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Abstract
New Methods in Engineering Adeno-Associated Virus (AAV) for
Improved Gene Delivery
by
John Ryan Weinstein
Doctor of Philosophy in Chemistry
University of California, Berkeley
Professor David V. Schaffer, Co-chair

Professor Matthew Francis, Co-chair

Gene delivery vehicles, or vectors, based on adeno-associated viruses (AAV) have
demonstrated success in both preclinical disease models and recently in human clinical
trials for several disease targets, including muscular dystrophy, hemophilia, Parkinson’s
disease, Leber’s congenital amaurosis, and macular degeneration. AAV has multiple
characteristics that make it an effective gene therapy vector: the parent virus is
nonpathogenic in humans, they can transduce both dividing and non-dividing cells, and
they efficiently transduce some important cell and tissue types. The AAV genome
contains three open reading frames, which encode the nonstructural proteins needed for
viral replication and virus assembly (rep and aap) and the three structural proteins that
assemble to form a 60-mer viral capsid (cap). To create a gene therapy vector, a
therapeutic gene of interest is inserted in place of the viral open reading frames to be
packaged during vector production. Despite its considerable promise and emerging
clinical success, several challenges impede the broader implementation of AAV gene
therapy, including the prevalence of anti-AAV neutralizing antibodies in the human
population due to natural exposure to the parent virus, low transduction of a number of
therapeutically relevant cell types, and an inability to overcome physical transport
barriers in the body. These challenges arise since the demands we place on AAV vectors
are often different from or even at odds with the properties nature bestowed on their
parent viruses. Viral directed evolution — the iterative generation of large, diverse
libraries of viral mutants and selection for variants with specific properties of interest —
offers a promising means to address these problems.

Directed evolution is a high-throughput, molecular engineering approach that our
group has adapted and implemented to create AAV variants with novel properties, such
as altered receptor binding, altered cell transduction, and altered tissue transduction in the
body. In general, the method emulates the process of natural evolution, in which repeated
genetic diversification and selection enable the accumulation of key mutations or genetic



modifications that progressively improve a molecule’s function, even without knowledge
of the underlying mechanistic basis for the problem. For AAV, this process has involved
mutating wild-type AAV cap genes to create large genetic libraries, which can be
packaged to generate libraries of viral particles, each of which is composed of a variant
capsid surrounding a viral genome encoding that capsid. A selective pressure — such as
the ability to selectively infect HIV-infected T-cells — is then applied to promote the
emergence of variants able to surmount these barriers. After each such selection step, the
successful variants can be recovered and used as the starting material for the next
selection step to further enrich for improved variants. After several such selection steps,
the resulting cap gene pool is subjected to additional mutagenesis and selection. After
several rounds of mutagenesis and selection, the resulting variants can be analyzed
individually for the desired property.

I have tried to improve the efficiency of directed evolution of AAV, to create new
novel types of AAV libraries, and to utilize these libraries for novel functionality. A
thermostable AAV was engineered to compensate beneficial mutations that destabilize
the viral capsid, however, there was a trade-off between high and low temperature
stability. From these studies, it was discovered that there is variability in the stabilities of
natural AAV serotypes that could be exploited to study the mechanism of improved
capsid stability as well as compensating destabilizing mutational effects. Alternatively,
by allowing AAV to evolve along a neutral network, accumulating mutations that do not
have a detrimental effect to natural AAV function but could allow new promiscuous
functions, allowed the production of a small but highly useful AAV library. A novel,
highly diverse library based on ancestral reconstruction was created with variants
inaccessible by standard mutagenesis-based approaches. Finally, utilizing directed
evolution of AAV, viral variants were isolated that could selectively infect HIV-infected
T-cells for potential use in gene therapy treatments against HIV.
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Chapter 1

Engineering Adeno-Associated Virus for Therapeutic Gene
Delivery

Portions of this chapter are a postprint of a paper submitted to and accepted for
publication as

Bartel MA, Weinstein JR, Schaffer DV. (2012) Directed evolution of novel adeno-
associated viruses for therapeutic gene delivery. Gene Ther 19: 694-700.

© 2012 Nature Publishing Group. Reprinted with permission.

The copy of record is available at
http://www.nature.com/gt/journal/v19/n6/full/gt201220a.html

AAY Biology

Adeno-associated virus (AAV) is a nonpathogenic parvovirus composed of a 4.7
kb single-stranded DNA genome within a non-enveloped, icosahedral capsid.' The
genome contains three open reading frames (ORF) flanked by inverted terminal repeats
(ITR) that function as the viral origin of replication and packaging signal.' The rep ORF
encodes four nonstructural proteins that play roles in viral replication, transcriptional
regulation, genomic integration, and virion assembly.' The cap ORF encodes three
structural proteins (VP1-3) that assemble to form a 60-mer viral capsid.' Finally, an ORF
present as an alternate reading frame within the cap gene produces the assembly-
activating protein (AAP),>’ a viral protein that localizes AAV capsid proteins to the
nucleolus and functions in the capsid assembly process.

The virus’s capsid governs its ability to transduce cells, from initial cell surface
receptor binding to gaining entry into the nucleus. Briefly, AAV2 — the variant most
broadly studied to date — is internalized via receptor-mediated endocytosis, with evidence
supporting a role for both the clathrin-coated pit pathway™ and the clathrin-independent
carriers/GPI-anchored-protein-enriched endosomal compartment pathway.® Following
cellular entry, the virion escapes from early endosomes and traffics to the perinuclear
area. There is evidence supporting both AAV trafficking into the nucleus prior to
uncoating”” and AAV uncoating prior to viral DNA entry into the nucleus.'® Upon
nuclear entry, second-strand synthesis — i.e. conversion of its single-stranded genome into
double-stranded, transcriptionally available DNA — must occur for viral gene
expression.'’ Finally, in the absence of helper virus co-infection, AAV enters a latent life-
cycle in which viral genomes can integrate selectively into the AAV1S locus on human
chromosome 19 (for replication competent, wild-type AAV) or persist as
extrachromosomal episomes (for both wild-type and recombinant AAV).

In recombinant versions of AAV, a gene of interest is inserted between the ITRs
in place of rep and cap, and the latter are provided in trans, along with helper viral genes,

12-14



during vector production.'” The resulting vector can transduce both dividing and non-
dividing cells with stable transgene expression in the absence of helper virus for years in
post-mitotic tissue. There are eleven naturally occurring serotypes and over 100 variants
of AAV, each of which differs in amino acid sequence, particularly within the
hypervariable regions of the capsid proteins, and thus in their gene delivery
properties.'®!” Importantly, no AAV has been associated with any human disease,
making recombinant AAV attractive for clinical translation.'

AAYV has yielded promising results in an increasing number of clinical trials. As a
prominent example, during Phase I clinical trials for Leber’s congenital amaurosis
(LCA), numerous patients who received a subretinal injection of AAV2 encoding a
protein required for the isomerohydrolase activity of retinal pigment epithelium showed
sustained improvement in both subjective and objective measurements of vision.'®>°
Furthermore, there were no significant adverse events during either the pre-trial efficacy
studies or the trial.'"**° As a second recent example, AAV8-mediated delivery of cDNA
encoding factor IX to the liver of hemophilia B patients resulted in sufficient levels of
secreted protein to alleviate the patients’ bleeding phenotype.”' AAV vectors are also
being clinically explored for muscular dystrophy, Parkinson’s disease, and Alzheimer’s
disease.””> AAV thus has considerable promise. Nevertheless, there are impediments that
may limit its utility, such as anti-capsid immune responses, low transduction of certain
tissues, an inability for targeted delivery to specific cell types, and a relatively low
carrying capacity. Rational design has made progress in creating AAV variants with
enhanced properties.”"*

Rational Engineering of AAV
Targeting AAV through Linkers

In 2002, Ponnazhagan et al. described a method by which to target AAV to non-
permissive tissues through the use of the biotin-streptavidin binding affinity.”> The group
conjugated biotin to the exterior surface of the AAV serotype 2 viral capsid by reacting
surface lysines with an NHS-ester containing biotin. Incubation of AAV viral capsid with
streptavidin-growth factor fusion proteins yielded AAV-biotin-streptavidin-growth factor
conjugates. While the conjugation of biotin and biotin-strepavidin-EGF to AAV did not
ablate infection through its native receptor, the EGF-modified virus had a 100-fold
increase infectivity in cells expressing the EGF receptor. Similarly, AAV conjugated to
FGF through this system was able to infect cells expressing the FGF receptor in a
heparan-sulfate proteoglycan (HSPG)-independent manner; HSPG serves as the primary
cellular receptor for AAV2. Due to the nature by which biotin is conjugated to AAV, the
resulting virus population is heterogeneous and potentially contains multiple biotins
conjugated to each capsid monomer. This, however, has been remedied by Arnold et al.
(2006) who showed that biotin can be incorporated site-specifically by the addition of a
biotin acceptor peptide to the AAV capsid.”® Incorporation of the biotin accepting
peptide, however, decreased the infectivity of AAV 1000-fold. Utilizing avidin-linked
peptides suffers from the need to have intimate knowledge of both receptor and ligands
for the cell of targeting interest. This technology has been expanded to allow the
metabolic conjugation of ketone-bearing biotin analogues, allowing bioconjugation with
ketone reactive groups and subsequent retargeting through these groups.”’



Alternatively, in 2002, Ried et al. incorporated a Z34C protein A immunoglobulin
IgG-binding domain into the AAV2 capsid.”® This domain binds the Fc region of
immunoglobululins, allowing the Fab region to target the virus to the cell through the
antibody-antigen interaction. Viruses containing the Z34C insertion bound to antibody
were successfully retargeted to cells through the antigen for which the antibody was
raised. While this targeted the insertional mutant in the presence of antibody, infection
levels were less than that of wild-type AAV. The infection, however, was independent of
HSPG and was maintained in the presence of soluble heparin. This method has promise,
though, in order to be utilized, antibodies must exist against a receptor expressed at high
levels in the cell line of interest. This method also suffers from the need to insert a
peptide fragment into the AAV viral capsid, ablating normal tissue tropism, which upon
conjugation to an antibody only allows rescue to wild-type infectivity levels. Due to the
fact that insertion binds all IgG this method could not work in an in vivo setting. Any
circulating antibody could displace antibodies bound to AAV thus removing the AAV
targeting ability.

In comparison, Bartlett et al. (1998) targeted AAV utilizing a bispecific F(ab’y)2
antibody whereby one F(ab’y) arm bound a cellular receptor and the other F(ab’y) arm
bound the AAV viral capsid.”” This allowed efficient transduction of non-permissive cell
lines through the receptor the antibody was raised against. Vector mediated gene
expression, however, was significantly reduced, potentially due to the antibody
interfering with nuclear targeting steps following viral entry. This method, like the use of
monoclonal antibodies for AAV targeting, also suffers from the need for antibodies
already raised against a cellular receptor, which requires intimate knowledge of the cell
biology of the cell of interest.

Chemical modification has also been utilized to reduce antibody neutralization of
AAV. Lee et al (2005) conjugated polyethylene glycol (PEG) chains to the AAV?2 viral
capsid.’® PEG was conjugated to AAV through reaction of electrophilic succinimidyl
propionic acid (SPA) and NHS-ester groups to reactive lysine residues on the viral
surface. Conjugation of PEG showed a moderate protection (up to 2.3 fold) against
neutralizing serum at varying serum concentrations. Similarly, Carlisle et al (2008)
modified AAVS5 and AAVS with amine reactive HPMA polymers and viral conjugates
reduced neutralization by anti-AAV antibodies.”’ This work relied on conjugation
through amine reactive functionalities of which there are eighteen per VP3 protein.
Therefore, with over 1000 lysines per viral particle, this method yields a heterogeneous
mixture of AAV-PEG particles with no control over which lysines are PEGylated and
only mild control on the number of PEG molecules conjugated to the viral surface.

Targeting AAV through Genetic Modifications

Several groups inserted peptide groups into the AAV viral capsid for both
targeting purposes as well as for immune evasion. In 2003, Huttner et al. described the
incorporation of ligands for common cellular receptors (L14 and MecA) into the AAV2
viral capsid.”® In comparison to wild-type, transduction by the L14 insertion mutant was
significantly less reduced in the presence of neutralizing antibodies; this increase in
immune evasion was also shown to be independent of the peptide sequence inserted into
the capsid. This insertion also successfully targeted the virus to non-permissive B16F10



cells and the MecA insertion allowed retargeting to Mec1 cells. While this method has
been shown to be effective at retargeting AAV vectors and evading host antibodies, it
still requires knowledge of the binding interaction on the cell of interest, which is not
possible for all cells of interest in targeting.

Combinations of phage display and genetic modification allows retargeting of
AAYV through previously unknown targeting peptides. Work et al. (2006) selected for
targeting peptides against rat tissues and incorporated these peptides into the AAV capsid
to retarget the viral capsid.” In vivo biodistribution studies after AAV vector
administration, showed increased viral accumulation in the tissues against which the
targeting peptide was selected one hour (2.5-11 fold increase) and 28 days following
infusion. While the modified AAV showed increased accumulation in target tissues, it
was significantly reduced from those seen during phage display selection. The differing
3-dimensional environments between the two viruses could display the targeting peptide
differently on AAV, thus leading to differences in retargeting efficiency.

Directed Evolution of AAV for Novel Gene Delivery Properties

In many situations, however, there is insufficient mechanistic knowledge to
effectively empower rational design with the capacity to improve AAV. As an
alternative, directed evolution has been emerging as a strategy to create novel AAV
variants that meet specific biomedical needs.

Directed evolution is a high-throughput molecular engineering approach that has
been successfully utilized to generate protein pharmaceuticals with enhanced biological
activities, antibodies with enhanced binding affinity, and enzymes with new
specificities.”* The method emulates the process of natural evolution, in which repeated
genetic diversification and selection enable the accumulation of key mutations or genetic
modifications that progressively improve a molecule’s function, even without knowledge
of the underlying mechanistic basis for the problem. For AAV (Figure 1a), this process
has involved mutating wild-type AAV cap genes to create large genetic libraries
(described below), which can be packaged to generate libraries of viral particles, each of
which is composed of a variant capsid surrounding a viral genome encoding that capsid.
A selective pressure is then applied — such as high-affinity antibodies against the AAV
capsid (Figure 1b), the need to bind new cell surface receptors or circumvent intracellular
barriers (Figure 1c), or tissue structures that bar the virus from accessing target cells in
vivo (Figure 1d) — to promote the emergence of variants able to surmount these barriers.
After each such selection step, the successful variants can be recovered (e.g. by
superinfection with a helper virus or PCR amplification) and used as the starting material
for the next cycle of selection (Figure 1a, step 6) to further enrich for improved variants.
If the process is halted after a single library diversification and selection step, it is
referred to as library selection. However, after several such selection steps, directed
evolution can be conducted by subjecting the resulting cap gene pool (Figure 1a, step 7)
to additional mutagenesis and selection (Figure la, step 8). After library selection or
directed evolution, the resulting variants can be analyzed clonally for the desired

property.



