomic MOI of 4,000 viral genomes/cell. The
fraction of GFP-positive cells was quantified by flow cytometry 72 hours later. Data presented as mean+SEM, n=3.

As an initial characterization step, we investigated the gene delivery properties of our in vivo
evolved vectors on cultured GBM TICs in vitro. The three clones were packaged as high titer,
iodixanol-purified recombinant AAV (rAAV) vectors encoding green fluorescent protein (GFP),
as were the natural serotypes AAV2 and AAV9. GBM clones SGAL, SGS1, and SGS2 had similar
packaging efficiencies as AAV2 and AAV9 (Table 4.1). GFP-encoding viral particles were used
to infect GBM TICs at a multiplicity of infection (MOI) of 4,000 viral genomes/cell (Figure 4.4),
showing that GBM clones mediated highly efficient gene delivery to TICs. Having confirmed the
in vitro infectivity of the evolved clones, we set out to characterize their efficacy at mediating in
vivo gene delivery to GBM TICs and tumor cells.

AAV Serotype | Genomic titer (vg/mL)
SGS1 2.32E+11
SGS2 1.90E+10
SGA1l 7.90E+11
AAV?2 1.95E+11
AAV9 4.91E+11

Table 4.1. Genomic titers of evolved AAV clones and natural serotypes. The viral genomic titers of the recovered
particles were measured by quantitative PCR as previously described*.

4.3 In vivo characterization of evolved vectors

Vector tropism

AAV vector tropism and biodistribution must be well characterized before implementation into
gene therapy applications. To quantify gene delivery efficiency at the single cell level, AAV
vectors packaged with GFP**%* can be administered to mice bearing GBMs expressing mCherry,
enabling histology with dual label analysis.

GBM clones SGA1, SGS1, and SGS2 and AAV9 (a serotype capable of penetrating the BBB after
systemic administration®2- that will be used as a benchmark) were packaged to encode GFP under
the strong, ubiquitous CAG promoter, and administered systemically via tail-vein injection to
tumor-bearing mice. Immunohistochemistry of the harvested tissues, which is currently ongoing,
will enable the quantification of gene delivery at a single-cell level. Since these AAVs will have
been strongly selected for tropism to GBMs, we anticipate that they will be selective to tumors
rather than being diluted into other cells and tissues.

Vector biodistribution
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Biodistribution, or the range of tissues a vector can localize to and transduce upon systemic
administration, is an important gene delivery property that we will also study. Using methods we
have previously described*®, GBM clones SGA1, SGS1, and SGS2 as well as AAV9 are currently
being packaged using a luciferase reporter gene and will be systemically administered via tail-vein
injection. We will validate and quantify results with in vitro bioluminescence on the harvested
tissues®.

Therapeutic gene delivery

In addition to studying the delivery properties of selected vectors, we are also interested in
evaluating their therapeutic potential by delivering genetic cargos that can inhibit tumor growth
and progression and extend the survival of our animal models. There are many potential options
for anti-glioblastoma payloads targeting a wide spectrum of molecular targets®® including:
angiogenesis®®, EGFR signaling®’, mechanotransductive signaling®®, and immunostimulation
through immune checkpoint blockade®. To benchmark against literature, we will use one of the
most common approaches of gene therapy against cancer in the preclinical and clinical settings®®
- the delivery of cDNA encoding an anti-angiogenesis agent. Specifically, AAV-mediated delivery
of cDNA encoding the anti-VEGF monoclonal antibody bevacizumab (i.e. Avastin) has previously
been investigated preclinical cancer models®®"L. This therapeutic monoclonal antibody reduces
angiogenesis by binding to forms of vascular endothelial growth factor (VEGF) and inhibiting
their interaction with VEGF receptors. It is the most widely used angiogenic inhibitor in the clinic
for the treatment of many types of cancer®® 2, including glioblastoma’®.

