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Abstract 

Therapeutic gene transfer and genome editing require effective delivery of 

genetic cargo to target cells and tissues. Recombinant adeno-associated viral (AAV) 

vectors are a promising delivery platform, but ongoing clinical trials continue to 

highlight a relatively narrow therapeutic window. Efforts to optimize vector dosing or 

engineer improved vectors are confounded, at least in part, by diff erences in AAV 

biology across animal species. Here, we present a broadly applicable, cross-species 

evolution approach to tackle this challenge. Specifically, I iteratively cycled AAV 

libraries administered intravenously and amplified isolates from CNS tiss ue in pigs, 

mice, and non-human primates to generate cross-species compatible AAVs (ccAAVs). 

By sequentially evolving AAV libraries in three different species, we discover a highly 

potent variant (AAV.cc47) that demonstrates improved attributes benchmarked  against 

AAV serotype 9 (AAV9). Increased potency of AAV.cc47 is evidenced through robust 

reporter gene expression as well as Cre-mediated recombination and CRISPR/Cas9-

mediated genome editing in a fluorescent reporter mouse model. Enhanced transduction 

efficiency of AAV.cc47 vectors is further corroborated in macaques and pigs, providing 

a strong rationale for potential clinical translation into human gene therapies. Lastly, we 

report increased expression of a therapeutic acid alpha-glucosidase (GAA) transgene in 

a mouse model of Pompe disease and enhanced restoration of dystrophin through 
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CRISPR/Cas9 gene editing in the mdx mouse model of Duchenne Muscular Dystrophy 

using AAV.cc47 vectors.  

We discovered another cross-species compatible variant (AAV.cc84) with 

enhanced CNS transduction and de-targeted from the liver in vivo compared to AAV9. 

We demonstrate improved targeting of neurons in the brain following both systemic 

and intracerebroventricular (ICV) injection of reporter vectors in mice. Reporter gene  

expression and vector genome biodistribution reveal a  liver detargeted phenotype with 

AAV.cc84 compared to AAV9. Lastly, enhanced neuronal transduction was confirmed 

in the pig CNS following intrathecal infusion of AAV.cc84 reporter vectors. Taken 

together, we envision that ccAAV vectors can potentially improve predictive modeling 

in preclinical studies as well as clinical translatability by broadening the therapeutic 

window of AAV based gene therapies.  

  



 

 

vi  

Dedication 

To my parents Samantha and Richard Gonzalez 



 

 

vii  

Contents 

Abstract ......................................................................................................................................... iv  

List of Tables ................................................................................................................................. xi  

List of Figures .............................................................................................................................. xii  

Acknowledgements  .................................................................................................................... xv 

1. Introduction  ............................................................................................................................... 1 

1.1 AAV biology ...................................................................................................................... 1 

1.2 AAV lifecycle  .................................................................................................................... 4 

1.3 Natural AAV serotypes  ................................................................................................. 10 

1.4 Host receptors and AAV structural determinants  ..................................................... 14 

1.5 Species differences in tissue tropisms with natural AAVs ....................................... 21 

1.6 Development of AAV vectors for gene therapy ......................................................... 23 

1.7 Advent of CRISPR/Cas9 for systemic genome editing ............................................. 40 

1.8 Lessons learned from AAV clinical trials  .................................................................... 44 

1.9 Strategies to address AAV challenges from the clinic ............................................... 48 

2. Cross-species evolution of AAV variants I  .......................................................................... 73 

2.1 Introduction  ..................................................................................................................... 73 

2.2 Results .............................................................................................................................. 76 

2.2.1 Cross-species cycling of AAV libraries  .................................................................. 76 

2.2.2 AAV.cc47 is more potent than AAV9 vectors in normal mice. ........................... 85 

2.2.3 AAV.cc47 vectors demonstrate improved genome editing efficiency. .............. 94 



 

 

viii  

2.2.4 AAV.cc47 transduces NHP brain and heart at higher efficiency than AAV9. 100 

2.2.5 AAV.cc47 demonstrates increased GAA transgene expression in a mouse 

model of Pompe disease. ................................................................................................. 108 

2.2.6 AAV.cc47 mediated gene editing demonstrates improved dystrophin 

restoration in the mdx mouse model.  ............................................................................ 110 

2.3 Discussion ...................................................................................................................... 113 

2.4 Materials and Methods ................................................................................................ 119 

2.4.1 AAV plasmid libraries  ............................................................................................ 119 

2.4.2 AAV capsid library and recombinant vector production  .................................. 120 

2.4.3 Cross-species cycling of AAV capsid libraries  .................................................... 122 

2.4.4 High-throughput sequencing analysis and identification of newly evolved 

AAV strains  ....................................................................................................................... 122 

2.4.5 AAV packaging plasmid constructs ..................................................................... 124 

2.4.6 Mouse studies .......................................................................................................... 125 

2.4.7 Intravenous dosing in wild -type and reporter mice  .......................................... 125 

2.4.8 Intravenous dosing in disease mouse models ..................................................... 126 

2.4.9 Intracerebroventricular (ICV) dosing in wild -type neonatal mice ................... 127 

2.4.10 Pig evolution and dosing studies ........................................................................ 127 

2.4.11 Non-human primate evolution and dosing studies  ......................................... 128 

2.4.12 Histological processing and staining .................................................................. 128 

2.4.13 Histological quantification and analysis ............................................................ 132 

2.4.14 Determination of vector genome biodistribution by quantitative PCR  ......... 133 

2.4.15 Determination of AAV vector transcripts by quantitative RT -PCR ............... 133 



 

 

ix 

2.4.16 Taqman-based determination of Dmd exon 23 deletion by quantitative RT -

PCR ..................................................................................................................................... 134 

2.4.17 Acid alpha-glucosidase (GAA) activity assay ................................................... 134 

2.4.18 Determination of mCherry protein levels by ELISA  ........................................ 135 

2.4.19 Luciferase expression assay ................................................................................. 135 

2.4.20 AAV Neutralizing antibody a ssay ...................................................................... 136 

2.4.21 Statistical analysis .................................................................................................. 136 

3. Cross-species evolution of AAV variants II  ...................................................................... 136 

3.1 Introduction  ................................................................................................................... 137 

3.2 Results ............................................................................................................................ 140 

3.2.1 Pipeline for evolution and characterization of ccAAV vecto rs in the CNS .... 140 

3.2.2 AAV.cc84 is more CNS tropic and detargeted from the liver compared to 

AAV9 in normal mice.  ..................................................................................................... 146 

3.2.3 AAV.cc84 transduces pig brain at higher efficiency than AAV9 ..................... 150 

3.3 Discussion ...................................................................................................................... 154 

3.4 Materials and Methods ................................................................................................ 160 

3.4.1 AAV plasmid libraries and packaging plasmid constructs  ............................... 160 

3.4.2 AAV capsid library and recombinant vector production  .................................. 161 

3.4.3 Cross-species cycling of AAV capsid libraries  .................................................... 163 

3.4.4 High-throughput sequencing analysis and identification of newly evolved 

AAV strains  ....................................................................................................................... 163 

3.4.5 Mouse studies .......................................................................................................... 164 

3.4.6 Intravenous dosing in wild -type mice.................................................................. 165 



 

 

x 

3.4.7 Pig evolution and dosing studies .......................................................................... 165 

3.4.8 Intracerebroventricular (ICV) dosing in wild -type neonatal mice ................... 166 

3.4.9 Histological processing and staining .................................................................... 166 

3.4.10 Histological quantification and analysis ............................................................ 168 

3.4.11 Determination of vector genome biodistribution by quantitative PCR  ......... 169 

3.4.12 Determination of eGFP protein levels by SDS-PAGE and western blot 

analysis ............................................................................................................................... 169 

3.4.13 Statistical analysis .................................................................................................. 170 

4. Conclusion ............................................................................................................................. 171 

4.1 Overview ....................................................................................................................... 171 

4.2 Capsid optimization  ..................................................................................................... 174 

4.2.1 AAV.cc47 identified from AAV9 VR -IV capsid libraries  .................................. 174 

4.2.2 AAV.cc84 identified from AAV9 VR -VIII capsid libraries  ................................ 178 

4.2.3 Further engineering to add more properties to AAV capsids .......................... 182 

4.3 Cargo optimization ...................................................................................................... 185 

4.3.1 Gene therapy ............................................................................................................ 185 

4.3.2 Genome editing ....................................................................................................... 188 

4.3.3 RNA editing  ............................................................................................................. 191 

4.4 Concluding remarks ..................................................................................................... 192 

Appendix A ................................................................................................................................ 193 

References .................................................................................................................................. 195 

Biography  ................................................................................................................................... 221 



 

 

xi 

List of Tables 

Table 1: Overview of natural AAVs tropism and receptor usage.  ....................................... 15 

Table 2: AAV neuromuscular gene therapy clinical trials  .................................................... 28 

Table 3: High dose AAV toxicities reported in the clinic  ...................................................... 46 

Table 4: Directed evolution of AAV capsids (chronological)  ............................................... 57 

 

 



 

 

xii  

List of Figures 

Figure 1: AAV genome and capsid structure.  ........................................................................... 3 

Figure 2: The known receptor footprints of natural AAVs.  .................................................. 19 

Figure 3: Cross-species evolution of AAV capsid librarie s yields a dominant new variant.