Figure 1. Directed evolution of AAV. (a) In a schematic of the process, 1) a viral library
is created by mutating the cap gene. 2) Viruses are packaged (typically in HEK293T cells
using plasmid transfection), such that each particle is composed of a mutant capsid
surrounding the cap gene encoding that protein capsid. 3) Viruses are harvested and
purified. 4) The viral library is placed under selective pressure. 5) Successful viruses are
amplified and recovered. 6) Successful clones are enriched through repeated selection
steps. 7) Isolated viral DNA reveals selected cap genes. 8) Selected cap genes are again
mutated to serve as a new starting point for further selection steps to iteratively increase
viral fitness. (b) — (d) Examples of selective pressure for directed evolution. (b) Evasion
of antibody neutralization. (c) Altered receptor binding. (d) Cell specificity within
complex tissue structures.

Successful library selection or directed evolution begins with the creation of high
quality, high diversity libraries. In the last few years, a variety of library types have been
created using several in vitro and in vivo techniques for viral DNA mutagenesis. The
resulting libraries can be used individually or in combination to isolate novel variants. In
addition, the techniques used to create the libraries can be used singly or in tandem for
additional genetic diversification midway through the evolution process.
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Figure 2. Schematic of library AAV capsid protein engineering strategies. Methods for
generation of highly diverse viral libraries include (a) random point mutagenesis (error-
prone PCR), (b) in vitro recombination (e.g. DNA shuffling), and (c) insertion of random
peptides. Directed evolution strategies use these approaches as part of an iterative
strategy to increase AAV’s fitness for various applications.

As the most straightforward library, sub-optimal polymerase chain reaction
(PCR), i.e. error-prone PCR, can be used to amplify and introduce random point
mutations into the AAV cap ORF at a defined and tunable rate (Figure 2a).” This
approach has been used to introduce mutations into either single®~° or multiple’” AAV
serotypes for subsequent selection.

In addition to point mutation, genetic recombination has been used to generate
chimeric capsids. The earliest report of random chimeras of AAV cap genes was an in
vivo viral rescue method, in which cellular co-transfection of a defective AAV2 genome
with PCR fragments of the cap gene of another serotype (AAV3) led to rescued viral



chimeras capable of replication.’® DNA shuffling, an in vitro PCR-based method, has
subsequently been implemented to create large chimeric cap gene libraries composed of
multiple serotypes (Figure 2b).”*

Furthermore, random peptide sequences have been inserted into defined sites of
the viral capsid, such as in the heparin binding domain of the AAV2 capsid (at capsid
residue R588), via ligation of degenerate oligonucleotides into the cap ORF (Figure 2¢).*
This technique has recently been extended to AAV9.* Defined peptide-encoding
sequences can also be inserted into random locations of the AAV2 cap ORF via
transposon mutagenesis.*> This approach was used to incorporate hexahistadine tags
randomly throughout the AAV2 capsid to explore AAV clones capable of immobilized
metal affinity chromatography purification.*

Finally, diversity can be focused on several hypervariable regions of the AAV
capsid, which lie on surface-exposed loops. One of the first studies to conduct DNA
shuffling of the AAV capsid noted that many of the functionally selected variants were
composed primarily of a single serotype (AAV1 and AAV6) with surface loops
exchanged with other serotypes.*’ This motivated the development of a “loop swap”
library in which four loops of AAV2 were replaced with a library of peptide sequences
designed based on the level of conservation of each amino acid position among natural
AAV serotypes and variants.*’

In Vitro Selection and Evolution
Alternate Receptor Targeting

AAV mutant libraries are being utilized in an increasing number of selection
strategies to isolate novel variants, both in vitro and in vivo. For example, there is a
strong biomedical motivation to generate AAV variants capable of transducing
previously non-permissive cell types and/or to target gene delivery to specific,
therapeutically relevant cell types. The important finding that insertion of small (seven
amino acid) peptides into the heparin binding domain of the AAV2 capsid could alter
viral tropism without disrupting capsid stability lay the groundwork for initial library
selection approaches.”** In particular, Perabo et al. inserted random peptide sequences
into AAV2’s heparin binding domain and selected the resulting library for the capacity to
infect a human megakaryocytic cell line and a B-cell lymphocytic leukemia cell line.*®
Variants isolated from the human megakaryocytic cell selections shared an RGD motif
and were capable of up to a 100-fold increase in transduction versus AAV2.* Miiller et
al. also generated a random peptide insertion library, selected for the capacity to infect
primary human coronary artery endothelial cells, and thereby created variants capable of
4- to 40-fold increased gene transfer to endothelial cells in vitro compared to AAV2.
These mutants also showed increased accumulation in heart tissue and decreased
localization to liver in vivo, demonstrating that in vitro selections can produce variants
with improved in vivo transduction properties.*

AAV?2 random peptide library selections have subsequently been applied to
improve transduction of primary human venous endothelial cells, lung carcinoma cells,
prostate carcinoma cells,” acute myeloid leukemia cells (and other hematopoietic cancer
cell lines),”” and primary human hematopoietic progenitor cells.”' Recent selection of an
AAV9 random peptide insertion library for the capacity to transduce human coronary



artery endothelial cells yielded a variant with a 200-fold improved infection efficiency
compared to AAV9 on postnatal human umbilical vein endothelial cells.**

In addition to AAV peptide display, other forms of mutagenesis can alter receptor
binding. As a proof-of-concept, Maheshri et al. showed that directed evolution can be
applied to modulate the affinity of AAV for its primary receptor. Specifically, they
evolved AAV2 variants with both increased and decreased affinity for heparan sulfate
proteoglycans by repeatedly selecting an error prone AAV?2 library for elution from a
heparin affinity chromatography column at salt concentrations either higher or lower than
those needed to elute wild-type AAV2.* In addition, shuffling the cap genes of several
AAV serotypes can enable a shift in viral tropism, potentially modulating affinity for
existing viral receptors, pairing different primary and secondary receptors, or creating
binding domains for new receptors. Li et al. used a shuffled library of AAV1-9
(excluding AAV7) to isolate a variant capable of melanoma cell transduction. A chimeric
variant of AAV1, 2, 8, and 9 was more efficient at infecting hamster, mouse, and human
melanoma cell lines in vitro, as well as hamster melanoma cell-derived tumors in vivo
following direct injection.”’ Mutational studies to map the melanoma specific tropism
identified residues 705 to 735 contributed by AAV9 as playing a critical but not sufficient
role in the new tropism, demonstrating that these variants can contribute to knowledge of
the structure-function relationships of capsid regions.*'

Adult and Pluripotent Stem Cells

AAV can potentially be applied as an in vitro tool to improve the biomedical utility of
stem cells. It is now well-recognized that AAV vector genomes carrying gene targeting
constructs can mediate homologous recombination with target loci in a cellular genome at
efficiencies 103-104-fold higher than corresponding plasmid constructs.”> AAV-mediated
gene targeting could thus aid in creating stem cell lines harboring mutations involved in
human disease for basic investigation of disease mechanisms or high throughput in vitro
small molecule drug discovery and toxicity studies. Gene targeting can also mediate the
safe harbor integration of transgenes that guide differentiation into specific lineages,
mediate secretion of therapeutic products, or enable cells to better resist the toxic effects
of a diseased tissue. Finally, in the long term, gene correction of disease-causing
mutations may enhance the therapeutic potential of individualized cell replacement
therapies, such as ones based on pluripotent stem cells. However, while AAV-mediated
gene targeting has been successfully applied to cells that AAV can effectively transduce,
naturally occurring AAV variants are typically highly inefficient at infecting a number of
stem cell types.

Directed evolution was first applied to stem cells by Jang et al. to isolate a variant
capable of efficient transduction of neural stem cells (NSCs).”* Selections using an error-
prone AAV?2 library, an AAV2 with random peptide insert library, and an AAV?2
pairwise shuffled library on NSCs (from the adult hippocampus) yielded an AAV2
variant containing a peptide insertion that mediated 50-fold increased transduction of rat
NSCs, as well as increased transduction of murine NSCs, human fetal NSCs, and human
embryonic stem cell (hESC) derived neural progenitor cells.” Presumably as a result of
the increased transduction, the variant also exhibited a 5-fold increased rate of targeted
gene correction compared to natural serotypes in NSCs.”



The most successful report of gene targeting to human pluripotent stem cells
using wild-type AAV demonstrated correct targeting of 1.3% of all colony forming units,
which corresponds to an overall gene targeting frequency for the originally infected
hESCs of approximately 0.03%.”* To build upon this result, Asuri et al. applied directed
evolution to create an AAV variant capable of enhanced gene delivery and gene targeting
in human embryonic stem cells (hESCs) and human induced pluripotent stem cells
(hiPSCs).”” Selecting an AAV2 and AAV6 error-prone library, an AAV2 loop-swap
library, a shuffled library (containing AAV 1, 2, 4-6, §, and 9), and a random peptide
insert library for enhanced infection of hESCs yielded a simple AAV2 variant harboring
a single R459G mutation. This mutant, which exhibited higher heparin affinity, was
capable of increased transduction of the hESCs used in the selection, as well as other
hESC and human iPSC lines.?’ In addition to increased transduction, the variant exhibited
a 0.1% gene targeting efficiency, already substantially higher than plasmid-mediated
gene targeting, which increased to over 1% in the presence of zinc-finger nuclease-
induced double-stranded breaks at the target locus.”” This increase in gene targeting
efficiency was most likely due to an increase in both the total number of cells transduced

by the variant, as well as an increase in the number of viral copies that infected each
cell.”’

Antibody Evasion

AAYV has been successful in clinical studies involving delivery to immune
privileged regions,'®**** and immunosuppression is a promising approach for reducing
antiviral cellular immune responses in general.*'**>® However, humoral immunity — for
example anti-AAYV antibodies resulting from childhood exposure to one or more
serotypes, or from prior administration of an AAV vector — poses a significant challenge,
particularly for intrahepatic and intravascular administration.””*® Recent analysis
indicated that the prevalence of anti-AAV IgG antibodies in humans was highest for
AAV2 (72%) and AAV1 (67%), but AAV9 (47%), AAV6 (46%), AAVS5 (40%), and
AAVS (38%) antibodies were also present in a large portion of the population studied.®’
Other studies have shown a lower but significant prevalence of anti-AAV antibodies in
the population against multiple AAV serotypes.”

Directed evolution can create AAV variants that evade such neutralizing
antibodies. Using potent serum from rabbits immunized with AAV2 vector, Maheshri et
al. evolved an antibody-resistant AAV?2 variant using error-prone PCR and staggered
extension process (StEP) mutagenesis over two rounds of evolution (i.e. two mutagenesis
and six selection steps).36 An AAV2-based variant containing E12A, K258N, T567S,
N5871, and T716A point mutations emerged from the selections. Compared to vector
with wild-type AAV?2 capsid, a 96-fold higher neutralizing antibody concentration was
required to neutralize the variant in vitro, and 100-1000 fold higher levels of antiserum
were required in vivo.*

Perabo et al. selected an error-prone AAV2 library for variants capable of
transduction in the presence of human serum. Mutations to amino acids 459 and 551 were
dominant among the analyzed clones, and a variant with R459K and N551D substitutions
withstood 5.5-fold higher neutralizing antibody levels compared to wild-type AAV2 in
vitro.”®> Grimm et al. selected a library of shuffled cap genes from wild-type AAV
serotypes of primate (AAV2, AAV4, AAVS5, AAVE, AAV9) and nonprimate (caprine,



bovine, avian) origin for variants that could more efficiently transduce HepG2 liver cells
in the presence of intravenous immunoglobulin (IVIG), the pooled IgG fraction from
over 1000 human donors.”” A single clone with sequence contributions from AAV2,
AAVS, and AAV9 emerged from the selection and showed higher transduction efficiency
compared to wild-type AAV1, 2, 3,4, 5, 6, 8, and 9 in liver, kidney, fibroblast, and lung
cell lines.”” In addition, the variant exhibited antibody resistance levels comparable to
AAV8 and AAV9, but much higher than AAV2 in vivo.”

Library selection can be guided by some aspects of rational design to analyze the
effects of comprehensive amino acid substitutions at certain sites of interest. For
example, Maersch et al. performed saturation mutagenesis at amino acid positions 449,
458, 459, 493, and 551 of the AAV2 capsid,” positions previously implicated in key
antibody epitopes.”*® Though the resulting variants did not reach the antibody resistance
levels of some natural serotypes, the mutants isolated from selections in the presence of
human serum importantly reduced the antibody susceptibility of AAV2 while conserving
tropism.®”

In addition to selections designed specifically to reduce antibody neutralization,
modulating other AAV properties (such as tissue or cell tropism) can serendipitously
yield variants that also exhibit anti-AAV antibody resistance. For example, Koerber et al.
selected functional AAV chimeras from a DNA shuffled library of cap genes from AAV
serotypes 1, 2, 4-6, 8, and 9.40 Though the selections did not involve antibodies, four out
of the seven clones analyzed withstood higher neutralizing antibody concentrations than
their parent serotypes, potentially through the loss of key epitopes at the junctures of
capsid regions from different serotypes.”’ As another example, a chimeric variant isolated
by Li et al. during selections on hamster melanoma cells had no cross-reactivity to
antisera of mice immunized with AAV1, AAVS, or AAV9, and low cross-reactivity with
AAV2.*! In addition, a chimeric variant isolated by Yang et al. from in vivo selection to
identify a muscle-targeting variant (described in more detail below) exhibited a similar
level of in vitro resistance to IVIG as compared to AAVS and a higher level of resistance
compared to AAV2.* Finally, Varadi et al. demonstrated that random peptide insertions
can alter AAV immunoreactivity, as AAV9-SLRSPPS and AAV9-RDVRAVS vectors
exhibited enhanced in vitro transduction in the presence of IVIG compared to wild-type
AAV2 and AAV9.* Furthermore, the anti-AAV9 antibody ADK9 did not neutralize the
variants.** These results indicate that it may be possible to simultaneously select for two
independent properties: antibody resistance and maintenance of existing or engineering of
novel tropism.