We will study whether the in vivo expression of bevacizumab can alter and suppress tumor
initiation and progression and prolong survival relative to the administration of WT vectors and
lack of treatment. GBM clones SGAL, SGS1, and SGS2 are being packaged with cDNA encoding
bevacizumab and purified as previously described*. They will be assayed for therapeutic gene
delivery by systemic administration in mice bearing GBMs that express luciferase, and compared
to wild-type (WT) AAV9 delivery and untreated mice (total of five experimental groups). We will
monitor tumor progression in vivo through BLI, which can be detected over background before
physical symptoms are presented and is correlated to tumor size’. We will also perform
subsequent histological analyses to study tumor cell numbers, degree of tumor cell infiltration into
brain parenchyma, transgene expression levels, and degree of tumor-induced angiogenesis®®.

4.4 Discussion

Glioma, the most common brain tumor in adults, develops as a result of aberrant growth and
invasion of transformed astrocytic cells. Even with aggressive treatment, survival is very poor due
in part to the presence of therapy-resistant tumor-initiating cells (TICs), which are highly
migratory and invasive and thus render complete surgical tumor removal impossible. While
effective therapeutic payloads exist, specific, efficient and non-invasive gene delivery to tumor
cells still represents a major challenge in the field. Engineering therapies that target glioma tumor
cells and TICs may enable enhanced efficacy and as a result longer clinical survival times in
patients afflicted with this disease. In this project, we focused on development of gene therapy
strategies for glioblastoma multiforme (GBM), an aggressive form of glioma, based on the
targeting of AAV vectors to GBM tumor cells and TICs.
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Adeno-associated virus (AAV) has emerged as a safe and promising vector for gene delivery
applications. Unfortunately, natural AAVs are incapable of trafficking to GBM tumors and
mediating high efficiency gene delivery upon systemic administration, and mechanistic knowledge
of virus-GBM interactions are entirely insufficient to enable rational design of improved vectors.
However, our AAV directed evolution approach?®?-4955:75.76 has enabled the direct in vivo selection
of AAVs to overcome tissue and cellular barriers that are representative of clinical GBMs,
including transporting from circulation to brain, trafficking through the BBB and spread into the
brain parenchyma’’, and transduction of GBM and TICs.

Our strategy included several important features that selected for AAV variants that mediate high
efficiency gene delivery to accurate representations of GBMs. Our GBM animal model involves
the xenotransplantation of human primary GBM TICs into non-obese diabetic/severe combined
immunodeficient gamma (NSG) mice!®, which are stereotactically injected with TICs into their
striatum®. This animal model derived from primary GBM cells can recapitulate the hallmarks of
actual tumors - including the invasive and migratory ability of GBM to invade parenchymal tissues
and to initiate the formation of secondary tumors — and thus represents the transport barriers that
vectors encounter clinically.

The convergence of the initial library (~100 million variants) to several clones with seven amino-
acid (7mer) peptide insertions into the cap gene underscores both the power of in vivo directed
evolution and the promise that these variants will have advantageous properties. For example, our
laboratory previously conducted an in vivo directed evolution scheme for enhanced retinal gene
delivery that yielded 7m8, a novel AAV variant with a 7mer peptide insertion (LGETTRP) into
loop 4 of AAV2, that mediates robust pan-retinal transgene expression after intravitreal injection
into adult mice, far higher than its parental AAV2 serotype*. Moreover, this 7m8 variant also
resulted in more efficient transgene delivery to the retina of non-human primates (NHP) after
intravitreal administration into the macaque eye, substantially better than the AAV2 natural
serotype (and the AAV2 quadruple tyrosine mutant 4YF)*. The 7mer insertions in the three
evolved clones may similarly be partially responsible for the transport and transduction properties
of the GBM vectors. To investigate this possibility, future work can include the in vitro and in vivo
analysis of the corresponding cap genes without the presence of their respective 7mers. Further
vector characterization will also involve receptor binding studies, as we have previously studied®®,
to compare the receptor affinities of the GBM vectors with that of the natural serotypes, which
include affinity for N- and O-linked sialic acids, heparan sulfate proteoglycans, and galactose.
Preliminary studies (Figure B.2) show that transduction by the most prominent clone, SGAL, is
dependent on the recently discovered AAV receptor (AAVR, also known as KIAA0319L) "8,

