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Abstract

Recombinant adeno-associated viruses (rAAVs) are the predominant gene therapy vector. Previous

work in the AAV field focused on capsid engineering to enable targeting of vectors to specific tis-

sues and has resulted in five approved therapies. Here, I turn my attention to the effect of rep and

transgene sequence variants on rAAV production. As more rAAV therapies enter the clinic, manu-

facturing sufficient rAAV quantities to meet patient needs is increasingly difficult. By investigating

two relatively understudied components of AAV production, I seek to improve our understanding

of the AAV production process and, potentially, identify methods of enhancing it. In Chapter 1, I

focus on AAV2 rep, which codes for four proteins that are critical for both AAV genome replication

and packaging. I measure the effect of all single codon mutations to AAV2 rep on AAV production

and identify numerous novel functional rep variants. This work highlights the importance of the

DNA-interacting regions of Rep for AAV production enhancement and provides a useful dataset to

enable further Rep engineering. In Chapter 2, I examine the effect of transgene sequence on AAV

production. Here, I use synonymous recoding to study the effect of non-coding nucleotide changes

to both wild-type and rAAV genomes on production. I demonstrate that nucleotide sequence - ab-

sent protein-coding changes - can affect rAAV production. Future work may identify generalizable

principles for rAAV transgene design. Through an investigation of rep and transgene variants, this

thesis informs our understanding of AAV production and lays the groundwork for improvements in

large-scale gene therapy production.
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0
Introduction

Adeno-associated virus (AAV) was first identified in 1965 as a “defective viral” contaminant of an

adenovirus preparation3. This initial study demonstrated that AAV required a helper virus, such as

adenovirus, to replicate and did not cause disease when administered to mice or hamsters. Over the

last six decades, the structure and much of the replication and infection mechanisms of AAVwere

resolved5,6,50,60,132. Notably, Samulski et al. demonstrated that replication-deficient recombinant

AAV (rAAV) vectors could be generated by flanking a gene of interest with inverted terminal repeat
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sequences (ITRs) derived from the wild-type virus and supplying the rest of the wild-type genome

in trans77,97. This work was critical to the application of AAV as a gene therapy vector and has ulti-

mately resulted in five FDA approved therapies86,90,95,111,136. Much of the previous research in the

AAV field centered on the capsid, as it is the main structural component of AAV and dictates tissue

tropism. Motivated by a need for increased quantities of rAAV vectors, here I turn my attention to

rAAV production, the generation of genome-containing and transducing particles. In this thesis,

I explore the effects of rep and rAAV transgene variants on AAV production, with the goal of im-

proving our understanding of the AAV production process and, potentially, identifying methods of

enhancing it.

0.0.1 AAV genes and proteins

Wild-type AAV2, the prototypical AAV serotype, consists of a 4.7 kilobase single-stranded DNA

genome, which is packaged into an approximately 26 nanometer icosahedral capsid108,132. The

AAV genome is flanked on either end by 145 nucleotide long ITRs, which form hairpins, serve as

the origins of viral replication, and are the only sequences required in cis for packaging of DNA into

the capsid131. As such, the remainder of the AAV genome can be replaced with a gene of interest

to generate rAAV vectors98. The wild-type AAV genome consists of two genes, rep and cap (Figure

1)108. During rAAV production, these genes are supplied in trans to the ITR plasmid. The cap gene

encodes three structural proteins, VP1, VP2, and VP3, which assemble in an approximately 1:1:10

ratio to form the 60-mer capsid17,129. The rep gene encodes four proteins, Rep78, Rep68, Rep52,

and Rep40, which are involved in genome replication and packaging and are generated through the

use of two promoters, p5 and p19, and alternative splicing30.

2



Figure 1: Organization of the wild‐type AAV2 genome. Top: schematic of the single‐stranded DNA genome, boxes indi‐
cate position of genes, middle: representation of AAV2 mRNA transcripts, boxes indicate protein coding open reading
frames, bottom: depiction of a rAAV genome.
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0.0.2 Capsid engineering for enhanced transduction

Previous work in the AAV field has centered on the capsid. The capsid is the main structural com-

ponent of AAV and determines multiple parameters that are essential for use of AAV as a gene ther-

apy vector, such as tissue tropism and neutralizing antibody evasion107,120. Capsid engineering

efforts - as well as evaluation of diverse naturally occurring serotypes - have resulted in rAAV vec-

tors capable of efficiently transducing multiple tissues, including motor neurons, skeletal muscle,

and retinal epithelium111,117,95. However, work to improve rAAV transduction via capsid engineer-

ing is ongoing46,66,1,85. More recent efforts have focused on engineering capsids to target specific

cell types, evade antibody recognition, and detarget the liver, where rAAV are predominantly se-

questered after systemic injection23,100,120.

The success of capsid engineering efforts and the subsequent increased clinical use of rAAV vec-

tors has resulted in another problem: insufficient rAAV production. Current manufacturing pro-

cesses yield 104-105 viral genomes per cell, or about 1014 viral genomes per liter of suspension cell

culture26,93. However, doses greater than 1014 viral genomes per kilogram are required for thera-

pies, such as delandistrogene moxeparvovec-rokl (Elevidys), which targets skeletal muscle for the

treatment of Duchenne muscular dystrophy111. Improvements in rAAV production are required to

support the continued application of rAAV as a gene therapy vector.

While previous studies of the AAV capsid have identified variants that enhance titer, here I turn

my attention to other components of rAAV vectors and the AAV production process85. The capsid

sequence must be optimized for numerous parameters outside of production, including stability,

antibody evasion, and tissue targeting. By focusing on other components of rAAV production, I

aim to enable capsid engineering efforts to concentrate on these downstream functions and/or to

identify capsid-sequence-independent methods of enhancing rAAV production. In this dissertation,

I investigate the effect of AAV2 rep and AAV transgene sequence variants on rAAV production.
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The AAV2 rep gene and its products, the four Rep proteins, are essential for AAV production but

understudied relative to the AAV capsid. Here, I seek to enhance our understanding of the Rep

proteins and their mutational landscape. Similarly, previous studies demonstrated that the AAV

genome or transgene sequence may affect AAV production, but the nucleotide sequence deter-

minants of AAV production have not been explored45,138. Here, I aim to better understand the

transgene-sequence-AAV production relationship.

0.1 Wild-type AAV replication and rAAV production

The rAAV production process is analogous to the later steps of wild-type AAV replication. Fig-

ure 2A summarizes the wild-type AAV2 replication process, and Figure 2B diagrams the process of

rAAV2 production. In the case of wild-type AAV2, genome-containing capsids first bind to heparin

sulfate proteoglycan receptors on the cell surface are are then taken up into the endosome115,48.

They must escape the endosome and traffic to the nucleus where genome release primarily oc-

curs83,106. Once exposed, the single-stranded genome is converted into a double-stranded, transcrip-

tionally active form through the action of host cell polymerases53. In the case of rAAV production,

the AAV rep and cap genes are introduced into the cell on plasmids that can be directly transcribed.

In both cases, in the presence of helper virus genes - introduced either by co-infection of the host cell

or on an accessory helper plasmid - Rep78/68 activate transcription from the AAV promoters89.

Both adenovirus and herpes simplex virus can act as helper viruses to support wild-type AAV repli-

cation or rAAV production, but plasmid-based rAAV production methods most often make use of

adenoviral helper genes29,3. Following Rep78/68 expression, VP expression is activated. The VPs

assemble into small oligomers in the cytoplasm, which are stabilized by the assembly-activating pro-

tein (AAP)72,126,125. In the case of AAV2, AAP also facilitates transport of these oligomers into the

nucleolus where they assemble to form empty capsids33,34. Previous work demonstrated that some
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AAV serotypes, such as AAV2, are AAP-dependent, while other serotypes, such as AAVrh32.33, do

not require AAP expression for capsid assembly72.

Meanwhile, the larger Rep proteins, Rep78/68, facilitate AAV genome replication through a

process known as rolling hairpin replication. Rep78/68 become covalently attached to the AAV

genome during this process103. This attachment may act as a signal, directing genomes to pre-

formed empty capsids into the nucleolus. Here, AAV2 genomes are inserted into capsids, likely

through a channel at the five-fold axis of symmetry8. Genome packaging proceeds in a 3’ to 5’ direc-

tion and is facilitated by the Rep proteins62. Single-stranded genomes are almost universally asso-

ciated with capsids, indicating that the process of genome replication may be linked to the process

of genome packaging5. The smaller Rep proteins, Rep52/40, are not required for AAV production

but have been shown to increase viral titers by facilitating genome packaging56. Depending on the

capsid serotype used, genome-containing particles may be secreted from or retained in the cells122.

The recently discovered membrane-associated accessory protein (MAAP) has been shown to facili-

tate secretion of AAV, possibly by facilitating AAV interaction with extracellular vesicles85,36.

rAAV2 transduce cells in a process analogous to the early steps of wild-type AAV2 infection:

rAAV2 vectors are endocytosed and trafficked to the nucleus, where the genome is exposed. If the

rAAV2 genomes are single-stranded they must be converted into double-stranded forms before

the transgenes can be expressed. Days to months post-transduction, rAAV2 genomes form large

concatemers with adjacent genomes separated by ITRs32,134. These concatemers can enable long-

term transgene expression or, in some instances, undergo repression75,76.

0.2 rAAV production systems

rAAV production in the lab involves cell culture to generate genome-containing particles and pu-

rification to remove host cell proteins and empty capsids, which are generated at high levels in all

6



Figure 2: Comparison of wild‐type AAV2 replication and rAAV2 production and transduction. cis: rAAV genome plasmid
containing transgene and ITRs. Reproduced with permission from Maurer and Weitzman73

rAAV production systems. The majority of production systems utilize mammalian cells, either tran-

sient transfection of HEK293 cells, generation of stable cell lines, helper-virus dependent systems,

or some combination thereof93. Baculovirus infection of Spodoptera frugiperda (Sf9) insect cells

has also been used to produce rAAV121. Alipogene tiparvovec (Glybera), the first rAAV therapy

to gain approval in Europe, was produced in Sf9 cells but has been withdrawn from the market39.

Work from the Paulk group reported differences in post-translational modifications, rAAV genome

methylation, and potency between HEK293- and baculovirus/Sf9-derived rAAV vectors94. As such,

the field, and this review, are focused on mammalian production systems.

The most common system for rAAV vector production in both research and manufacturing con-

texts is transient transfection of HEK293 cells130,93. Generally, rAAV are produced via transfection

of three different plasmids: a plasmid containing the transgene of interest flanked by two ITRs, a

plasmid containing the adenovirus genes E4, E2A, and VARNAs, and a plasmid carrying the AAV2
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rep and cap genes (Figure 2B). HEK293 cells have copies of the adenoviral E1A and E1B genes inte-

grated into their genomes; although these genes are required for rAAV production they do not need

to be supplied on plasmids69. Additionally, while ITR and rep sequences from other AAV serotypes

have been identified, AAV2 ITRs and AAV2 rep are used nearly universally for rAAV production

across capsid serotypes. The broad use of AAV2 is likely due to its early identification and charac-

terization, which have cemented it as the prototypical AAV serotype. Additionally, work from the

Nakai lab demonstrated that the AAV2 rep-AAV2 ITR combination resulted in the highest titers

for a panel of AAV capsids, even when compared to the cognate rep and ITRs for each capsid96.

Transient transfection methods are advantageous as they allow for easy modification of the trans-

gene, rep, or cap sequence. However, plasmid manufacturing to support large-scale transfection is

costly93. Despite this, transient transfection remains the most popular method of rAAV production

for clinical applications.

Stable cell lines are also used for rAAV production and are generated by integration of the AAV

rep and cap genes, adenoviral helper genes, and rAAV genome. Importantly, the Rep78/68 proteins

are cytostatic and, if under the control of the endogenous p5 and p19 promoters, their expression

is stimulated by the adenoviral E1A proteins20. E1A expression also stimulates expression of the

adenoviral E2A and E4 genes, which are important for rAAV production but toxic to cells42. Given

this, stable cell lines must be generated to enable conditional expression of Rep78/68 and the ade-

noviral helper genes as constitutive or leaky expression can lead to cell cycle arrest and impede cell

growth7,59. Stable cell lines do not require generation of large amounts of plasmid, as transient

transfection does. However, generation of stable cell lines is time intensive and does not allow for

easy modification of the transgene, rep, or cap sequence.

Finally, some mammalian rAAV production systems make use of helper viruses, namely aden-

ovirus and herpes simplex virus. Wild-type adenovirus can be used along with adenoviral vectors

to produce rAAV. In this instance, adenoviral vectors packaging both the rep and cap genes as well

8



as the rAAV genome are generated114. Adenoviral-based systems yield similar amounts of rAAV to

transient transfection systems, and there is some evidence that rAAVs produced in adenoviral sys-

tems have greater potency than rAAVs produced by helper-virus free triple plasmid transfection114.

However, great care must be taken to remove contaminating adenovirus from rAAV preparations,

and the generation of recombinant adenoviral vectors carrying the rAAV genome and rep and cap

genes can be costly. Similar herpes simplex virus-based systems have been reported29. Improvements

in rAAV potency were also demonstrated with herpes simplex virus-based systems25. But, as with

adenoviral systems, great care must be taken to remove contaminating herpes virus vectors from

rAAV preparations, and the generation of recombinant herpes simplex virus can be complex and

costly26. As such triple plasmid transfection remains the most commonmethod of rAAV produc-

tion for clinical use and it will be the focus of the experiments in this thesis.26.

Whatever cell culture system is used, rAAVmust be purified to remove host cell proteins, empty

capsids, and possibly helper viruses. In research settings, ultracentrifugation is commonly used to

enrich or purify completely genome-containing particles. Iodixanol ultracentrifugation makes use

of a step gradient and allows for enrichment of genome-containing particles, while cesium-chloride

centrifugation uses a continuous gradient to enrich genome-containing capsids to near 100% purity.

However, cesium-chloride methods require multiple rounds of centrifugation and cesium-chloride

purified vectors can induce adverse effects in animals140,113. While these ultracentrifugation meth-

ods work well in academic settings they do not scale effectively. As such, rAAVmanufacturing

processes generally make use of sequential column chromatography35. First, an affinity column is

used to bind all capsids and remove host cell proteins. A second ion exchange step is then used to

separate empty and genome-containing capsids based on charge. Notably, these ion exchange meth-

ods must be optimized for each capsid-rAAV genome pairing and complete removal of empty cap-

sids is difficult. Therefore, there is interest in identifying methods of enhancing the proportion of

genome-containing capsids in the crude cell harvest. Given the role of the Rep proteins in genome
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Figure 3: The rep gene codes for three protein domains. Each of the four Rep proteins, Rep78, Rep68, Rep52, and Rep40
contain a different combination of the three protein domains. OBD: origin‐binding domain, HD: helicase domain, ZFD:
zinc‐finger domain. Numbers indicate Rep78 amino acid position.

replication and packaging, rep variants may enable increases in the proportion of full capsids.

0.3 Rep protein domains: Structure and function

The rep gene encodes three protein domains, an origin-binding domain, a helicase domain, and

a zinc-finger domain (Figure 3)31,58,102. The origin-binding domain plays a critical role in genome

replication, while the helicase domain is involved in both genome replication and packaging58,103,11,62.