In Vitro Models of Human Disease

Similar to the selections to alter the receptor binding of AAV, in vitro selections
can be performed to increase transduction of specific cell types used in culture models of
human disease. Excoffon et al. selected several libraries for efficient transduction of
human airway epithelial cell cultures from the apical surface, a property that is critical for
cystic fibrosis (CF) gene therapy and that natural AAV variants lack.** A chimera of the
VP1-unique domain of AAV2 with the remainder of the AAVS5 capsid, along with a key
AS8I1T point mutation in the sialic acid binding domain, emerged from two rounds of
evolution. This evolved variant, AAV2.5T, bound to the apical surface of human airway
epithelial cells at 100-fold higher levels than AAVS, transduced human airway nearly
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100-fold more efficiently than AAV2 and AAVS, and as a result was able to correct the
chloride ion transport defect of human cystic fibrosis airway epithelia upon delivery of
the CFTR gene.®* Li et al. created a library of shuffled cap genes from AAV1-6, 8, and 9
and selected for transduction of primary differentiated ciliated airway epithelium. The
selections yielded two chimeras composed of AAV 1, 6, and/or 9. These variants were
able to increase CFTR mRNA 25-fold over endogenous CF levels and rescue up to 31%
of the normal CFTR response to forskolin in cystic fibrosis airway epithelia.®’
Neurodegenerative diseases, in both the central and peripheral nervous systems, are also
clinical targets that could significantly benefit from improved vectors. As one example,
AAV typically has strong tropism for neurons; however, for a number of reasons it would
be beneficial to develop variants that transduce glia. Astrocytes outnumber neurons in
some regions of the nervous system, often play natural neuroprotective roles that can be
further enhanced, and have even been shown to contribute to disease pathology in
Alzheimer’s Disease and Amyotrophic Lateral Sclerosis.’*®’ Using an AAV2 error-prone
library, an AAV2 loop-swap library, a shuffled library containing AAV 1, 2, and 4-9, and
AAV2 with random peptide insertions, Koerber et al. evolved variants for the ability to
infect primary human astrocytes.*’ In addition to enhanced transduction of astrocytes in
vitro, two AAV2-based variants from the shuffled and loop-swap libraries transduced
5.5- and 3.3-fold more astrocytes than AAV2 within the striatum following intracranial
injection in rats.*” As described below, one of these variants had highly advantageous
properties in another neural tissue, the retina. Finally, Maguire et al. created a library of
shuffled cap genes from AAV1, 2, 5, 8, 9, and 10 and selected for infection of
glioblastoma multiforme cells.®® The isolated variant was capable of efficient
transduction of these cells in vitro and performed as well as or better than AAV2 on a
panel of other glioma cells.*®

In Vivo Selection and Evolution
Tissue-Specific Transduction

A number of variants selected in vitro have exhibited correspondingly promising
properties in vivo. However, in numerous situations cell culture models cannot
adequately emulate the properties of some complex tissues, such as those with complex
physical and cellular barriers that can impede viral gene delivery, delicate cells that
cannot be cultured, or situations in which targeted delivery to one cell type within a
heterogeneous tissue is desired. In one of the first examples of in vivo selection,
Michelfelder et al. isolated variants from an AAV peptide insertion library for the
potential to transduce either the lung or a tumor cell graft.”” The resulting clones
mediated much higher gene expression in the target tissue; however, isolated vectors also
transduced heart tissue (both tumor and lung variants) and other tissues (lung variants),*
indicating that targeted in vivo delivery can be challenging.
Similarly, Yang et al. isolated a chimeric variant composed of AAV1, 6, 7, and 8 through
in vivo biopanning for variants that infect muscle. Compared to AAV9 (the most efficient
muscle-transducing serotype), the variant showed nearly equal cardiac infectivity and
significantly decreased localization to the liver.* Interestingly, analysis of the variant’s in
vitro transduction of cardiomyocytes and in vivo transduction after direct muscle
injection showed that its increased infectivity of muscle tissue was due to more efficient
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crossing of tight endothelial barriers, an example where library selection provided both
high infectivity of target cells and the ability to overcome a cellular barrier within the
tissue.

Crossing Physical and Cellular Barriers

Cellular and extracellular matrix barriers significantly impede the transport of
macromolecules to target sites within tissues,”” and AAV can be evolved for the ability to
overcome these limitations. For example, the majority of retinal diseases afflict
photoreceptors (PR) and retinal pigment epithelia (RPE), cells that lie deep within the
retina. Numerous AAV serotypes can infect PR and RPE when administered subretinally
(injected underneath the retina), which contributed to success in three recent clinical trials
for Leber’s congenital amaurosis.'**’ However, unlike LCA, in the majority of retinal
diseases the retina undergoes comparatively rapid cell death and tissue degeneration and
can be further damaged by the retinal detachment that accompanies subretinal injection.
This concern motivates the need for gene delivery approaches that can transduce or
otherwise rescue PRs upon non-invasive administration to the vitreous humor of the eye.
One type of retinal cell, the Miiller glia, spans the entire length of the retina and contacts
all retinal neuronal cell types. Klimczak et al. tested wither AAV variants previously
selected for the ability to infect central nervous system (CNS) glia were capable of
Miiller cell transduction.”' In vivo analysis revealed an AAV6-based mutant (ShH10)
capable of highly specific (94%) and efficient infection of Miiller cells compared to
AAV2 and AAV6."" In subsequent work using a rat model of retinitis pigmentosa,
infection of Miiller glia with ShH10 encoding glial-derived neurotrophic factor (GDNF)
slowed the progression of retinal degeneration and enhanced retinal electrophysiological
responses for five months.”

While using Miiller cells to secrete factors within the retina is a useful strategy, in
other situations — such as dominant disorders directly affecting the outer retina — it would
be advantageous to directly transduce photoreceptors. Dalkara et al. used a randomly
mutagenized AAV?2 cap library, a library of chimeric AAV cap genes from serotypes 1,
2, and 4-9, and a library with randomized peptides inserted near the three-fold axis of
symmetry on the AAV?2 capsid to evolve variants capable of transducing PRs from the
vitreous humor of the eye.” A resulting variant mediated strong, pan-retinal expression in
the photoreceptors with both ubiquitous and photoreceptor-specific promoters,”> work
with implications for the treatment of a range of retinal degenerative diseases.

Recent promising clinical studies have investigated CNS gene therapy to treat Canavan’s
disease *>’* and Parkinson’s Disease.”” However, in some situations the target cells are
surgically inaccessible, delicate, or span large regions of a tissue that would require
multiple direct vector injections. Gray et al. selected a library of shuffled cap genes from
wild-type AAV serotypes 1-6, 8, 9, and AAV8 with an E531K mutation for the ability to
gain access to regions of the brain in which seizure had compromised the blood-brain
barrier.”® Two clones composed primarily of AAV1, 8, and 9 could transduce either the
piriform cortex or both the piriform cortex and ventral hippocampus upon tail vein
administration of the vectors after induction of CNS seizure, ® and no transduction
occurred in brain areas where the blood-brain barrier was not compromised. Within the
targeted brain areas, the variants efficiently transduced oligodendrocytes and neurons, but
not astrocytes or microglia, demonstrating a tropism consistent with that of AAV8.”® This

12



approach highlights the potential for targeting specific regions of the CNS upon systemic
administration.

Future Directions

Directed evolution is a powerful approach that enables relatively rapid selection and
isolation of AAV variants with novel and therapeutically valuable properties. Numerous
reports have now demonstrated the utility of this methodology to create AAV mutants
capable of utilizing alternate cell-surface receptors for transduction, transducing specific
cells and tissues in vitro and in vivo, and evading neutralizing antibodies. There are
considerable additional opportunities to further improve the AAV vector repertoire and in
turn, through investigation of the structure-function relationships of the resulting variants,
to progressively enhance our understanding of AAV biology. For example, evolution
could be employed as a forward genetic screen to identify and investigate functionally
important regions of the AAV capsid. In addition, the discovery of an alternative reading
frame within the cap gene encoding the assembly activating protein (AAP) potentially
complicates the analysis of variants isolated from directed evolution.”” Mutations that are
silent in the cap ORF could constitute non-synonymous, advantageous mutations in AAP
that affect viral assembly. In addition, while in vitro selections have generated vectors
with properties that are useful in vivo,’**”" it is likely that increasingly complex
challenges for AAV vector engineering will require in vivo selection.*>**">

Finally, as novel AAV variants enter into the therapeutic pipeline, they will likely
progress closer to the clinic. Phase I and Phase I/II clinical trials involving wild-type
AAV1, 2, 5, 6, and 8 serotypes have been approved by the U.S. Food and Drug
Administration, and they are increasingly yielding promising results.'®*"”" Recently, the
first clinical trial involving an engineered AAV variant established that this rationally
designed AAV1/2 chimera was safe and well-tolerated for treatment of Duchenne
muscular dystrophy, laying the foundation for future trials involving additional AAV
variants designed to suit a given clinical objective.”® Engineered and evolved AAV
vectors are therefore highly promising for a range of applications from the lab to the
clinic.
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Chapter 2

Evolving AAYV for Increased Stability

Abstract

Mutations, especially those beneficial to new functions, are frequently
destabilizing to protein structure. Therefore, a large percentage of library variation is lost
due to protein instability. Stabilizing the protein template has been shown to increase the
both the total number and number of functional mutations that are successfully
accommodated. To extend this work to AAV, directed evolution was performed to
stabilize the viral capsid and thereby increase its mutational robustness as well as
improve the efficiency of selections for novel function. Mutational analysis was
performed to determine the mechanism by which mutations contributed to increased
thermostability. Four rounds of selection were performed. However, while more stable at
higher temperatures, we found a trade-off between stability at higher versus lower
temperatures.

Introduction

The majority of mutations are destabilizing to protein structure.”” To mitigate
such destabilization, beneficial de-stabilizing mutations often necessitate silent
compensatory mutations.’ This frequent necessity of beneficial and compensatory
mutations can greatly decrease the rate of protein evolution.” This is paralleled in directed
evolution studies that often require multiple rounds of selection in order to accumulate
both stabilizing mutations and the cognate beneficial mutations.

It has been shown that stabilizing a protein of interest improves its evolvability.’
Simulations indicated that extra stability promotes protein evolution by compensating for
mutations beneficial for novel function, yet deleterious to protein folding. Stabilizing a
protein substrate of directed evolution compensates for destabilizing mutations, thereby
allowing a greater percentage of library variants to fold properly’. In addition, it has been
shown that, aside from compensating for all mutations, stabilized proteins have the ability
to compensate a far greater percentage of mutations that alter protein phenotype.’
Utilizing stabilized template proteins to improve evolution of new function has been
utilized for lactonase,’ xylose isomerase,’ and a Kemp eliminase.®

Here I describe my efforts to improve AAV evolvability by making it more
thermostable. Four rounds of directed evolution were performed with clonal analysis after
the first and fourth rounds. Mutational analysis allowed investigation into the residues
within the AAV capsid protein that contributes to assembly and inter-subunit interactions.
Unfortunately, one round of evolution did not improve mutational robustness and four
rounds led to unexpected changes in capsid stability.
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Results

Correlation of thermostability and thermodynamic stability

Few methods exist to directly select for increases in thermodynamic stability.
Those that do rely on bacterial expression and do not select for maintenance of function’.
To select for mutations that increase the thermodynamic stability of a protein, the authors
expressed the protein library within E. coli as a fusion with a split f—lactamase; protein
variants with higher stabilities led to a lower sensitivity to cellular proteases and higher
levels of resistance to B-lactam antibiotics by the cell. Such a selection scheme is not
available for stabilizing AAV as it must be expressed in mammalian cells for proper
capsid assembly. Capid assembly could also be disrupted by the addition of a fusion
protein to capsid subunits further preventing the use of this selection scheme.
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Figure 1. Thermostability of AAV2 libraries compared to wild-type. The amount of
intact capsid at elevated temperatures was determined for an AAV2 peptide insert library
and two error-prone libraries. Replication competent virus was heat-treated for 10
minutes and immediately cooled to 4°C. Genomes released from denatured capsids were
digested with DNAse and protected genomes determined in triplicate by qPCR and
standardized to non-heat treated controls. There appears to be a trend between
destabilizing mutations and thermostability, however, this is not statistically significant.
(error bars: standard deviation of the mean)

More commonly, proteins are selected for increased thermostability, the
temperature at which a protein denatures and/or loses function.'”'? To determine whether
there was a correlation between thermostability of the AAV capsid and
thermodynamically destabilizing mutations, wild-type AAV2 and multiple AAV2-based
libraries, two mutagenized through error-prone PCR" and one containing random seven
amino acid peptide inserts,'* were heat-treated and the amount of viable virus was
determined by qPCR, standardizing to a non-heat treated control (Fig. 1). Samples were
treated with DNAse prior to qPCR analysis with intact capsids protecting the viral
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genome against enzymatic degradation. Viral titers determined by qPCR, therefore,
represent the concentration of intact capsid. Though not statistically significant there
appears to be a trend between thermodynamic stability and thermostability for the AAV
capsid. Perhaps if the experiment was performed with more replicates than the triplicate
reported here, statisitical significance could be achieved. This suggested that increasing
the thermostability of the viral capsid, a selectable quality, could allow for a wider range
of mutations to be sampled in directed evolution experiments.

Thermostability of natural AAV serotypes

To determine the natural variability of thermostability within natural AAV
serotypes, AAV1-3, 5, 6, 8, and 9 were heated at various temperatures, and the percent
functional capsids were determined by infecting 293 T cells (Fig 2). The natural serotypes
exhibited a range of thermostabilities over a 10°C range, with the most commonly used
serotype, AAV2, having one of the lowest thermostabilities. Interestingly, while only
differing by six amino acids, AAVs 1 and 6 had the lowest and highest thermostabilities,
respectively. This natural difference could be used to investigate thermostability
differences within the viral capsid, the modularity of thermostabilizing mutations, and
their effect on mutational robustness (Chapter 3).
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Figure 2. Thermostability comparison of AAYV serotypes. The relationship between
temperature and capsid integrity were determined for the natural AAV serotypes 1-3, 5, 6,
8, and 9. Recombinant virus was heat-treated for 10 minutes and immediately cooled to
4°C. Capsid integrity was measured by determining the remaining infectious MOI in
triplicate and standardizing to non-heat treated standard. AAV2, the most commonly
utilized serotype exhibited comparably low thermostability. (error bars: standard
deviation of the mean)

21



Directed evolution to improve the thermostability of AAV?2

To evolve an AAV with improved thermostability, an error-prone AAV2,"” an
AAV2-based 7mer-peptide insert,'* and shuffled library'® were packaged and selected for
the ability to maintain viral activity after heat treatment (Fig. 3). Viral variants were heat-
treated at temperatures at which 1 and 10% of wild-type virus infectivity remained. After
heat treatment, the viable variants were amplified by infection on 293Ts and adenovirus-
5 super infection. These rescued variants were then used for subsequent rounds of heat
treatment and rescue. Three rounds of heat-treatment and rescue constituted one round of
evolution. After each round of evolution, isolated variants were subjected to error-prone
mutagenesis to introduce new, potentially stabilizing mutations and selection utilizing
increasing temperatures for heat-treatment. A total of four rounds of evolution were
performed. An analysis of the sequence and thermostability of individual variants was
performed after the first and fourth rounds.
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Figure 3. Selection scheme for AAV variants with improved thermostability. A
combined library of AAV2-error prone, AAV2 7mer insert, and AAV shuffled libraries
were packaged and selected for improved thermostability over AAV2. Selection for AAV
mutants with increased thermostability was performed by heat-treating virus and
precipitating denatured capsid proteins. Thernostabilized mutants were amplified through
infection on 293T cells and adenovirus rescue. Rescued virus was then subjected to two
more cycles of heat-denaturation and viral infection, constituting one round of selection.
Viral cap genes were PCR-amplified and cloned into pXX2 for clonal analysis or
subjected to subsequent rounds of error-prone mutagenesis and selection.