To study the efficacy at therapeutic gene delivery of the evolved vectors, we are delivering a timely
anti-tumor therapeutic payload: a therapeutic anti-angiogenesis cargo that may result in local
reduction of tumor growth (bevacizumab). In addition to studies of AAV-mediated delivery of
bevacizumab®®"t, AAV vectors have been utilized long-term expression of other monoclonal
antibodies in various preclinical models of cancer. These include the delivery of a murine
antihuman epidermal growth factor (EGFR) antibody in AAV1 vectors to a human vulvar
carcinoma xenograft model®, delivery of AAV2 encoding a mouse-human chimeric antibody
against death-receptor 5 (DR5) to mouse models of human liver and colon cancer®, and the
administration of AAV9 vectors encoding a monoclonal antibody against the glycolytic enzyme
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alpha-enolase (ENO1) to models of pancreatic ductal adenocarcinoma (PDAC) tumors®. Our
engineered vectors could therefore serve as platforms for the delivery of other monoclonal
antibodies against gliomas.

In fact, our work can lay the groundwork for future therapies based on AAV-mediated, localized
immune checkpoint blockade. In future studies, we are interested in delivering the soluble
extracellular part of programmed cell death 1 (sPD-1), a very promising glioblastoma therapeutic
modality®®, and assessing the resulting transgene expression levels as a proof-of-concept delivery
to GBM tumors using the developed vectors. The ability of the engineered vectors to mediate
localized, GBM gene expression would offer significant improvements over current delivery
methods for bevacizumab and anti-PD-1 protein therapies, which to date have involved systemic
administration. First, high local levels of these molecules may mediate higher therapeutic efficacy.
Second, systemic administration of these molecules has side effects. Systemic bevacizumab can
cause significant cardiovascular complications, proteinuria, and gastrointestinal perforation82%°,
whereas systemic anti-PD-L1 antibodies have been associated with inflammation and auto-
immune adverse events in clinical trials®®’. Localized expression of these molecules would thus
likely reduce their associated toxicities and overall enhance their safety profile. If this work is
successful, full comparisons between protein vs. gene therapy approaches will be explored in
future work, as well as potential combinations with traditional approaches such as small molecule
chemotherapies.

Our engineered vectors could also be employed to package alternate payloads in addition to
monoclonal antibodies. For example, they can be packaged with cargoes for shRNA-mediated
downregulation of other molecular targets that could also confer a therapeutic effect, such as the
neurotrophin receptors Tropomyosin receptor kinase B and C (TrkB, TrkC), which enhance TIC
viability and whose downregulation decreases TIC growth without being deleterious to the mature
brain® 8: shRNA-mediated downregulation of targets could be explored individually®® or in a
multiplexed manner®*,

In summary, we applied an in vivo directed evolution strategy to engineer novel AAV-based
vectors for efficient and effective therapeutic gene delivery to glioblastoma multiforme tumors and
tumor-initiating cells. Our system relied on an animal model capable of representing the hallmarks
of GBM and a selective and stringent selection strategy, which enabled us to select for novel
variants with enhanced gene delivery properties that are capable of localizing to the CNS and
transducing GBM TICs upon systemic administration. We are currently in our final stages of
characterizing the gene delivery properties and the therapeutic potential of the evolved variants.
The resulting greatly improved gene delivery vehicles will have the potential to enable new, potent
therapies to treat highly invasive and malignant GBM tumors, as well as help establish a paradigm
for engineering optimized AAV against other cancer targets.