The zinc-finger domain interacts with various host cell proteins, but has it been shown to bind

DNA not is it required for rAAV production31. All four Rep proteins contain the helicase domain

as well as a nuclear localization signal16. Only Rep78 and Rep68 contain the origin-binding domain

and only Rep78 and Rep52 contain the zinc-finger domain. Additionally, residues in the linker do-

main between the origin-binding and helicase domains cooperate with residues at the N-terminus

of the helicase domain to facilitate oligomerization of the larger Rep proteins, which is required for

their function and subsequently for AAV production137.

The origin-binding domain contains three separate DNA binding motifs that are important for

genome replication50,51. Firstly, the origin-binding domain recognizes the Rep binding site, which
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consists of GCTC repeats present in the double stranded region of the inverted terminal repeats

(Figure 4A)82. Unwinding of this double stranded DNA by the helicase domain enables the origin-

binding domain to interact with single stranded DNA at its second motif, the active site pocket

(Figure 4B). Here, the origin-binding domain nicks the single stranded DNA at the terminal res-

olution site, an essential step in viral genome replication58,103. Finally, the origin-binding domain

contains a single stranded DNA hairpin binding site, which interacts with one of the inverted ter-

minal repeat hairpins (Figure 4C). Hairpin binding, however, is not required for terminal resolution

site nicking or genome replication127. The origin-binding domain can also recognize GCTC repeats

present in the AAV p5 promoter; in the presence of a helper virus, such as adenovirus, the Rep pro-

teins activate transcription from the endogenous promoters and in the absence of helper virus the

Rep proteins repress transcription64,81.

The helicase domain plays a definitive role in all steps of AAV production while the zinc-finger

domain is seemingly dispensable for production. The helicase domain unwinds the double stranded

inverted terminal repeats during genome replication and its activity has been shown to facilitate

genome packaging (Figure 4D)11,62. There is also evidence that residues within the helicase domain

mediate capsid interactions. Mutations to the helicase domain of Rep52/40, as well as mutations

near the five-fold axis of symmetry in the capsid, reduced the interaction between the Rep proteins

and capsid and resulted in lower rAAV titers8,62. The third Rep domain, the zinc-finger domain, has

not been shown to bind DNA but is involved in binding to various host cell proteins31. Previous

work indicated that premature stop codons introduced into the zinc-finger domain-encoding region

of rep do not affect rAAV titers, suggesting that this domain is not required for rAAV production78.

Engineering the Rep proteins is a promising avenue for improvement of rAAV production. The

Rep proteins are involved in all steps of viral production, including genome replication, regulation

of VP expression, and genome packaging. However, the Rep proteins are not structural compo-

nents of the final vector. As such, the Rep proteins can be designed to optimize vector produc-
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Figure 4: Structure of the origin‐binding and helicase domains. (A) Three monomers of the origin‐binding domain in
complex with the Rep binding site in the double‐stranded region of the ITR (PDB 4ZQ9). (B) Origin‐binding domain
active site (PDB 5DCX). (C) Two monomers of the origin‐binding domain in complex with the single‐stranded ITR hairpin
(PDB 6XB8). (D) Helicase domain (PDB 1S9H).
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tion without affecting downstream processes, such as cell targeting, which are driven by the capsid.

While previous mutational studies of the Rep proteins have been conducted, these studies have fo-

cused primarily on identifying non-functional Rep variants to identify the location of key motifs

and have not yielded rep variants that enhance production30,40,57,135. As such, Rep engineering ef-

forts may benefit from the exploration of additional sequence diversity.

0.4 Engineering rAAV genomes

While there have been relatively few efforts to engineering Rep, there has been some work to engi-

neer rAAV genomes. These efforts have centered on modifying rAAV genomes to facilitate trans-

duction. Early work byMcCarty, Monahan, and Samulski demonstrated that rAAV containing

self-complementary genomes resulted in higher transduction efficiencies than rAAV containing

single-stranded genomes74. By eliminating the need for second-strand synthesis, self-complementary

rAAV vectors result in higher transgene expression. Other groups have demonstrated that inclu-

sion of tissue- or cell-specific promoters can be used to restrict transgene expression to target tissues,

thereby reducing immune responses generated when transgenes are expressed in antigen-presenting

cells2,19,27,55. Efforts have also been directed at designing shorter promoter sequences to facilitate

tissue-specific expression while remaining within the packaging limit of AAV24,43. Codon opti-

mization algorithms are routinely used to design transgene sequences with improved expression

levels. Some algorithms take into account tissue- and cell-specific codon bias to generate transgene

sequences with enhanced expression specifically in the target cells12. Notably, codon optimization

algorithms look at codon usage and tRNA abundance in different organisms and tissues. No algo-

rithms have been developed to optimize codon usage specifically for transgenes delivered in rAAV

vectors. Finally, the discovery that rAAV genomes can stimulate toll-like receptor 9 (TLR9) and

activate anti-transgene and anti-capsid CD8+ T-cell responses has led groups to generate rAAV
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genomes that are depleted for CpG sequences, the ligand for TLR9139. There is evidence that CpG

depletion enhances transgene expression in animal models37. Taken together, these data demon-

strate that rAAV genome engineering can be used to enhance vector transduction.

There have also been observations that different AAV genomes result in different genome-containing

particle and transducing particle titers45,138. Zeltner et al. reported that wild-type AAV2 production

resulted in a near 1:1 ratio of physical: infectious particles while rAAV2 production resulted in a

100:1 physical: infectious particle ratio, raising the possibility that the wild-type AAV2 genome may

contain uncharacterized nucleotide sequences that facilitate production138. A similar study from

Grimm et al. characterized the physical, genome-containing, and transducing particle titers of both

wild-type AAV2 and a panel of different rAAV2 vectors45. Wild-type AAV2 was also reported to

have a much lower physical: transducing particle ratio than rAAV2 here. Additionally, differences

of an order of magnitude or more in the physical: transducing particle ratio of different rAAV vec-

tors were observed, indicating that alterations to rAAV genome sequence - absent identification of

production-enhancing sequences in the wild-type AAV2 genome - may be able to improve rAAV2

titers. Differences in the physical: genome-containing particle ratio, or the proportion of full cap-

sids, were also observed. These reports, together with the success of efforts to modify the rAAV

genome to enhance transduction, motivate a more in-depth interrogation of the effect of changes to

rAAV genome sequence on production.

0.5 Comprehensive mutagenesis and synonymous recoding to understand

AAV biology

Recent advances in DNA synthesis have enabled the generation of comprehensive mutagenesis li-

braries. Previously, our lab generated a library of all single codon variants of the AAV2 cap gene85.

By barcoding individual variants and using Illumina sequencing to track library members through
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screens for properties such as genome-containing particle production, tropism, and neutralizing

antibody evasion, general principles of AAV assembly, tropism, and stability were inferred. This

library also led to the identification of the MAAP open reading frame, highlighting the utility of

unbiased approaches for understanding AAV biology. Here I apply the cloning and screening ap-

proaches developed for the cap gene to the rep gene to assay the effect of rep variants on AAV pro-

duction.

Advances in DNA synthesis have also enabled facile synonymous recoding of entire genes, in-

cluding viral genes. As discussed above, synonymous recoding in the form of codon optimization is

routinely used to increase transgene expression, both in the context of rAAV vectors and for protein

production generally. Conversely, codon deoptimization has been employed to generate vaccine

candidates for a number of viruses, including poliovirus, vesicular stomatitis virus, and influenza

virus14,28,80,123. Finally, synonymous recoding has also been used as a tool to study viral biology. By

controlling for parameters such as codon bias, dinucleotide content, and mean free energy of RNA

folding, synonymous recoding can be used to generate constructs with wild-type protein expression

levels but vastly different nucleotide sequences70. These constructs can then be used to identify

functional nucleotide motifs. For example, synonymous recoding of the poliovirus genome was

used to identify two functional RNA elements in the capsid coding region105. Similarly, synony-

mous recoding of the AAV rep gene identified a DNA sequence that inhibited adenovirus replica-

tion when the rep gene was present in an adenoviral vector101.

Here, I use comprehensive mutagenesis libraries and synonymous recoding to interrogate the

effect of rep and transgene variants on AAV production. In Chapter 1, I report a detailed sequence-

to-function map of the AAV2 rep gene that enhances our understanding of Rep protein function

and provides a useful data set for further Rep engineering. In Chapter 2, I demonstrate that non-

coding nucleotide changes to transgene sequences can affect rAAV production. This thesis lays the

groundwork for enhancement of large-scale gene therapy production.
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They might say, ”it’s not science,” or ”gentlemen don’t do

randommutagenesis.” But I’m not a scientist, and I’m

not a gentleman...

Frances Arnold

1
Comprehensive mutagenesis maps the

effect of all single codon mutations in the
AAV2 rep gene on AAV production

The contents of Chapter 1 were adapted from:

Jain, N.K., Ogden, P.J., Church, G.M. (2023). Comprehensive mutagenesis maps the effect of all

single codon mutations in the AAV2 rep gene on AAV production. eLife, 12:RP87730.

Author contributions: N.K.J., P.J.O., and G.M.C. conceived the study and designed experi-

ments. N.K.J. performed experiments. N.K.J. performed data analysis with input from P.J.O.

N.K.J. wrote the paper with input from all authors.

rAAVs are a popular tool for the delivery of gene therapies as wild-type AAV is not pathogenic.

The wild-type AAV genome consists of two genes, rep and cap, which are supplied in trans to the

ITR-flanked transgene to enable rAAV production108. The cap gene encodes three structural pro-
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teins, VP1, VP2, and VP3, which assemble in an approximately 1:1:10 ratio to form the 60-mer

capsid17,129. Engineering of the cap gene has enabled targeting of AAV vectors to specific tissues and

cell populations. The rep gene encodes four proteins, Rep78, Rep68, Rep52, and Rep40, which are

generated through the use of two promoters, p5 and p19, and alternative splicing30.

The larger Rep proteins, Rep78 and Rep68, are required for genome replication while the smaller

Rep proteins, Rep52 and Rep40, facilitate genome packaging. Notably, Rep78 and Rep68 alone

are each sufficient for rAAV vector production56. However, the presence of Rep52/40 enhances

genome packaging and therefore rAAV titer21,62. The rep gene encodes three protein domains, an

origin-binding domain, a helicase domain, and a zinc-finger domain (Figure 1A)31,58,102. All four

Rep proteins contain the helicase domain as well as a nuclear localization signal16. Only Rep78

and Rep68 contain the origin-binding domain and only Rep78 and Rep52 contain the zinc-finger

domain.

The origin-binding domain is responsible for sequence-specific recognition of the ITRs, ITR

hairpin binding, and nicking of the AAV genome during replication82,58,103,127. The origin-binding

domain also mediates recognition and regulation of the p5 promoter64,81. The helicase domain

unwinds double-stranded DNA to facilitate nicking of the ITRs by the origin-binding domain

and its activity is also important for genome packaging11,62. Previous studies demonstrated that

premature stop codons introduced into the zinc-finger domain-encoding region of rep do not affect

rAAV titers, suggesting that this domain is dispensable for rAAV production78.

As more rAAV vectored therapies are approved, manufacturing sufficient rAAV quantities to

meet patient need is an increasingly important issue. Engineering the Rep proteins is a promising av-

enue for improving AAV production. The Rep proteins are involved in all steps of viral production,

but are not structural components of the final vector. As such, the Rep proteins can be designed to

optimize viral production without affecting downstream processes, such as cell targeting, which are

driven by the capsid. The sequence of the rep genes in naturally occurring serotypes is relatively
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well conserved (average of 78% amino acid sequence identity between AAV2 rep and AAV1-13

rep). While previous mutational studies of the Rep proteins have been conducted, these studies

have focused primarily on identifying non-functional Rep variants to identify the location of key

motifs30,40,57,135. As such, Rep engineering efforts may benefit from the exploration of additional

sequence diversity.

Towards this end, we generated a library of all possible single codon variants of the AAV2 rep

gene, the rep gene most commonly used for AAV production. We assayed the effect of these mu-

tations on AAV2 production and generated a detailed sequence-to-function map of the AAV2 rep

gene.

1.1 Results

1.1.1 Comprehensive mutagenesis assays the effect of all single codon mu-

tations in the AAV2 rep gene on AAV2 production

To better understand howmutations to rep affect AAV production, we generated two rep libraries.

The first library, referred to as pCMV-Rep78/68, consisted of a cytomegalovirus (CMV) promoter

followed by the rep open reading frame with a M225Gmutation introduced to prevent expression

of the smaller Rep proteins. This library allowed us to assay the effect of mutating only Rep78 and

Rep68. The second library, referred to as WTAAV2, was analogous to the sequence of the wild-

type virus and contained the p5 promoter and rep and cap open reading frames. Use of the endoge-

nous promoters in the WTAAV2 library allowed us to capture the effect of repmutations on Rep

and VP expression. This library also enabled simultaneous mutation of all four Rep proteins. For

each library, we generated all 39,297 possible single codon substitution and deletion variants span-

ning from the Rep78/68 start codon to the Rep78/52 stop codon (Figure 1.1A). All variants con-

tained unique 20 base pair barcodes at the 3’ end of the rep gene (pCMV-Rep78/68 library) or cap

gene (WTAAV2 library), and each codon variant was represented by a minimum of two barcode
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Figure 1.1: Comprehensive mutagenesis library design and production assay. (A) Organization of the AAV2 genome and
Rep protein domains. Top: single‐stranded DNA genome, middle: RNA transcripts, bottom: Rep proteins. Dotted lines
indicate mutated regions. (B) Density plot of barcode counts in the pCMV‐Rep78/68 plasmid library. (C) Overview of
production assay for the pCMV‐Rep78/68 library and calculation of wild‐type normalized production fitness values (s’).
(D) Amino acid level production fitness values from replicate transfections of the pCMV‐Rep78/68 library. Pearson R
correlation coefficient calculated after log transformation. (E) Density plot of production fitness values for wild‐type
(black) and premature stop codon (blue) controls for the pCMV‐Rep78/68 library. *p < 10‐20 (Mann Whitney U test)

sequences. To assess the diversity of the plasmid libraries, we amplified and sequenced the barcodes

from each of the plasmid pools (Figure 1.1B, Figure A.1A, and Table A.1). We observed 100 and

99.9% of the expected amino acid variants in the pCMV-Rep78/68 andWTAAV2 libraries, re-

spectively. Next, we transfected the plasmid libraries into HEK293T cells to assay the effect of all

single codon mutations on production of genome-containing viral particles (Figure 1.1C). Produc-

tion fitness values (s) for each variant were calculated and normalized to internal wild-type controls

as shown in Figure 1C. For each library, we performed transfections in duplicate and compared
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the production fitness values calculated from each replicate (Figure 1.1D and Figure A.1B). For

both libraries, production fitness values were well-correlated across replicates, indicating that the

genotype-phenotype linkage was maintained during viral production. After examining the correla-

tion between biological replicates, we next looked at the distribution of fitness values for the wild-

type and premature stop codon controls (Figure 1.1E and Figure A.1C). As expected, premature

stop codons had a deleterious effect on AAV2 production and fitness values for replicate wild-type

controls clustered together.