First round of directed evolution

After one round of evolution for improved thermostability, two dominant clones
were present in the viral population, one containing an A5S93E mutation and one a Q598L
mutation (Table 1). Both mutations are located at the interface of three capsid subunits

22



(three-fold axis of symmetry of the viral capsid) with residue 593 on the capsid exterior
and 598 buried at the interface (Fig. 4)

Mutation Frequency Frequency Interaction

Round 1 Round 4 Energy”

AS93E 4/8 14/14 -
Q598L 4/8 14/14 3-fold
N215Y - 14/14 -
A218T - 13/14 -
T4911 - 2/14 -
D514N - 14/14 -
T5978 - 14/14 3-fold
F666V - 3/14 5-fold

a. Residue’s contribution to interaction energy between capsid monomers as indicated for the
crystal structure on the Viper Database (http://viperdb.scripps.edu/)

Table 1. Capsid mutations identified from clones after one and four rounds of
selection for increased thermostability. After one and four rounds of selection
individual clones were sequenced to determine sequence convergence (eight clones for
round one; fourteen for round four). Multiple amino acids are at residues determined to
contribute to the interaction energy at either the three-fold or five-fold axis of symmetry.

Figure 4. Location of mutations isolated from selection for increased thermostability.
Mutations identified after one and four rounds of selection are highlighted on the AAV2
viral capsid. Mutations seen after the first round are shown in red, while those after the
fourth round are shown in blue. Most mutations are isolated around the three-fold axis of
symmetry.
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To determine whether such mutations stabilized the AAV capsid, the
thermostability of each clone was determined and compared to wild-type. Virus was heat-
treated for 10 minutes and immediately cooled to 4°C. Capsid integrity was measured by
determining the remaining infectious titer and standardizing to a non-heat treated control.
Each mutation increased the thermostability of the capsid by 2°C (Fig. 5).
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Figure 5. Temperature dependence of capsid stability for wild-type AAV2 and clones
isolated after one round of selection. After one round of selection for improved
thermostability, the relationship between temperature and capsid integrity for
representative clones from the selection was determined. Virus was heat-treated and
capsid integrity was measured by determining the remaining infectious MOI standardized

to non-heat treated standard. Selected clones showed an improvement in thermostability
of 2°C.

It has been shown that increased van der Waal’s interactions within the protein
core can improve thermostability of an enzyme.'” Mutating the residues identified from
selection on the crystal structure and determining the van der Waal interaction energy of
the mutants indicated that the observed mutations improve thermostability of the capsid
by a similar method. Specifically, both mutations increase van der Waal overlaps with
surrounding residues by over 0.5 A, increasing the interaction at the three-fold axis.
Similarly, studies investigating the thermostability of minute virus of mouse, another
parvovirus, showed an improvement of thermostability with increased interactions at the
capsid three fold axis of symmetry, whereas foot-and-mouth disease virus exhibited
greater thermostability with stabilizing interactions at the five-fold axis of symmetry.
This suggests that the intersubunit interaction energies of AAV and possibly mechanism
of assembly of the viral capsid may differ from other viruses, especially those in other
viral families.

18,19
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As an alternative to such an increase in van der Waal’s interactions, increased
hydrophobicity within a protein core has been shown to increase the thermostability of
enzymes™". Similar to those results seen on globular proteins, residue 598 buried at the
subunit interface was mutated from the H-bonding glutamine to the hydrophobic leucine.
This is in contrast, however, to residue 593 where it is mutated to an acidic glutamate, far
less hydrophobic than the native alanine. This may suggest that this mutation increases
thermostability through electrostatic effects, thereby altering the capsid surface charge
density (Fig. 6).

Figure 6. Surface charge density of AAV2-WT and AAV2-A593E. The wild-type
AAV2 crystal structure was mutated at residue 593 to reflect the selected AS93E
mutation. The surface charge density of (A) wild-type capsid and (B) A593E mutant were
then calculated within Pymol.

To determine to what extent the selected mutations improve mutational robustness,
each was used as a template for error-prone mutagenesis. The titer from each library of
mutagenized cap genes was used as read-out of mutational robustness; a higher titer
indicates a greater proportion of variants that successfully package and, thus, a more
robust template against mutation. Unfortunately, the isolated mutants showed no increase
in mutational robustness compared to wild-type (data not shown).

Fourth round of directed evolution

Because the mutations selected from one round of directed evolution did not have
a significant compensatory effect on other mutations, three additional rounds of selection
were performed with the final selection at nearly 10°C higher than the first. After the
fourth round of selection, one dominant clone was present, which included an additional
mutation at the three-fold axis of symmetry (Table 1). The thermostability of this clone in
concert with other selected point mutations, including one at the five-fold axis, was
determined and compared to wild-type. Unfortunately, while the mutants displayed a
higher percentage of functional capsid at the highest range of temperatures tested (Fig
7B), they appeared to be less stable at lower temperatures (Fig. 7A). Thus, while the
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evolution yielded variants with the phenotype for which it was selected, it resulted in
undesired side effects.
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Figure 7. Temperature dependence of capsid stability for wild-type AAV2 and clones
isolated after four rounds of selection. After four rounds of selection for improved
thermostability, the relationship between temperature and capsid integrity for
representative clones from the selection was determined. Virus was heat-treated for 10
minutes and immediately cooled to 4°C. (A) Capsid integrity was measured by
determining the remaining infectious MOI in triplicate and standardizing to non-heat
treated standard over a wide range of temperatures. At lower temperatures, selected
clones showed either no improvement or a decrease in thermostability. (B) At higher
temperatures, selected clones exhibited an improvement over wild-type. (error bars:
standard deviation of the mean)

Discussion

The change in shape of the thermostability curve of the fourth-round mutants in
comparison to wild-type could indicate a change in mechanism of denaturation.
Furthermore, selection could have super-stabilized the three-fold axis of symmetry
against denaturation, revealing or at the expense of a less stable capsid interaction.
Alternatively, it has been shown that hepatitis B protein stability is optimized for viral
replication kinetics, not protein stability*'. Therefore, the selection for improved
thermostability could have led to sub-optimal viral replication, requiring compensatory
mutations, and resulting in unforeseen changes in thermostability.

Intersubunit interactions contribute to the stability of the viral capsid. Analysis of
mutations contributing to improved thermostability provided insight into the residues of
the AAV capsid important in intersubunit interactions. Many of the selected mutations
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occurred at intersubunit interfaces, increasing hydrophobic and van der Waal’s
interactions, paralleling results seen from globular proteins.'”** As I (Chapter Three) and
published work*>** have shown, mutations can stabilize the capsid through electrostatic
effects, which can contribute to the thermostabilizing effect of the isolated AS§83E
mutation.

While other viruses have been evolved to be more thermostable, there is no
literature precedent for a cognate improvement in mutational robustness. Viral proteins
tend to increase robustness through partially disordered and loosely packed cores®. In
this manner, improving capsid thermostability may have proven deleterious to mutational
robustness, despite the correlation seen between mutation and thermostability.

While the ultimate goal of increasing the mutational robustness of AAV was not
achieved, valuable insights into capsid stability, subunit interactions, thermostability and
its effect on mutational robustness were gained. The viral capsid is a highly multi-
functional multimeric protein complex. While structurally well defined and, therefore,
not compensating for mutations in an identical fashion as non-structured viral proteins, it
might have thermodynamics optimized for proper maintenance of its various functions
such as externalization of the protein N-terminus and capsid disassembly. Thus, while the
selected mutations might have led to an improvement in the desired quality of improved
thermostability, it could have led to a loss of viral infectivity. Continued mutation
through the multiple rounds of viral evolution might have led to compensatory, infectious
mutations, allowing improved thermostability but not at the detriment of natural viral
capsid function. This may have been seen as the radical change in the capsid
thermostability profile and should be of note for studies trying to improve the stability of
multi-functional and multimeric protein complexes.

18,19

Materials and Methods

Cell lines

Cell lines were cultured at 37°C and 5% CO,. 293T cells were obtained from the
American type culture collection (Manassas, VA) and cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin.

Construction of AAV libraries

Error-prone mutagenesis of AAV2 was performed as described."” Briefly cap
gene was mutagenized by MnCl, error-prone mutagenesis. Multiple PCR reactions of
varying concentrations of manganese chloride were performed to provide a range of
mutation frequency. Successful reactions were combined, purified with a commercial
PCR clean up kit (Promega) to remove excess MnCl,, and cloned into pSub2. Peptide
insert and shuffled AAV libraries were also prepared as described.'*'® Recombinant and
replication competent AAV was then produced, as previously described."
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Determination of AAV thermostability profile

A method adapted from Mani et al >°, was utilized to determine the temperature
dependence of capsid denaturation. Recombinant virus was heated for ten minutes in a
thermocycler and immediately cooled to 4°C to precipitate denatured capsids. The
percentage of intact capsids was determined by infecting 293Ts (2.5 x x10%) and
standardizing to a non-heat treated sample. For replication-competent libraries, the
percentage of intact capsids was determined by qPCR, whereby DNase resistant viral
genomes of samples after heat-treatment was standardized to that of a non-heat treated
sample.

Selection for thermostable AAV variants

An error-prone AAV?2 library, AAV2-based 7mer-peptide insert library and an
AAYV shuffled library were heated in a thermocycler for ten minutes and denatured
capsids precicipated from solution by cooling at 4°C for an additional ten minutes.
Thermostable variants were rescued by infecting 293T cells (2.5 x 10°) at varying
genomic multiplicities of infection. Twenty-four hours after infection, media was
changed and wild-type adenovirus added to amplify infectious variants. After forty-eight
hours, viral particles were harvested and tittered by quantitative PCR. This viral pool was
utilized for the next round of infection. After three heat treatment-rescue steps, viral
genomes were harvested from which library cap genes were amplified by PCR and
subject to additional mutagenesis to generate a library for additional rounds of
selection." Selection for a thermostable AAV variant as described here consisted of a
total of four rounds of evolution by mutagenesis and selection.

Determination of van der Waal overlaps

The crystal structure of the AAV capsid protein was changed to reflect isolated
mutations with the mutagenesis function in PyMol. Mutant crystal structures were saved
and van der Waal’s radii for each mutated residue were determined in MolProbity
(http://molprobity.biochem.duke.edu/) and compared to that in wild-type.

Determination of mutational robustness

Mutational robustness was determined by subjecting a cap gene of interest to a
high mutational load (10-15 nucleic acid mutations/cap) by error-prone mutagenesis and
determining the fraction of viable mutants. The fraction of viable mutants was calculated
as the titer of the mutagenized library over that of unmutagenized capsid.
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Chapter 3

Investigating Natural Stable AAYV Serotypes for Gene Therapy

Abstract

Mutations, especially those beneficial to new functions, are frequently
destabilizing to protein structure. Therefore, a large percentage of library variation is lost
due to protein instability. Stabilizing the protein template has been shown to increase
both the total number and number of functional mutations that are successfully
accommodated. Differences in stability between the natural AAV serotypes were found
to exist and could potentially be exploited to investigate both the mechanism by which
improved capsid stability can arise and its effect on mutational robustness. Despite
differing by only six amino acids, AAV serotypes 1 and 6 exhibit a greater than 10°C
difference in thermostability. This difference was directly attributable to the ES31K
mutation within AAV6. The region surrounding this residue is homologous amongst most
natural serotypes and the E531K mutation was enriched upon selection with shuffled
libraries. Despite this, similar improvements were not seen upon mutation to other
serotypes, allowing insight into the mechanism of this improved stability. Finally,
investigation into the mutational robustness of the natural serotypes and stabilized mutant
showed a trend between thermostability and mutational robustness, though this
relationship was not statistically significant.

Introduction

As described earlier (Chapter 2), improved protein stability promotes evolvability.
Here I describe my efforts to investigate and exploit stability differences between AAV
serotypes. Viral serotypes represent distinct genotypic and phenotypic variations of a
viral species. There are eleven naturally occurring serotypes and over 100 variants of
AAV, each of which differs in amino acid sequence and, thus, in their gene delivery
properties.'* Aside from differing tissue tropisms, AAV serotypes display unique
thermostabilities.

AAV1 was one of the first AAV serotypes isolated as a viral contaminant in
preparations of adenovirus in the mid-1960s.”> A genetically similar serotype that differs
from AAV1 by only six amino acids, AAV6, was discovered in 1998.° Despite so few
amino acid differences AAV1 and AAV6 have distinct phenotypic properties, such as the
ability of AAV6 to utilize heparan sulfate as a viral receptor.’” Additionally, these two
serotypes were shown to have a large difference in thermostability (Chapter 2). The two
serotypes differ at residues 129, 482, 531, 584, 598, and 642 located at various regions of
the AAV capsid. Such few amino acid differences allowed studies into the molecular
basis of the difference in thermostability on a single amino acid level and whether
thermostabilizing mutations can be transferred from one serotype to another in a modular
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fashion. The difference in thermostabilities also allowed the investigation into differences
in mutational robustness between AAV serotypes and stabilized mutants.