4.5 Materials and Methods

Cell culture

L0 human glioblastoma tumor initiating cells classified as the Classical subtype of GBM%, which
were used throughout the whole study, were kindly provided by Dr. Brent Reynolds (University
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of Florida, Gainesville), and propagated in neurosphere assay growth conditions® as we have
previously described®, with serum-free media (Neurocult NS-A Proliferation kit, Stem Cell
Technologies) that contained epidermal growth factor (EGF, 20 ng/ml, R&D), basic fibroblast
growth factor (bFGF, 10 ng/ml, R&D), and heparin (0.2% diluted in phosphate buffered saline,
Sigma). Lentiviral vectors encoding firefly luciferase and mCherry were packaged as previously
described®. LO cells were stably transduced with concentrated viral particles and culture medium
was changed 24h post-transduction. Luciferase activity was assayed in vitro with the Firefly
Luciferase Assay System (Promega) by using a single-sample luminometer (70% sensitivity, 2s
measurement delay, 10s measurement read). Expression of mCherry was confirmed with
microscopy, and mCherry-positive cells were sorted using fluorescence-activated cell sorting
(FACS, U.C. Berkeley Flow Cytometry Facility, Berkeley, CA).

Library construction and vector packaging

AAV vector libraries were produced as previously described***’. Replication competent AAV was
then packaged and purified by iodixanol density centrifugation as previously described*®4°.
DNase-resistant genomic titers were obtained via quantitative real time PCR using a Bio-Rad
iCycler (Bio-Rad, Hercules, CA) and Tagman probe (Biosearch Technologies, Novato, CA)*8. To
perform in vitro infectivity studies of natural AAV serotypes and evolved clones, recombinant
AAV (rAAV) vectors were packaged with a self-complementary CMV-GFP cassette using the
transient transfection method previously described*®4°. Cells were seeded in 24-well plates at a
density of 25,000 cells per well. One day after seeding, cells were infected with rAAV at the
indicated genomic MOI (n = 3). For all studies, the fraction of GFP-expressing cells 72 hours post-
infection was quantified via flow cytometry using a Beckman Coulter FC500 analytical cytometer
(UC Berkeley Stem Cell Center, Berkeley, CA).

In vitro directed evolution

Cells were seeded in 6-well tissue culture plates at a density of 1 x 10° cells per well. One day after
seeding, cells were infected with replication competent AAV libraries at genomic MOls of 10,000
(Round 1), 1,000 (Round 2), and 100 (Round 3). After 24 hours of exposure, cells were
superinfected with adenovirus serotype 5 (Ad5). Approximately 48 hours later, cytopathic effect
was observed, and virions were harvested by three freeze/thaw steps followed by treatment with
Benzonase nuclease (1 unit/mL) (Sigma-Aldrich) at 37 °C for 30 minutes. Viral lysates were then
incubated at 56°C for 30 minutes to inactivate Ad5. The viral genomic titer was determined as
described above. To analyze cap sequences, AAV viral genomes were extracted after the third
round of evolution, amplified by PCR, and sequenced at the UC Berkeley DNA Sequencing
Facility.

GBM animal model

Female 8-week-old nonobese diabetic/severe combined immunodeficient g (NSG) mice
(NOD.Cg-Prkdc(scid)ll2rg(tm1Wijl)/SzJ, Jackson Laboratories 005557) were implanted
intracranially with 200,000 LO TICs (expressing both mCherry and firefly luciferase) according to
a previously established protocol®2. For the in vivo directed evolution, approximately 10! DNase-
resistant particles were injected into the tail vein of tumor-bearing mice four weeks post-tumor
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cell implantation. Two weeks later, animals were euthanized, brain and tumor tissue were
recovered, and cells were dissociated using the neurosphere assay as previously described?®.
mCherry-expressing cells were sorted through FACS with a BD Influx Sorter (UC Berkeley Flow
Cytometry Facility, Berkeley, CA). DNA extracted from cells®® was used for PCR amplification
of viral genomes, which were cloned and packaged for future rounds as described above. All
animal procedures were approved by the Office of Laboratory Animal Care at the University of
California, Berkeley and conducted in accordance with NIH guidelines on laboratory animal care.