1.1.2 Annotation of the AAV2 rep sequence-to-function map

To better understand the sequence-to-function map of the AAV2 Rep proteins, we visualized the

data from our production assay in multiple ways. First, we generated heatmaps containing the wild-

type normalized production fitness values for all single amino acid substitutions and deletions (Fig-

ure 1.2 and Figure A.2). Additionally, we calculated the “mutability” of each residue by averaging

the normalized production fitness values at each position across all substitutions. We mapped the

mutability of each residue onto structures of the origin-binding domain in complex with the Rep

binding site (PDB: 4ZQ9, Figures 1.3A-B), the origin-binding domain in complex with single-

stranded DNA from the inverted terminal repeat hairpin (PDB: 6XB8, Figure 1.3C), the origin-

binding domain alone (PDB: 5D6X, Figure A.5A), and the helicase domain (PDB: 1S9H, Figure

A.5B)60,82,99 Finally, we used the production fitness values calculated for individual barcodes to

determine which amino acid changes resulted in production fitness values significantly different

from wild-type (Figure A.4A-B). We observed that the origin-binding and zinc-finger domains were

more tolerant of mutation than the helicase domain. Interestingly, a stark boundary between amino

acids D212 and A213 was observed; at residue A213 the larger Rep proteins become much less tol-

erant of mutation. This boundary is adjacent to linker domain residues P214-Y224, which were

previously reported to be important for Rep78/68 oligomerization82,137. When looking across
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Figure 1.2: Effects of all single amino acid substitutions and deletions in the Rep78/68 proteins on AAV2 production.
Amino acid level production fitness values from the pCMV‐Rep78/68 production assay were calculated as in Figure
1.1C by summing barcode counts for synonymous mutations. Rectangles are colored by mutational effect on the pro‐
duction of genome‐containing particles, with black indicating deleterious mutations and red indicating beneficial mu‐
tations. Colored bars above the heatmaps indicate protein domains. Black: origin‐binding domain, light blue: helicase
domain, gray: nuclear localization signal, and navy blue: zinc‐finger domain. Black dots indicate wild‐type amino acid
identity.
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all library members, the production fitness values determined for the pCMV-Rep78/68 andWT

AAV2 libraries were well-correlated (Figure A.3A). However, as expected, introduction of a methio-

nine upstream of the Rep52/40 start codon was deleterious in the WTAAV2 format but not in the

pCMV-Rep78/68 format, where Rep52/40 were expressed in trans.

The majority of beneficial substitutions clustered in the origin-binding domain. In particular,

substitutions between residues V11 and D62 of the origin-binding domain enhanced AAV2 pro-

duction relative to wild-type. These residues are involved in recognition of the inverted terminal

repeat hairpin (Figure 1.3C)82. Origin-binding domain-hairpin interactions have been shown to

enhance terminal resolution site nicking but are not required for nicking to occur127. The major-

ity of Rep binding site-interacting residues, on the other hand, were intolerant of mutation (Figure

1.3B). The origin-binding domain-Rep binding site interaction is important in mediating Rep-

genome interactions during both genome replication and promoter regulation64,81,82. Interestingly,

there are a handful of Rep binding site-interacting residues that were somewhat mutable, includ-

ing S110 and N139, which form contacts with the phosphate backbone, and A141, which forms

contacts with bases in the Rep binding site. Mutation of S110, N139, and A141, as well as G144

and V147, to positively charged residues had a beneficial effect on AAV2 production. Residues

N139, A141, G144, and V147 are part of the loop that connects ”β-strand 4 to ”α-helix E82. The

sequence of this loop is highly variable across serotypes82. Notably, the asparagine at position 139

is positively charged in AAV5 (K139). However, no serotypes contain positively charged amino

acids at positions 141, 144, or 147. Our data indicate that substitution of DNA-interacting residues

in the origin-binding domain can enhance AAV production and identifies beneficial substitutions

not observed in nature. A clear pattern in the location of mutable residues in the origin-binding

domain active site can also be observed (Figure A.5A). This active site is responsible for cleaving sin-

gle stranded DNA and is formed by the origin-binding domain beta sheet and Y156, the active site

nucleophile51. Residues with side chains directed towards the active site are less mutable than adja-
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Figure 1.3: Beneficial substitutions cluster in DNA‐interacting residues. (A) Average production fitness values for all
substitutions at each position mapped onto the structure of the origin‐binding domain in complex with the AAVS1 Rep
binding site (PDB 4ZQ9). (B) Close up view of origin‐binding domain‐Rep binding site interactions. Residues where
substitutions to positively charged residues are beneficial are shown as sticks. (C) Average production fitness values
mapped onto the structure of the origin‐binding domain in complex with the single stranded inverted terminal repeat
hairpin (PDB 6XB8). DNA interacting residues are shown as sticks. Residues are colored by mutability, with red indicat‐
ing higher mutability and black indicating lower mutability.
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cent residues with their side chains directed away from the active site. It is more difficult to discern

positional trends in mutability within the helicase domain as it is less tolerant of mutation than the

origin-binding domain (Figure A.5B). No structures of the ZFD are available. However, the major-

ity of variants in this domain do not have production fitness values that are significantly different

from wild-type (Figures A.4A-B).

1.1.3 Generation of all single codon variants enables interrogation

of nucleotide-level effects

As our libraries contain all possible single codon mutations, we were able to search for variants with

nucleotide-level effects on production by comparing differences in production fitness values be-

tween synonymous codon variants (Figures A.6-7). In general, there was good agreement in the fit-

ness values for synonymous variants. The production fitness values for synonymous codon variants

were more tightly distributed than the fitness values for nonsynonymous variants (Figures A.8A-B).

Comparison of fitness values between synonymous codons that do and do not introduce prema-

ture stop codons into alternate reading frames allowed us to search for possible frameshifted open

reading frames. However, no evidence of frameshifted open reading frames was observed (Figures

A.9A-B).

We did observe an interesting pattern at amino acid Y283 (rep nucleotides 847-849). Variants

with a c.849C>Gmutation had lower production fitness values than synonymous variants without

a c.849C>G (p < 10-8, Mann-Whitney U-test). The deleterious effect of this mutation can also be

observed by plotting the average fitness value at each nucleotide position for each of the four bases

(Figures A.9C-D). The negative effect of a c.849C>Gmutation was consistent across the pCMV-

Rep78/68 andWTAAV2 library formats and was also observed in experiments with alternate cap

genes. In each library, there were fifteen codon variants with a c.849C>Gmutation, thirteen of

which had synonymous codons without a c.849C>Gmutation for comparison. Our results indi-
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Figure 1.4: Comparison of comprehensive mutagenesis measurements to variation in nature. (A) Distribution of wild‐
type normalized production fitness values for conserved variants (blue) and variants found only in the library (gray).
(B) Total number of variants and number of conserved variants with s’ greater than wild‐type (s’ > 1). *p < 10‐20 (Mann
Whitney U test)

cate that the nucleotide sequence of the rep gene is optimized. However, we were not able to detect

broad nucleotide-level effects in our data.

1.1.4 Comprehensive mutagenesis identifies beneficial variants not

observed in nature

We observed that mutations to amino acids found in other naturally occurring serotypes were better

tolerated than mutations to amino acids that are not found in nature (Figure 1.4A). However, a ma-

jority of the variants with production fitness values greater than that of wild-type are not observed

in nature (Figure 1.4B). Only 245/2351 (6.17%) of variants with s’ > 1 and only 4/115 (3.48%) of

variants with s’ > 1.5 are observed in AAV serotypes 1-13. These data emphasize the power of our

comprehensive approach to identify novel functional sequence diversity.

1.1.5 Validation of multiplexed production assay results

To validate the results of our multiplexed production assay we selected fourteen variants, cloned

them individually into the pCMV-Rep78/68 format, and determined their effect on production
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by measuring DNase-resistant particle titers (Figure 1.5A). We included H92A and K340H, muta-

tions to the origin-binding domain and helicase domain active sites, respectively, as controls82,102.

Twelve variants with mutations in the origin-binding domain, linker domain, and helicase domain

and fitness values greater than wild-type were also assayed. Finally, we included two deleterious vari-

ants identified in our multiplexed assay, N139G and A213V. The DNase-resistant particle titers

determined from individual transfections are well-correlated with the fitness values determined from

the multiplexed production assay (Figure 1.5B). We performed similar validation for a panel of WT

AAV2 format variants (Figure A.3B).

To enable multiplexed analysis of rep variants in our library assay, the mutant rep genes them-

selves are packaged into the AAV capsids. Relatively small amounts of rep library plasmids are also

used in transfection to reduce the frequency at which multiple rep variant plasmids enter the same

cell. These procedures maintain a genotype-phenotype linkage and allow us to identify the rep se-

quences that enable production of genome-containing particles. We sought to confirm that the

effects observed in the library production assay would be conserved when the rep variants were sup-

plied in trans to the ITR plasmid, as in the traditional triple plasmid transfection method used for

rAAV production. To this end, we selected a small subset of rep variants and cloned them into an

AAV2 pRepCap plasmid without inverted terminal repeats. Here, we assayed variants with single

codon mutations in each of the Rep domains.

We used these mutant pRepCap plasmids to produce rAAV vectors containing four different

genomes, three single-stranded genomes and one self-complementary genome. The DNase-resistant

particle titers for these pRepCap variants were relatively consistent across the different genomes

(Figure 1.5C). Importantly, the DNase-resistant particle titers determined when the rep variants

were supplied in trans correlated well with the normalized fitness values determined in our pro-

duction assay (Figure 1.5D). Several single codon variants, including S110R, N139R, and K566L,

showed 50-100% improvements in DNase-resistant particle titer over wild-type. Western blot analy-
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Figure 1.5: Validation of AAV2 library production assay results. (A) DNase‐resistant particle titers for fourteen single
amino acid pCMV‐Rep78/68‐inverted terminal repeat variants produced individually. Titers for previously characterized
variants are plotted to the left of the dotted line. (B) Relationship between normalized production fitness values from
library experiments and DNase‐resistant particle titers from individual transfections. (C) DNase‐resistant particle titers
for four rAAV genomes produced with the indicated Rep variants. Titers for previously characterized variants are plotted
to the left of the dotted line. (D) Relationship between rAAV DNase‐resistant particle titers and normalized production
fitness values from library experiments. (E) Expression of Rep and VP proteins from variant pRepCap plasmids by West‐
ern blot. For panels A and C, asterisks indicate significance of titer differences between the Rep variant and the relevant
wild‐type control. *p < 0.05, **p < 0.01, ***p < 0.001 (Welch’s t‐test)

27



sis indicated that most of these variants had little to no effect on Rep protein or VP expression (Fig-

ure 1.5E). Interestingly, in the case of the deleterious variants, A213V and K340H, Rep52/40 pro-

tein levels were increased. Codon GCG213 is located just upstream of the Rep52/40 start codon.

As such, mutations to this position likely affect the strength of the p19 promoter and therefore

Rep52/40 expression levels. Notably, the effects of this mutation on the p19 promoter are sepa-

rate from the deleterious effects of the A213V amino acid change; the negative effects of the A213V

change are observed even when Rep52/40 are expressed in trans (Figure 1.5A).

1.1.6 The S110R variant increases transducing particle titer

We determined the relative transduction efficiency of rAAV2 produced with wild-type Rep and

two different Rep variants, S110R and Q439T. We set up individual transfections with these Rep

variants and affinity purified the resulting rAAV2 vectors. Use of the S110R Rep variant resulted in

approximately 2-fold higher genome-containing particle titers (Figure A.10A). We also performed

capsid ELISAs and determined that the S110R variant resulted in a similar increase in total particle

titers; while genome-containing particle titers were increased relative to wild-type Rep, the ratio

of viral genomes: capsids was unchanged. We then used a constant volume of each rAAV2 prep to

transduce HEK293T cells and quantified relative transduction efficiency by measuring transgene

expression (luciferase activity, Figure A.10B). Again, an approximately 2-fold increase in relative

transduction was observed with rAAV2 produced with S110R Rep as compared to wild-type Rep.

1.1.7 Mutations in the AAV2 rep gene have similar effects on production of

AAV2, AAV5, and AAV9 capsids

Many different AAV capsid serotypes are of clinical interest for their unique tissue targeting prop-

erties. Given the putative physical interaction between Rep proteins and the capsid during genome
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Figure 1.6: Mutations to AAV2 rep have similar effects on AAV2, AAV5, and AAV9 capsid production. Wild‐type nor‐
malized production fitness values from the library production assay with (A) AAV5 and AAV2 capsids and (B) AAV9 and
AAV2 capsids. Pearson R correlation coefficient calculated after log transformation.

packaging, we hypothesized that some repmutations would have unique effects on the production

of different capsid serotypes. To identify rep variants with serotype-specific effects on production,

we repeated our pCMV-Rep78/68 library production assay using AAV5 and AAV9 cap genes in

place of AAV2 (Figures A.11-14). The AAV5 capsid was chosen as it has low overall sequence iden-

tity with the AAV2 capsid (57.7% amino acid identity). The AAV9 capsid is more similar to the

AAV2 capsid (81.7% amino acid identity) but is of particular clinical interest and differs from AAV2

at amino acid positions 329 and 330, which were previously identified as important for formation of

Rep/capsid complexes (AAV2: T329/T330, AAV9: V331/K332)8. Surprisingly, the correlation in

fitness values across capsid serotypes was comparable to the correlation between biological replicates,

indicating that the effect of AAV2 rep variants on production is largely consistent across capsid

serotypes (Figures 1.6A-B). We individually produced rAAV5 and rAAV9 vectors using a subset of

our rep variants and confirmed that the titers with each rep variant are well correlated across capsid

serotype (Figure A.15).
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1.2 Discussion

We have generated a comprehensive mutagenesis library of the AAV2 rep gene, containing all possi-

ble single codon substitutions and deletion variants. Multiplexed assay of this library allowed us to

generate a sequence-to-function map, linking all variants to their effect on AAV production.

Many of the previous AAVmutagenesis studies have focused on the AAV cap gene. Previous

work in our lab generated a library containing all possible single codon substitutions, deletions,

and insertions of the AAV2 cap gene and assayed their effect on AAV2 production85. Notably, we

observed a smaller range of fitness values in our production assay with the rep library than with

the previously reported cap library. This observation aligns with our knowledge of Rep and capsid

biology. The Rep proteins’ primary function is to facilitate AAV production, while the capsid has

evolved to not only enable assembly and genome packaging, but also to facilitate cell targeting, entry,

and nuclear trafficking. Additionally, the Rep proteins possess multiple enzymatic activities that

require the proteins to adopt specific and dynamic conformations. The capsid, in contrast, is not

known to possess enzymatic activity outside of the phospholipase domain located at the N-terminus

of VP1109. It follows that there are greater mutational constraints on rep than on cap in the context

of AAV2 production.

Despite the smaller range of fitness values observed here, we identified numerous Rep variants

with production fitness values greater than or equal to that of wild-type AAV2 Rep that are not ob-

served in naturally occurring AAV serotypes. We attribute this discrepancy to the fact that optimal

rAAV production may not equate to optimal fitness of AAV in the endogenous host. Wild-type

AAV has both a lytic and a latent cycle67. The latent cycle occurs when no helper virus is present.