 ....................................................................................................................................................... 77 

Figure 4: AAV9 VP3 monomer, trimer, and full capsid with 7 -mer in VR-IV highlighted 

in red. The models were generated using PyMOL. ............................................................... 79 

Figure 5: Next-generation sequencing (NGS) identifies AAV.cc47 as the top enriched 

AAV variant following three rounds of evolution in each animal species.  ........................ 80 

Figure 6: Analysis of enriched VR-IV amino acid motifs, vector manufacturability and 

AAVR -dependence ..................................................................................................................... 82 

Figure 7: Neutralizing antibody assay with serum from different species.  ....................... 84 

Figure 8: AAV.cc47 transduces mouse heart and skeletal muscle more efficiently than 

AAV9 following systemic administration.  .............................................................................. 86 

Figure 9: AAV.cc47 transduces mouse brain more efficiently than AAV9 following 

systemic administration.  ............................................................................................................ 87 

Figure 10: AAV.cc47 outperforms AAV9 in Cre recombination in Ai9 reporter mice at all 

tested doses following intravenous (IV) administration.  ...................................................... 89 

Figure 11: AAV.cc47 vector genome biodistribution is comparable to AAV9 at 4e11, 

4e12, and 4e13vg/kg in Ai9 mice. .............................................................................................. 90 

Figure 12: Other organ vector genome biodistribution following systemic administration 

of Cre recombinase at multiple doses in Ai9 mice. ................................................................ 91 

Figure 13: AAV.cc47 transduces Ai9 brain more effectively than AAV9.  .......................... 93 

Figure 14: Initial AAV -CRISPR strategies evaluated in Ai9 heart. ...................................... 96 

Figure 15: Systemic administration of AAV.cc47-CRISPR increases genome editing 

efficiencies in Ai9 mouse heart and skeletal muscle compared to AAV9. .......................... 98 



 

 

xiii  

Figure 16: Vector genome biodistribution from our lead AAV -CRISPR strategy ............. 99 

Figure 17: AAV.cc47 transduces non-human primate (NHP) brain and heart more 

effectively than AAV9 following intracisternal magna (ICM) infusion.  ........................... 102 

Figure 18: Quantification of mCherry DNA, RNA, and protein levels in NHP brain, 

heart, and liver following ICM infusion of AAV9 or AAV.cc47.  ....................................... 103 

Figure 19: Representative images from spinal cord and dorsal root ganglia (DRG) from 

NHPs infused ICM with AAV9 or AAV.cc47 vectors.  ........................................................ 105 

Figure 20: IntraCSF dosing of AAV.cc47 or AAV9 following intracerebroventricular 

(ICV) injection in mice.  ............................................................................................................. 106 

Figure 21: IntraCSF dosing of AAV.cc47 or AAV9 following intrathecal (IT) infusion in 

pigs. ............................................................................................................................................. 107 

Figure 22: Systemic administration of AAV.cc47 leads to increased Acid alpha-

glucosidase (GAA) expression in the Pompe mouse model compared to AAV9. .......... 109 

Figure 23: Systemic administration of AAV.cc47 leads to enhanced restoration of 

dystrophin through genome editing in mdx mice compared to AAV9.  ........................... 111 

Figure 24: Transgene expression levels and vector genome biodistribution of our lead 

self-complementary AAV -CRISPR strategy in mdx heart and tibialis anterior. ............. 112 

Figure 25: Overview of AAV evolution in the CNS and in vivo characteriza tion of lead 

variants. ...................................................................................................................................... 142 

Figure 26: AAV9 VP3 monomer, trimer, and full capsid with 7 -mer in VR-VIII 

highlighted in blue. The models were generated using PyMOL.  ...................................... 143 

Figure 27: Next-generation sequencing (NGS) of CNS tissues from mice and pigs 

identifies AAV.cc84 as the top enriched AAV variant.  ....................................................... 144 

Figure 28: The manufacturability of AAV.cc84 is comparable to AAV9 in adherent and 

suspension HEK293 systems. .................................................................................................. 145 

Figure 29: AAV.cc84 transduces the mouse brain, especially neurons, more efficiently 

than AAV9 fo llowing systemic administration.  ................................................................... 147 



 

 

xiv  

Figure 30: AAV.cc84 is detargeted from the female mouse liver compared to AAV9 

following systemic administration.  ........................................................................................ 149 

Figure 31. AAV.cc84 vector genome biodistribution in liver and brain of female C57/B6 

mice following IV dosing.  ........................................................................................................ 150 

Figure 32: AAV.cc84 transduces pig brain, especially neurons, more efficiently than 

AAV9 following intrathecal (IT) administration.  ................................................................. 152 

Figure 33: IntraCSF dosing of AAV.cc84 or AAV9 following intracerebroventricular 

(ICV) injection in mice.  ............................................................................................................. 153 

 

 



 

 

xv 

Acknowledgements 

This experience has been one of the most intense periods of my life. It would not 

have been possible without my support network that encouraged me when times were 

tough and celebrated the wins with m e along the way. Thank you Aravind Asokan for 

your mentorship and all the opportunities you put in front of my path throughout my 

PhD journey. I knew nothing about AAV, gene editing, or gene therapy when I first 

rotated in your lab. I am eternally grateful  that you decided to take the risk and allow 

me to join your lab. You have broadened my horizons more than I knew possible.  

My Fiancé, Norell Diego, provided me love and support  that I needed and really 

kept me going. You have made me a far better man and your unconditional support 

helped me more than you could ever realize. I am so ready to marry you and I am 

excited for what is to come for us! Lastly, a big thank you to o ur dogs, Kief and Mia,  

who showered me with love every day. The endless cuddles with both of our  dogs was 

therapeutic and I will always cherish each of them.  

I do not know if I would be in this position writing this document if it was not 

for my mother and father, Samantha and Richard Gonzalez. You stressed to me all of my 

life that education was important and that you wanted greater opportunities  for me then 

you all had. I hope I can repay you someday. For now, I am about to graduate from 

Duke University! Can you believe it!?!? I never thought in a million years I would  be 



 

 

xvi  

graduating wit h a PhD in Molecular Genetics and Microbiology. This would not have 

even been possible without the endless sacrifices made by each of you. I love you! Your 

frequent calls checking in on me really helped me more than you know .   

I would next like to thank a ll my coauthors who really helped me along the way 

in publishing my work. Kate Simon, Marco Fanous, Leo Blondel, Alan Rosales and 

Garth Devlin, how could I have completed all this work without you all? You each 

contributed to this work at some point along the way and I am eternally grateful for how 

you all helped enable this work. Patrick Havlik and Vicki Madigan, the old guard who 

helped me grow into the scientist I am today, thank you!! Lastly, Dr. Oyajobi your 

constant check-ins with me over the past 5 years all the way from Texas really were a 

lifeline throughout this process and I will always remember the type of mentorship you 

provided to me.  

In closing, thank you to my family, my fiancé, my colleagues, and my mentors. 

In one way or another you all im pacted me greatly and helped me get to this finish line. 

I will always remember your kindness and thoughtfulness and I will make sure to pay it 

forward as best as I can.  

 



 

 

1 

1. Introduction 

1.1 AAV biology 

AAV was originally discovered in 1965 as a contaminate in Adenovirus 

preparations [1]. Fast forward to 2022 and AAV has now moved to the forefront of gene 

delivery vehicles for  multi -organ gene transfer following systemic administration and 

has seen remarkable success in the clinic [2]. Adeno-associated virus (AAV) is a non-

pathogenic, helper-dependent DNA virus of the  Parvoviridae family.  It is a non-

enveloped virus that packages an ~4.7kb single-stranded DNA genome and measures 

approximately 25nm in diameter . Both the positive and minus strand genomes are 

packaged during assembly and both strands make infectious particles [3]. The genome 

consists of a replication (rep) and capsid (cap) gene in between two inverted -terminal 

repeat sequences (ITRs), which are the cis elements required for packaging and AAV 

replication  (Figure 1).  

The rep gene encodes four  proteins Rep78, Rep68, Rep52 and Rep40, from a 

single reading frame (Figure 1). Rep78/68 transcripts are transcribed off the p5 promoter 

upstream of rep and Rep52/40 transcripts are expressed off the p19 promoter located 

inside rep [4].  Rep68 and Rep40 are splice variants from Rep78 and Rep52, respectively. 

These four  proteins share a common 305 amino acid core that contains the 

helicase/ATPase domain and nuclear localization signals [5, 6]. The unique regions of 
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Rep78/68 contains DNA binding and endonuclease domains [7], and it is suggested that 

zinc finger domains are present in the unique region of Rep78/52 [8]. The Rep78/68 

proteins have been demonstrated to be essential for genome replication and binding to 

specific sequences and structures in the ITRS [9], while Rep52/40 proteins are essential 

for the packaging of genomes into capsids [10].  

The cap gene encodes a total of five  proteins across two  reading frames that are 

expressed off the p40 promoter located in rep [4]. The three structural proteins, VP1, 

VP2, and VP3 are encoded in a single reading frame and are translated from two 

alternatively spliced trans cripts (Figure 1). The VP1 transcript is encoded from the minor 

splice variant, while the VP2 and VP3 transcripts  are encoded from the major splice 

variant  [11]. The VP1 and VP2 proteins share a majority of sequence homology to VP3 

but differ in their N -terminal sequences which have been shown to be required for 

infection.   Specifically, the unique N -termini of VP1 and VP2 contain phospholipase A2 

activity  (VP1u mediated) and nuclear localization signals [12-14]. The assembly-

activating protein (AAP) and the most recently identified membrane associated 

accessory protein (MAAP)  are encoded in the +1 reading frame [15, 16]. The AAP and 

MAAP transcripts are generated from alternative start codons within cap and the 

proteins are responsible for viral assembly and egress, respectively [15, 17].  
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Figure 1: AAV genome and capsid structure.   

Capsid is colored based on radial distance from the center with blue representing 

residues closest to the shell, yellow being an intermediate distance, and red being 

fu rthest protruding residues from the center. The pentagon represents five -fold axis, 

the filled triangles represent the three-fold axis, and the oval represents the two -fold 

axis of symmetry. The larger unfilled triangle represents the viral asymmetric unit  

(ASU). The AAV genome was generated using BioRender and the AAV9 capsid 

model was generated using ChimeraX 1.4.  

 The AAV structural atlas , consisting of solved capsid structures for AAV1 -13 

[18], has recently been completed by the late Dr. Mavis Agbandje -McKenna from the 

University of Florida  [19]. Her laboratory has solved the structure of over 80% of the 13 

natural serotypes including the AAV9 capsid , which is a focus of this dissertation [20]. 