Molecular Modeling

The amino acid residues were inserted into the Protein Data Bank (PDB) file NG9 (AAV1) after
position D590 with Maestro software. This data file was submitted to SWISS MODEL homology
mode, with settings to build a monomer by using the 3NG9 structure for comparison. The
generated PDB structure file was submitted to Viper (Scripps) for transforming to Viper
convention and for assembly of the full capsid.
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Appendix A: Supplementary Material for Chapter 2

This appendix contains material adapted from a manuscript published as

J. Santiago-Ortiz*, D. Ojala*, O. Westesson, J. Weinstein, S. Wong, A. Steinsapir, S. Kumar, I.
Holmes, D. Schaffer. AAV Ancestral Reconstruction Library Enables Selection of Broadly
Infectious Viral Variants. Gene Therapy 22, 934-946 (2015).

* Indicates co-first authors.

A.1 Supplementary Figures and Tables

Figure A.1. Full phylogenetic tree for AAV ancestral sequence reconstruction. Curly braced numbers indicate
clade posterior probabilities. The phylogenetic tree graphic was generated in Dendroscope.
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Figure A2. Amino acid sequences of the ancestral AAV (a) cap and (b) AAP reading frames. Variable residues
are labeled with a bold, underlined letter X. In the AAP sequence, the shifted reading frame results in four variable
residues corresponding to AAP positions 88, 90, 91, and 92.

a)

MAADGY LPDWLEDNLSEGIREWWDLKPGAPKPKANQQKQDDGRGLVLPGYKYLGPFNGLDKGEPVNAA
DAAALEHDKAYDQQLKAGDNPYLRYNHADAEFQERLQEDTSFGGNLGRAVFQAKKRVLEPLGLVEEGA
KTAPGKKRPVEPSPQRSPDSSTGIGKKGQQPAKKRLNFGQTGDSESVPDPQPLGEPPAGPSGLGSGTMAAG
GGAPMADNNEGADGVGNASGNWHCDSTWLGDRVITTSTRTWALPTYNNHLYKQISSXSXGXTNDNHYF
GYSTPWGYFDFNRFHCHFSPRDWQRLINNNWGFRPKRLNFKLFNIQVKEVTTNDGVTTIANNLTSTVQVFS
DSEYQLPYVLGSAHQGCLPPFPADVFMIPQYGYLTLNNGSQAVGRSSFYCLEYFPSQMLRTGNNFTFSYTF
EDVPFHSSYAHSQSLDRLMNPLIDQYLYYLXRTQSTGGTAGXXELLFSQXGPXXMSXQAKNWLPGPCYRQ
QRVSKTLXQNNNSNFAWTGATKYHLNGRXSLVNPGVAMATHKDDEXRFFPSSGVLIFGKXGAGXNNTXL
XNVMXTXEEEIKTTNPVATEXYGVVAXNLQSSNTAPXTGXVNSQGALPGMVWQNRDVYLQGPIWAKIPH
TDGNFHPSPLMGGFGLKHPPPQILIKNTPVPANPPXXFXXAKFASFITQYSTGQVSVEIEWELQKENSKRWN