Rep and VP expression are repressed and the AAV genome is integrated into the host cell genome

in a process that also involves Rep89,116. In the presence of a helper virus, such as adenovirus, the

lytic cycle proceeds. In this instance, Rep78/68 activate transcription from the AAV promoters
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and genome replication and packaging occur89. rAAV production is somewhat analogous to the

lytic cycle. However, naturally-occuring AAVmust balance the effect of any mutations on fitness

in both the lytic and latent contexts. An additional explanation for this finding is the relatively

small number of AAV serotypes, for which rep sequences are available. In our analysis, we com-

pared the beneficial variants identified in our library to the rep sequences from twelve different AAV

serotypes (AAV1-13, no sequence for AAV9 rep). This is a small number of naturally occurring rep

sequences when compared to the size of our library. While there have been efforts to identify addi-

tional naturally-occurring cap sequences, there has been relatively little effort to expand the number

of naturally-occurring rep sequences124. We expect that such work may identify rep sequences con-

taining many of the beneficial variants identified in our library.

We observed that substitutions in the origin-binding and zinc-finger domains were better toler-

ated than substitutions in the linker and helicase domains. A sharp drop in mutability was observed

between residues D212 and A213. Previous work has identified residues V215 through Y224 as the

minimal linker sequence required to facilitate Rep78/68 oligomerization137. In a separate study, it

was reported that mutation of P214 reduced the ability of Rep to oligomerize82. Our data indicate

that residue A213 is intolerant of mutation. A213 likely plays an important role in AAV production

and, given its position, may be involved in Rep78/68 oligomerization. Additional work is needed

to confirm that mutations to A213 affect AAV production by interfering with Rep78/68 oligomer-

ization. In both library formats, the zinc-finger domain was relatively tolerant of mutation and few

substitutions in this domain resulted in production fitness values that were significantly different

from wild-type. At some positions, even introduction of a premature stop codon was not delete-

rious. It was recently reported that premature stop codons introduced at positions 522 and 553 of

Rep did not affect AAV2 production when supplied in a pRepCap plasmid78. (The zinc-finger

domain begins at amino acid position 536 of Rep78.) Our results provide further evidence that

the zinc-finger domain is dispensable for AAV production and identify A213 as a potential linker
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domain residue.

The majority of beneficial substitutions clustered in the origin-binding domain. In a recent inves-

tigation of rep hybrids, Mietzsch et al. reported that replacement of the entire AAV2 origin-binding

domain with that of AAV1 or AAV8 improved the proportion of full capsids78. Our data supports

the importance of the origin-binding domain for AAV production and identifies specific origin-

binding domain regions where beneficial mutations cluster. Most substitutions of inverted terminal

repeat-hairpin interacting residues and substitutions of residues in the Rep binding site-interacting

loop to positively charged amino acids were beneficial. Previous studies have demonstrated that Rep

binding to the inverted terminal repeat-hairpin improves the efficiency of terminal resolution site

nicking but is not required for the nicking reaction to occur127. The Rep binding site-interacting

loop, on the other hand, is important for recognition of double-stranded DNA during genome

replication and promoter binding. Interestingly, further characterization of the S110R variant,

which falls in the Rep binding site-interacting region, indicated that it increases genome-containing

particle and transducing particle titer relative to wild-type Rep but did not increase the ratio of viral

genome: capsids, a proxy for the proportion of full capsids. Additional work is needed to under-

stand which, if any, of the beneficial OBD variants identified here also increase the proportion of

full capsids. Taken together, our results indicate that enhancement of Rep-DNA interactions may

be a fruitful avenue for further improvement of AAV production.

Inclusion of all single codon variants in our libraries allowed us to investigate the effect of syn-

onymous mutations on AAV production. Interestingly, we observed that introduction of a c.849C>G

mutation resulted in lower production fitness values compared to synonymous variants. Interest-

ingly, this position is located downstream of the p5 and p19 promoters. Additionally, this mutation

had a negative effect on production even when the cap gene was supplied in trans, making the activ-

ity of the p40 promoter irrelevant for AAV production. The c.849C>Gmutation also does not fall

near any known AAV2 splice sites112. While the mechanism by which this mutation affects produc-
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tion remains unclear, our results emphasize that the rep gene is optimized for AAV production at

both the amino acid and nucleotide levels.

While we were able to discern a trend in the effect of synonymous variants at nucleotide posi-

tion 849 of rep, the selection values for synonymous codon variants in general were relatively closely

distributed. This precluded further investigation of the effect of synonymous codons on AAV pro-

duction. Synonymous variants likely have an effect on aspects of AAV production, such as genome

replication, transcriptional regulation, mRNA stability, and protein expression. However, our assay

measures the aggregate effect of rep variants on all steps in the AAV production process and is likely

unable to detect the effects of synonymous variants on specific steps in this process if those steps are

not rate-limiting.

In an attempt to identify Rep substitutions with a beneficial effect on the production of specific

capsid serotypes, we repeated the pCMV-Rep78/68 library assay using AAV5 and AAV9 cap genes

in place of AAV2 cap. Surprisingly, the correlation in fitness values across experiments was similar

to the correlation between biological replicates, suggesting that the majority of AAV2 repmutations

have a similar effect on the production of AAV2, AAV5, and AAV9 capsids. These results suggest

that either: repmutations have a similar effect on Rep78/68-capsid interaction across serotypes,

that the effect of perturbing Rep78/68-capsid interactions is obscured by the deleterious effects of

the same mutations on other Rep activities, or that Rep78/68-capsid interactions are not a limiting

factor in AAV production.

We have generated a comprehensive sequence-to-function map of the effect of all single codon

AAV2 repmutations on AAV2, AAV5, and AAV9 production. Our experiments identified thou-

sands of functional Rep variants, laying the groundwork for further engineering of these proteins

and enhancement of large-scale gene therapy production.
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1.3 Materials andMethods

1.3.1 Library cloning

We generated rep variant libraries through pooled oligonucleotide (oligo) synthesis (Twist Bio-

sciences) and subsequent Golden Gate Assembly using methods previously developed in our lab85.

To begin, we generated two wild-type backbone plasmids, containing either the Rep78/68 open

reading frame or the rep and cap open reading frames, and removed all BsaI, BbsI, EcoRV, SphI,

and XbaI sites. Within the rep open reading frame we introduced a synonymous mutation at G339

(c.1017G>C). Within the VP open reading frame we introduced a synonymous mutation at V118

(c.354C>G) and a coding mutation F370Y (c.1109T>A). The rep gene was divided into eleven tiles

and cloning for each tile was carried out separately. We designed 300-mer oligos to include 207 nu-

cleotides of rep-coding sequence immediately followed by a BbsI site, an EcoRV site, another BbsI

site, and a unique 20 nucleotide barcode sequence. All of these elements were flanked by BsaI and

primer binding sites on either end of the synthesized sequence. Unique primer binding sites were

used for each tile. To enable cloning of both the Rep78/68 andWTAAV2 format libraries, oligos

containing the Rep52/40 start codon (M225) were synthesized with and without the M225Gmu-

tation. All possible single codon substitutions and deletions, including synonymous variants, were

included in the library. All positions from the Rep78/68 start codon to the Rep78/52 stop codon

(622 codons) were mutated. We did not include the eight codons at the end of the Rep68/40 open

reading frame in our mutagenesis as these positions overlap with the VP1 open reading frame. Each

codon variant was represented by at least two unique barcodes. For each tile, a minimum of ten

uniquely barcoded wild-type controls were included. The Rep78/68 andWTAAV2 libraries each

had a total of 81,116 uniquely barcoded variants.

Following synthesis, we amplified the oligos for each tile (Q5 Hot Start High-Fidelity 2XMas-

ter Mix, NEB). In parallel, we amplified the backbone vector using primers that introduced BsaI
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sites. Vector PCR products were digested with BsaI-HF v2, DpnI, and recombinant shrimp alka-

line phosphatase (rSAP, NEB) overnight and PCR purified (Qiagen QIAQuick PCR Purification

Kit) the following day. We then performed Golden Gate Assembly with the amplified oligos and

vector PCR digest products (NEBridge Golden Gate Assembly Kit, BsaI-HF v2). Golden Gate

Assembly reactions were cycled 100X (16°C for 5 minutes, 37°C for minutes) and then heat inac-

tivated. Golden Gate Assembly products were PCR purified and eluted into 25 uL of Buffer EB

(Qiagen). Eluates were drop-dialyzed against 30 mL of water for 1 hour and transformed (Lucigen

E. cloni 10G ELITE electrocompetent cells). Transformed cells were recovered in 1 mL Lucigen re-

covery media at 37°C for 1 hour and the entire volume of outgrowth was used to inoculate 50 mL

LB + Kanamycin cultures, which we grew at 30°C overnight. The following day, we midi-prepped

these cultures via alkaline lysis (Qiagen Plasmid Plus Midi-Prep Kit). This first cloning step enabled

generation of intermediate products, which contained any wild-type rep sequence upstream of the

mutated oligo followed by the mutant oligo. In this step, all wild-type sequences downstream of the

mutant oligo were removed.

To re-introduce these missing wild-type sequences, we used a second round of Golden Gate As-

sembly and the internal BbsI sites present in each oligo. Before performing Golden Gate Assembly,

we ran rolling circle amplification on our intermediate cloning products. 10 ng of the intermedi-

ate plasmid products were incubated with 10 uM random hexamer primers and 1X phi29 DNA

polymerase buffer (NEB) at 95°C for 3 minutes and then cooled to room temperature. We then

mixed these samples with rolling circle amplification solution (10 uM random hexamers, 1X phi29

DNA polymerase buffer, 5 U phi29 DNA polymerase, 1 mM dNTPs, 2 mg/mL recombinant al-

bumin, 0.02 U inorganic pyrophosphatase) at a 1:1 ratio and incubated them at 30°C overnight.

The resulting rolling circle amplification products were directly digested with BbsI-HF, DpnI, and

recombinant shrimp alkaline phosphatase (all NEB) at 37°C overnight. The following day, we ran

the digest products on 1% Tris-acetate EDTA gels and extracted and purified the correctly sized

35



products (Qiagen QIAQuick Gel Extraction Kit). In parallel, we PCR amplified the missing down-

stream wild-type sequences for each tile from the backbone vectors; the primers used here also added

BbsI sites. We ran Golden Gate Assembly with the rolling circle amplification digest products and

vector PCR products, BbsI-HF (NEB), and T4 DNA Ligase (NEB), cycling as described above.

Golden Gate Assembly products were transformed and midi-prepped as above. This second cloning

step resulted in plasmids containing a full-length rep gene with a single codon mutation followed

by a twenty nucleotide barcode. WTAAV2 library plasmids also contained a wild-type copy of the

AAV2 cap gene between the variant rep genes and barcodes.

To enable packaging of variant rep sequences into AAV capsids, the step two cloning products

were moved into inverted terminal repeat-containing vectors. Step two cloning products were sub-

ject to rolling circle amplification as above and digested with XbaI, SphI-HF, and EcoRV-HF. The

rep and/or cap open reading frames in the backbone vectors were flanked by XbaI and SphI sites.

EcoRV sites were part of the synthesized oligos and should only be present in step one cloning prod-

ucts. Digest products were gel extracted and ligated into inverted terminal repeat-containing vectors.

In the case of the WTAAV2 format library, the inverted terminal repeat vector contained the p5

promoter and endogenous AAV2 polyA sequence. In the case of the Rep78/68 and Rep52/40 li-

braries, the inverted terminal repeat vector contained a CMV promoter, WPRE, and bGH polyA

sequence. The integrity of the inverted terminal repeat destination plasmids was confirmed by SmaI

digest and complete plasmid sequencing (MGHDNACore).

1.3.2 Viral library production assay

HEK293T cells were cultured in DMEM supplemented with 10% FBS and seeded in five-layer cell

culture multi-flasks (Corning 353144) at 8 x 107 cells/flask two days prior to transfection. We trans-

fected HEK293T cells using polyethylenimine. For each library, replicate transfections were per-

formed in separate cell stacks. For the pCMV-Rep78/68 library, transfections were performed with
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1 ug of pCMV-Rep78/68 library plasmids, 50 ug of pHelper, 25 ug of pCMV-AAV2cap, and 1.5

ug of p19-Rep52/40 per cell stack. For the WTAAV2 library, transfections were performed with

1 ug of WTAAV2 library plasmids and 50 ug of pHelper. Additional plasmid ratios were tested

for each library; conditions that resulted in the strongest correlation in production fitness values

between replicate transfections were used; these are the conditions listed above. AAV5 and AAV9

capsid production assays were performed using the pCMV-Rep78/68 library as described above.

Three days post-transfection NaCl was added to a final concentration of 0.5 M and samples were

incubated at 37°C for 3 hours to detach and lyse cells. Samples were transferred to fresh 500 mL

bottles and incubated at 4°C overnight. The following day any precipitate was removed by pipetting

and the remaining volume was passed through a sterile 0.22 um PES filter. PEG-8000 was added to a

final concentration of 8% and samples were again incubated at 4°C overnight. The following day, we

centrifuged samples at 3000 x g for 20 minutes to pellet the PEG-precipitated virus. Supernatants

were discarded and pellets resuspended in 8 mL of DPBS. We then digested samples with a 1:10,000

dilution benzonase (Millipore Sigma 1.101695.0001) at 37°C for 45 minutes and subjected them

to iodixanol gradient ultracentrifugation as previously described85,140. Briefly, benzonase-treated

samples were underlaid with an iodixanol gradient (Millipore Sigma D1556) in polypropylene tubes

(Beckman Coulter, 362183) and centrifuged at 242,000 x g for 1 hour at 16°C in a VTi50 rotor.

Following ultracentrifugation, 500 uL fractions were collected from the 40% iodixanol layer and

buffer-exchanged into DPBS using 100 kDa molecular weight cutoff centrifugal filter units (Milli-

pore Sigma UFC910024).

Rep sequences in the purified pool represent variants capable of producing genome-containing

viral particles. Barcodes from this viral pool, along with barcodes from the plasmid libraries, were

amplified using flanking primer sequences. Illumina sequencing adapters and indices were added in

a subsequent PCR. The resulting PCR amplicons were pooled and sequenced using the Illumina

NextSeq platform (Biopolymers Facility, HMS). Barcode sequences were extracted from the result-
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ing sequencing reads and barcode counts (cv) from replicate transfections were summed. We calcu-

lated the frequency of each variant (fv) in the viral library as: fv = c/
∑

fv and then determined the

production fitness for each variant as: s = fviral/fplasmid. Finally, production fitness was normalized

to that of the wild-type controls: s′ = s/sWT.

1.3.3 Determination of DNase-resistant particle titers by qPCR

To validate the results of our multiplexed library production assay, fourteen single codon rep vari-

ants were selected and individually transfected into HEK293T cells. Transfections were performed

in triplicate. We seeded cells at 4 x 105 cells/well in 6-well plates 24 hours prior to transfection. Small

amounts of pCMV-Rep78/68 format variants, 50 pg per transfection, were used to recapitulate the

low plasmid levels used in the library production assay. pCMV-Rep78/68 variants were transfected

via PEI together with pHelper (2 ug), pCMV-AAV2cap (1 ug), and p19-Rep52/40 (2 ng) plasmids

as in the library assay. Three days post-transfection, we lysed cells by 3X freeze-thaw. Samples were

then clarified by centrifugation at 15,000 x g for 5 minutes. 5 uL of supernatant were subjected

to DNase digest (ThermoFisher, EN0521) at 37°C for 30 minutes followed by heat inactivation

at 65°C for 10 minutes. We then incubated samples at 98°C for 10 minutes to denature the cap-

sids and measured DNase-resistant particle titers with qPCR (IDT PrimeTime Gene Expression

Master Mix). Primers and a probe binding to the 5’ region of the rep gene were used. The sequence

of the forward primer was: 5’-GAGCATCTGCCCGGCATTTC-3’, the sequence of the reverse

primer was: 5’-ATCTGGCGGCAACTCCCATT-3’, and the sequence of the probe was 5’-HEX-

ACAGCTTTG-ZEN-TGAACTGGGTGGCCGA-3IABkFQ-3’ (IDT).