AAV capsids have a T=1 icosahedral symmetry and assemble via two-, three-, and five-

fold symmetry axes interactions  (Figure 1). The capsid shell consists of 60 monomers of 

VP1, VP2, and VP3 in a 1:1:10 ratio configuration. Capsid structures revealed to date 

through  either cryo-EM and image reconstruction or x-ray crystallography show that 
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only  C-terminal overlapping  VP3 is observed exteriorly  for all AAV serotypes.  Upon 

assembly, the capsid two-fold axis of symmetry is characterized by surface depressions, 

the three-fold is characterized by protrusions around the depressions, and the five-fold 

is characterized by cylindrical formations resembling  a capsid pore (Figure 1) [21]. 

Comparative analysis of known capsid structures reveals that each VP3 has a core of 

eight strands of antiparallel b-barrel motifs  that form the capsid shell  and an a-helix. 

Each strand of b-barrel is connected by a surface loop which is a structural variable 

region (VR) unique to individual serotypes or clades and helps shape the distinctive  

capsid surface architecture. A total of nine VRs have been identified, grouped into VR I -

IX, and are shown to function in AAV transduction, antibody specificity , cellular 

binding  and/or post entry trafficking  [22].  

1.2 AAV lifecycle 

Following the discovery of A AV in 1965, various groups embarked on 

understanding the varies aspects of the AAV lifecycle for approximately 20 years [23]. 

At which point AAV had been vectorized  [3, 24-28], first in human injections occurred  

approximately 10 years later in 1995 for cystic fibrosis [29], and around the year 2010 we 

see the beginning of the clinical trial boom [23]. Today, not many research groups are 

still conducting basic research of AAV, but a culmination of 55+ years of AAV research 

has created an overall roadmap for the AAV tr ansduction pathway in  a cell. Along the 
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way some parts of this pathway have been made clearer than others and remain points 

of interest for basic researchers [23, 30]. 

The first step in AAVs journey through the cell  is cellular binding. Glycosylated 

cell surface receptors are the primary attachment factors and some of the first 

interactions between the virus and cell  [31]. Upon recognition of the primary host 

receptor to the binding sites on the capsid, most known serotypes require secondary 

receptor interactions [32, 33]. These secondary interactions are normally required  for 

cellular internalization , which is the second step in the life cycle, through  clathrin -coated 

pits of the plasma membrane via receptor mediated endocytosis [34]. Secondary 

receptors used by different natural serotypes will be described in more detail in a section 

1.4. However, a recent discovery from a haploid genetic screen reveals that KIAA0319L, 

or adeno-associated virus receptor (AAVR), is a transmembrane protein that is essential 

for uptake into the cell of almost all AAV  serotypes (except AAV4 & AAVrh32.33 ) [35]. 

Interestingly, AAVR is found to localize to the perinuclear space of the trans -golgi 

network  [35], and it is hypothesized that AAV may have evolved to hijack this 

intracellu lar trafficking pathway  [30].   

Following receptor mediated endocytosis, AAVs journey through the cell must 

reach the trans golgi network and is a critical  step for efficient AAV transduction. This 

has been shown to be done via the endosomal-lysosomal network  [36, 37]. Numerous 
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endosomal pathway markers have been demonstrated to be associated with AAV 

during trafficking, but there is not a clear understanding of exactly how AAV moves to 

the trans golgi network  [38]. One hypothesis is that upon internalization, AAV  begins its 

journey via the early endosome, with a pH environment of ~6.5. A transition from the 

early to late endosome eventually occurs with a change in pH  environment to ~5. This 

change in pH induces a significant conformational change of the viral capsid  and the 

normally internal VP1  unique region (VP1u) phospholipase A2 (PLA2) domain is 

externalized, which is thought to allow AAV to escape the late endosome  via enzymatic 

cleavage [39]. It is important  to note that genetic studies knocking out various mediators 

of this endosomal pathway  does not inhibit the AAV transduction pathway, indicating 

still unknown intracellular trafficking factors affecting AAV once internalized into the 

cell.  

More recently  additional hypotheses for AAV intracellular trafficking  to the trans 

golgi network have been proposed, involving  Syntaxin-5 and AAVR [35, 40]. Through a 

noncanonical retrograde transport pathway, SNARE (soluble NSF attachment protein 

receptor) protein Syntaxin -5 has been demonstrated to mediate AAV trafficking to the 

trans golgi network  independent of the late endosome. Intracellular t rafficking  of vesicle 

bound AAV  to the trans golgi network was inhibited and resulted in decreased 

transduction of cells  following siRNA silencing of syntaxin -5 [40]. In like manner AAV 
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transduction is inhibited  in AAVR knockout cells for almost all serotypes , but retains the 

ability to still bind to the cell surface  [35, 41]. This supports the notion that AAVR is a 

post-attachment host factor in the AAV lifecycle . Further, through in vitro  assays it is 

shown that AAVR traffics from the plasma membrane to the trans golgi network  and 

that the C-terminal tail contains the endocytosis and traffic king signals [35]. Despite the 

correlation , the exact mechanism of how AAVR traffics AAV  from the plasma 

membrane to the trans golgi network is not fully understood. Virions that do not 

eventually  reach the trans golgi network are known to either be ubiquitinated and 

degraded via the proteosome or potentially degraded via the lysosome [36, 42, 43].  

Another essential host factor that comes into contact with all AA Vs (except 

AA V5) during intracellular trafficking is GPR108, which was the third top hit in the 

same haploid genetic screen that identified AAVR  [35]. Since this initial screen, two 

independent groups have identified GPR108 through genome wide CRISPR screens and 

have confirmed its requirement for transduction by almost all AAV serotypes  [44, 45]. 

GPR108 is a G-protein coupled receptor that also localizes to the trans golgi network  like 

AAV R. GPR108 knockout leads to loss of AAV transduction both in vitro  and in vivo but 

does not affect binding and entry into the cell  [44]. GPR108 also acts in an AAVR 

independent manor, since AAV4 and AAVrh32.33 (AAVR  independent serotypes) still 

require GPR108 for efficient transduction  [44]. Interestingly, the eventual localization of 
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GPR108 and AAVR to the trans golgi network is thought -provoking. E ither multiple 

trafficking routes exist involving these proteins  that AAV can utilize  or potentially these 

proteins exist in a complex or cascade in the same undescribed overarching trafficking 

pathway whose functions are independent of each other. It remains to be seen whether a 

di rect connection can be made between GPR108 and intracellular trafficking of AAV. 

In addition to  reaching the golgi  network for efficient  transduction, AAV still 

must enter the cytosol prior to nuclear entry. As stated previously, t he capsid must 

undergo a conformational change under low pH during trafficking to the golgi in order 

to externalize the hidden VP1u, which contains a PLA2 domain  [12, 39, 46, 47]. Viral 

escape into the cytosol via externalization of VP1u is  an essential step in the lifecycle and 

there remains a lack of clarity on which organelle AAV escapes from into the cytosol.   

After entering the cytosol, AAV  enters the nucleus via the nuclear pore complex 

with VP1u still externalized  and the capsid intact [34, 38]. This step is deemed rate-

limiting in the AAV lifecycle due to the  detectable accumulation of AAV particles in the 

perinuclear space with little  detectable nuclear AAV genomes [34, 48]. Once AAV has 

reached the nucleoplasm, virions must still reach the nucleolus to efficiently transduce 

cells [49]. In fact, AAV virions must pass through the nucleolus and back into the 

nucleoplasm for uncoating of their genomes to occur [38]. The mechanism by which 

AAV genomes are released from virions in not fully understood. One proposal is that 
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genomes are released upon capsid disassembly in the nucleus, while  another proposal is 

that genomes are specifically released from one of the five-fold  pores of the capsid, like 

other parvoviruses such as MVM and B19 [50-52]. Following uncoating of the genome 

the single stranded DNA must be converted into double stranded DNA in the nucleus  

prior to transcription . This second strand synthesis is another rate limiting step of the 

AAV li fecycle [53, 54].  

Lots of work has gone into understanding how AAV genomes persist in cells 

weeks after injection. A fuller picture is now painted wherein AAV genomes persist as 

circular or concatemer episomal DNA in the nuclei of transduced cells [55-58]. In non-

dividing cells this can lead to expression for years. While in  transduced tissue that 

contain rapidly dividing cells,  the episomal DNA could potentially be diluted o ut and 

result in a loss of expression [59, 60]. In some cases, wild-type AAV has been found to 

integrate at a specific site in human chromosome 19, albeit at a low frequency [61-63]. 

Upon infection with a helper virus, the  integrated AAV  proviral genomes will  begin to 

be transcribed and produce new virions  [64]. 

As a member of the Dependoparvovirus genus, AAV  requires the presence of a 

helper vir us for proper replication. In fact, as stated previously AAV was discovered as 

a contaminate in adenovirus  (Ad)  preps, so it is thought that Ad  is the natural helper 

virus for efficient AAV replication  [65]. However, other virus es have been discovered to 
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facili tate this process such as herpesvirus and papillomavirus  [66]. Other than 

herpesvirus, Ad  is the only other widely characterized helper virus and its function on 

AAV replication has been extensively studied  [67, 68]. In brief, the field has identified 5 

essential Ad molecules that must be present in order for productive generation of AAVs. 

The two most important Ad proteins are E1A and E2A, which are responsible for 

activating transcription of the AAV genomes from the p5 and p19 promoters, 

respectively, and initiating replication  [69-72]. The E1B55K and E4orf6 Ad proteins form 

a complex with each other and aids in viral DNA replication and second strand 

synthesis [54, 73]. Lastly, Ad VA RNA is known to be required in conjunction with Ad 

DNA binding proteins to aid in  AAV cap expression and ultimate assembly of new 

virions  [74]. Knowing the  minimally required Ad genes for AAV replication, these genes 

have since been incorporated into a single plasmid for expression and in some cases are 

transformed into producer cell lines in order to manufacture AAV vectors  today [75, 76].  