Results

Thermostability difference between AAV1 and AAV6

AAV serotypes 1 and 6, though differing in only six amino acids, exhibit a large
difference in thermostabilities (Fig. 1). One residue (129) lies in the VP1 unique region of
the capsid protein. Two of these residues (418 and 642) lie in the capsid interior (Fig. 2B),
and two others (584 and 598) lie on the capsid exterior on inter-subunit interface of the
three-fold axis of symmetry (Fig 2A). One (residue 531) lies on the capsid surface near
the two-fold axis of symmetry (Fig 2A) and has been shown to be responsible for
AAV6’s ability to bind heparin.® Some mutation or combination of mutations was
responsible for such a large shift, making this system valuable to investigate individual
residue contributions to thermostability.
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Figure 1. Thermostability comparison of AAV serotypes 1 and 6. The relationship
between temperature and capsid integrity was determined for the natural AAV serotypes
AAV1 and AAV6. Recombinant virus was heat-treated for 10 minutes and immediately
cooled to 4°C. Capsid integrity was measured by determining the remaining infectious
MOI in triplicate and standardizing to non-heat treated standard. Though differing in only
six amino acids, AAV6 exhibited a thermostability far greater than that of AAV1. (error
bars: standard deviation of the mean)
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Figure 2. Amino acid differences between AAV serotypes 1 and 6. AAV1 and AAV6
differ from each other by six amino acids. Amino acids differences are shown on the
AAV6 capsid (A) exterior and (B) interior. One (residue 129) lies in the VPI unique
region of the capsid protein, a region not included in the crystal structure. Two residues
differing between the serotypes (418 and 642, shown in green) lie in the capsid interior
and three others (584 and 598 in red and 531 in blue) lie on the capsid exterior on inter-
subunit interfaces. (C) Representative diagram showing the different axes of symmetry
within the icosahedral capsid.

Mutational analysis of thermostability difference

To determine which mutations contribute to the difference in thermostability
between AAV1 and AAV6, individual residues on AAV1 were mutated to those of
AAVG6 through site-directed mutagenesis. The thermostability of each AAV1 mutant was
then determined and compared to wild-type AAV1 and AAV6. Though mutations at the
three-fold axis have been shown to improve the thermostability of AAV2 (see Chapter 2)
and the crystal contacts between serotypes in this region are conserved, mutation of
residues 584 and 598 had no appreciable effect on AAV1 thermostability (Fig. 3).
Similarly, mutation of the interior residues, 418 and 642, had little effect on
thermostability (Fig. 3). Mutation of residue 531, however, increased the thermostability
of AAV1 almost to that of AAV6 (Fig. 3).
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Figure 3. Individual AAV6 residue’s effect on thermostability. To determine which
amino acid contributed to the significant improvement of thermostability of AAV6 over
AAV1, each differing AAVI residue was mutated to that of AAV6. Virus was heat-
treated for 10 minutes and immediately cooled to 4°C. Capsid integrity was measured by
determining the remaining infectious MOI in triplicate and standardizing to non-heat
treated standard. AAV1-E531K exhibited a thermostability very near that of AAV6 while
all other single point mutations had a negligible effect. (error bars: standard deviation of
the mean)

Effect of E531K mutation on the thermostability of other AAV serotypes

As the intention of raising thermostability was to increase mutational robustness,
a modular mutation would prove useful for multiple serotypes. To determine whether the
E531K mutation could be modular, the homology for the region surrounding the residue
was determined; if the mutation improves thermostability by short-range interactions (< 8
A), modularity would require that interaction partners be conserved. The residues within
6 and 8 A of residue 531 on the AAV6 crystal structure were determined within PyMol
(Fig. 4A), and those residues were aligned between the serotypes (Fig. 4B). Those
residues close to residue 531 were conserved and, therefore, if the stabilizing effect of
531K acted over the short-range, the mutation may be modular.
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B AAV1translation:  ~**N ~**RySK ~***SHKDDEDKFF ~**DEEEIK ~>"*TF ~*%
AAV2 translation:  ~>%N ~*"RUSK ~**SHKDDEEKFF ~"*'DEEEIR ~*TE ~°%
AAV3 translation:  ~>%N ~*®RUSK ~***SHKDDEEKFF ~ **DEEEIR ~°"*TE ~**
AAVG6 translation:  ~>N ~*®RUSK ~***SHKDDKDKFF ~***DEEEIX ~*7*TE ~*%*
AAV7 translation:  ~>**N ~*°RUSK ~***THKDDEDRFF ~**NEEEIR ~*°TF ~°%
AAVS translation:  ~>N ~*°RVST ~**THKDDEERFF ~***SEEEIK ~°"°TE ~%°
AAV9 translation:  ~>**D ~**®RVUST ~*>**SHKEGEDRFF ~°**NEEEIK ~*7*TE ~*%*

Figure 4. AAV homology in region surrounding AAAV1/6 residue 531. (A) Amino
acids within six (blue) and eight (green) angstroms of residue 531 (red) on the AAV6
viral capsid were determined and are shown. (B) Those residues within six (blue) and
eight (green) angstroms to residue 531 on the AAV1/6 capsid were aligned to serotypes 2,
3,7, 8, and 9. All given serotypes were homologous at those residues.

Further support of possible modularity would be evidence of the 531K mutation
stabilizing shuffled clones, viral variants created by the shuffling of cap genes from
multiple serotypes;’ taken out of the context of the full AAV6 capsid, if the mutation was
still stabilizing, it would indicate a potential for modularity. Stabilizing mutations
increase the likelihood that a given variant is viable'® and, thus, there should be a
purifying selection towards its presence upon viral packaging. Library members from a
shuffled library’ were sequenced before and after viral packaging to determine if such an
enrichment occurred for the AAV6 unique residue, K531. After packaging, a greater
proportion of library members contained K531 (Fig. 5), indicating that the residue might
stabilize shuffled library members. It has been shown that while compensating for all
mutations, stabilizing variants compensate functional variants to a higher degree.'’
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Therefore, the frequency of K531 amongst published shuffled variants was determined.
The AAV6 unique K531 appeared in published variants isolated with new phenotypes at
an even greater frequency than packaged shuffled library members (Fig. 5), indicating a
further enrichment of this mutation and providing additional evidence towards its
stabilizing effect and modularity. Interestingly, in a shuffled library in which AAV6 was
not included, an isolated variant had a spontaneous E531K mutation,'' providing further
evidence that this mutation could be stabilizing to other serotypes.
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Figure 5. Frequency of ES31K mutation in shuffled libraries. To determine whether
the E531K mutation was stabilizing for shuffled AAV variants, its frequency within a
shuffled library before and after packaging was determined. As stabilizing mutations not
only increase folded mutants but improve the frequency of functional mutants, the
frequency of the E531K mutation was determined within all published, isolated AAV
shuffled clones. In addition to the enrichment for the ES31K mutation after packaging
and selection, one published clone had a spontaneous E531K mutation despite no AAV6
cap used as template in the shuffling reaction."'

To directly determine whether an E531K mutation could stabilize alternative
serotypes, the corresponding residue within AAV2 and AAV9 was mutated through site-
directed mutagenesis. The inclusion of the E531K mutation had no effect on viral titers
(data not shown), however, the mutation ablated viral infectivity (data not shown) and
lowered capsid thermostability (Fig 6). Therefore, the stabilizing effect of the ES31K
mutation on AAV6 arises from an interaction greater than the 8 A for which homology
was investigated.
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Figure 6. ES31K mutation on AAV2/9 thermostability. To determine whether the
stabilizing effect of the E531K mutation is transferrable to other serotypes, residue 531
was mutated to lysine on AAV2 and AAVY. To quantify any thermostabilizing effect,
virus was heat-treated for 10 minutes and immediately cooled to 4°C. Genomes released
from denatured capsids were digested with DNAse, and protected genomes quantified in
triplicate by qPCR and standardized to non-heat treated controls. For both serotypes, the
E531K mutation decreased the thermostability of the capsid and greatly reduced
infectivity (data not shown). (error bars: standard deviation of the mean)

The E531K mutation could contribute to improved capsid stability by a long-
distance electrostatic interaction. This residue is responsible for the affinity of AAV6
toward heparan sulfate,” through a largely electrostatic interaction. On the AAV6 capsid,
residue K531 creates a basic patch with residues R488, K528, and K533 (Fig. 7) that is
stabilized by an interaction of D532 with H527 and D562.* Aside from serotypes 4 and 5,
most of these residues are relatively homologous amongst the naturally occurring
serotypes; if not sharing identical amino acids at each residue, serotypes share similar
amino acid chemistries. The one exception is D562, where serotypes 7-9 lack an acidic
residue. The disruption of this D532-H527-D562 interaction in AAV9 could disrupt the
stabilizing interaction between the peptide loops, destabilizing the capsid upon
incorporation of the E531K mutation. Alternatively, loss of the negatively charged acidic
residue could eliminate a direct stabilizing electrostatic interaction for K531. Mutation of
one of these residues dramatically altered peptidoglycan interactions,'* which could
contribute to the loss of infectivity of the AAV9-E531K mutant. Comparing crystal
structures, residue R488 is surface exposed on AAV6, whereas it is not in AAV2:® this
could disrupt the basic patch to which K531 contributes and, thus, prevent its stabilizing
effect. This indicates that, despite sequence homology, conformation-shifting interactions
elsewhere within the viral capsid can shift the described residues’ physical locations and,
therefore, interactions within the viral capsid. Therefore, long-range electrostatic
interactions and altered capsid tertiary structure might influence interactions within a
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apparently homologous region of the capsid, precluding the modularity of stabilizing
mutations.

Figure 7. Surface charge density of AAV6-WT and AAV6-K531E. The wild-type
AAVG6 crystal structure was mutated at residue 531 to reflect the AAV1-K531E mutation.
The surface charge density of (A) wild-type capsid and the (B) K531E mutant were then
calculated within Pymol. (C and D) Locations of residues important to the formation and
stabilization of the AAV6 basic patch. Residue 531 (shown in blue) forms a basic patch
with residues 488, 528, and 533 (shown in red) on the AAV6 capsid surface. This basic
patch is stabilized by an electrostatic interaction of residue 532 with residues 527 and 562
(shown in green). Contributing amino acids are viewed on a trimer of AAV6 capsid
proteins (C) from above and (D) side on.

Determination of the effect of the E531K mutation on mutational robustness

To determine whether the change in stability with mutation at residue 531 led to a
concomitant improvement in mutational robustness, AAV1, AAV-E531K, and AAV6
cap genes were subjected to a high mutational load and the fraction of viable mutants was
determined. There appears to be an improvement in mutational robustness with the
inclusion of the E531K (Fig. 8); however, large errors precluded statistical significance.

38



Viral titer as a metric inherently has much error due to the lack of reproducibility within
transfections and standardizing library titers to unmutagenized capsid (the titer of which
has similar issues with reproducibility) increases error to an even greater degree.
Therefore, increased replicates beyond the triplicate presently described or a more
accurate method to measure mutational robustness could provide a statistically significant
difference between the serotypes and point mutant.
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Figure 8. Effect of ES31K mutation on mutational robustness. To determine whether
the ES31K mutation can compensate for destabilizing mutation AAV1-WT, AAV-E531K,
and AAV6-WT cap genes were subject to high mutational loads by error-prone PCR and
utilized to package virus. The titers for each error-prone library were standardized to the
titer for unmutagenized capsid.

Discussion

Mutational analysis into the difference in stabilities between the natural serotypes
AAV1 and AAV6 provided a greater understanding of the mechanisms of capsid
stabilization. The predominant residue contributing to the improved thermostability of
AAV6 in comparison to AAV1 was K531, a residue unique to AAV6 in a region
relatively conserved amongst the serotypes 1-3 and 6-9. It has been shown that
electrostatic interactions can contribute to the improved stability of an enzyme'*'* and
evidence suggests its possible contribution to improving the thermostability of AAV (see
Chapter 2). In contrast to the mutations isolated from directed evolution, K531 does not
lie at either the three or five-fold axes of symmetry, appears to exert its affect through a
strictly electrostatic mechanism, and improves capsid stability to a larger extent. This
mutation creates a continuous basic patch, likely improving capsid stability through a
network of electrostatic interactions. This could explain the greater improvement in
stability as compared to those isolated from directed evolution. This network of
stabilizing electrostatic interactions might extend beyond the region that is directly
homologous amongst the serotypes, precluding its modularity. Mutating the
corresponding residue on AAV2 and AAV9 provided more evidence into those residues
that might help contribute to the improved stability. AAV9 lacks an important residue to
stabilizing the loop on which residue 531 lies,® which could have prevented improved
stability upon the E531K mutation. Alternatively, a necessary residue within the AAV6
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basic patch, while homologous amongst AAV serotypes, is not exposed on the AAV2
capsid,® which could indicate the contribution of capsid tertiary structure to capsid
stability. Together this illustrates the fortuitous evolution of improved stability with a
functional mutation.

While the ES31K mutation greatly improved the thermostability of AAV1, it did
not exhibit a similar trade-off between high and low temperature stability as seen with
those clones isolated from directed evolution (Chapter 2). While this trade-off was
attributed to the requirement that capsid stability is optimized for the simultaneous
selective pressure of mutational robustness and maintenance of function,'® the hypothesis
does not appear to be valid for this difference. Electrostatic interactions within a protein
can be shielded by salt concentrations and thereby modulate protein stability.'® As the
improvement to AAV6 stability is mostly through electrostatic interactions, proper capsid
function might be maintained through shielding of the stabilizing electrostatic
interactions within the crowded intracellular environment due to the significant increase
in protein concentration. The concentration of proteins, highly charged macromolecules,
is higher intracellularly than the experimental buffer and might shield the electrostatic
interaction suggested to stabilize the AAV6 capsid. Alternatively, this interaction might
be directly shielded by interactions between the viral capsid and accessory proteins
necessary for intracellular trafficking. In this way, the investigation into the stability
differences between natural serotypes provided an increased understanding of complex
interplay between viral capsid stability and maintenance of function.

Materials and Methods

Cell lines

Cell lines were cultured at 37°C and 5% CO,. 293T cells were obtained from the
American type culture collection (Manassas, VA) and cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin.

Construction of AAV variants

Individual AAV1 point mutants were made by site-directed mutagenesis with an
Agilent Quikchange II Site-Directed Mutagenesis Kit (Santa Clara, CA). Recombinant
AAV was then produced, as previously described.'’

Determination of AAV thermostability profile

A method adapted from Mani et al '®, was utilized to determine the temperature
dependence of capsid denaturation. Recombinant virus was heated for ten minutes in a
thermocycler and immediately cooled to 4°C to precipitate denatured capsids. The
percentage of intact capsids was determined by infecting 293Ts (2.5 x x10%) and
standardizing to a non-heat treated sample. For those variants with undetectable
infectivities, the percentage of intact capsids was determined by qPCR, whereby the
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number of DNase resistant viral genomes after heat-treatment was standardized to that of
a non-heat treated sample.

Determination of mutational robustness

Mutational robustness was determined by subjecting a cap gene of interest to a

high mutational load (10-15 nucleic acid mutations/cap) by error-prone mutagenesis and
determining the fraction of viable mutants. The fraction of viable mutants was
determined as the titer of the mutagenized library over that of unmutagenized capsid.
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Chapter Four

Evolution of Small Polymorphic AAV Libraries

Abstract

Most commonly, directed evolution is performed by mutagenizing a protein of
interest and selecting for a novel function. This procedure requires libraries of large
sequence diversity and multiple rounds of evolution; its efficiency could thus be
improved, such as by improving the quality of the library. Neutral drift provides a method
that more closely parallels natural protein evolution, potentially yielding highly
functionally diverse variants with a much smaller library size. Neutral drift has been
applied to AAV2 in an attempt to yield a library of functionally diverse variants. After
three rounds of selection for neutral mutations, a library that contained on average two
non-silent mutations per variant remained. Mutations included within the library lie
within every functional domain, greatly alter residue chemistry, and have interesting
phylogenetic correlations.