Transfections with rep variants cloned into pRepCap plasmids were performed as described

above, using the following amounts of plasmid for each transfection: 1 ug of pRepCap, 1 ug of

inverted terminal repeat plasmid, and 2 ug of pHelper. The pEf1a-Luc-WPRE (ssAAV, Addgene

plasmid #87951; http://n2t.net/addgene:87951; RRID:Addgene_87951), pCAG-Luc (ssAAV,
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Addgene plasmid #83281; http://n2t.net/addgene:83281; RRID:Addgene_83281), and pCAG-

GFP (ssAAV, Addgene plasmid #83279; http://n2t.net/addgene:83279; RRID: Addgene_83279)

Inverted terminal repeat plasmids were a gift fromMark Kay87,88. We used qPCR to determine

plasmid concentration for transfection. The rep primer and probe sequences mentioned above were

used to quantify pRepCap plasmids. To determine the concentration of GFP-expressing plasmids

we used a forward primer with the sequence

5’-GAACCGCATCGAGCTGAA-3’, a reverse primer with the sequence

5’-TGCTTGTCGGCCATGATATAG-3’, and a probe with the sequence 5’-FAM-ATCGACTTC-

ZEN-AAGGAGGACGGCAAC-3IABKFQ-3’ (IDT). To determine the concentration of luciferase-

expressing plasmids we used a forward primer with the sequence 5’-CATGTACCGCTTCGAGGAG-

3’, a reverse primer with the sequence 5’-GAAGCTAAATAGTGTGGGCACC3’, and a probe

with the sequence 5’-FAM-CTTGCGCAG-ZEN-CTTGCAAGACTATAAGATTC-3IABKFQ-3’

(IDT). The same GFP- and luciferase-specific primers and probes were used to quantify the result-

ing rAAV vectors.

1.3.4 Western blot analysis of VP and Rep protein levels

Following transfection, media was aspirated from cell culture plates and cells were washed with

DPBS. We then lysed cells with 50 uL of lysis buffer per well (6-well plates). The lysis buffer con-

tained: 10 mMTris-HCl (pH 8), 150 mMNaCl, 1% Triton X-100, and cOmplete mini protease in-

hibitor (1 tablet/10 mL lysis buffer). Lysates were transferred to fresh 1.5 mL tubes and centrifuged

at 15,000 x g for 5 minutes to clarify. Total protein concentrations were determined by Bradford

assay (Thermo Scientific Pierce Coomassie Bradford Protein Assay Kit). We loaded 75 ug of total

protein from each sample on 4-12% Bis-Tris gels (ThermoFisher) and ran the gels for 45 minutes at

140V. We then transferred the proteins to PVDFmembranes (ThermoFisher). Membranes were

blocked with 5% milk in PBST for 1 hour at 4°C. Blots were then incubated with a 1:250 dilution
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of B1 anti-VP antibody or a 1:100 dilution of anti-Rep 303.9 antibody (both American Research

Products) in blocking buffer overnight. Both primary antibody mixtures also included a 1:20,000

dilution of anti-�-actin antibody (Abcam, ab8227). The following day, blots were washed 3X with

PBST and incubated with secondary antibodies for 1 hour in blocking buffer with 0.01% SDS. Goat

anti-mouse IRDye 800CW (LiCor 925-32210) and donkey anti-rabbit IRDye 680RD (LiCor 925-

68073) secondary antibodies were used. Blots were washed 3X with PBST and 1X with PBS, and

the near-infrared fluorescence of the secondary antibodies was visualized using the Sapphire imager.

Code and data availability

Code and data for this paper can be accessed here: https://github.com/churchlab/aav_rep_scan.git.

Illumina sequencing reads were uploaded to NCBI GEO (series accession number GSE226265).
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Science, my lad, is made up of mistakes, but they are

mistakes which it is useful to make, because they lead little

by little to the truth.

Jules Verne

2
The effect of transgene sequence on AAV2

production

Pierce J. Ogden and George M. Church also contributed to this work. N.K.J., P.J.O., and G.M.C.

conceived the study and designed experiments. N.K.J. performed experiments and data analysis

with input from all authors.

rAAV vectors consist of twomain components, a capsid shell and a DNA genome. Much

effort has been dedicated to engineering both rAAV capsids and genomes to enhance transduction

of specific tissues and cell types1,46,85,117,74,12,37,19,27. There have also been efforts to understand

the relationship between capsid sequence and production of genome-containing and transducing

particles9,91,128,44. However, there has been comparably little study of the effect of rAAV trans-

gene sequence on production. rAAV production involves genome replication and packaging, both

processes that could theoretically be affected by rAAV genome sequence. Likewise, transduction

necessitates release of encapsidated genomes, synthesis of double-stranded DNA, and transcrip-
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tion of transgenes. By affecting these processes, rAAV genome identity could impact not only

genome-containing particle titer but also transducing particle titer. Interestingly, multiple groups

have reported a marked difference in both genome-containing and transducing particle titer when

comparing wild-type AAV2 and rAAV2 vectors produced with the same capsid45,138. Addition-

ally, the numbers of genome-containing and transducing particles have been reported to vary be-

tween rAAV2 vectors containing different transgenes by an order of magnitude or more45. Taken

together, these data suggest that encapsidated sequence affects rAAV2 production. Here, we fur-

ther probe the relationship between encapsidated, or transgene, sequence and rAAV production,

building towards the identification of generalizable rules for rAAV transgene design.

2.1 Results

2.1.1 Wild-type AAV2 titers are 2-to-10-fold higher than rAAV2 titers

We performed transfections with a wild-type-AAV2-ITR plasmid as well as three rAAV2-ITR plas-

mids, which each contained a different transgene. All rAAV2-ITR plasmids also included non-

coding regions to bring the length of each rAAV2 genome to that of wild-type AAV2 (4.7 kilobases).

Three days post-transfection, viral particles were purified and both genome-containing particle and

capsid titers were determined. Wild-type AAV2 genome-containing particle and capsid titers were 2-

to 10-fold higher than rAAV2 titers (Figure 2.1). These data confirm previous reports that wild-type

AAV2 has a production advantage over rAAV2, although the difference is smaller than previously

reported.
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Figure 2.1: Comparison of wild‐type AAV2 and rAAV2 titers following iodixanol purification. (A) Capsid titers and (B)
genome‐containing titers. For each construct two replicate transfections and purifications were performed.

2.1.2 Wild-type AAV2 transduction is not universally higher than rAAV2

transduction

Previous in vitro experiments demonstrated that capsids containing genomes shorter than the wild-

type genome uncoated less efficiently54. Additionally, differences in the ratio of genome-containing

particles: transducing particles between wild-type and rAAV2 have been reported45,138. These data

suggest that wild-type AAVmay have not only a production advantage but also a transduction ad-

vantage over rAAV. As such, we sought to directly compare wild-type and rAAV2 transduction in

cell culture. We generated three rAAV2 vectors that each contained a different transgene (Staphylo-

coccus aureusCas9 [SaCas9], luciferase [Luc2], or mKate) under the control of the AAV2 p5 pro-

moter. This enabled us to compare transgene expression to wild-type AAV2 rep expression with-

out having to account for differences in promoter strength. We transduced HeLaRC32 cells with

adenovirus and either wild-type AAV2 or rAAV2 and measured p5 transcript levels 24 hours post-

transduction (Figure 2.2A). We used HeLaRC32 cells here as they have two copies of the AAV2 rep

and cap genes stably integrated into their genomes119,18. Rep expression is required for activation
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of the AAV p5 promoter but only the wild-type AAV2 particles contain the rep gene, so we sup-

plied rep in trans to the rAAV2 particles via the HeLaRC32 genome. Expression of the rep and cap

sequences within the HeLaRC32 genome is stimulated by adenovirus infection, so we performed

AAV transduction together with adenovirus infection. We spiked empty capsids into each AAV

preparation to normalize both genome-containing and capsid particle titers across preps. Impor-

tantly, we also synonymously recoded a small segment of the rep gene in the wild-type AAV2 parti-

cles used here to enable discrimination of transduced genomes fromHeLaRC32-originating AAV

genomes. As indicated in Figure 2.2B, p5 transcripts from wild-type AAV2 were present at higher

levels than p5-SaCas9 and p5-Luc2 transcripts but at comparable levels to p5-mKate transcripts.

Wild-type AAV2 did not have a universal transduction advantage over rAAV2.

Differences in p5 transcript abundance between rAAV2 carrying different transgenes were also

observed. This could be attributed to differences in genome release, genome replication, or trans-

gene transcription between rAAV vectors. Since sequence length was previously reported to affect

in vitro genome release, we first wanted to determine if rAAV2 genome identity - absent differences

in length - also affected in vitro genome release. While we observed differences in in vitro genome

release between rAAV2 vectors containing genomes of different length, no differences in release

were observed between rAAV2 vectors containing different genomes of the same length (Figures

2.2C-D). These results suggest that differences in rAAV2 transduction are not driven by differences

in genome release. However, the mechanism of in vivo genome release is not fully understood. As

such, differences in in vitro genome release may or may not correspond to differences in in vivo

release. While this assay represents a useful method for characterizing the biophysical properties

of rAAV2 vectors, direct measurement of genome release in vivo is needed to determine definitely

whether the uncoating process is affected by genome identity.
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Next, we wanted to determine if the differences in rAAV2 p5 transcript abundance following

transduction were driven by differences in genome replication. Notably, genome replication is not

part of the usual rAAV transduction process, but occurs here because of adenovirus co-infection

and subsequent rep and cap expression. To assess the effect of rAAV2 genome sequence on genome

replication, we transduced HeLaRC32 cells as above, extracted total intracellular DNA 24 hours

post-transduction, and quantified AAV genome abundance by qPCR (Figure 2.2E). For the major-

ity of constructs tested, total DNA levels were consistent. Notably, little to no rAAV2-Luc2 DNA

was detected from one of the two replicate preps, which likely reflects technical variability. These

data indicate that differences in p5 transcript abundance post-transduction are likely not driven

by differences in rAAV2 genome replication. Given that genome replication occurs subsequent to

genome release, or uncoating, these results also provide further evidence that rAAV2 genome se-

quence does not affect genome release.

The differences in p5 transcript levels following rAAV2 transduction could be inherent to the

transgene sequences themselves and independent of AAV transduction. To test this, we directly

transfected HeLaRC32 cells with the ITR plasmids used for AAV production and measured p5

transcript abundance 24 hours post-transfection (Figure 2.2F). As in the transduction experiment,

mKate expression was high and luciferase expression was low relative to the other constructs. How-

ever, in contrast to the transduction experiment, Rep78/68 (wild-type AAV2) expression was low

and SaCas9 expression was high. These results indicate that the differences in p5 transcript levels

following AAV transduction are likely not driven by inherent differences in the mRNA stability of

the transgene sequences and that the differences in mRNA abundance that we observed are specific

to AAV transduction. Work from the Kay lab recently demonstrated that the capsid plays a role in

regulating the epigenetic status and subsequent transcription of transgenes, which may - in part,

explain the differences in relative expression from plasmids and rAAV2 vectors observed here41.
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Figure 2.2 (following page): Wild‐type versus rAAV2 transduction. (A) Experimental workflow for transduction assay. (B)
Expression of p5 transcripts from wild‐type AAV2 is not universally higher than expression of p5 transcripts from rAAV2
vectors. (C) Comparison of in vitro genome release from wild‐type AAV2 and two rAAV2 vectors, containing genomes
shorter than wild‐type AAV2. (D) Comparison of genome release from wild‐type AAV2 and three rAAV2 vectors. All
AAV tested in this experiment contain 4.7 kb single‐stranded genomes. Letters a, b, and c denote separate AAV prepara‐
tions. (E) p5 transcript levels following transduction are not correlated with total intracellular DNA levels. Transductions
were performed as in (A). Total intracellular DNA was extracted 24 hours post‐transduction and AAV genome abun‐
dance was quantified by qPCR using primers against the p5 promoter. (F) p5 transcript levels following transduction are
not correlated with p5 transcript levels following plasmid transfection. The ITR plasmids used to produce the wild‐type
and rAAV2 used in (B) were directly transfected into HeLaRC32 cells. p5 transcript levels were quantified as in (B).
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Figure 2.2: (continued)
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2.1.3 Co-transfection of wild-type AAV2 and rAAV2 enhances rAAV2

genome-containing particle titer

While wild-type AAV2 did not result in universally higher transduction than rAAV2 vectors, wild-

type AAV2 yielded higher genome-containing particle titers than rAAV2. To further probe the

cause of wild-type and rAAV2 genome-containing particle titer differences, we wanted to determine

if co-production of wild-type and rAAV2 influenced the titer of either construct, i.e. if wild-type

AAV2maintained a production advantage when produced in the same cells as rAAV2. To this end

we set up co-transfections of wild-type AAV2-ITR and rAAV2-ITR plasmids and measured titers

using orthogonal qPCR probes (Figure 2.3A). Here, we tested four different rAAV2 genomes. Pre-

vious work from our lab demonstrated that production differences between AAV genomes are most

easily observed when small amounts of ITR plasmid are used for transfection85. As such, we used

relatively small amounts of ITR plasmid (5 x 109 plasmid molecules or approximately 30 ng of plas-

mid/well of 12-well plate). In the case of rAAV2 production, rep and cap genes must be supplied

in trans to the ITR plasmid to enable particle production. Wild-type AAV2 production was also

performed both with and without rep and cap supplied in trans via a pRepCap plasmid.

Wild-type AAV2 was produced as expected, and addition of pRepCap plasmid to wild-type

transfections had little effect on wild-type AAV2 titer (Figure 2.3B). Transfection of rAAV2-ITR

and pRepCap plasmids, however, resulted in little to no virus production, likely because of the rela-

tively small amounts of plasmid used for transfection. Interestingly, co-production of wild-type and

rAAV2 enhanced rAAV2 titer. In the co-transfection conditions, wild-type and rAAV titers were

comparable. These data indicate that the wild-type AAV2-ITR plasmids facilitated virus production

when pRepCap plasmids did not and are similar to results reported by Song et al.104. These results

can be explained in multiple ways. Firstly, it is possible that wild-type AAV2-ITR and pRepCap

plasmids result in different Rep and VP expression levels and/or kinetics. The amount or timing
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of AAV protein expression off of the wild-type AAV2-ITR plasmid may be more optimal for AAV

production. Secondly, AAV2 genome replication is localized to specific foci within the nucleus125.

While the pRepCap plasmid provides all the components necessary for rAAV2 production, they

likely do not co-localize with replicating, ITR-containing genomes. Cis-acting sequences within the

replicating wild-type AAV2 genome may interact with host cell factors and recruit them to centers

of AAV genome replication in ways that the pRepCap plasmid cannot.