PEIQYTSNYAKSXNVDFAVXXXGVYXEPRPIGTRYLTRNL

b)
LATQSQSPTLNLSENHQQAPLVWDLVQWLQAVAHQWQTITKAPTEWVMPQEIGIAIPHGWATESSPPAPEP
GPCPPTTTTSTSKSPVXRXXXPTTTTTSATAPPGGILTSTDSTATSHHVTGSDSSTTTGDSGPRDSTSSSSTSRS
RRSRRMTASRPSLITLPARFRSFRTRNTSCRTSSALRTRAACLRSRRTSS
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Figure A.3. Alignment of the ancestral AAV cap protein with natural serotypes. Capsid amino acids were aligned
using the Geneious program (Biomatters). Colored amino acids represent disagreements with the reference ancestral
cap sequence. The variable positions in the ancestral library are annotated in black and designated with the letter X.
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Figure A.4. Dominant amino acids at variable positions after three rounds of selection. A heat map was generated
based on the frequency of the most common amino acid at each position in the different libraries. The dominant amino
acid and frequency at each position were determined based on sequencing results from individual clones (n =14).
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Amino C2C12 293T IB3 GBM B16
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264 Q, 69%. Q, 53%. A, 73%. A, 47%. Q, 50%.
266 S, 59%. A, 57%.
268
448 S, 56%. S, 50%. A, 53%. A, 67%. A, 71%.
459 N, 56%.

460

467 A, 69%. A, 53%. A, 67%. A, 73%.

470 S, 69%.

471 T, 65%. N, 67%. N, 53%. N, 57%.
474

495

516

533

547

551 A, 75%.

555 T, 50%. T, 67%.

557 E, 63%. E, 59%.

561 M, 73%. M, 57%.
563 N, 60%. S, 71%.
577

583

593 A, 50%. Q, 53%. A, 60%. A, 53%. V, 43%.
596 T, 69%. A, 67%. A, 73%. A, 67%. A, 71%.
661 A, 69%. A, 53%. A, 67%.

662 V, 60%. V, 60%. V, 67%.

664 T, 73%.

665 P, 73%.

710

717

718 S, 67%.

719

723



Figure A.5. Change in amino acid frequency at variable positions between rounds three and six of selection.
The percent change in amino acid frequency between the third and sixth round of selection on each cell line was
calculated. If the identity of the dominant amino acid did not change, the increase (blue) or decrease (red) in frequency
is displayed. If selection resulted in a change in amino acid identity at that position, the new amino acid and frequency
is shown (yellow).
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Figure A.6. Glycan dependency of ancestral libraries and select ancestral variants. a) The transduction efficiency
of ancestral libraries (after six rounds of selection) and select AAV variants C4, C7, and G4 carrying self-
complimentary CMV-GFP was quantified by flow cytometry 72 hours after infection. For the libraries, infections
were carried out at a genomic MOI of 2,000 (Pro5, Lecl, Lec2) and 50,000 (CHO-K1, pgsA). For select clones from
the Round 6 C2C12 (C4, C7) and GBM (G4) libraries, infections were carried out at a genomic MOI of 500 (Pro5,
Lecl, Lec2) and 13,000 (CHO-K1, pgsA) to ensure an adequate number of GFP positive cells for analysis. The CHO-
K1/pgsA comparison examines heparan sulfate proteoglycan dependence, while Pro5/Lecl and Pro5/Lec? probe sialic
acid dependence. Data are presented as mean £ SEM, n = 3. AL, ancestral library.
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Figure A.7. Ancestral AAV libraries are neutralized by human intravenous immunoglobulin (IVIG) in vitro.
Recombinant round 6 ancestral AAV libraries and AAV1 were packaged with a self-complimentary CMV-GFP
cassette, incubated for one hour at 37°C with serial dilutions of heat-inactivated 1V1G, then used to infect HEK293T
cells at a genomic MOI of 2,000 (n=3). The fraction of GFP expressing cells was quantified by flow cytometry 72
hours later. Data are presented as mean + SEM, n = 3. AL, ancestral library.
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Table A.1. Selection stringency applied in ancestral AAV library selections.

Round of Selection Genomic Multiplicity of Infection
1 5,000

500

250

250

50

25

o O | W N
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Table A.2. Identities of the 32 variable amino acids present in the candidate ancestral clones evaluated in vivo.