1.3 Natural AAV serotypes 

Since the discovery of AAV as a contaminate in Ad preparations, a multitude  of 

serotypes have been isolated and reported to date. These include isolates from human 

and non-human primate hosts, as well as more exotic isolates from avian, reptile, 

sealion, bats, and others, with distinct antigenic profiles  [77-79]. The advent of DNA 

sequencing has greatly contributed to these discoveries and has revealed the overall 
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diversity of AAV in nature. Structural  techniques such as cryo-electron microscopy and 

x-ray crystallography have allowed us to solve the capsid structures of AAV1 -10, and 

others [18, 20, 80-86].  These 10 AAVs are either human (AAV2,  3b, 5, 6, 9) or non-human 

primate (AAV1,  4, 7, 8, rh10) isolates and are considered some of the more well 

characterized natural AAV serotypes . In addition, most of these 10 natural AAVs have 

been or are being evaluated in human gene therapy clinical trials and will be the focus of 

this section [23]. 

AAV was  first  vectorized in the mid  ƕƝƜƔɀÚɯÜÚÐÕÎɯÛÏÌɯ  5ƖɯÎÌÕÖÔÌɯ[28]. This 

laid the foundation for  AAV biomedical research today. In fact, the AAV2 ITRs and rep 

gene are still vector components used for most AAV productions  irrespective of 

serotype being produced [87]. Due to its amenability in vitro , the AAV2  serotype was 

used by early researchers to tease out most of the AAV biology we understand today 

and is considered the most widely understood natural AAV . However, in vivo 

evaluation has revealed its restricted tissue tropism which has hindered its utilization in 

the clinic  [88]. AAV1, 5, 6, 8, 9, and rh10 have all advanced to various stages of gene 

transfer clinical trials due in part to a combination of expanded tissue tropisms and low 

seroprevalence in the human population  [89-91]. AAV3 b, 4, and 7 are overall less 

understood serotypes and initial evaluations have revealed poor transduction profiles  in 

various tissues in vivo [88, 92, 93].  
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The natural AAVs discovered thus far have been phylogenetically classified into 

either one of six clades A-F or ÛÏÌàɀÙÌɯÐËÌÕÛÐÍÐÌË as a distinct clone or set of clones [77, 

94]. AAV1 and AAV6  were isolated from non -human primates and  belong to clade A; 

AAV2 is a human isolate and AAV7 is a non-human prima te isolate and they belong to 

clades B and D, respectively; AAV8 and AAVrh10 are non-human primate isolates and 

belong to clade E; and lastly AAV9 is a human isolate and is a part of clade F. AAV3b, 4, 

5 and other human and non-human primate variants are m ore divergent evolutionarily  

from clades A-F and are considered to be individual clones due to their unique identity 

and lack of other related AAVs  [77]. This lack of cap sequence homology to other 

serotypes for AAV 4 and AAV 5 has been shown to lead to a lack of neutralizing 

antibodies in the human population, which is attractive from the context of a therapeutic 

vector [90, 95]. Structural  analysis of these two capsids reveals the capsid protrusions 

near the three-fold axis of symmetry are rounder  shaped, compared to AAV2 and most 

other serotypes whose protrusions resemble more of a spike [96, 97].  

Next, we will describe the general transduction profiles  irrespective of species for 

each of the natural serotypes. More details on species specific transduction profiles are 

expanded upon in section 1.5. In short  following systemic dosing , AAV1 mainly 

transduces the vasculature endothelium of tissues and has low transduction efficiency in 

the liver  [98, 99]; AAV2 is overall a poor serotype in vivo when dosing systemically and 
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predominantly localizes to the liver  [88, 100]. AAV3 b, 5, and 8 transduce the liver with a 

range of efficacies and in addition AAV8 is also known to transduce skeletal muscle and 

to some degree cardiac muscle [88, 101, 102]; AAV4 has a very limited tro pism and 

transduces primarily the lung and heart  [92]; AAV6  transduces the heart, liver, and 

skeletal muscle with high efficiency  [103, 104]; and lastly AAV9 and AAVrh10 are 

known to transduce a majority of tissues, while also uniquely capable of traversing the 

blood brain barrier ( BBB) [88, 105-107].  

Route of administration has been documented to affect transduction profiles of 

most AAV serotypes [108-112]. For instance, AAV2 is a poor transducer following 

systemic administration, however, direct brain and eye injections of AAV2 show 

expression in neurons and photoreceptor cells in the brain and eyes, respectively [112-

114]. Similarly,  AAV1, 5, and 6 transduce neurons and AAV4 transduces glial cells in the 

CNS following direct brain injections , despite not being considered blood brain 

penetrating serotypes [115-118]. AAV1 is  also capable of transducing skeletal muscle 

following intramuscular injection, which is different than its typical endotheli al tropism 

in systemic studies [119]. These differences seen in routes of administration could be due 

to host factors present in the blood circulation  or other physiological environment s 

(BBB), that may be acting with inhibitory functions not seen with  direct  injection 

microenvironment s.   
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1.4 Host receptors and AAV structural determinants 

Extensive work has been carried out both in vitro  and in vivo to identify host 

factors necessary for AAV infection  [35, 44, 120, 121]. These host factors include primary 

cell attachment factors and secondary receptors for internalization and/or trafficking of 

virions to the nucleu s (Table 1). This section will focus on primary cell attachment 

factors, secondary receptors for internalization , and their AAV structural determinants . 

Host factors that are implicated in AAV trafficking or transduction once in the cell are 

described in section 1.2. The various transduction profiles observed between different 

natural serotypes could be due in part to the different types of receptors utilized by 

AAV1 -10 (Table 1). In fact, AAV receptor  usage and thus permissive cell type to 

transduction has been used as a basis for capsid selection in preclinical development of 

AAV therapies [22, 122].   

We now know that most AAV serotypes utilize cell surface glycans for binding , 

with some notable exceptions [123]. The first AAV receptor ide ntified was heparin 

sulfate proteoglycan (HS) for AAV2 , which was done through in vitro  biochemical 

assays in mutant CHO cells [31]. It was later determined that AAV3 b also utilizes HS as 

a primary attachment factor  [124]. AAV6 is capable of utilizing two different gly cans for 

cell binding, namely HS and ϔƖȮƚɯN-linked sialic acid (2,6 SIA) [22, 125]. However 

typically only a single glycan will act as the cognate attachment factor. AAV1 and AAV5 
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Table 1: Overview of natural AAVs tropism and receptor usage . Figure was generated using BioRender.  
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utilize  ϔƖȮ3 N-ÓÐÕÒÌËɯ2( ɯȹƖȮƗɯ2( ȺȮɯÞÏÐÓÌɯ  5ƘɀÚɯ×ÙÐÔÈÙàɯÙÌÊÌ×ÛÖÙɯÏÈÚɯÉÌÌÕɯÐËÌÕÛÐÍÐÌËɯ

as ϔƖȮƚɯO-linked sialic acid (MUC) and are both terminal sugars attached to  different 

glycan linkages on the cell surface [123, 125-127]. In contrast, AAV9 was demonstrated 

by our lab and others to differ from most other serotypes in that it requires terminal 

galactose for infection instead of terminal SIA or HS [128, 129]. This was demonstrated 

through biochemical assays in vitro  in mutant CHO cells, wherein terminal SIA was 

removed from these cells enzymatically and exposing the next sugar in the glycan chain 

(galactose). Lastly, AAVrh10 was identified to bind s ulfated N -Acetyllactosamine 

(LacNAc) in a glycan microarray [130] and was later confirmed via structural studies of 

AAVrh10 bound to sulfated LacNAc [131].  

Aside from initial cell attachment, internalization is another crucial step in the 

transduction pathway and has been shown to be facilitated by secondary receptors on 

the cell surface [120]. For instance, AAV2 and AAV3b utilize fibroblast growth factor 

receptor 1 (FGFR1) and hepatocyte growth factor (HGF) as coreceptors for 

internalization into the cell and each of these coreceptors can be found bound to heparin 

sulfate proteoglycans on the cell surface [32, 132, 133]. However, recent CRISPR 

mediated knockout of these two factors revealed these coreceptors as non-essential for 

AAV2 infection, suggesting additional cooperative or compensatory factors involved in 

the overall AAV2 transduction pathway [35]. Various integrin coreceptors have been 
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implicated  in cellular uptake of certain serotypes in different cell lines  such as the case 

with aVb3 integrin for AAV9  [134] and aVb1 and aVb5 integrin s for AAV2  [33, 135]. In 

addition, platelet -derived growth factor receptor  (PDGFR) and epidermal growth factor 

receptor (EGFR) have been demonstrated to be essential for internalization into the cell 

for  AAV5 and AAV6, respectively [136, 137].   

In 2016 a genetic haploid screen identified KIA0319L as an essential host factor 

for AAV transduction of multiple serotypes  [35]. KIA0319L is a transmembrane surface 

protein that is demonstrated to directly bind the capsid surface and eventually traffic s to 

the trans golgi network once internalized  by unknown mechanisms . This gene product  

is now referred to as AAVR  for AAV receptor.  The receptor consists of five polycistronic 

kidney domains (PKD1 -5) that are extracellular and a unidirectional membrane 

spanning helix  [138]. The first solved structure f or AAVR bound to an AAV capsid was 

reported for AAV2  and PKD2 was shown to be the binding domain of AAVR to the  

capsid spike regions near the three-fold axis of symmetry  [138]. It has since been shown 

that that AAV4  and AAVrh32.33 are the only known natural AAV serotypes to 

transduce cells in an AAVR independent manner  [41].  