2.1.4 Changes in wild-type AAV2 titer on synonymous recoding are

correlatedwith changes in protein expression

To probe for potential cis-acting sequences in the wild-type AAV2 genome that affect genome-

containing particle production, we synonymously recoded segments of the genome. We started

by dividing the genome into three segments, the rep gene, the 5’ region of the cap gene containing

the overlapping assembly-activating protein (AAP) and membrane-associated accessory protein

(MAAP) reading frames, and the 3’ end of the cap gene containing only the VP3 coding region. For

each of these regions we generated at least four recoded sequences, two that were codon shuffled and

two that were “maximally” recoded. Briefly, the codon shuffling method preserved codon abun-

dance across the recoded segment while maximal recoding forced a codon change wherever possible.

In both cases, we avoided introducing changes into annotated promoters and splice sites. Our aim

was to introduce as many nucleotide changes as possible while preserving protein expression so that

we could look specifically at the effect of DNA sequence changes on wild-type AAV2 production.

For the 5’ region of the cap gene containing the overlapping AAP andMAAP reading frames, we

did not preserve the amino acid sequence of AAP orMAAP and supplied these coding sequences in

trans.

We transfected synonymously recoded variants into HEK293T cells and determined DNase-

resistant particle titers three days post-transfection. We ranWestern blots against both the Rep pro-
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Figure 2.3: Co‐production of wild‐type and rAAV2. Co‐transfection of wild‐type and rAAV2‐encoding plasmids en‐
hances rAAV2 titer. (A) Schematic of experimental workflow. (B) DNase‐resistant particle titers determined by qPCR.
Data is the average of three separate transfections and is reported as percentage of the wild‐type AAV2 titer from
individual transfections without pRepCap.
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teins and VPs to determine if protein expression was perturbed. As shown in Figure 2.4A, codon

shuffling of the rep gene and all recodings of the VP3 coding region preserved Rep and VP expres-

sion. For all of these constructs, DNase-resistant particle titer was equivalent to, or even slightly

higher than, wild-type, indicating that no cis-acting sequnces affecting production are present in

these regions. Reductions in titer were only observed when protein expression was also perturbed,

as in the case of the repmaximally recoded variants and all 5’ cap recoded variants. Complementa-

tion of 5’-cap recoded variants with AAP andMAAP in trans did not improve VP expression or

titer to wild-type levels. Since reductions in titer were only observed when protein expression was

also perturbed, we were unable to identify any cis-acting signals within the wild-type AAV2 genome

that facilitate genome-containing particle production. However, given that the rep gene and 3’ end

of the cap gene could be recoded without affecting production, it is unlikely that these regions con-

tain any sort of cis-acting nucleotide sequences that affect production.

2.1.5 Synonymous recoding of SaCas9 transgene affects both AAV2 titer

and protein expression

As an orthogonal approach to understand the AAV genome sequence-production relationship and

motivated by the observation that different rAAV2 transgenes yielded different titers, we synony-

mously recoded a transgene and measured the effect of these changes on rAAV2 production. We

generated two maximally recoded SaCas9 variants and first transfected them into HEK293T cells

using small amounts of rAAV2-SaCas9-ITR plasmids. Under these conditions, approximately 10-

fold increases in genome-containing particle titer were observed with the maximally recoded rAAV2-

SaCas9-ITR constructs (Figure 2.5A). Notably, however, maximal synonymous recoding reduced

SaCas9 expression in the producer cells (Figure 2.5B). These results suggest that synonymous re-

coding can be used to improve rAAV2 production, but there may be a tradeoff between enhanced

rAAV2 production and protein expression.
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Figure 2.4: Synonymous recoding affects DNase‐resistant particle titer through changes in protein expression. (A) Effect
of codon shuffling and maximal synonymous recoding of rep (left), 5’ region of cap (middle), and VP3‐coding region of
cap (right) on Rep and VP expression. (B) Effect of codon shuffling and maximal recoding of rep (left), 5’ region of cap
(middle), and VP3‐coding region of cap (right) on DNase‐resistant particle titers. AAP/MAAP*: control construct with
wild‐type nucleotide sequence but with premature stop codon in AAP reading frame and mutations of MAAP start
codon. a, b, c, and d refer to unique recoded sequences.
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Previous work has shown that protein overexpression can reduce rAAV2 production47. To ex-

clude the possibility that the increase in rAAV2 genome-containing particle titer we observed was

due solely to reductions in SaCas9 expression, we measured the effect of SaCas9 overexpression on

the production of rAAV2 with unrelated genomes (Figure 2.5C). We produced rAAV2 containing

either a luciferase or mKate transgene in the presence of: a pCMV-SaCas9 plasmid, a pCMV-LacZ

plasmid, or a SaCas9 plasmid lacking a promoter. The titers of both rAAV2 vectors were similar

under all three conditions, indicating that overexpression of this SaCas9 construct does not reduce

rAAV2 titer and was not responsible for the increases in rAAV2 titer observed with the maximally

recoded rAAV2-SaCas9-ITR constructs. When comparing wild-type to rAAV2 titers, we observe

smaller differences when more ITR plasmid is used for transfection. As such, we repeated the above

rAAV2-SaCas9 production experiment using larger amounts of rAAV2-SaCas9-ITR plasmid and

purifying the resulting viral particles. Under these more typical triple plasmid transfection condi-

tions, we observed approximately 2-fold differences in genome-containing particle titer between

wild-type and maximally recoded SaCas9 sequences.
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2.2 Discussion

Since the discovery of AAV over fifty years ago, much effort has been dedicated to engineering AAV

capsids to enhance tissue-specific transduction. As this work comes to fruition and more rAAV

therapies gain approval, there is an increasing demand to improve rAAVmanufacturing processes

to meet patient needs. Here, we focus on the effect of encapsidated sequence on AAV production.

Our goal is to identify methods of enhancing rAAV2 production without requiring modification

to the capsid, enabling use of the capsid best-suited for transduction of the target tissue. Our focus

on rAAV transgene sequences, or encapsidated sequence, is motivated by previous reports that there

are approximately 100-fold differences in titer between wild-type and rAAV2 produced with the

same capsid45,138. First, we confirmed that wild-type AAV2 indeed has a production advantage over

rAAV2, ranging from 2-to-10-fold. This is in line with a recent report from Song et al. that observed

wild-type AAV2 titers that were 2.5-to-10.7-fold higher than rAAV2 titers104. Notably, while we

used rAAV2 constructs containing the p5 promoter and the same length as wild-type AAV2, Song

et al. investigated rAAV2 constructs with heterologous promoters and of different lengths. Taken

together, these results indicate that wild-type AAV2 does have a production advantage over rAAV2,

but the difference is smaller than initially reported. Additionally, titer differences are seemingly in-

dependent of genome length or promoter identity.

Previous work indicated that wild-type AAV2 production not only resulted in higher genome-

containing particle titer but also in higher transducing particle titers138. Additionally, it has been

shown that genome length affects genome release in vitro54. We measured the relative transduction

efficiency of wild-type and rAAV2 cells, accounting for promoter strength and rep and cap expres-

sion. While differences in mRNA levels between rAAV2 constructs were observed, wild-type AAV2

transduction resulted in comparable expression to a rAAV2-mKate construct. These results indicate

that wild-type AAV2 does not have universally higher transduction efficiency than rAAV2. We did,
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Figure 2.5 (following page): Maximal synonymous recoding of a SaCas9 transgene affects rAAV titer and SaCas9 ex‐
pression. (A) DNase‐resistant particle titers for wild‐type and two maximally recoded rAAV2‐SaCas9 constructs. Viral
production was performed using small amounts of ITR plasmids. (B) SaCas9 expression in HEK293T rAAV2 producer
cells. (C) SaCas9 overexpression does not reduce rAAV2 titer. rAAV2 containing either a p5‐Luc2 or a p5‐mKate‐intron
genome were produced in the presence of a pCMV‐LacZ plasmid, a pCMV‐SaCas9 plasmid, or an SaCas9 plasmid lack‐
ing a promoter. (D) Genome‐containing particle titers for wild‐type and two maximally recoded rAAV2‐SaCas9 con‐
structs. Each rAAV2 construct was transfected and purified in duplicate, using larger amounts of ITR plasmid than in
(A). Asterisks indicate statistics for comparison of wild‐type SaCas9‐b titer and the titer of the relevant recoded variant
(Welch’s t‐test). **p < 0.01, ***p<0.001
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Figure 2.5: (continued)
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however, observe differences in mRNA levels across different rAAV2 vectors, which all used the

p5 promoter. Further experiments demonstrated that the differences in p5 transcript abundance

were likely not due to differences in genome release or genome replication. These differences may

be caused by differences in transcription of rAAV2 transgenes, but more work is needed to pinpoint

the exact cause of differences in rAAV2 transcript abundance.

Interestingly, relative p5 transcript levels differed when transgenes were supplied on plasmids and

when transgenes were supplied in rAAV2 vectors. Other groups have recently identified a role for

the AAV capsid in regulating the epigenetic status and subsequent transcription of transgenes41.

It has also been demonstrated that the effect of capsid mutations on transgene expression can be

promoter-specific10. Our data indicate that the transgene sequences, not just the promoter se-

quence, may also play a role in capsid-mediated transcription regulation. Future work may uncover

the mechanisms of transgene-specific differences in mRNA abundance and, hopefully, identify

generalizable rules for rAAV transgene sequence design.

While wild-type AAV2 does not have enhanced transduction relative to rAAV2 vectors, wild-type

AAV2 does have a consistent production advantage over rAAV2 vectors. Interestingly, we and oth-

ers also report that co-production of wild-type and rAAV2 results in an equalization of wild-type

and rAAV2 titers104. While additional work is needed to determine the exact mechanism of this titer

enhancement, the observation that wild-type and rAAV2 co-production enhanced rAAV2 titer in-

dicates that sequence-based enhancement of rAAV2 production is possible. There are a few possible

explanations for the observed rAAV2 titer improvements. Firstly, it is possible that expression of rep

and cap from the ITR plasmid enables optimal timing of protein expression. Secondly, cis-acting

signals within the wild-type AAV2 genome may recruit host cell factors to the site of genome repli-

cation and packaging. ITRmediated recombination of wild-type and rAAV2 genomes could also

enable these sequences to act in cis.

Previous studies suggested that the ITRs, in enabling genome replication and through their
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enhancer activity, regulate rep and cap expression to facilitate particle formation15,38. Wild-type

AAV2-ITR plasmids may enhance rAAV2 titer by enabling optimal timing and levels of Rep and

VP expression. Notably, co-transfection of wild-type AAV2-ITR and rAAV2-ITR plasmids en-

hanced rAAV titer both with and without pRepCap plasmid present. Even with a proportion of

Rep and VP protein being expressed off a plasmid lacking ITRs, wild-type AAV2-ITR co-transfection

improved rAAV2 titer. This suggests that the timing of Rep and VP expression may not be the sole

or primary driver of rAAV2 titer enhancements, but direct measurement of Rep and VP levels un-

der different conditions is needed to confirm this.

A second explanation for rAAV2 titer increases on wild-type AAV2 co-production is that the

wild-type AAV2 genome contains cis-acting sequences that facilitate genome replication and/or

packaging. We attempted to identify cis-acting sequences important for AAV production by syn-

onymously recoding the wild-type AAV2 genome. Our experiments do not provide evidence for

cis-acting sequences in the wild-type AAV2 genome. However, we cannot rule out the existence of

cis-acting signals in the 3’ region of the cap gene, which we were not able to recode without perturb-

ing protein expression, or in the promoter sequences within the rep gene, which we did not recode.

The observation that wild-type AAV2-ITR plasmids increase rAAV2 titer in trans raises the possi-

bility that rAAV2 titer enhancement may be driven by wild-type AAV2-mediated co-localization of

host cell proteins to sites of particle production. It is possible that host cell proteins interact with

sequences within the wild-type AAV2 genome and facilitate some aspect of genome-containing par-

ticle production. AAV2 genome replication is localized to the nucleoplasm while genome packaging

appears to be localized to the nucleolus125. The recruitment of host cell factors to the site of AAV

replication and packaging could explain the rAAV2 titer improvements observed on co-transfection.

Conversely, the ITRs are known to facilitate intermolecular recombination of AAV genomes84,133.

Another possible explanation for the enhancement of rAAV2 titer by co-production with wild-type

AAV2 is that ITR-mediated recombination results in the inclusion of portions of the wild-type
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AAV2 genome in rAAV2 constructs and these wild-type AAV2-derived sequences enhance the repli-

cation and/or encapsidation of rAAV2 sequences in cis. Long-read sequencing of AAV genomes

isolated from co-transfected cells and the resulting viral particles could be used to determine if re-

combination is occurring between wild-type AAV2 and rAAV2 plasmids and if certain regions of

the genome are over represented in viral particles as compared to the co-transfected cells. Other

groups are working to identify host cell proteins that interact with the ITRs during production71.

It will be interesting to expand these techniques to probe host cell protein interactions along the full

length of the wild-type AAV2 genome.

As an orthogonal approach to understanding the genome sequence-AAV production relation-

ship, we also synonymously recoded a rAAV2 transgene. We observed that synonymous recoding

of a SaCas9-rAAV2 genome can increase genome-containing particle titers. Here, we explored only

a small number of recoded sequences. Exploration of additional sequences or inclusion of specific

functional nucleotide motifs may enable more robust improvements in rAAV2 titer. Recently,

groups have reported deep-learning-enabled codon optimization methods to enhance tissue-specific

rAAV transduction92. It will be interesting to determine if these models can be expanded to incor-

porate rAAV production data and enable increases in rAAV titer.

In conclusion, we have confirmed the importance of encapsidated sequence for rAAV produc-

tion and transduction. We showed that wild-type AAV2 has a production but not a transduction

advantage over rAAV2. We also report that differences in transduction between rAAV2 vectors may

be driven by differences in transgene transcription, possibly mediated by interactions with the cap-

sids. Finally, we demonstrate that synonymous recoding can be used to alter rAAV2 production;

future work may expand on these results, providing further insight into the mechanisms at play and

identifying generalizable rules for rAAV transgene design to optimize production.
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2.3 Materials andMethods

2.3.1 Iodixanol purification of AAV particles

Two days prior to transfection, HEK293T cells were seeded in five-layer cell culture multi-flasks

(Corning 353144) at 8 x 107 cells/flask. We transfected HEK293T cells using PEI. Replicate trans-

fections were performed in separate cell stacks. All transfections included pHelper (25 ug), pRep-

Cap (12.5 ug) and the indicated ITR plasmid (12.5 ug). We changed the media at the time of trans-

fection and added 62.5 mL fresh complete media three days post-transfection. Six days post-transfection,

NaCl was added to a final concentration of 0.5 M and samples were incubated at 37°C for 3 hours

to detach and lyse cells. Samples were transferred to fresh 500 mL bottles and incubated at 4°C

overnight. The following day any precipitate was removed by pipetting and the remaining volume

was passed through a sterile 0.22 um PES filter. PEG-8000 was added to a final concentration of

8% and samples were again incubated at 4°C overnight. The following day, we centrifuged sam-

ples at 3000 x g for 20 minutes to pellet the PEG-precipitated virus. Supernatants were discarded

and pellets resuspended in 8 mL of DPBS. We then digested samples with a 1:10,000 dilution ben-

zonase (Millipore Sigma 1.101695.0001) at 37°C for 45 minutes and subjected them to iodixanol

gradient ultracentrifugation as previously described85,140. Briefly, benzonase-treated samples were

underlaid with an iodixanol gradient (Millipore Sigma D1556) in polypropylene tubes (Beckman

Coulter, 362183) and centrifuged at 242,000 x g for 1 hour at 16°C in a VTi50 rotor. Follow-

ing ultracentrifugation, 500 uL fractions were collected from the 40% iodixanol layer and buffer-

exchanged into DPBS using 100 kDa molecular weight cutoff centrifugal filter units (Millipore

Sigma UFC910024). Genome-containing particle titers were determined by qPCR as described

above. Capsid titers were determined via capsid ELISA (Progen PRATV) according to the manu-

facturer’s protocol. Transfections, affinity purifications, and titer determinations were performed in

duplicate.
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2.3.2 In vitro genome release assay to measure AAV thermostability

Wemeasured in vitro genome release using a fluorometric assay as previously described54. For each

reaction, 1 x 1010 viral genomes were mixed with 1X SYBRGold (Thermo Fisher, S11494) in DPBS

(no calcium, no magnesium). Samples were heated from 25°C to 95°C in 2°C increments and fluo-

rescent signal was measured after a 5 minutes incubation at each temperature. Pre-heated controls

were also included. All AAV preps were assayed in triplicate.