Introduction

Directed evolution of proteins is commonly performed by subjecting a gene of
interest to mutagenesis and selecting for those variants with a novel function, oftentimes
repeating the protocol until the desired activity level is obtained. Unfortunately, the
majority of mutations are destabilizing,'* and mutations that do not ablate protein
structure are rarely beneficial. Destabilizing beneficial mutations often require
functionally-silent, stabilizing mutations to compensate.’ Thus, large libraries are
required for selection in order to increase the likelihood of isolating advantageous
mutations, and often require multiple rounds of evolution and selection to achieve the
desired levels of functionality.

However, this method strongly differs from how proteins naturally evolve. The
majority of genetic diversity occurs through neutral drift, defined as gradual sequence
diversity obtained through selection to maintain existing function and structure.® Viral
quasi-species provide an example, whereby highly diverse populations of sequences are
maintained under selection for maintenance of function.”” It has even been shown that
novel viral phenotypes can arise through neutral drift.” According to the theory of neutral
evolution positive selection is a comparably rare event with the majority of mutations
accumulating under purifying selection.®” Thus, molecular evolution, rather than survival
of the fittest, can be survival of the flattest;'™'" variants with flatter fitness surfaces can
tolerate more mutations and thus, are selected for over time. Alternatively, those with flat
fitness surfaces sample more phenotypic diversity and, thus, show a fitness advantage
under positive selection.'

An alternative method of directed evolution that more closely parallels this
natural protein evolution involves the continuous neutral drift of a protein of interest to
create a small library of highly polymorphic variants, variants that maintain native
function but can be functionally promiscuous. Subjecting a protein of interest to neutral
drift serves as a purifying selection, removing mutations that render it inactive, while
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simultaneously leading to mutational robustness and evolvability greater than that of
wild-type."® The subsequent library may contain divergent sequences that maintain wild-
type folding and function with large changes in latent, promiscuous functions.'*'> After
applying neutral drift to serum paraoxonase (PON1)'* and cytochrome P450 enzymes,"
the enzymes maintained wild-type or near wild-type reactivity with the native substrate
but were able to catalyze substrates for which the enzyme was not evolved to catalyze.
Under high mutational rates, the population can evolve toward increased thermodynamic
stability and mutational robustness, ®'” highly desirable qualities in directed evolution
studies. Additionally response to these higher mutation rates can drive the sequence of
resulting variants toward the family consensus sequence and inferred ancestor.'®
Selections utilizing these methods have been utilized to engineer PON1," B-
glucuronidase,'® and TEM-1'® for novel functions. Variants shuffled from selected
variants to combine mutations demonstrated further improvements in novel
functionality."

Here I describe the creation of a novel AAV?2 library derived from neutral drift for
use in future directed evolution studies. Each library variant contains on average two
amino acid mutations and four silent mutations compared to the parent sequence.
Mutations range from those that do not alter surface chemistry to those that remove or
reverse charge density. Compared to previous studies, mutations frequently drove
sequence away from consensus or toward an alternative highly divergent serotype.'®
Sampled mutations occur in nearly every functional domain within the AAV capsid,
potentially indicating a library of highly functionally diverse variants.

Results

Creation of a small polymorphic AAV library

Adapting previous published methods," adeno-associated virus serotype 2 was
subject to three rounds of neutral drift. Specifically, AAV2 cap gene was subject to error-
prone PCR with a high error rate (5-7 nucleic acid mutations/cap) and selected for its
ability to maintain infection on a permissive cell line, 293T, at wild-type levels (Fig.1).
Infectious virus was rescued by adenovirus-5 super infection and used to repeat the
infection. Three infection-rescue steps constituted one round of evolution. After the first
round of evolution isolated mutants contained only one to two mutations. Therefore,
subsequent mutagenesis steps were performed with an increased error rate (10-15 nucleic
acid mutations/cap). In total, AAV was subjected to three rounds of evolution to select
for neutral mutations.
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Figure 1. Selection scheme for neutral drift of AAV2. An AAV2 error-prone was
packaged and selected for improved thermostability over AAV2. Selection for neutral
mutations was performed by infecting 293T cells at a wild-type MOI followed by
adenovirus super-infection rescue. Rescued virus was then subject to two more cycles of
viral infection, constituting one round of selection. Viral cap genes were PCR-amplified
and subjected to subsequent rounds of error-prone mutagenesis and selection.

Sequence analysis of neutral drift library

After three rounds of neutral drift, individual clones from the selection were
sequenced. No two sequenced clones were identical, indicating sequence diversity
remains within the library. Some mutations, notably an S452G, were found in multiple
clones, indicating the presence of a bottleneck at some stage within the selection or a
stabilizing effect of those mutations.'® Despite the high mutational loads applied during
mutagenesis, library members only contain 2.3 + 1.1 amino acid changes and 3.8 + 1.8
silent mutations versus the wild-type AAV2 sequence. It is possible the high mutational
loads surpassed that which the AAV capsid could tolerate, so those containing fewer
mutations were strongly selected for. Alternatively, requiring AAV variants to infect
293T cells might have biased the library for this infections step, thus limiting library
diversity, both of note for any subsequent neutral drift studies on AAV. Alternatively,
increasing concentrations of manganese chloride has been shown to increase the
frequency of stop codons, insertions, and deletions within the error prone PCR
mutagenesis reaction (data not shown). Alternative error-based mutagenic methods that
reduce these unwanted side effects have been described."” These methods should be
strongly considered in subsequent studies to ensure library members with high numbers
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of mutations are lost due to surpassing the mutational load the capsid can tolerate, rather
than premature stop codons or frame shift mutations.

Figure 2: Location of mutations isolated from neutral drift selection. Mutations
identified after three rounds of neutral drift are highlighted on the AAV2 viral capsid.
Many mutations lie on or near the three-fold spike, which has been shown to be important
in receptor binding. Mutations were also found on nuclear localization sequences and a
phospholipase A2 domain on the uncrystallized VP1/2 unique regions. Mutations that
lead to a loss of charge are shown in blue and those that mutate residues conserved
amongst AAV serotypes are shown in green. All others are shown in red.

While many individual mutations were minimally perturbing to amino acid
chemistry (polar to polar or hydrophobic to hydrophobic), multiple instances of
significant changes to residue chemistry are present within the library. There are several
instances of loss of charge mutations (K544M and R566G). This is particularly
interesting in the context of the significant Coulombic interaction of AAV2 with heparan
sulfate.”® More dramatically, mutations that reversed the polarity of a given residue
(D152K)) were isolated.

Although the number of mutations per isolated clone was low, mutations were
identified in regions implicated in every step of viral infection. Many identified mutations
clustered around the three-fold spike, a region of the AAV capsid crucial in receptor
binding (Fig. 2). Mutations were identified in or near regions necessary for binding to the
viral primary receptor, heparan sulfate,”>*' as well as binding to identified co-receptors,
the laminin receptor’ and integrin a5p1.> Mutations were also found in regions
important in intracellular trafficking and endosomal escape (Table 1). Mutations were
isolated in three of the four basic patches required for nuclear trafficking”*** as well as
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within the phospholipase A2 domain, important in endosomal escape.’®*’ New evidence
suggests the presence of other important motifs within the viral capsid necessary for
intracellular trafficking and nuclear entry.”® Mutations within the library lie within many
of these motifs including one found to be necessary for nuclear uptake.

Mutation Region

T14S
E36Q
S42| Near PLA2
E63Q PLA2
E106G Near PLA2
F119Y
P145Q BR2
H148L Near BR2
E152K
R170K BR3
A194S
N201D
M203I
W247L
R310S BR4

Table 1. N-terminal mutations isolated from neutral drift selection. Mutations
identified in regions of the AAV2 capsid not crystallized are given. Also, noted are their

location within and in proximity to nuclear localization sequences and the phospholipase
A2 domain.

A study has shown neutral drift mutations converge toward the inferred ancestral
sequence under high mutational loads.'® For a few of the identified mutations, this
appears to be true; for instance E36 is mutated to the conserved glutamine (Fig. 3).
However, mutations were more likely to mutate residues that are conserved amongst
AAV serotypes 1-9 away from the consensus. Examples of such mutations are residues
E106, F119, W247, K544, T624, and H641 (Fig. 3). Residue 544 is the only one of these
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located on the capsid surface (Fig. 2); the other mutations are in the capsid interior, at
intersubunit interfaces, or buried within the core of the capsid protein. While many
mutations neither alter conserved residues nor revert back to consensus, they frequently
are shared amongst other serotypes. Interestingly, the serotypes that share the majority of
mutations isolated from this study are AAV4, 5, and 9, serotypes phylogenetically distant
from AAV2.
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Figure 3. Sequence alignments at residues where isolated mutations differ from or
return to AAV consensus. Alignments of AAV serotypes 1-9 at residues where
mutations identified from the neutral drift of AAV2 either return the mutant to the
consensus sequence or mutate conserved residues. Residues that are mutated toward the
AAV consensus sequence are highlighted in red and those that mutate conserved residues
are highlighted in blue.
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Discussion

While my library sequence differs from the parental sequence to a lesser extent
than published studies'?, this library should still prove valuable in selections for AAV
infection on novel cell types. As I (Chapter 6) and published directed evolution studies
have shown, AAV variants that differ from wild-type by as little as one to three mutations
can have vastly altered phenotypes.”” Though differing from AAV2 by few amino acids,
library members contain mutations that retain the capacity for viral packaging and
infectivity, making every library member viable and potentially useful in selections.

The mutations contained within the library should prove particularly useful in
directed evolution studies. While many mutations are likely minimally perturbing,
numerous library members contain mutations that potentially alter the charge state of the
viral capsid. Heparan sulfate binding proteins often utilize charge-charge interactions
with the multiple negative charges on the polymer to bind.*® In this way, the binding of
AAV?2 to heparan occurs through a highly charged region on the three fold spike
consisting of multiple basic residues.” Similarly, it has been shown that the ability of
AAVG6 to utilize heparan sulfate as a receptor is due to a basic patch created by its unique
E531K mutation.”' Disruptions and changes to the surface charge density of the viral
capsid could alter the affinity to cellular proteoglycans allowing library variants to bind
new cell types.

In addition to non-synonymous mutations, library members contain multiple silent
mutations. There is evidence of viral codon bias tuning translation kinetics to ensure
proper protein folding;’>*> some viruses can use combinations of rare and common
codons to tune the rate of translation allowing protein domains to fold properly. In this
way, while silent on the amino acid level, these mutations ensure proper viral protein
folding yet allow a larger portion of protein sequence space and, therefore, phenotypic
space to be sampled upon further mutation. Viral codon usage is necessary for its
mutational robustness.”* If silent mutations negatively influenced mutational robustness,
they would be selected against over multiple rounds of viral evolution. As virus
containing these mutations underwent multiple rounds of mutagenesis, they have been
proven to increase the accessible codon space without detrimentally affecting mutational
robustness.

The library contains mutations in nearly every identified functional portion of the
AAV?2 viral capsid. Though viral receptor binding is an important step in cellular
specificity, evidence suggests intracellular trafficking and endosomal release can act as a
barrier to successful gene transfer.”> Studies have even shown that altering intracellular
trafficking can help contribute to a novel cellular specificity.*® The library not only
includes mutations that can alter receptor binding but also those that could alter
intracellular trafficking and endosomal escape. Interestingly, many of these mutations are
shared with serotypes highly divergent from AAV2. Thus, this library may sample
multiple functionalities from multiple serotypes through shared mutations and, therefore,
prove useful in new cell types of interest.

While not wholly successful in creating highly divergent sequences, the neutral
drift library may prove advantageous in directed evolution studies in the future. Though
differing by few mutations from wild-type, each mutation is permissive to viral
packaging and in vitro infectivity and, thus, has the potential of exhibiting novel
phenotype upon selection especially given the range of alterations to residue chemistry
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and location of mutations. The library also has the potential of sampling functionality
from divergent serotypes, as numerous library mutations in multiple regions are shared
with AAV serotypes 1/6, 4, 5, 7, 8, and 9. Additionally, selected mutations from the
library could prove to act synergistically when combined to further improve a desired
function as in previous studies.” Thus, the described neutral drift library and similar
future studies will prove an invaluable tool in AAV directed evolution.

Materials and Methods

Cell lines

Cell lines were cultured at 37°C and 5% CO,. 293T cells were obtained from the
American type culture collection (Manassas, VA) and cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin.

Construction of AAV libraries

Error-prone mutagenesis of the AAV2 was performed as described.®” Briefly cap
gene was mutagenized by MnCl, error-prone mutagenesis. Multiple PCR reactions of
varying concentrations of manganese chloride were performed to provide a range of
mutation frequency. Successful reactions were combined, purified with a commercial
PCR clean up kit (Promega) to remove excess MnCl,, and cloned into pSub2. Replication
competent AAV was then produced, as previously described.?’

Neutral drift of AAV error-prone libraries

293T cells (2.5 x 10°) were infected with the error-prone AAV?2 library at varying
genomic multiplicities of infection representative of a wild-type infectious MOI of one.
Twenty-four hours after infection, media was changed and wild-type adenovirus added to
rescue infectious variants. After forty-eight hours, viral particles were harvested and
titered by quantitative PCR. This viral pool was utilized for the next round of infection.
After three infection-rescue steps, viral genomes were harvested from which library cap
genes were amplified by PCR and subject to additional mutagenesis to generate a library
for additional rounds of selection.’® Neutral drift of AAV?2 as described here consisted of
a total of three rounds of evolution by mutagenesis and selection.
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Chapter 5

Reconstruction of an Ancestral AAV Variant

Abstract

Ancestral reconstruction holds great promise in improving protein directed
evolution. The reconstructed sequence of an ancestral enzyme for a protein family of
interest can be an ideal substrate with which to begin directed evolution studies. Previous
studies have indicated that ancestral proteins can be more stable, can have promiscuous
functions, and have already been shown to be evolvable, having given rise to all members
within its protein family. Ancestral reconstructions have been performed for globular
proteins and libraries based on these reconstructions have been utilized to engineer novel
protein functions. To extend this work to adeno-associated virus, an ancestral AAV
sequence was reconstructed utilizing a novel alignment program from which a library of
evolutionarily relevant sequences was designed and synthesized.