Despite the wide use of AAVR by almost all natural AAV serotypes, structural 

studies have interestingly revealed that some serotype binds specific domains of AAVR 

in often serotype specific manners. For example, AAV5 is demonstrated to utilize PKD1 
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of AAVR and not PKD2, while AAV1 and AAV8 have been discovered to require a 

combination of  both PKD1 and PKD2 for internalization  [139]. Not all AAVR -bound 

capsid structures for each serotype have been determined,  but one can hypothesize 

which PKDs are involved based on solved structures of AAV1, 2, 5, 8 and the knowledge 

of AAVR independence for AAV4. Since AAV2 shares approximately 82-87% sequence 

homology to  AAV 3b, 6, 9, and rh10, it is plausible that these serotypes also interact with 

PKD2 of AAVR and to some degree potentially PKD1  based on cap sequence homology 

[30]. Structural studies interrogating the direct interactions between AAVR and AAV2 

have revealed that the residues essential for binding and internalization are located 

along the three-fold axis of symmetry [138]. We now know that AAVR is not a primary 

attachment factor, since cellular binding  of AAV  is not inhibited when AAVR is knocked 

out [41]. In fact, ablation of AAVR has been shown to prevent trafficking from the 

plasma membrane to the trans golgi network  [35]ȭɯ3ÏÜÚȮɯ  51ɀÚɯÐÕÐÛÐÈÓɯcharacterization 

as a primary receptor has shifted to a coreceptor essential for internalization of almost all 

AAV serotypes [35, 41]. 

 The residues on the AAV2 capsid that are essential for HS binding include Arg -

484, Arg-487, Lys-532, Arg-585, and Arg-588 (Figure 2) [81, 140, 141]. These binding sites 

are found on the spike regions along the capsid three-fold  axis of symmetry. 

Identification of these AAV2 residues by mutational analysis were the first structural  
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Figure 2: The known  receptor footprints of natural AAVs .  

The primary receptors of each  known AAV serotype are highlighted on the AAV2 

capsid. A top -down view of a single trimer is shown in the inset on the right. Note 

most receptor footprints localize at or around the three-fold axis of symmetry 

protrusions. The models were generated using ChimeraX 1.4. AAV1: red; AAV2: blue; 

AAV3b: cornflower blue; AAV4: orange red; AAV5: orange; AAV6: magenta; AAV9: 

lime green; AAVrh10: yellow; pentagon represents five -fold axis; triangles represent 

the three-fold axis; oval represents the two -fold axis of  symmetry.  

 

determinants identified for any AAV serotype.  These findings were later confirmed  

through structural analysis of AAV2 -HS complexes [142]. Similarly, it has been found 

that AAV3b binds HS specifically at  residue Arg -594 located at the base of the three-fold 

protrusions  [143]. AAV6 binds HS at residues Lys-459 and Lys-493, which are found on 

the outer side of the capsid three-fold protrusions , and Lys-531 and Arg -576, which are 

found at the base of the three-fold protrusions  (Figure 2) [144]. The residues Asn-447, 

Ser-472, Val-473, Asn-500, Thr-502, and Trp-503 have been identified as the SIA binding 
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sites for both AAV6 and AAV1 serotypes, despite recognizing different SIA linkages 

(Figure 2) [125, 145].  

Through x -ray crystallography and mutational analysis, t he critical SIA 

interacting residues of AAV5 were identified and include Met -569, Ala-570, Thr-571, 

Gly-583, Thr-584, Tyr585, Asn-586, and Leu-587 (Figure 2) [146]. These residues form the 

three-fold depressions at the base of the protrusions. AAV4 MUC binding domai ns 

include Lys -492, Lys-503, Met-523, Gly-581, Gln-583, and Asn-585 and were identified 

through library screening  (Figure 2) [92]. Together these residues are found on the top of 

the rounder AAV4 three-fold protrusions, further highlighting the importance of this 

capsid surface region for successful transduction [92]. The galactose binding residues on 

the AAV9 capsid were iden tified by a combinatorial  approach of capsid sequence 

alignment and mutational analysis. The essential residues for galactose binding are Asp-

271, Asn-272, Tyr-446, Asn-470, and Trp-503 (Figure 2) [129]. These residues form  a 

pocket located at the base of the three-fold protrusions. Lastly, Cryo-EM and 3-D image 

reconstruction revealed Asn-472 and Trp-505 as the binding residues for Sulfated 

LacNAc on the AAVrh10 capsid and are located on the side of the three-fold p rotrusions  

(Figure 2) [131].  
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1.5 Species differences in tissue tropisms with natural AAVs 

From a preclinical perspective, there is an unmet need for AAV vectors that are 

capable of cross-species transduction across multiple biomedical animal models . Over 

the past couple of decades of AAV clinical development, multiple examples of varying 

species transduction profiles amongst natural AAV serotypes have been reported. For 

instance, when a few natural AAVs were benchma rked in mice, human xenograft 

models, and non-human primates, AAV8 and related clade E strains were very efficient 

in transducing the liver of each model following systemic dosing  [147]. However,  the 

phylogenically distinct serotype AAV3 b was a poor transducer of mouse liver, but was a 

very effective serotype for  non-human primate and  humanized mouse model l iver 

transduction following systemic dosing  [93, 147].  

There are also documented tropism differences in the lung following 

intratracheal administration of AAV1, AAV2, and AAV5 vectors  [148, 149]. In human, 

pig, and ferret airway epithelia, AAV2 and AAV5 are nearly identical in transd uction 

efficiency, but are out performed by AAV1 vectors. In mouse airway epithelia, AAV5 

greatly outperforms AAV2 in transducing this tissue while AAV1 still outperforms both 

AAV5 and AAV2 [148, 150]. Despite this, AAV1 has been demonstrated to poorly 

transduce human lung organoid cultures while AAV2 and AAV6 were shown to be 

superior in transducing this model system  [151].  
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Comparative analysis of AAV serotypes following int rapericardial or 

intramyocardial injection have revealed that AAV9 is a superior vector for transduction 

in the mouse and rat heart, compared to AAV1, AAV5, AAV6, AAV7, and AAV8  [152]. 

However following transe ndocardial injection, AAV9 has been shown to have a lower 

transduction efficiency in canine heart compared to AAV6  [153]. Further, this has since 

been corroborated wherein transendocardial injection of AAV9, AAV6, and AAV8 

vectors in rhesus macaques reveal that AAV9 mediates less cardiac gene transfer 

compared to both AAV6 and AAV8  [154].  

The optimal serotype for skeletal muscle transduction also varies across species. 

For example, AAV6, AAV 8, and AAV9 all transduce mouse skeletal muscle efficiently 

following systemic dosing  [88], while AAV9 has been demonstrated to be superior 

following systemic dosing in canine models  [155, 156]. In contrast, AAV1 and AAV6 are 

more effective at transducing non-human primate and canine skeletal muscles, 

respectively, following intramuscular injection  [157, 158]. Lastly, intramuscular 

injections of AAV1 -10 into human muscle xenograft models reveal AAV8 and AAV9 

transduce human skeletal muscle most efficiently and both had comparable 

transduction with each o ther [159].      
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1.6 Development of AAV vectors for gene therapy 

AAV vectors as genetic medicine have been in development for appr oximately 

half a century [23]. This journey can first be summarized as first an Adenovirus 

contamination, to unique viral vector, to first in -human clinical trials, and lastl y two 

FDA approved drugs in the United States of America  (USA), with many more in the 

pipeline. Numerous  preclinical and clinical studies using a wide range of AAV 

serotypes, isolates, and engineered variants have positioned AAV vectors as standard 

gene delivery vehicles for systemic in vivo gene therapy [4, 23, 160]. This medicine as it 

exists today consists of a particular AAV capsid in its outer most component which 

targets cell types and tissues of interest, and a DNA genome to express a therapeutic 

payload in its inner most component.  

Further improvement of this vector has continued far past its first in -human 

trials with probably one of the most notable developments being that of the self -

complementary genome[161]. This engineered AAV genome is considered double-

stranded DNA  and thus can bypass the rate-limiting step of second strand synthesis in 

AAV transduction. Through a deletion of the terminal resolution site (trs) o f the second 

ITR, nicking of the genome at the trs by the Rep protein is prevented and thus a 

complementary DNA strand  is formed that folds on itself  [162]. The process results in 

double-stranded DNA  genomes. Utilization of a self -complementary genome restricts 
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your packaging capacity by half, resulting in an ultimate capacity of ~2.1-2.2kb, which is 

not amenable to all therapeutic strategies based on gene size. Since second strand 

synthesis can be bypassed with this type of genome, an earlier onset of transgene 

expression and greater accumulation of protein pr oduct can be achieved sooner than 

with single -stranded genomes [161, 162].  

One notable characteristic of AAV vectors overall  are their ability to be 

manufactured in mammalian cell systems  at small and large scales [75, 163, 164]. 

Academic researchers as well as industry scientists can produce AAV vectors with 

relative ease and continue to do so in the traditional triple plasmid transfection method 

in HEK293 cells [75, 164]. These plasmids include your AAV rep/cap construct, the 

minimally required Adenovirus helper genes necessary for AAV replication, and your 

ITR containing  transgene cassette. A unique propert y of AAV vectors is that bo th the rep 

and cap genes can be removed from the genome and supplied in trans, leaving the ITRs 

as the only cis element required for packaging  [165]. This allows for the incorporation of 

therapeutic DNA in between both ITRs  up to a packaging capacity of ~4.7kb in single-

stranded genomes. Over the years various flavors of therapeutic moda lities have been 

developed and delivered using AAV, consisting of canonical gene replacement as is the 

case with the two USA FDA approved drugs,  gene addition, gene knockdown, and more 

recently genome editing [2, 166, 167]. Historicall y natural AAV serotypes have seen the 
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most evaluation in human clinical trials  with both AAV2 and AAV9 as the only natural 

serotypes used in a FDA approved gene therapy drug [2, 168].    

The fist AAV drug to become FDA approved in the USA was Luxterna  in 2017 

for the treatment of biallelic  RPE65 mutation -associated retinal dystrophy [168, 169]. 