2.3.3 Transduction of HeLaRC32 cells, RNA extraction and RT-qPCR

Prior to transduction, the genome-containing particle and capsid titers of iodixanol-purified rAAV2

and wild-type AAV2 preps were normalized by spiking in empty capsids. The wild-type AAV2

preps used here contain a synonymously recoded region of the rep gene to enable discrimination

between transcripts expressed from these constructs and transcripts expressed from rep genes inte-

grated into the HeLaRC32 genome. Twenty-four hours prior to transduction, HeLaRC32 cells

were seeded in 6-well plates at 1 x 105 cells/well. Media was aspirated from the cells and replaced

with serum-free media containing adenovirus 5 (MOI = 10) and the indicated AAV preparation

(MOI = 100-10,000). Four hours later, the virus-containing media was replaced with fresh complete

media. Twenty-four hours post-transduction, RNAwas extracted using the RNeasy kit (Qiagen

74104) according to the manufacturer’s protocol. On column DNase digests were performed dur-

ing RNA extraction. RNA quality was confirmed via agarose gel and reverse transcription was per-

formed with the Maxima First Strand Synthesis cDNAKit (Thermo Fisher, K1641). We performed

qPCR as described above to quantify p5 transcript levels. P5 transcript levels in wild-type AAV2

transductions were determined using primers and probes that specifically recognize the recoded re-

gion of rep. The forward primer had the sequence: 5’-GAACATCTGCCAGGCATTAG-3’, the

reverse primer had the sequence: 5’-ATTCTTTCGTGAATTGGGTGGCAGA-3’, and the probe
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had the sequence: 5’-HEX-GTCCGGGGG-ZEN-AAGCTCCCACT-3IABkFQ-3’. p5 transcript

levels were normalized to GAPDH abundance. To quantify GAPDH abundance we used a for-

ward primer with the sequence: 5’-ACCACAGTCCATGCCATCAC-3’ and a reverse primer with

the sequence : 5’-TCCACCACCCTGTTGCTGTA-3’. The same primers were used to amplify

GAPDH from the cDNA pool for use as a standard curve.

2.3.4 Transfection of HeLaRC32 cells

Twenty-four hours prior to transfection, HeLaRC32 cells were seeded in 6-well plates at 1 x 105

cells/well. Cells were transfected with 500 ng of the indicated ITR plasmids via PEI. Six hours post-

transfection, serum-containing media was aspirated, cells were washed with DPBS, and serum-free

media containing adenovirus 5 (MOI = 10) was added. Four hours post-transduction, Adenovirus

5-containing media was replaced with fresh complete media. Cells were harvested and RNAwas

extracted and quantified 24 hours post-transfection as described above.

2.3.5 Isolation and quantification of total intracellular DNA

Twenty-four hours prior to transduction, HeLaRC32 cells were seeded in 12-well plates at 3 x 104

cells/well. AAV and Ad5 co-transductions were performed as described above using the sameMOI.

Twenty-four hours post-transduction, we removed the media from the cells, washed with DPBS,

and added 100 uL of DNA extraction buffer [1 mMTris-HCl (pH 8), 1 mM EDTA, 0.001% SDS,

0.062% Deoxycholate, 0.45% Tween, 0.2 mg/mL Proteinase K] per well. Samples were mixed thor-

oughly by pipetting, transferred to 96-well PCR plates, and incubated at 37°C for 1 hour, 55°C for

2 hours, and 95°C for 30 minutes. 2 uL of each sample were used directly in qPCR. To quantify

total intracellular DNA abundance, we used primers and a probe that bound to the p5 promoter.

The sequence of the forward primer was 5’-CAGAGAGGGAGTGGCCAACT-3’, the sequence of
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the reverse primer was 5’-TACCCAGCGTGACCACATGG-3’, and the sequence of the probe was

5’-HEX-TGGAGGGGT-ZEN-GGAGTCGTGACGTGAA-3IABkFQ-3’.

2.3.6 Determination of DNase-resistant particle titers by qPCR

All transfections were performed in triplicate. HEK293T cells were cultured in DMEM supple-

mented with 10% FBS. 24 hours prior to transfection, we seeded HEK293T cells at 2.5 x 105 cells/well

in 12-well plates. ITR plasmids (5 x 109 plasmid molecules/well, 30 ng/well) were transfected

along with pRepCap (5 x 109 plasmid molecules/well, 40 ng/well) and pHelper (2 x 1010 plasmid

molecules/well, 240 ng/well) plasmids via polyethylenimine (PEI). Three days post-transfection,

we lysed cells by 3X freeze-thaw. Samples were then clarified by centrifugation at 15,000 x g for 5

minutes. 5 uL of supernatant were subjected to DNase digest (ThermoFisher, EN0521) at 37°C

for 30 minutes followed by heat inactivation at 65°C for 10 minutes. We then incubated samples

at 98°C for 10 minutes to denature the capsids and measured DNase-resistant particle titers with

qPCR (IDT PrimeTime Gene ExpressionMaster Mix). To titer wild-type AAV2, primers and a

probe binding to either the 5’ region of the rep gene or to the cap gene were used. The sequence of

the forward rep primer was: 5’-GAGCATCTGCCCGGCATTTC-3’, the sequence of the reverse

rep primer was: 5’-ATCTGGCGGCAACTCCCATT-3’, and the sequence of the rep probe was

5’-HEX-ACAGCTTTG-ZEN-TGAACTGGGTGGCCGA-3IABkFQ-3’ (IDT). The sequence of

the forward cap primer was: 5’-CAGACCATGCCTGGAAGAACG-3’, the sequence of the reverse

cap primer was: 5’-GCTCAGAGAAAACAAATGTGGAC-3’, and the sequence of the cap probe

was 5’-HEX-CAGGACAAC-ZEN-CAATCCCGTGGCTA-3IABkFQ-3’ (IDT). To titer rAAV2,

primers and probes binding to either EGFP, luciferase, or the WPRE3 element were used.The se-

quence of the forward EGFP primer was: 5’-GAACCGCATCGAGCTGAA-3’, the sequence of

the reverse EGFP primer was: 5’-TGCTTGTCGGCCATGATATAG-3’, and the sequence of the

EGFP probe was: 5’-FAM-ATCGACTTC-ZEN-AAGGAGGACGGCAAC-3IABKFQ-3’ (IDT).
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The sequence of the luciferase forward primer was: 5’-CATGTACCGCTTCGAGGAG-3’, the se-

quence of the luciferase reverse primer was: 5’-GAAGCTAAATAGTGTGGGCACC-3’, and the

sequence of the luciferase probe was: 5’-FAM-CTTGCGCAG-ZEN-CTTGCAAGACTATAAGATTC-

3IABKFQ-3’ (IDT). The sequence of the WPRE3 forward primer was:

5’-GCTTTAATGCCTTTGTATCATGCTAT-3’, the sequence of the WPRE3 reverse primer

was: 5’-GCCGTGGCAAGAACTAACCA-3’, and the sequence of the WPRE3 probe was:

5’-FAM-CTTCCCGTA-ZEN-TGGCTTTCATTTTCTCCTCC-3IABkFQ-3’ (IDT).

2.3.7 Synonymous recoding of wild-type AAV2 and SaCas9

The wild-type AAV2 genome was divided into three segments, the rep gene, the 3’ region of the cap

gene, and the VP3-coding region of the cap gene. Each of these three segments was synonymously

recoded separately. The goal of synonymous recoding was to alter the nucleotide sequence as much

as possible without altering protein expression. To accomplish this, synonymous recoding was per-

formed in two ways: via codon shuffling to preserve codon abundance across the recoded region

and viamaximal recoding, in which synonymous codon changes were made wherever possible. Syn-

onymous recoding was implemented in Python. Briefly, for each region, a table was generated con-

taining each amino acid and a list of all the codons used to code for that amino acid throughout the

region to be recoded. Codon shuffling was performed by iterating over the amino acid sequence of

a given region and randomly selecting a codon from that list. Maximal recoding was performed by

iterating over the amino acid sequence and forcing a change to a synonymous codon. Codon abun-

dance was not preserved in maximally recoded sequences. This resulted in changes to all codons

except for methionine and tryptophan, which are coded for by only a single codon.

Following generation of a recoded sequence, we calculated the CpG and TpA dinucleotide abun-

dances, the mean free energy (MFE) of the predicted RNA secondary structure (ViennaRNA),

the Hamming distance of that sequence from the input wild-type sequence, and codon pair bias
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(CPB)52,68.We aimed to design recoded sequences that had minimal changes to these parameters

as they have all been shown to affect protein expression. CpG-specific methyltransferase and de-

mainases can result in the generation of C→Tmutations within CpG dinucleotides118. Addition-

ally, unmethylated CpGs are recognized by toll-like receptor 949. TpA dinucleotides are the most

energetically unstable dinucleotides and are often found in regions where DNA is bent and un-

wound; depletion of TpAs may alter regulatory factor binding63. Additionally, UpA dinucleotides

are preferential targets for ribonucleases and so may reduce mRNA stability63. TheMFE of the pre-

dicted RNA secondary structure is also a predictor of mRNA stability. Finally, CPB is a measure of

the proportion of overrepresented codon pairs within a given sequence and is calculated from codon

pair score (CPS)28.

CPS = ln(
F(AB)

F(A)xF(B)
F(X)xF(Y)xF(XY)

)

Where F(A) is the frequency of codon A, F(B) is the frequency of codon B, F(AB) is the fre-

quency of codon pair AB, F(X) is the frequency of the amino acid coded for by codon A, F(Y) is

the frequency of the amino acid coded for by codon B, and F(XY) is the frequency of the amino

acid pair XY in the human genome. CPB is the mean of the CPS for all codon pairs in a given open

reading frame.

CPB =
k∑

i=1

CPSi
k− 1

Given the importance of these parameters for regulatory factor binding, mRNA stability, and

protein expression, we sought to limit changes to them in the synonymously recoded sequences.

Multiple codon shuffled and maximally recoded sequences were randomly generated as described

above. Sequences were selected for synthesis and assay based on the similarity of their dinucleotide
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abundances, RNAMFE, and codon pair bias to the input wild-type sequence.

For synonymous recoding of the 5’ region of the cap gene we also had to consider the effect of VP

recoding on AAP andMAAP, which are expressed from frameshifted open reading frames within

the cap gene. If we maintained the amino acid sequences of VP3, AAP, andMAAP, very few nu-

cleotide changes could be introduced. Instead we chose to prevent expression of AAP andMAAP

from the recoded cap gene by mutating the MAAP start codon and introducing a premature stop

codon into the AAP frame. Both of these mutations were previously shown to ablate MAAP and

AAP expression and correspond to synonymous changes in the VP frame72,85. When using these re-

coded variants to produce AAV, we carried out transfections with and without wild-type AAP and

MAAP supplied in trans.

The above approach was also used for SaCas9 recoding. Here, the entire SaCas9 open reading

frame was treated as a single region.

2.3.8 Western blot analysis of VP and Rep protein levels

Following transfection, media was aspirated from cell culture plates and cells were washed with

DPBS. We then lysed cells with 50 uL of lysis buffer per well (6-well plates). The lysis buffer con-

tained: 10 mMTris-HCl (pH 8), 150 mMNaCl, 1% Triton X-100, and cOmplete mini protease in-

hibitor (1 tablet/10 mL lysis buffer). Lysates were transferred to fresh 1.5 mL tubes and centrifuged

at 15,000 x g for 5 minutes to clarify. Total protein concentrations were determined by Bradford

assay (Thermo Scientific Pierce Coomassie Bradford Protein Assay Kit). We loaded 75 ug of total

protein from each sample on 4-12% Bis-Tris gels (ThermoFisher) and ran the gels for 45 minutes at

140V. We then transferred the proteins to PVDFmembranes (ThermoFisher). Membranes were

blocked with 5% milk in PBST for 1 hour at 4°C. Blots were then incubated with a 1:250 dilution

of B1 anti-VP antibody or a 1:100 dilution of anti-Rep 303.9 antibody (both American Research

Products) in blocking buffer overnight. Both primary antibody mixtures also included a 1:20,000
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dilution of anti-�-actin antibody (Abcam, ab8227). The following day, blots were washed 3X with

PBST and incubated with secondary antibodies for 1 hour in blocking buffer with 0.01% SDS. Goat

anti-mouse IRDye 800CW (LiCor 925-32210) and donkey anti-rabbit IRDye 680RD (LiCor 925-

68073) secondary antibodies were used. Blots were washed 3X with PBST and 1X with PBS, and

the near-infrared fluorescence of the secondary antibodies was visualized using the Sapphire imager.
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Science is about knowing; engineering is about doing.

Henry Petroski

3
Conclusion

In this thesis, I examined the effect of both rep and transgene sequence variants on AAV production.

I began by assaying the effect of all single codon variants of AAV2 rep on AAV2 capsid production.

This work provides a useful data set, mapping the relationship between rep sequence and function.

I identified many functional rep sequences not observed in nature, highlighting the utility of this

comprehensive mutagenesis approach for the discovery of novel functional sequence diversity. I

also observed that beneficial substitutions clustered in the DNA-interacting regions of the Rep
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origin-binding domain. Further characterization of a subset of variants indicated that the effect

of rep variants on production is generally consistent across rAAV genomes, and additional library

experiments demonstrated that the effect of rep variants on production is also consistent across

capsid serotypes.