Amino Acid Ancestral AAV Clone
C4 c7 G4
264 A Q A
266 S S S
268 S S S
448 A S A
459 N N T
460 R R R
467 G G G
470 S A S
471 N N N
474 A A A
495 S S T
516 D D D
533 D E D
547 E Q Q
551 A A A
555 A T A
557 E D D
561 L M I
563 N S N
577 Q Q Q
583 S S S
593 A Q A
596 A T T
661 A A T
662 T \% \%
664 T S S
665 P P P
710 T T T
717 N N N
718 N S S
719 E E E
723 S S T
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Appendix B: Supplementary Material for Chapter 4

B.1 Supplementary Figures and Tables

Figure B.1. Stable transduction of L0 cells with firefly luciferase and mCherry. (A) Bioluminescence imaging of
a representative tumor-bearing mouse after transplantation of luciferase-expressing GBM TICs. Image taken 14
minutes after administration of D-luciferin four weeks post-surgery. (B) FACS-sorting of mCherry-expressing cells
(P3) dissociated from the brain of a tumor-bearing mouse. Gating for control cells is depicted as P2 (bottom left).

e,
e

I

U

res

e
- |
-18)
- 120
}
1o
}
{
o
@
«
ok
s = 29
o

Cytometer

593/40 [561]
a

10 10’ 10
530/40 [488)

84



Figure B.2. Transduction by clone SGA1 is dependent on AAVR receptor. SGAL encoding GFP was used to
infect wild-type HelLa cells and an AAVR-knockout HeLa cell line (courtesy of Professor Jan E. Carette). Knockout
of AAVR ablated AAV infection, showing that transduction with this clone is AAVR-dependent.
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Table B.1. Residue identities at the diversified positions for the ancestral clone SGAL.

Residue SGAL (SSARASA); Also contains A70S
Number and P148S point mutations

264 A
266
268
448
459
460
467
470
471
474
495
516
533
547
551
555
557
561
563
577
583
593
596
661
662
664
665
710
717
718
719
723
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Table B.2. Description of recovered clones SGS1, and SGS2.

Clone Name Block 1 Block 2 Block 3 Block 4 Block 5 Block 6 Block 7 Block 8
SGS1 AAV2; F110L| AAV2; L129F, P135G, V136A | AAV6 AAVS8 AAV2 AAV2 AAV2 AAV2
SGS2 AAV2; F110L| AAV2; L129F, P135G, V136A | AAV9 AAV8 AAV2 AAV2 AAV9 AAV9
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Table B.3. Primary sequences of recovered clones SGA1, SGS1, and SGS2.

Clone

Name

Sequence

SGA1l

MAADGYLPDWLEDNLSEGIREWWDLKPGAPKPKANQQKQDDGRGLVLPGYKYLGPF
NGLDKGEPVNAADSAALEHDKAYDQQLKAGDNPYLRYNHADAEFQERLQEDTSFGGN
LGRAVFQAKKRVLEPLGLVEEGAKTAPGKKRPVESSPQRSPDSSTGIGKKGQQPAKKRL
NFGQTGDSESVPDPQPLGEPPAGPSGLGSGTMAAGGGAPMADNNEGADGVGNASGNW
HCDSTWLGDRVITTSTRTWALPTYNNHLYKQISSASSGSTNDNHYFGYSTPWGYFDFNR
FHCHFSPRDWQRLINNNWGFRPKRLNFKLFNIQVKEVTTNDGVTTIANNLTSTVQVFSD
SEYQLPYVLGSAHQGCLPPFPADVFMIPQYGYLTLNNGSQAVGRSSFYCLEYFPSQMLR
TGNNFTFSYTFEDVPFHSSYAHSQSLDRLMNPLIDQYLYYLARTQSTGGTAGTRELLFSQ
AGPSNMSAQAKNWLPGPCYRQQRVSKTLSQNNNSNFAWTGATKYHLNGRDSLVNPGV
AMATHKDDEDRFFPSSGVLIFGKQGAGANNTTLENVMLTNEEEIKTTNPVATEQYGVV
ADNLQSSNTATGSSARASAGLSPLTGAVNSQGALPGMVWQNRDVYLQGPIWAKIPHTD
GNFHPSPLMGGFGLKHPPPQILIKNTPVPANPPAVFTAAKFASFITQYSTGQVSVEIEWEL
QKENSKRWNPEIQYTSNYAKSTNVDFAVNNEGVYSEPRPIGTRYLTRNL