Luxterna uses an AAV2 based vector to deliver the retinoid isom erohydrolase RPE65 

gene via a subretinal injection of 1.5e11 viral genomes (vg) in each eye [169]. Delivery of 

this gene to retinal epithelial cells in the eye leads to restoration of patient vision loss 

that is due to the absence of RPE65 protein. When introduced to the USA market, the 

cost of theAAV  drug was just shy of the $1 million  ($450,000 per eye) [168].   

The second AAV drug to become FDA approved was Zolgensma in 2019 for the 

treatment of spinal muscular atrophy (SMA) in children  [168, 170]. Zolgensma consists 

of an AAV9 vector delivering a self -complementary genome containing a functional 

copy of the SMN1 gene [170].  This is a one-time gene therapy following intravenous 

infusion in children (up to ~13.6 kg) with a defective SMN1 gene at a dose of 1.1e14 

vg/kg . Delivery of this therapeutic cargo to motor neurons in the spinal cord follow ing 

systemic administration drastically reverses the debilitating disease, which would 

ultimately kill the patient without intervention with this AAV gene therapy  [170]. 

Despite this transformative medicine, the dru g has a whopping price tag of $2.125 

million per dose. This makes Zolgensma one of the most expensive drug in the entire 
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world and consideration must be given to the future , feasibility, and the health equity of 

AAV gene therap ies [168]. This work has contributed to the fact that AAV9 based 

vectors are considered the gold standard when it comes to in vivo gene therapies for 

hard-to-reach tissues (e.g., skeletal muscle, CNS, etc.) following  systemic dosing. In fact, 

AAV9 is the most utilized capsid for delivering therapeutic payloads in all AAV based 

skeletal muscle and CNS gene therapy clinical trials in the USA (Table 2). Some notable 

clinical trial successes with AAV9 -based vectors that will be detailed further incl ude 

treatments for SMA and Duchenne Muscular Dystrophy (DMD).  

The successes and lessons learned from the AAV9 -based SMA clinical trial were 

first described in 2017 by Mendell et al. and consisted of both low (6.7e13 vg/kg) and 

high (2e14 vg/kg) dose cohorts [170]. Both cohorts resulted in a clinically meaningful 

increase in motor functions and complete survival of the study duration of 20 months, at 

which point historically only 8% of SMA patients survive past. One patient in the low 

dose cohort ultimately required permanent mechanical ventilation after 29 months due 

to hypersalivation  [170]. In addition, a patient in the low dose cohort experienced 

elevated serum aminotransferase levels, which were addressed via administration of 

corticosteroids and ultimately given to all patients. One patient in the high dose cohort 

required an additional administration of corticosteroids to address elevated serum 

aminotransferases due to AAV treatment [170]. This AAV gene therapy is an effective 
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and life -changing treatment that far outweighs the potential risks, but consideration 

must be given for future clinical trials to balance high dose requiremen ts of natural 

serotypes, safety, and therapeutic efficacy. 

An FDA approved AAV treatment for DMD does not currently exist. DMD is a 

debilitating neuromuscular disease that  mainly affects young boys and is due to 

mutations in the DMD  gene that leads to the loss of the dystrophin protein [171]. As a 

result, progressive muscle and heart weakness occurs that ultimately leads to the 

×ÈÛÐÌÕÛɀÚɯËÌÈÛÏɯÈÚɯÈɯÙÌÚÜÓÛɯÖÍɯÏÌÈÙÛɯÖÙɯÓÜÕÎɯÐÚÚÜÌÚȭɯ(Íɯ9ÖÓÎÌÕÚÔÈɯÐÚɯÛÖɯÚÌÙÝÌɯÈÕàɯÌßÈÔ×ÓÌɯ

of what could be possible, it is not too farfetched to think we may see a gene therapy 

drug for this disease within the decade. Currently there have been many clinical trials in 

pursuit of this regard with different AAV strategies employed (Table 2).  
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Table 2: AAV neuromuscular gene therapy clinical trials  

 NCT # Title  Drug ID  Vector Dosing route  
Organ 

system 

Start 

Date 

1 NCT00377416 
Experimental Gene Transfer Procedure to 

Treat Alpha 1-Antitrypsin Deficiency  

rAAV2 -CB 

hAAT  
AAV2  Intramuscular  Muscular  2004 

2 NCT01344798 

Clinical Study of AAV1 -gamma-

sarcoglycan Gene Therapy for Limb Girdle 

Muscular Dystrophy Type 2C  

AAV1 -

gamma 

sarcoglycan 

AAV1  Intramuscular  Muscular  2006 

3 NCT00430768 
Experimental Gene Transfer Procedure to 

Treat Alpha 1-Antitrypsin Deficiency  
AGTC-0106 AAV1  Intramuscular  Muscular  2006 

4 NCT00428935 
Safety Study of Mini -dystrophin Gene to 

Treat Duchenne Muscular Dystrophy  
Biostrophin  AAV5  Intramuscular  Muscular  2006 

5 NCT00494195 

Gene Transfer Therapy for Treating 

Children and Adults With Limb Girdle 

Muscular Dystrophy Type 2D  

MYO-102 AAV1  Intramuscular  Muscular  2008 

6 NCT01054339 
Safety & Efficacy Study of rAAV1 -CB-

hAAT for Alpha -1 Antitrypsin Deficiency  
AGTC-0106 AAV1  Intramuscular  Muscular  2010 

7 NCT01519349 

Follistatin Gene Transfer to Patients With 

Becker Muscular Dystrophy and Sporadic 

Inclusion Body Myositis  

rAAV1.CMV 

huFollistatin3

44 

AAV1  Intramuscular  Muscular  2012 

8 NCT02354781 

Clinical Intramuscular Gene Transfer of 

rAAV1.CMV.huFollistatin344 Trial to  

Patients With DMD  

rAAV1.CMV 

huFollistin344 
AAV1  Intramuscular  Muscular  2015 
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9 NCT02376816 
Gene Transfer Trial of rAAVrh74.MCK   

Micro -Dystrophin to  DMD  Patients 
SRP-9001C AAVrh.74  Intramuscular  Muscular  2015 

10 NCT01976091 

A Gene Transfer Therapy Study to 

Evaluate the Safety of SRP-9004 

(Patidistrogene Bexoparvovec) in 

Participants With Limb -Girdle Muscular 

Dystrophy, Type 2D (LGMD2D)  

SRP-9004 AAVrh.74  Intravenous Muscular  2015 

11 NCT02710500 
rAAVrh74.MHCK7.DYSF.DV for 

Treatment of Dysferlinopathies  
MYO-201 AAVrh.74  Intramuscular  Muscular  2016 

12 NCT03199469 
Gene Transfer Clinical Study in X-Linked 

Myotubular Myopathy (ASPIRO)  

resamirigene 

bilparvovec  
AAV8  Intravenous Muscular  2017 

13 NCT03368742 

Microdystrophin Gene Transfer Study in 

Adolescents and Children With DMD 

(IGNITE DMD)  

SGT-001 AAV9  Intravenous Muscular  2017 

14 NCT03333590 
Gene Transfer Clinical Trial to Deliver 

rAAVrh74.MCK.GALGT2 for DMD  

rAAVrh74 

MCK 

GALGT2 

AAVrh.74  Intravenous Muscular  2017 

15 NCT03362502 

A Study to Evaluate the Safety and 

Tolerability of PF -06939926 Gene Therapy 

in DMD  

PF-06939926 AAV9  Intravenous Muscular  2018 

16 NCT03375164 

A Gene Transfer Therapy Study to 

Evaluate the Safety of SRP-9001 

(Delandistrogene Moxeparvovec) in 

Participants With DMD  

SRP-9001 AAVrh.74  Intravenous Muscular  2018 

 



 

 

30 

3
0 

17 NCT03652259 

Clinical Trial for Participants With Limb -

Girdle Muscular Dystrophy, Type 2E 

(Beta-Sarcoglycan Deficiency) 

SRP-9003 AAVrh.74  Intravenous Muscular  2018 

18 NCT03769116 

A Randomized, Double -blind, Placebo-

controlled Study of SRP-9001 

(Delandistrogene Moxeparvovec) for 

Duchenne Muscular Dystrophy  

SRP-9001 AAVrh.74  Intravenous Muscular  2018 

19 NCT03882437 

Gene Therapy for Male Patients With 

Danon Disease (DD) Using RP-A501; 

AAV9.LAMP2B  

RP-A501 AAV9  Intravenous Muscular  2019 

20 NCT02790723 

Safety of Intra-Articular Sc -rAAV2.5IL -1Ra 

in Subjects With Moderate Knee OA 

(AAVIL -1Ra) 

sc-rAAV2.5IL 

1Ra 
AAV5  Intraarticular  Muscular  2019 

21 NCT04240314 
AAV9  U7snRNA Gene Therapy to Treat 

Boys With DMD Exon 2 Duplications.  

scAAV9.U7 

ACCA 
AAV9  Intravenous Muscular  2020 

22 NCT04626674 

A Gene Transfer Therapy Study to 

Evaluate the Safety of and Expression 

From SRP-9001 (Delandistrogene 

Moxeparvovec) in Participants With  DMD  

(ENDEAVOR)  

SRP-9001 AAVrh.74  Intravenous Muscular  2020 

23 NCT05096221 

A Gene Transfer Therapy Study to 

Evaluate the Safety and Efficacy of SRP-

9001 in DMD  Participants (EMBARK)  

SRP-9001 AAVrh.74  Intravenous Muscular  2021 

24 NCT02122952 
Gene Transfer Clinical Trial for Spinal 

Muscular Atrophy Type 1  
Zolgensma AAV9  Intra venous 

CNS/ 

Muscular  
2014 
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25 NCT03381729 

Study of Intrathecal Administration of 

Onasemnogene Abeparvovec-xioi for 

Spinal Muscular Atrophy (STRONG)  

Zolgensma AAV9  Intrathecal 
CNS/ 

Muscular  
2017 

26 NCT03306277 

Gene Replacement Therapy Clinical Trial 

for Participants With Spinal Muscular 

Atrophy Type 1 (STR1VE) 