Notably, I observed that, generally, the effect of single codon rep variants on production was

smaller than the effect of previously characterized single codon cap variants85. The top-performing

rep variants identified here resulted in two-fold increases in viral genome titer. These titer improve-

ments were reproduced in small and large scale triple plasmid transfections with individual rep vari-

ants. For at least one variant, I demonstrated that improvements in viral genome titer were corre-

lated with improvements in transducing particle titer. However, the utility of this work could be

expanded by identifying rep variants that result in larger titer improvements. Separate from the work

discussed here, I contributed to efforts to develop algorithms to predict the fitness of capsid variants

containing tens of amino acid substitutions13. These algorithms used data from the cap comprehen-

sive mutagenesis library to predict the effect of multiple substitutions on AAV production. Future

work to apply these same algorithms to the rep comprehensive mutagenesis data may identify rep

variants with larger effects on rAAV titer. Additionally, further characterization of rAAV produced

with individual rep variants by analytical ultracentrifugation and/or cryo-electron microscopy could

provide more insight into the effect of rep variants on the proportion of full capsids, a key parame-

ter in rAAV production. Recent work from the Agbandje-McKenna lab identified rep hybrids that

increased the proportion of full capsids, mainly via changes to the origin-binding domain78. It re-

mains to be seen if any of the novel functional variants identified here affect the proportion of full

capsids.

In addition to generating a data set on the effect of rep variants on rAAV production, I have

also generated libraries that I hope will be useful tools for further investigation of rep biology. The

Rep proteins are involved not only in production of AAV particles but also in integration of AAV
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genomes into the host cell genome116. Purification and sequencing of genomic DNA could provide

insight into how rep variants affect genome integration. Additionally, alternative AAV production

systems, using stable cell lines and/or helper virus co-infection, are employed, and it will be interest-

ing to determine if rep variants affect production differently in these contexts114,59.

Concurrent with this work, there has been an explosion of protein structure prediction algo-

rithms, such as AlphaFold and, subsequently, amazing progress in both de novo protein design and

variant effect prediction61,4,22. These advances are already streamlining protein engineering efforts

and it will be interesting to see them applied to both the AAV capsid and Rep proteins. Advances

in protein design algorithms, however, do not completely eliminate the utility of comprehensive

mutagenesis libraries, like the one described here. Comprehensive mutagenesis is a useful tool not

only for protein engineering but also for investigation of viral biology. This work, other efforts

from our lab, and deep mutational scanning work from the Bloom lab have leveraged large, unbi-

ased libraries to uncover novel biology across a range of viruses, including AAV, SARS-CoV-2, and

influenza110,65. Furthermore, the function, or fitness, of many proteins represents an aggregate of

multiple characteristics and activities that may be hard to capture without empirical data. For exam-

ple, the Rep proteins effects on rAAV production are determined by a combination of expression

level, binding affinity to the ITRs, helicase activity, endonuclease activity, and binding affinity to the

capsid. Empirical measurement of complex protein activities may continue to be useful to comple-

ment protein design algorithms.

After investigating the effect of rep variants on AAV production, I shifted my attention to the

effect of transgene sequence variants on production. First, I confirmed previous reports that wild-

type AAV2 production results in higher genome-containing particle titers than rAAV2 production.

Wild-type AAV2 transduction, however, did not result in uniformly higher mRNA levels than

rAAV2 transduction. Interestingly, I observed that transgenes delivered in rAAV2 vectors had dif-

ferent relative expression levels than the same transgenes expressed off of plasmids. Other groups
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have identified a role for the capsid and capsid-promoter pairings in regulating the transcriptional

activity of rAAV transgenes41,10. My data suggest that transgene sequence, independent of pro-

moter identity, may also affect capsid-mediated transcriptional regulation. However, more work is

needed to better understand the sequence determinants of capsid-mediated transcriptional regula-

tion and to identify the specific mechanisms driving this regulation. Finally, I turned my attention

back to AAV production and demonstrated that synonymous recoding of a rAAV2 transgene can

be used to improve genome-containing particle titers, although there was a tradeoff between rAAV2

titer and transgene expression. Future work could assay additional recoded sequences and, poten-

tially, identify generalizable rules for rAAV transgene design.

The work presented here investigates the effect of two relatively understudied components of

rAAV vectors, the rep gene and transgene sequence, on rAAV production. I generated a compre-

hensive data set mapping the effect of rep variants on rAAV production, and I demonstrated that

non-coding nucleotide changes to transgene sequences can affect rAAV production. Taken to-

gether, these results provide insight into the AAV production process and lay the groundwork for

enhancement of large-scale gene therapy production.
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A
Supplemental Material for Chapter 1

A.1 Materials andMethods

A.1.1 Analysis of stop codons in alternate reading frames

At each codon position, the average fitness value for all variants that introduced a premature stop

codon into the +1 reading frame was determined. The average fitness value for all variants that did

not introduce a stop codon into the +1 frame but were synonymous in the Rep frame to those that
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did was also calculated. Ten amino acid rolling averages for the +1 stops and +1 non-stops were

calculated. These average fitness values were plotted and compared. The same procedure was used to

determine the effect of premature stop codons in the +2 reading frame.

A.1.2 Comparison of effects on synonymous and non-synonymous codons

on production fitness

For this analysis we used production fitness values (s’) calculated at the codon level. For each fitness

value, we calculated two mean centered fitness values. Positional mean centered fitness values were

calculated as:

fitnesspositional mean centered = (
s′codon

averages′amino acid position
)

Synonymous codon mean centered fitness values were calculated as:

fitnesssynonymous codon mean centered = (
s′codon

averages′synonymous codon variants
)

Methionine and tryptophan codons were excluded as these amino acids are coded for by only a

single codon. Mean centered fitness values for each codon variant were plotted versus amino acid

position.

A.1.3 Affinity purification of AAV2 capsids

We purified rAAV2 vectors produced with variant pRepCap plasmids with AVB Sepharose (Cytiva)

using a previously reported protocol, which we modified for use with gravity columns79. A 4.4 kb

inverted terminal repeat genome (pAAV-EF1a-FLuc-WPRE-HGHpA) was used. pRepCap plas-

mids and the pAAV-EF1a-FLuc-WPRE-HGHpA inverted terminal repeat plasmid were quantified

73



by qPCR as discussed above. HEK293T cells were harvested three days post-transfection and lysed

by 3X freeze-thaw. We then subject samples to benzonase digest as described above and centrifuged

samples at 6,000 x g for 30 minutes to pellet cell debris. Samples were then passed through 0.2 um

PES filters, diluted 1:1 with TD Buffer (DPBS, 1 mMMgCl2, 2.5 mL KCl), and incubated with 4

mL of AVB Sepharose slurry at 4°C overnight with shaking. The following day, we loaded the sam-

ples onto gravity columns, washed with 20 mL of 1X TD Buffer, and eluted samples with 5 mL 0.1

M glycine-HCl (pH 2.6). Eluates were immediately neutralized with 500 uL of 1MTris-HCl (pH

10). All elution fractions were pooled and buffer-exchanged as above and samples volumes were nor-

malized to 400 uL. rAAV viral genome titers were determined via qPCR using the same luciferase

primer and probe sequences discussed above. Total particle titers were determined via capsid ELISA

(Progen PRATV) according to the manufacturer’s protocol. Transfections, affinity purifications,

and titer determinations were performed in duplicate.

A.1.4 Determination of relative transduction efficiency

Twenty-four hours prior to transduction, we seeded HEK293T cells at 2 x 104 cells/well in opaque

white-bottom 96-well plates. Each rAAV prep was diluted 1:10,000 in serum-free media. 100 uL of

this dilution was added to each well of a 96-well plate. We performed eight transductions with each

rAAV prep. Forty-eight hours after transduction, we lysed the cells and measured luciferase activity

(Promega One-Glo EX Luciferase Assay System, E8110).

A.2 Supplemental Figures
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Figure A.1: Comprehensive mutagenesis library design and production assay results for WT AAV2 format library. (A)
Density plot of barcode counts in the WT AAV2 plasmid library. (B) Amino acid level production fitness values from
replicate transfections for the WT AAV2 library. Pearson R correlation coefficient calculated after log transformation. (C)
Density plot of wild‐type (black) and premature stop codon (gray) controls for the WT AAV2 library. *p < 10‐20 (Mann
Whitney U test)

Table A.1: Percent of expected variants sequenced in plasmid and viral libraries

pCMV-Rep78/68 WT AAV2
Plasmid Viral Plasmid Viral

Barcodes 99.8% 98.0% 98.3% 97.6%
Codon Variants 100% 99.9% 99.7% 99.7%
Amino Acid Variants 100% 100% 99.9% 99.9%
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Figure A.2: Effects of all single amino acid substitutions and deletions in Rep78, Rep68, Rep52, and Rep40 on AAV2
production. Amino‐acid level production fitness values from the WT AAV2 library production assay were calculated as
in Figure 1C by summing barcode counts for synonymous variants. Rectangles are colored by mutational effect on the
production of genome‐containing particles, with black indicating deleterious mutations and red indicating beneficial
mutations. Colored bars above the heatmaps indicate protein domains. Black: origin‐binding domain, light blue: helicase
domain, gray: nuclear localization signal, and navy blue: zinc‐finger domain. Black dots indicate wild‐type amino acid
identity.
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Figure A.3: Mutations to AAV2 rep have similar effects on AAV2 production in pCMV‐Rep78/68 and WT AAV2 format
libraries. (A) Production fitness values for library production assay with pCMV‐Rep78/68 and WT AAV2 format libraries,
Pearson R correlation coefficient calculated after log transformation, (B) DNase‐resistant particle titers for AAV2 capsids
produced with pCMV‐Rep78/68‐inverted terminal repeat or p5‐RepCap‐inverted terminal repeat plasmids containing
the indicated Rep substitutions. *p < 0.05, **p < 0.01 (Welch’s t test)
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Figure A.4: Comparison of Rep variant and wild‐type production fitness values. For each amino acid variant, mean pro‐
duction fitness values were calculated by averaging the production fitness values for all uniquely barcoded variants
coding for the relevant amino acid change. The mean production fitness value for each amino acid variant was com‐
pared to the mean production fitness value for the wild‐type controls using a t‐test. (A) Data for the WT AAV2 library.
(B) Data for the pCMV‐Rep78/68 library. The solid black line indicates the significance threshold after Bonferroni cor‐
rection. Data points are colored according to their position in Rep where “none” refers to variants that fall outside of an
annotated protein domain.
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Figure A.5: Average production fitness values from the pCMV‐Rep78/68 library production assay mapped onto (A) the
structure of the origin‐binding domain active site (PDB 5DCX) and (B) the structure of the helicase domain (PDB 1S9H).
H90, H92, and the active site nucleophile, Y156, are shown as sticks in (A). Residues are colored by mutability, with red
indicating higher mutability and black indicating lower mutability.
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Figure A.6: Codon level production fitness values for the pCMV‐Rep78/68 format library. Codon level production fit‐
ness values were calculated as in Figure 1C by summing counts for all barcodes corresponding to a given codon variant.
Rectangles are colored by mutational effect on the production of genome‐containing particles, with black indicating
deleterious mutations and red indicating beneficial mutations. Black dots indicate wild‐type codon identity.
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Figure A.7: Codon level production fitness values for the WT AAV2 format library. Codon level production fitness values
were calculated as in Figure 1C by summing counts for all barcodes corresponding to a given codon variant. Rectangles
are colored by mutational effect on the production of genome‐containing particles, with black indicating deleterious
mutations and red indicating beneficial mutations. Black dots indicate wild‐type codon identity.
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Figure A.8: The distribution of production fitness values is narrower for synonymous variants than for nonsynonymous
variants. (A) Positional mean centered fitness values for all codon variants in the WT AAV2 library and (B) Synonymous
codon mean centered fitness values for all codon variants in the WT AAV2 library. For each codon variant, positional
mean centered fitness values were calculated by normalizing to the average selection value of all codon variants at that
position. Synonymous mean centered fitness values were calculated by normalizing the fitness values of each codon
variant to the average fitness value of all its synonymous codons.
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Figure A.9 (following page): Inclusion of synonymous codon variants enables interrogation of nucleotide‐level effects.
Analysis of pCMV‐Rep78/68 variants with premature stop codons in +1 (A) and +2 (B) reading frames does not identify
any frameshifted open reading frames. Pink dots: average production fitness for mutations that introduce stop codons
into +1 or +2 frame, black dots: average production fitness for mutations synonymous to +1 or +2 stop codon muta‐
tions in Rep open reading frame, lines indicate 10 bp rolling averages. (C) Average production fitness at each nucleotide
position for variants that introduce the indicated nucleotide change in the pCMV‐Rep78/68 library, orange: T, blue, G,
green: C, red: A. (D) Average production fitness for variants that introduce the indicated nucleotide change in the WT
AAV2 library.
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Figure A.9: (continued)
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Figure A.10 (following page): Effect of single amino acid Rep substitutions on the genome‐containing particle titer, physi‐
cal particle titer, and relative transduction efficiency of affinity purified rAAV2. (A) Capsid (gray) and viral genome (black)
titers for pAAV‐EF1a‐FLuc‐WPRE‐HGHpA rAAV2 produced with the indicated Rep variant and affinity purified with
AVB Sepharose. For each variant, samples A and B represent replicate transfections and affinity purifications. (B) Rel‐
ative transduction efficiency of purified rAAV preps as measured by luciferase signal. Asterisks indicate significance of
difference between relevant prep and WT A prep. *p < 0.05, **p < 0.01, ***p < 0.001 (Welch’s t‐test)
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Figure A.10: (continued)

86



Figure A.11: Effects of all single amino acid substitutions and deletions in the Rep78/68 proteins on AAV5 capsid pro‐
duction. Amino acid level production fitness values from the pCMV‐Rep78/68 production assay were calculated as in
Figure 1C by summing barcode counts for synonymous mutations. Rectangles are colored by mutational effect on the
production of genome‐containing particles, with black indicating deleterious mutations and red indicating beneficial
mutations. Colored bars above the heatmaps indicate protein domains. Black: origin‐binding domain, light blue: helicase
domain, gray: nuclear localization signal, and navy blue: zinc‐finger domain. Black dots indicate wild‐type amino acid
identity.
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Figure A.12: Effects of all single amino acid substitutions and deletions in the Rep78/68 proteins on AAV9 capsid pro‐
duction. Amino acid level production fitness values from the pCMV‐Rep78/68 production assay were calculated as in
Figure 1C by summing barcode counts for synonymous mutations. Rectangles are colored by mutational effect on the
production of genome‐containing particles, with black indicating deleterious mutations and red indicating beneficial
mutations. Colored bars above the heatmaps indicate protein domains. Black: origin‐binding domain, light blue: helicase
domain, gray: nuclear localization signal, and navy blue: zinc‐finger domain. Black dots indicate wild‐type amino acid
identity.
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Figure A.13: Codon level production fitness values for the AAV5 capsid production assay. Codon level production fit‐
ness values were calculated as in Figure 1C by summing counts for all barcodes corresponding to a given codon variant.
Rectangles are colored by mutational effect on the production of genome‐containing particles, with black indicating
deleterious mutations and red indicating beneficial mutations. Black dots indicate wild‐type codon identity.
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Figure A.14: Codon level production fitness values for the AAV9 capsid production assay. Codon level production fit‐
ness values were calculated as in Figure 1C by summing counts for all barcodes corresponding to a given codon variant.
Rectangles are colored by mutational effect on the production of genome‐containing particles, with black indicating
deleterious mutations and red indicating beneficial mutations. Black dots indicate wild‐type codon identity.
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Figure A.15: DNase‐resistant particle titers for AAV2, AAV5, and AAV9 capsids produced individually with the indicated
Rep variants.
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