SGS1

MAADGYLPDWLEDTLSEGIRQWWKLKPGPPPPKPAERHKDDSRGLVLPGYKYLGPFNG
LDKGEPVNEADAAALEHDKAYDRQLDSGDNPYLKYNHADAEFQERLKEDTSLGGNLG
RAVFQAKKRVLEPFGLVEEGAKTAPGKKRPVEHSPVEPDSSSGTGKAGQQPARKRLNF
GQTGDADSVPDPQPLGQPPAAPSGLGTNTMATGSGAPMADNNEGADGVGNSSGNWHC
DSTWMGDRVITTSTRTWALPTYNNHLYKQISSQSGASNDNHYFGYSTPWGYFDFNRFH
CHFSPRDWQRLINNNWGFRPKRLNFKLFNIQVKEVTTNDGVTTIANNLTSTVQVFTDSE
YQLPYVLGSAHQGCLPPFPADVFMIPQYGYLTLNNGSQAVGRSSFYCLEYFPSQMLRTG
NNFQFSYTFEDVPFHSSY AHSQSLDRLMNPLIDQYLYYLSRTNTPSGTTTQSRLQFSQAG
ASDIRDQSRNWLPGPCYRQQRVSKTSADNNNSEYSWTGATKYHLNGRDSLVNPGPAM
ASHKDDEEKFFPQSGVLIFGKQGSEKTNVDIEKVMITDEEEIRATNPVATEQYGSVSTNL
QRGNLASSPTTKSARQAATADVNTQGVLPGMVWQDRDVYLQGPIWAKIPHTDGHFHP
SPLMGGFGLKHPPPQILIKNTPVPANPSTTFSAAKFASFITQYSTGQVSVEIEWELQKENS
KRWNPEIQYTSNYNKSVNVDFTVDTNGVYSEPRPIGTRYLTRNL
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SGS2

MAADGYLPDWLEDTLSEGIRQWWKLKPGPPPPKPAERHKDDSRGLVLPGYKYLGPFENG
LDKGEPVNEADAAALEHDKAYDRQLDSGDNPYLKYNHADAEFQERLKEDTSLGGNLG
RAVFQAKKRVLEPFGLVEEGAKTAPGKKRPVEHSPVEPDSSSGTGKAGQQPARKRLNF
GQTGDADSVPDPQPLGQPPAAPSGLGTNTMATGSGAPMADNNEGADGVGNSSGNWHC
DSTWMGDRVITTSTRTWALPTYNNHLYKQISSQSGASNDNHYFGYSTPWGYFDFNRFH
CHFSPRDWQRLINNNWGFRPKRLNFKLFNIQVKEVTDNNGVKTIANNLTSTVQVFTDSE
YQLPYVLGSAHQGCLPPFPADVFMIPQYGYLTLNNGSQAVGRSSFYCLEYFPSQMLRTG
NNFQFTYTFEDVPFHSSY AHSQSLDRLMNPLIDQYLYYLSRTNTPSGTTTQSRLQFSQAG
ASDIRDQSRNWLPGPCYRQQRVSKTSADNNNSEYSWTGATKYHLNGRDSLVNPGPAM
ASHKDDEEKFFPQSGVLIFGKQGSEKTNVDIEKVMITDEEEIRTTNPVATEQYGSVSTNL
QRGNLAIRTNGGAARQAATADVNTQGVLPGMVWQDRDVYLQGPIWAKIPHTDGNFHP
SPLMGGFGMKHPPPQILIKNTPVPADPPTAFNKDKLNSFITQYSTGQVSVEIEWELQKEN
SKRWNPEIQYTSNYYKSNNVEFAVNTEGVYSEPRPIGTRYLTRNL
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