Zolgensma AAV9  Intravenous 
CNS/ 

Muscular  
2017 

27 NCT03461289 

Single-Dose Gene Replacement Therapy 

Clinical Trial for Participants With Spinal 

Muscular Atrophy Type 1  

Zolgensma AAV9  Intravenous 
CNS/ 

Muscular  
2018 

28 NCT03505099 

Pre-Symptomatic Study of Intravenous 

Onasemnogene Abeparvovec-xioi in 

Spinal Muscular Atrophy (SMA) for 

Patients With Multiple Copies of SMN2  

Zolgensma AAV9  Intravenous 
CNS/ 

Muscular  
2018 

29 NCT03837184 

Single-Dose Gene Replacement Therapy 

Using for Patients With Spinal Muscular 

Atrophy Type 1 With One or Two SMN2 

Copies 

Zolgensma AAV9  Intravenous 
CNS/ 

Muscular  
2019 

30 NCT03520751 
Phase I/IIa Trial of scAAV1.tMCK.NTF3 

for Treatment of CMT1A  

scAAV1.tMC

K NTF3 
AAV1  Intramuscula r 

CNS/ 

Muscular  
2022 

31 NCT05394064 

A Study to Evaluate Administration of 

SBT101 Gene Therapy in Adult Patients 

With Adrenomyeloneuropathy (AMN) 

(PROPEL) 

SBT101 AAV9  Intrathecal 
CNS/ 

Muscular  
2022 
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32 NCT00976352 

Safety Study of Recombinant Adeno-

Associated Virus Acid Alpha -Glucosidase 

to Treat Pompe Disease 

rAAV1 -CMV 

GAA  
AAV1  Intramuscular  

CNS/ 

Muscular/ 

Metabolic 

2010 

33 NCT02240407 

Re-administration of Intramuscular AAV9 

in Patients With Late-Onset Pompe 

Disease 

rAAV9 -DES 

hGAA  
AAV9  Intramuscular  

CNS/ 

Muscular/ 

Metabolic 

2017 

34 NCT03533673 
AAV2/8 -LSPhGAA (ACTUS-101) in Late-

Onset Pompe Disease 
ACTUS-101 AAV8  Intravenous 

CNS/ 

Muscular/ 

Metabolic 

2018 

35 NCT04174105 
Gene Transfer Study in Patients With Late 

Onset Pompe Disease (FORTIS) 
AT845 AAV8  Intra venous 

CNS/ 

Muscular/ 

Metabolic 

2020 

37 NCT01801709 

Intracerebral Gene Therapy for Children 

With Early Onset Forms of Metachromatic 

Leukodystrophy  

AAVrh.10 

cuARSA 
AAVrh.10  Intracranial  

CNS/ 

Metabolic 
2014 

38 NCT02716246 
Phase I/II/III Gene Transfer Clini cal Trial 

of scAAV9.U1a.hSGSH 
ABO-102 AAV9  Intravenous 

CNS/ 

Metabolic 
2016 

39 NCT03315182 
Gene Transfer Clinical Trial for 

Mucopolysaccharidosis IIIB (MPSIIIB)  
ABO-101 AAV9  Intravenous 

CNS/ 

Metabolic 
2017 

40 NCT03566043 
RGX-121 Gene Therapy in Patients With 

MPS II (Hunter Syndrome)  
RGX-121 AAV9  Intracranial  

CNS/ 

Metabolic 
2018 

41 NCT03952637 

Study of Intravenous Gene Transfer With 

an AAV9 Vector Expressing Human Beta-

galactosidase in Type I and Type II GM1 

Gangliosidosis 

AAV9 -GLB1 AAV9  Intravenous 
CNS/ 

Metabolic 
2019 
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42 NCT04088734 

Gene Transfer Study of ABO-102 in 

Patients With Middle and Advanced 

Phases of MPS IIIA Disease 

ABO-102 AAV9  Intravenous 
CNS/ 

Metabolic 
2019 

43 NCT04798235 

First-in-Human Study of TSHA -101 Gene 

Therapy for Treatment of Infanti le Onset 

GM2 Gangliosidosis 

TSHA-101 AAV9  Intrathecal 
CNS/ 

Metabolic 
2021 

44 NCT00195143 
Safety Study of Subthalamic Nucleus Gene 

Therapy for Parkinson's Disease 
AAV -GAD AAV2  Intracranial  CNS 2003 

45 NCT00229736 
A Study of AAV -hAADC -2 in Subjects 

With Parkinson's Disease 

AAV 

hAADC2  
AAV1  Intracranial  CNS 2004 

46 NCT00087789 
CERE-110 in Subjects With Mild to 

Moderate Alzheimer's Disease 
CERE-110 n/a Intracranial  CNS 2004 

47 NCT00151216 

Safety Study of a Gene Transfer Vector for 

Children With Late Infantil e Neuronal 

Ceroid Lipofuscinosis  

AAV2 

CUhCLN2  
AAV2  Intracranial  CNS 2004 

48 NCT00252850 

Safety of CERE-120 (AAV2-NTN) in 

Subjects With Idiopathic Parkinson's 

Disease 

CERE-120 AAV2  Intracranial  CNS 2005 

49 NCT00400634 

Double-Blind, Multicenter, Sham Surgery 

Controlled Study of CERE-120 in Subjects 

With Idiopathic Parkinson's Disease 

CERE-120 AAV2  Intracranial  CNS 2006 

49 NCT00643890 

Study of AAV -GAD Gene Transfer Into 

the Subthalamic Nucleus for Parkinson's 

Disease 

AAV -GAD AAV2  Intracranial  CNS 2008 
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50 NCT00876863 

Randomized, Controlled Study Evaluating 

CERE-110 in Subjects With Mild to 

Moderate Alzheimer's Disease 

CERE-110 AAV2  Intracranial  CNS 2008 

51 NCT00985517 
Safety and Efficacy of CERE-120 in 

Subjects With Parkinson's Disease 
CERE-120 AAV2  Intracranial  CNS 2009 

52 NCT01414985 

AAVRh.10 Administered to Children With 

Late Infantile Neuronal Ceroid 

Lipofuscinosis  

AAVrh.10 

CUhCLN2  
AAVrh.10  Intracranial  CNS 2010 

53 NCT01161576 

Safety Study of a Gene Transfer Vector 

(Rh.10) for Children With Late Infan tile 

Neuronal Ceroid Lipofuscinosis  

AAVrh.10 

CUhCLN2  
AAVrh.10  Intracranial  CNS 2010 

54 NCT01621581 
AAV2 -&#-%ɯÍÖÙɯ ËÝÈÕÊÌËɯ/ÈÙÒÐÕÚÖÕɀÚɯ

Disease 
AAV2 -GDNF AAV2  Intracranial  CNS 2013 

55 NCT01973543 
Safety Study of AADC Gene Therapy (VY-

AADC01) for Parkinson 's Disease  
VY-AADC01  AAV2  Intracranial  CNS 2013 

56 NCT03300453 
Intracerebral Gene Therapy in Children 

With Sanfilippo Type B Syndrome  
AMT -110 AAV5  Intracranial  CNS 2013 

57 NCT01395641 

A Phase I/II Clinical Trial for Treatment of 

Aromatic L -amino Acid De carboxylase 

(AADC) Deficiency Using AAV2 -hAADC 

(AADC)  

eladocagene 

exuparvovec 
AAV2  Intracranial  CNS 2014 

58 NCT02418598 &ÌÕÌɯ3ÏÌÙÈ×àɯÍÖÙɯ/ÈÙÒÐÕÚÖÕɀÚɯ#ÐÚÌÈÚÌ 
AAV 

hAADC2  
AAV2  Intracranial  CNS 2015 
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59 NCT02362438 

Intrathecal Administration of scAAV9/JeT -

GAN for the Treatment of Giant Axonal 

Neuropathy  

scAAV9 JeT-

GAN  
AAV9  Intrathecal CNS 2015 

60 NCT02926066 

A Clinical Trial for Treatment of Aromatic 

L-amino Acid Decarboxylase (AADC) 

Deficiency Using AAV2 -hAADC - An 

Expansion 

AAV2 -

hAADC  
AAV2  Intracranial  CNS 2016 

61 NCT02852213 

A Single-Stage, Adaptive, Open-label, 

Dose Escalation Safety and Efficacy Study 

of AADC Deficiency in Pediatric Patients 

(AADC)  

AAV2 -

hAADC  
AAV2  Intracranial  CNS 2016 

62 NCT02725580 

Gene Therapy for Children With Variant 

Late Infantil e Neuronal Ceroid 

Lipofuscinosis 6 (vLINCL6) Disease 

AT-GTX-501 AAV9  Intrathecal CNS 2016 

63 NCT02725580 

Gene Therapy for Children With Variant 

Late Infantile Neuronal Ceroid 

Lipofuscinosis 6 (vLINCL6) Disease 

AT-GTX-501 AAV9  Intrathecal CNS 2016 

64 NCT03065192 
Safety and Efficacy Study of VY-AADC01 

for Advanced Parkinson's Disease 
VY-AADC01  AAV2  Intracranial  CNS 2017 

65 NCT03770572 
Gene Therapy for Children With CLN3 

Batten Disease 
AT-GTX-502 AAV9  Intrathecal CNS 2018 

66 NCT03612869 

Study of AAVrh10 -h.SGSH Gene Therapy 

in Patients With Mucopolysaccharidosis 

Type IIIA (MPS IIIA) (AAVance)  

LYS-SAF302 AAVrh.10  Intracranial  CNS 2018 
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67 NCT03562494 
VY-AADC02 for Parkinson's Disease With 

Motor Fluctuations (RESTORE-1) 
VY-AADC02  AAV2  Intracranial  CNS 2018 

68 NCT03634007 
Gene Therapy for APOE4 Homozygote of 

Alzheimer's Disease 
LX1001 AAVrh.10  Intrathecal CNS 2019 

69 NCT03580083 Gene Therapy in Patients With MPS I RGX-111 AAV9  Intracranial  CNS 2019 

70 NCT04127578 

Phase 1/2a Clinical Trial of PR001 

(LY3884961) in Patients With Parkinson's 

Disease With at Least One GBA1 Mutation 

(PROPEL) 