Introduction

The majority of mutations destabilize protein stability and function,'* a major
impediment to engineering proteins with novel functions. Improving the stability of a
protein substrate has been shown to make it more evolvable by compensating for these
destabilizing mutations. One study has shown that reconstructed ancestral proteins were
more stable than extant sequences’ and, therefore, could be capable of tolerating more de-
stabilizing mutations. The reconstructed proteins evolved during an era of increased
temperature on Earth and, thus, required a higher stability in order to maintain function.
However, whether this trend is general to all ancestral proteins or specific to
environmental conditions has yet to be determined.

Ancestral sequences have already proven useful in evolution, as they by
definition have evolved into an array of progeny that often exhibit varied functionalities.
Studies have also suggested that ancestral proteins have more promiscuous functions;*
reconstructed ancestral proteins were shown to catalyze a wide-range of substrates as
opposed to specializing in the catalysis of one. Thus, ancestral proteins could potentially
be more favorable substrates for directed evolution studies. Thus, recapitulation of the
ancestral sequence could yield a protein substrate ideal for engineering novel properties.

Previously, ancestral sequences for multiple families of proteins have been
reconstructed for studies on the evolution of modern function.*'° Inferred ancestral
sequences have also been utilized to construct libraries of enzyme with hybrid modern-
ancestral active sites.'' > Here we extend the work to AAV and describe the sequence
reconstruction of an ancestral AAV. Due to uncertainty in the identity of multiple
residues, an ancestral library containing multiple phylogenetically possible amino acids at
each position was constructed. This represents the first construction of a library utilizing
variability at evolutionarily relevant residues within an ancestral protein sequence.
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Results and Discussion

Reconstruction of an AAV ancestor

In collaboration with the laboratory of Ian Holmes (Bioengineering, UC
Berkeley), handalign'* was utilized on all available AAV cap sequences from Genbank
(n=156), including those from human, mammalian, and avian origin, to create a multiple
sequence alignment and phylogenetic tree. From this tree, two reconstructions of
ancestral nodes could be performed, one reconstructing the codon sequence and one the
amino acid sequence. Due to the interesting gene delivery properties of viral progeny, the
ancestral node (Node 27) for serotypes 1, 6, 7, and 8 and their phylogenetic neighbors
were focused upon (Fig. 1). Both reconstructions yielded near identical sequences with
some amino acid differences at those residues with low confidences and two extra
residues in the codon reconstruction. Since, in general, the amino acid reconstruction had
higher confidences, this reconstruction was utilized for subsequent analyses. The
sequence for Node 27 is nearly equidistant from all viral progeny and differs by up to
11% from the most distant progeny (Table 1), which equates to over 70 amino acid
differences, a number of mutations not accessible by standard error-prone mutagenesis
methods. This difference reflects almost that of two distinct serotypes and could represent
a serotype of its own.

Figure 1. Phylogeny of AAV variants similar to AAV1, 6, 7, and 8. All AAV
sequences similar to serotypes 1, 6, 7, and 8 available from GenBank were aligned from
which a phylogenetic tree could be created. Sequence reconstruction could be performed
for all nodes, however, due to its equidistance from all isolates, Node 27 (identified in
red) was focused upon for future studies.
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AAV1 AAV6 AAV7 AAVS8 Node 27

AAV1 100 - - - -
AAV6 99.2 100 - - -
AAV7 85.1 85.3 100 - -
AAV8 84 84.2 88 100 -
Node 27 89 89.1 92.5 90.1 100

Table 1. Pairwise identities between reconstructed ancestral AAV and viral progeny.
The pairwise identities were determined between the ancestral AAV and its viral progeny.
The ancestor is near equidistant genetically from all of its progeny and its sequence
differs from each 7.5-11%.

Amino acid differences between progeny and the reconstructed ancestor lay
mostly on the exterior of the AAV capsid (Fig. 2) in the variable loop regions. In
particular, mutations clustered around the three-fold spike, a region important in viral
receptor binding.'”'® Interestingly, AAVS also differed from the ancestral sequence near
the pore at the five-fold axis of symmetry (Fig. 2C), whereas the other progeny were
homologous at this region (Fig. 2A and B). This pore represents the capsid region
through which DNA is likely packaged into the intact capsid'’ and the VP1/2 unique
regions are externalized.'® This region, while influencing DNA encapsidation and
externalization of the VP1/2 terminus, has not been shown to influence cellular
specificity. However, preliminary evidence indicates that mutation within this region can
redirect AAV infection to non-permissive cell types (Chapter 6). An overlay of variations
between all viral progeny and the reconstructed ancestor (Fig. 2D) indicates that on the
ancestral capsid surface, the majority of residues differ from at least one of the viral
progeny. The N-terminal regions unique to VP1 and VP2 contain multiple domains
required for endosomal escape and nuclear trafficking.'”** While this region is more
homologous between viral progeny and the ancestor than external capsid loop regions,
the ancestor differs from at least one of its progeny at multiple positions, including those
within the phospholipase A2 domain'® and newly identified motifs required for
intracellular targeting.>
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Figure 2. Amino acid differences between reconstructed ancestor and viral progeny.
Residues that differ between the reconstructed ancestor and (A) AAV1/6, (B) AAV7, and
(C) AAV8 are shown. (D) Compiled differences between all progeny and the
reconstructed ancestor are given (Red: AAV1/6; Blue: AAVS; Yellow: AAV7; Purple:
AAV1, 6 and 8; Orange: AAV1, 6, and 7; Green: AAV7 and 8; Black: AAV1, 6, 7, and
8).

Ancestral library sequence

There were several regions corresponding to external loop sequences in which the
alignment was uncertain, which precluded an accurate sequence prediction in these
regions. To incorporate this uncertainty into the ancestral sequence construction, an
ancestral library was designed. In the amino acid reconstruction, residues in which
confidence was below 0.90 were mutagenized in the library to those amino acids that had
a confidence greater than 0.08. In this way, the library samples a majority of all the
possible ancestral sequence variations (>10'") of which 10°-107 can be experimentally
sampled. The location on the viral capsid of those residues that are mutagenized within
the library are given in Figure 3. To prevent sequence bias within the library toward those
amino acids having low confidences within the reconstruction, the fraction of library
members containing each amino acid reflect the confidence for that amino acid. For
example, the confidence for asparagine at residue 718 is 0.60 and that for serine is 0.40.
Therefore, by tuning the DNA synthesis strategy, 60% of library members will contain
asparagine and 40% serine. As mentioned above, the codon and amino acid
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reconstructions differed by multiple amino acids. All but two of these residues were
mutagenized due to uncertainty. To sample the data from both reconstructions, the two
remaining residues that differed were mutagenized such that the amino acid predicted by
each reconstruction would appear in half of all library members. Including all the
diversified residues and the amino acids possible at each position yields a library far
larger than current technology can experimentally sample. By weighting amino acid
composition by confidence within the reconstruction, viral variants not sampled are thus
those least likely to have existed and, therefore, this issue is diminished. The described
ancestral library is currently on order (GeneArt).

Figure 3. Residues randomized in the ancestral library. Residues that were
randomized from the highest confidence sequence in the ancestral AAV library are
shown.

Other attempts at creating libraries based on ancestral reconstructions have been
reported to engineer polymerases with the ability to incorporate a new class of
triphosphate substrates'” and enzymes capable of utilizing new cofactors'' or
metabolizing new substrates.'” The library described here, however, is the only one that
utilizes the highest confidence ancestral sequence as template, a sequence that is more
likely to be promiscuous and mutationally robust.* All other libraries based on ancestral
reconstruction randomly incorporated ancestral amino acids into the active site of modern
enzymes to create hybrid enzymes, whereas all amino acids within this library are based
on ancestral sequence. In these regards, this approach to an ancestral library represents a
better approach in sampling ancestral sequences for novel phenotypes and, due to the
higher mutational robustness of ancestral enzymes, should serve as a better starting point
for further mutagenesis and evolution.
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The described library will be utilized in selections for AAV variants with highly
desirable phenotypes, such as the ability to cross the blood-brain barrier or the ability to
infect cancer stem cells.

Materials and Methods

Reconstruction of ancestral AAV and gene synthesis

Reconstruction of ancestral AAV sequences were performed as described. '
Briefly, software designed by the Holmes group, handalign, was utilized to perform a
multiple sequence alignment of AAV cap sequences from which a phylogenetic tree and
ancestral reconstruction could be created. Ancestral library sequences were synthesized
(GeneArt). Library sequences were synthesized such that degenerated positions
represented the amino acids the reconstruction determined possible, the ratios of which
reflected the confidence level for that amino acid.
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Chapter Six

Engineering of AAV Variants Targeting HIV-infected T-cells

Abstract

There are serious shortcomings with current HIV therapies. Gene therapy holds
promise in the treatment HIV; however, a selective vector is necessary for such an
approach. Infection by HIV has been shown to dramatically alter the surface of T-cells;
therefore, there is a possibility that viral vectors could be engineered to selectively infect
HIV-infected T-cells. Directed evolution of AAV was performed to engineer variants
with enhanced infectivity of T-cells and/or selectivity for HIV-infected T-cells. Several
viral variants that more efficiently transduce T-cells were isolated, as well as cells
actively and latently infected with HIV. Sequence analysis of viral variants provided
insights into potential mechanisms of re-targeting and suggested possible cellular barriers
to infection by natural AAV serotypes.

Introduction

HIV is one the world’s most prominent infectious diseases. There were 35 million
people (3.3 million children) infected with HIV worldwide in 2011, leading to 1.7 million
deaths.! There is no successful vaccine and the conventional treatment, HAART, suffers
from serious drawbacks in drug resistance, toxicity, and cost.” Novel therapies are thus
necessary to prevent, treat, and possibly even cure infection.

The “Berlin patient” demonstrated the feasibility of gene therapy in the treatment
of an active HIV infection. This HIV-positive patient underwent a bone marrow
transplant to treat his leukemia.’ The donor was naturally resistant to HIV infection due
to a delta32/delta32 mutation in CCRS, the HIV primary receptor, and after tissue
transplantation this genotype conferred resistance to the recipient, evidenced by the lack
of HIV viral load after the suppression of HAART.” Subsequent studies have shown the
possibility of conferring HIV resistance through CCRS knockout utilizing zinc finger
nucleases.® Alternatively, CRISPR-mediated genome editing could be used in treatment
and prevention.” Additionally, RNA-interference has been utilized to prevent HIV-
replication in vitro.® A vector specific to T-cells for preventative therapies or infected T-
cells for treatment would be an invaluable tool in the treatment of HIV by delivering any
of these cargoes.

Significant changes to the T-cell surface occur upon HIV infection. Several
proteins, including the HIV viral receptors, MHC class I and class II molecules, and
clusters of differentiation antigens (CD), are down-regulated,”"" while others are
upregulated.'®' Latently infected T-cells, cells in which HIV has entered but is not
actively replicating, exhibit changes in cell surface proteins as well."> Glycosylation
changes on the cell surface have also been noted.'* These changes have been utilized to
rationally engineer viruses to selectively bind and infect HIV-infected T-cells;'>"’
however, the parental viruses are pathogenic. Thus, a safe and selective alternative is
necessary for in vivo clinical efficacy.
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AAV is a non-pathogenic virus not associated with any human disease.
Unfortunately, no AAV variant that efficiently transduces T-cells exists.'®* Barriers to
AAYV transduction can occur at any of the multiple steps of AAV infection, including
cellular binding, internalization, endosomal escape, and intracellular trafficking. Directed
evolution of AAV provides a facile approach to create vectors with novel phenotypes
without knowledge of the mechanism preventing viral transduction. This method has
been utilized previously in engineering AAV to have unique gene delivery properties.
The work outlined here describes the use of directed evolution of AAV to engineer a viral
variant capable of efficiently infecting HIV-infected T cells for use in HIV gene therapy.

24-28

Results

Selection of AAV variants specific to HIV-infected T-cells

To evolve an AAV variant that can selectively infect HIV-infected T-cells, an
error-prone AAV2,” an AAV2-based 7mer-peptide insert,”® and a shuffled library™®
were packaged and selected for the ability to infect HIV-infected H9-cells (Fig 1). In
collaboration with the laboratories of Prof. Kate Excoffon and Dawn Wooley (Wright
State University), cells were treated with the pooled viral libraries and infectious variants
were amplified with adenovirus super-infection (Fig 1A). Viral genomes were harvested,
cap gene was PCR-amplified, and the selected viral pool was re-packaged for subsequent
rounds of infection at decreasing genomic MOIs (Fig. 1A). To monitor sequence
convergence, viral cap genes were sequenced after every infection (Fig. 1A). After four
rounds of infection viral, genomes were subjected to error-prone mutagenesis to add
additional diversity and thus additionally potentially advantageous mutations. To improve
selectivity of viral variants to HIV-infected T cells, subsequent infections were performed
with a negative selection prior to positive selection (Fig. 1B). Viral library was added to
HO cells not infected with HIV and non-specific variants were allowed to bind. The
supernatant was then added to HIV-infected H9s (Fig. 1B). Infectious variants were
amplified in both cell-types with adenovirus superinfection, viral genomes harvested, and
cap PCR-amplified (Fig 1B). Variants were sequenced to assess sequence convergence
and clonal cellular specificity. After four rounds of positive selection followed by two
rounds of alternating negative and positive selection, sequence convergence was reached.
A parallel selection was performed for a viral variant selective to uninfected T-cells.
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Figure 1. Selection scheme for T-cell and HIV-mfected T-cell specific AAV varlants
(A) A combined library of AAV2-error prone, AAV2 7mer insert, and AAV shuffled
libraries were packaged and selected for specificity toward either H9 or HIV-infected H9
cells by infecting the cell-type of interest. Infectious clones were rescued with adenovirus
super-infection and viral genomes isolated. Viral cap genes were then re-cloned and
packaged for subsequent infections. Sequence analysis of isolated cap genes was
performed after every selection to determine sequence convergence. (B) After three
selections, selected viral cap genes were subjected to error-prone mutagenesis.
Subsequent infections were performed with a negative selection, whereby virus was
added to the other cell-type, non-specific clones were allowed to bind, and supernatant
then transferred to the cell-type of interest for viral infection.

Sequence analysis of selected variants

After selection for AAV variants capable of selectively infecting either HIV-
infected or uninfected T-cells, four families of variants emerged. All variants isolated
from selections for uninfected T-cell specificity contained a peptide insert,
LANKTQTINA, and differed in their point mutations. Three dominant families emerged
from selection for HIV-infected T-cell specificity, two containing peptide inserts and one
based on error-prone mutagenesis. The family containing the peptide insert
LAKNKTAENA represented 18% of the clones isolated and those that contained the
peptide insert LAKNPTATTA represented 64% of the isolated clones. The remaining
16% of clones isolated lacked any peptide insert and differed from wild-type by two to
three point mutations. The members of each family differed from each other in the
number and location of point mutations (Fig. 2). One representative clone from each
family was selected for use in further studies; the sequence of each is given in Table 1.
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Figure 2. Location of mutations isolated for T-cell and HIV-infected T-cell specificity.
Mutations identified after five selections for AAV variants specific to (A) T-cells and (B)
HIV-infected T-cells. The location for the 7mer mutation is shown in red and point
mutations are in blue.

H9-5C N~ LANKTQTINA ~***R V7081
HIV-2B S3"N~ LAKNKTAENA ~%R E67A, 1698V
HIV-2C None E67A, S207G, Q598L
HIV-4C "N~ LAKNPTATTA ~*%R S207G, 1648V, V708I

Table 1. Clones isolated for T-cell and HIV-infected T-cell specificity. Sequences for
select T-cell and HIV-infected T-cell targeted clones are given. Most clones isolated after
five rounds of selection contained a 7mer peptide insertion with several point mutations.
The E67A mutation lies near the active site of the phospholipase A2 domain of the AAV
capsid.

Infectivity of evolved variants on T-cells

To determine the infectivity and specificity of the isolated viral variants to HIV-
infected and uninfected T-cells, H9 or HIV-infected H9 cells were infected with
recombinant AAV expressing green fluorescent protein under the control of the ubiquitin
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promoter. Preliminary evidence suggests that clone HIV-4C isolated from the selection
for HIV-infected T-cell specificity exhibited a high transduction level on uninfected H9
cells, whereas H9 cells were not transduced by wild-type AAV2 (data not shown). Other
selected variants (H9-5C and HIV-2C) transduced the cells to a larger extent than wild-
type but not as efficiently as HIV-4C (data not shown). Preliminarily, HIV-2C showed
some selectivity for HIV-infected H9 cells with an improvement in transduction upon
HIV infection (data not shown), whereas transduction by clone HIV-4C was not
significantly improved on this cell type as compared to uninfected cells (data not shown).
These results are currently being verified.

Latently infected T-cells represent an important target for HIV gene therapy. The
latently-HIV infected population of T-cells presents the biggest barrier to the elimination
of HIV from a patient, since suspending HAART allows reactivation of this population
and the re-emergence of viral load. Though variants were not selected for this cell-type,
specificity would be a valuable phenotype in selected clones. The J-Lat cell lines serve as
a model of these latently infected T-cell populations.’’ To determine whether selected
clones exhibited any specificity to latently infected T-cells, several J-Lat cell lines were
infected with self-complementary recombinant AAV expressing mCherry under the
control of the CAG promoter and compared to the infectivity on parental Jurkat cells. All
clones exhibited a higher infectivity than wild-type on Jurkat cells and J-Lat 8.4; however,
clone HIV-2C exhibited a greater infectivity on all cell lines tested (Fig. 3). This clone
also exhibited a greater infectivity on J-Lat lines than the parental Jurkats, indicating
some selectivity for these latently infected T-cells. Interestingly, there is a correlation
between the infectivity of clone HIV-2C on latently infected T-cell line and the basal
level of HIV gene expression within that line. In general, those cell lines with higher
basal levels of HIV gene expression®” are more susceptible to infection by HIV-2C. This
could indicate that, while not actively replicating, latent HIV can still change protein
expression levels within the cell or proteoglycan and lipid composition on the cell
membrane, a change that can be exploited by HIV-2C for improved cellular transduction.
Even in cell lines with low basal levels of HIV activation, HIV-2C was rather infectious
indicating an ability to target the latent population regardless of how transcriptionally
active the HIV genome.
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Figure 3. Infectivity of selected clones on Jurkat and J-Lat cell lines. Several latently
infected T-cell lines, J-Lat, were infected by isolated AAV variants and compared to the
transduction on the parental cell line, Jurkat. Statistics indicate a significant difference in
infectivity of the viral variant in comparison to wild-type on that cell line as calculated by
student t-test. (error-bars: standard deviation of the mean)

Mechanistic insight into HIV-infected T cell specificity

To provide initial insights into possible mechanisms by which select variants
selectively infect T-cells, peptide inserts were compared to published protein and peptide
sequences. The peptide from clone H9-5C is homologous to Serpin B12 (Table 2), a
member of the human ov-serpin family of serpins expressed in thymus tissue.>
Interestingly, previous experiments successfully retargeted AAV to new cell-types by
incorporating a serpin ligand into the viral capsid, though this work did not investigate
any infectivity on T cells.’* The ov-serpin family of serpins has been implicated in
regulating immune responses.” While the homologous region lies outside of the reactive
site loop (RSL), it lies at a fairly conserved C-terminal segment.” This serpin has been
shown to interact with the nuclear protein, sister chromatid cohesion protein PDS5
homolog A,*® an interaction the capsid could utilize to successfully target to the nucleus.
This could contribute to the increased infectivity on HIV-infected H9 cells. Alternatively,
the peptide is homologous to one identified from phage display as interacting with
chromatin high mobility group protein 1 (Table 2), a protein that interacts with numerous
nuclear proteins,”’ any of which could be utilized by the viral capsid to target to the
nucleus. Quantification of intact internalized genomes by qPCR analysis showed an
increase of viral genomes within cells upon HIV-infection (data not shown). This could
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indicate an improvement in viral binding or internalization, both extracellular events, as
well as a reduced proteolysis within the cell due to improved intracellular targeting. The
virus, therefore, might alternatively bind to or is internalized more efficiently in HIV-
infected T-cells through an as yet unidentified peptide-protein interaction. Further
mechanistic studies are necessary to provide additional evidence as to the mechanism of
improved transduction.

The peptide from clone HIV-2B is homologous to ErbB3-binding protein (Table
2) in a region immediately C-terminal to a putative RNA interaction domain and within a
region necessary for nucleolar transport.*® This peptide, therefore, could direct capsid
intracellular and nuclear trafficking through a similar interaction. This is particularly
interesting given the accumulation of intact virus within the nucleolus during cellular
infection.” Additionally, searching a database of small peptides, the peptide was found to
be homologous to a peptide utilized in a study of epidermal growth factor receptor
(EGFR) kinetics* (Table 2). It has been shown that EGFR signaling can negatively
influence AAV transduction efficiency through receptor-tyrosine kinase phosphorylation
of tyrosine residues on the exterior of the capsid and subsequent ubiquitination and
proteolysis.*"** Mutagenesis of these tyrosine residues has been shown to improve
transduction efficiency of viral vectors by eliminating phosphorylation and proteolysis.*
This peptide could operate by similar mechanism; the peptide, while lacking a tyrosine
residue, could bind and interact with EGFR preventing its phosphorylation of capsid
tyrosine residues.

Interestingly, one of the most infectious and selective viral variants, HIV-2C,
differs from wild-type AAV2 by only three point mutations. One mutation, Q598L, has
been shown to improve viral thermostability (Chapter Two) but has no effect on heparin
binding (Fig. 4). However, the mutation could subtly alter capsid tertiary structure,
affecting binding to viral secondary receptors. One mutation, E67A, lies on the VP1
unique region near the active site of the phospholipase A2 domain,** a region important
in endosomal escape of AAV.* Other studies have shown the importance of endosomal
escape in determining AAV cellular specificity.*® The final mutation, S207G, lies at the
N-terminus of the VP3 protein near the pore at the five fold-axis of symmetry through
which the VP1/VP2 N-terminus is externalized.*” While this region of the viral capsid has
not been shown to affect cellular transduction, this mutation might alter the kinetics of
externalization of the VP1/2 unique domains to improve cell type specificity of the viral
vector. Both HIV-4C and HIV-2B share one of these latter mutations suggesting it is a
synergistic combination that contributes to its improved selectivity, rather than either
individual mutation.

A BLAST search of the HIV-4C peptide indicated it is most highly homologous
to a-ketoacid dehydrogenases (Table 2), which would not explain its improved
transduction efficiency. It is, however, homologous to a peptide isolated from phage
display that bound prostate carcinoma cells*® (Table 2). It is possible that a similar
protein is overexpressed in T-cells and prostate carcinoma cells, a protein to which HIV-
4C can bind or utilize for internalization, increasing its transduction efficiency. The use
of an alternative receptor would reduce the virus’s dependence on heparan-sulfate and,
thus, explain why the reduced affinity (Fig. 4) did not abrogate infectivity. This
hypothesis of improved transduction by alternative cellular receptor binding is supported
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by qPCR, which indicated that a greater number of HIV-4C viral particles were
internalized by T-cells than wild-type (data not shown).

Homologous peptide | Homologous protein Genbank
accession

NKTQTI Serpin B12 AAIO03885.1
LAKDPTA BCKDHB protein 47 AAH3448.1
KTAENA ErbB3-binding 66 AADO00646.1

protein (EBP1)

Homologous peptide Pubmed
Accession

NYTQTVP Chromatin high . 11748221
mobility group
protein 1 (HMGB1)

YPRATTAT LnCaP prostate 13 11398171
carcinoma cells
KGSTAENAEYLRV EGFR 0.78 3181128

Table 2. HIV selection peptide homology results. (A) A BLAST search was performed
to compare the peptides isolated from the T-cell and HIV-selected T-cell selections to
known human proteins. (B) To identify whether peptides were homologous to any small
peptides identified in multiple studies, the peptides were subject to a Smith-Waterman
search on PepBank (http://pepbank.mgh.harvard.edu/).
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Figure 4. Heparan dependence of HIV selected clones. Wild-type AAV2 and clones
HIV-2C and HIV-4C were bound to a heparin-affinity column and eluted with increasing
concentrations of NaCl. Clone HIV-2C showed an affinity to heparin similar to wild-type,
whereas HIV-4C showed a reduced affinity.
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Ongoing work

To determine whether the cellular specificity of identified clones is specific to the
system within which it was selected or whether it has general T-cell specificity, viral
transduction is being determined in several T-cell lines and primary human T-cells. Gene
therapy approaches utilizing RNA-interference to prevent HIV replication in vitro have
been explored.® shRNAs shown to successfully knockdown HIV replication are currently
being tested in concert with the isolated viral variants to determine whether infection by
AAV carrying an anti-HIV gene construct can prevent its transmission in vitro.

Discussion

A vector selective for HIV-infected or uninfected T-cells would provide a
valuable tool for gene therapy against HIV. Selective infection of uninfected T-cells
within a seropositive individual could provide a treatment in a parallel method to that of
the “Berlin patient.” Alternatively, vector selectivity toward HIV-infected T-cells,
especially the latent population, could be utilized to deliver gene constructs that prevent
HIV replication. Viral vectors isolated from directed evolution of AAV for T-cell
specificity appear to have the requisite phenotypes for use in such therapies.

Of particular interest, gene therapy to the latently infected T-cells would be
invaluable as this cell-type is the most difficult target cell to identify and eliminate. One
identified clone, HIV-2C, appears to preferentially infect a cellular model of this
population. More importantly, while it has improved transduction on cells with higher
levels of baseline HIV activation, it maintains a preferential infectivity on those with the
lowest levels compared to uninfected cells. This indicates the virus can recognize a
phenotypic change within the cell upon HIV infection that it can exploit for infection.
Future mechanistic studies into this selectivity could identify biomarkers by which to
identify this cellular population.

Sequence analysis suggests multiple possible mechanisms by which AAV can
alter its transduction to T-cells. Future experiments can further explore these possible
mechanisms and potentially provide information on HIV biology. Thus, directed
evolution allowed the engineering of AAV with novel cellular specificity capable of
overcoming multiple cellular barriers to infection.

Materials and Methods

Cell lines

Cell lines were cultured at 37°C and 5% CO.,. Jurkat, 293T and H9 cells were
obtained from the American type culture collection (Manassas, VA). J-Lat clones’' were
obtained from the lab of Dr. Eric Verdin through the NIH AIDS Research and Reference
Reagent program, Division of AIDS, NIAID, NIH. 293T cells were cultured in
Dulbecco’s modified Eagle’s medium. Jurkats, H9 cells and J-Lat clones were cultured in
RPMI-1640. All media was supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin.
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Construction of AAV libraries

Error-prone mutagenesis of AAV2 was performed as described.* Briefly cap
gene was mutagenized by MnCl, error-prone mutagenesis. Multiple PCR reactions of
varying concentrations of manganese chloride were performed to provide a range of
mutation frequency. Successful reactions were combined, purified with a commercial
PCR clean up kit (Promega) to remove excess MnCl,, and cloned into pSub2. Peptide
insert and shuffled AAV libraries were also prepared as described.”*’ Recombinant and
replication competent AAV was then produced, as previously described.*

Selection for HIV-infected T-cell specific AAV variants

Cells (stably HIV-infected H9) were incubated with a mixed library consisting of
a shuffled AAV library, an AAV2 random 7mer peptide-insert library, and an AAV2
error-prone library. Infectious variants were amplified with adenovirus super-infection
and viral genomes isolated. The cap genes were PCR-amplified and used to produce virus
for subsequent infections. To increase selective pressure, continued selections utilized
reduced genomic MOIs of library and decreased cellular incubation times. For rounds of
evolution including negative selection, uninfected cells were incubated with the viral
library to allow non-specific variants to bind. The supernatant was then transferred to
stably HIV-infected cells and infectious clones isolated as above. In total, four rounds of
positive selection followed by error-prone mutagenesis and two rounds of negative and
positive selection were performed. In parallel, an identical scheme utilizing uninfected
HO cells was performed to isolate a viral variant specific to uninfected T-cells.

T-cell transduction of AAV

H9 and HIV-infected H9 cells (2.5 x 10°) in complete media were incubated with
virus in an equal volume of media containing recombinant AAV expressing green
fluorescent protein under the control of the ubiquitin promoter. Flow cytometry was used
to determine the percentage of GFP-positive cells. The relative number of internalized
genomes for each virus was determined through harvesting cellular DNA and analysis of
the GFP gene by qPCR.

Jurkat and J-Lat cells (5.0 x 10%) in complete media were treated with
recombinant self-complimentary AAV expressing mCherry under the control of the CAG
promoter. Flow cytometry was performed 48 hours after infection to determine the
percentage of mCherry-positive cells.

Heparin column chromatography of AAV vectors

Heparin column chromatography was used to determine the affinity of viral
vectors to heparin as described.”” Briefly, recombinant virus was loaded onto a pre-
equilibrated 1-mL HiTrap heparin column (Amersham). Washes were performed using
Tris buffer containing increasing concentrations of NaCl (up to 750 mM) with one final
wash with 1M NaCl. The percentage of virus eluted in each fraction was calculated by
harvesting viral genomes and determining the concentration in each by qPCR.
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