LY3884961 AAV9  Intracranial  CNS 2020 

71 NCT04408625 

Phase 1/2 Clinical Trial of PR006 in 

Patients With Frontotemporal Dementia 

With Progranulin Mutations (FTD -GRN) 

(PROCLAIM)  

PR006 AAV9  Intracranial  CNS 2020 

72 NCT04167540 
GDNF Gene Therapy for Parkinson's 

Disease 
AAV2 -GDNF AAV2  Intracranial  CNS 2020 

73 NCT04737460 
Study for the Treatment for CLN7 Disease 

(CLN7) 
AAV9/CLN7  AAV9  Intrathecal CNS 2021 

74 NCT04998396 
AAV9  Gene Therapy in Participants With 

Canavan Disease (CANaspire) 

AAV9  BBP 

812 
AAV9  Intravenous CNS 2021 

75 NCT05152823 
Gene Therapy for IGHMBP2-Related 

Diseases 
n/a AAV9  Intrathecal CNS 2021 

76 NCT04411654 
Phase 1/2 Clinical Trial of PR001 in Infants 

With Type 2 Gaucher Disease (PROVIDE) 
LY3884961 AAV9  Intracranial  CNS 2021 

77 NCT04693598 
Gene Transfer Clinical Trial for Krabbe 

Disease (RESKUE) 
FBX-101 AAVrh.10  Intravenous CNS 2021 
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78 NCT04273269 

A Safety and Efficacy Study of LYS-GM101 

Gene Therapy in Patients With GM1 

Gangliosidosis 

LYS-GM101 AAVrh.10  Intracranial  CNS 2021 

79 NCT05243017 

Safety and Efficacy of AMT-130 in 

European Adults With Early Manifest 

Huntington Disease  

AMT -130 AAV5  Intracranial  CNS 2021 

80 NCT05040217 

A Clinical Trial of  AAV2 -BDNF Gene 

Therapy in Early Alzheimer's Disease and 

Mild Cognitive Impairment  

AAV2 -BDNF AAV2  Intracranial  CNS 2021 

81 NCT04747431 

A Study of PBFT02 in Patients With 

Frontotemporal Dementia and 

Progranulin Mutations (FTD -GRN)  

PBFT02 AAV1  Intracranial  CNS 2021 

82 NCT05419492 

A Clinical Study to Evaluate the Safety 

and Efficacy of ETX101 in Infants and 

Children With SCN1A -Positive Dravet 

Syndrome (ENDEAVOR)  

ETX101 AAV9  Intracranial  CNS 2022 

83 NCT05317780 Canavan-Single Patient IND 
rAAV9 -CB6 

AspA  
AAV9  

Intravenous & 

Intracranial  
CNS 2022 

84 NCT05400330 

Long-Term Follow -up of Gene Therapy for 

APOE4 Homozygote Alzheimer's Disease 

(LEADLTFU)  

LX1001 AAVrh.10  Intrathecal CNS 2022 
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The major DMD clinical  trials all predominantly used AAV9 to deliver the 

therapy and include three different  gene replacement strategies, all with a muscle-

specific promoter driving either a micro -dystrophin or mini -dystrophin transgene 

cassette or an antisense small nuclear RNA exon-skipping cassette (NCT03368742, 

NCT03362502, NCT04240314, NCT00428935). Another notable gene replacement effort 

for DMD gene therapy instead uses AAV.rh74, a rhesus macaque isolate that transduces 

skeletal muscle at high efficiency, to deliver a muscle-specific promoter driving a micro -

dystrophin transgene cassette (NCT02376816, NCT03375164, NCT03769116). These 

micro- and mini -dystrophin clinical trials are all mostly still on going and highlight the 

multitude of interest in developing an AAV gene therapy for this fatal disease.  

Despite the overall success of these DMD clinical trials and others, it has become 

very clear that careful consideration must be given to balance an efficacious dose with 

patient safety. The mini -dystrophin gene therapy is administered at either 1e14 vg/kg 

(low) or 2e14 vg/kg (high) and is curre ntly in Phase 1 clinical trials sponsored by Pfizer 

(NCT03362502). Similarly, t he micro-dystrophin gene therapy  sponsored by Solid 

Biosciences is administered at either 5e13 vg/kg (low) or 2e14 vg/kg (high)  and is 

currently in Phase1/2 clinical trials  (NCT03368742). The antisense exon-skipping 

approach for treating children with DMD is dosed at ~8e13 vg/kg and is co -sponsored 

by Nationwide Children's Hospital and Audentes therapeutics (NCT04240314). Lastly, 
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the AAV.rh74 gene therapy trials in Phase I/II/III  sponsored by Sarepta Therapeutics 

utilize a dose range of 1.33e14 to 2e14 vg/kg depending on the phase of clinical trial 

(NCT03375164, NCT03769116, NCT04626674, NCT05096221). 

The clinical successes using AAV for the treatment of SMA and DMD have also 

come with lessons learned that must be considered as we continue down the therapeutic 

pipeline. These lessons will be highlighted and expanded upon further in section 1.8. 

Here, it should be summarized that AAV gene therapies have thus far demonstrated 

remarkable possibilities for the treatment of human genetic disease, but at the expense of 

some undesirable side effects related to high vector dosage [2, 172]. It is most important 

to note that aside from minor side effects and some SAEs, the gene therapy community 

has also had to grapple with dose related patient deaths [173].  

The highest vector dose ever administered systemically in an AAV clinical trial 

was 3.5e14 vg/kg in patients with X-linked myotubular myopathy  (XLMTM ) [174]. This 

fatal disease affects skeletal muscle development and is caused by a mutation in the 

myotubularin 1  (MTM1)  gene. An AAV8 based vector was used to deliver a functional 

MTM1  gene to affected patients. This clinical trial  is sponsored by Audentes 

Therapeutics and has since unfortunately resulted in the death of 4 patients with pre -

existing liver disease (3 high dose; 1 low dose) that was a result of progressive liver 

dysfunction and ultimately liver failure  [173]. This liver failure ultimately  resulted in 
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sepsis or a gastrointestinal bleed in the affected high dose patients and the cause of 

death for  the low dose patient (1.3e14 vg/kg) has not been released to this day [175, 176]. 

This year in 2022 Novartis, the maker of the AAV9-based Zolgensma, reported the first 

deaths ever for this gene therapy out of ~2,300 dosed patients worldwide [177]. These 

deaths occurred in 2 patients outside the USA. Their cause of death was the result of 

acute liver failure, which is a documented warning for taking the drug  and reinforces 

the notion that  considerations must be given to dosing and vector design. 

   

1.7 Advent of CRISPR/Cas9 for systemic genome editing 

CRISPR/Cas9 as a tool for genome editing burst onto the world stage with 

seminal papers in 2012 that characterized the biochemical aspects of this bacterial 

immune  system component [178, 179]. The following year it was published that these 

CRISPR/Cas9 systems had been engineered to edit genomic loci in eukaryotic cells  [180, 

181]. Since these initial findings, the field as moved predominantly to ex vivo and in vivo 

applications of CRISPR/Cas9 systems for therapeutic genome editing. Here, we will 

focus on the in vivo applications of CRISPR/Cas9, which has relied solely on AAV 

vectors for delivery to tissues other than liver  [23, 182]. One additional delivery vehicle 

exists for CRISPR/Cas9 delivery to the liver and that is with lipid nanoparticles 

containing ribonucleoprotein complexes of Cas9 and guide RNA  (gRNA ) [183]. The 
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array of different natural  AAV  serotypes and engineered variants, with various tropisms 

and transduction capabilities, allows CRISPR/Cas9 users to target tissues such as the 

liver,  heart, skeletal muscle, kidney, lung, eyes, and the brain (Table 1).  

Through the last decade, much preclinical evaluation of  AAV -CRISPR 

therapeutics has been performed [184]. Some of the most noteworthy efforts in this 

regard have been for ailments of the liver, skeletal muscle, and brain. A large body of 

work has been done for metabolic diseases where knock-out of disease-causing genes or 

knock-in of modified DNA for genes such as PCSK9 [185], OTC [186], FAH [187], LDLR 

and APOB [188] in the mouse liver leads to therapeutic correction of disease phenotypes 

in th is tissue and others. When we think  about AAV -CRISPR in skeletal muscle most 

would probably mention  DMD. Extensive preclinical studies in small and large animal 

models have shown the therapeutic potential of addressing disease causing mutations in 

the DMD  gene following intravenous administration of AAV -CRISPR [189-193]. 

Genome editing in the brain  following systemic dosing  has largely remained one 

of the frontiers where AAV is the only capable and safe mode of delivery for  CRISPR 

systems. This is due in part  to the unique properties of some AAVs to cross the blood 

brain barrier ( BBB). In mice, AAV -CRISPR vectors have been used to knock-out genes in 

mice such as schizophrenia risk gene Mir137 [194] or  ÓáÏÌÐÔÌÙɀÚ disease causing App 

gene [195]; brain homeostatic factor genes such as Ctnnb1, an essential gene for blood-
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brain barrier integrity  [196]; and cell-type specific genes such as NeuN, Gfap, and Mog 

[196]. Compared to efforts in the liver and skeletal muscle, the brain remains an elusive 

area for genome editing in higher order species.  

As the field inches closer to genome editing in the brain of humans, it begs the 

question if we are thoroughly prepared for embarking on making permanent changes to 

ÖÕÌɀÚ DNA , in cells such as neurons, that are of a finite quantity  and involved in shaping 

ÈɯÏÜÔÈÕɀÚɯÔÐÕË and identity . Surely, it is plausible to say it is our du ty to first assess the 

efficacy and safety of preclinical studies using AAV -CRISPR genome editing in large 

animal models such as pigs, canines, and especially NHPs. These efforts have already 

begun to bring to the forefront some pressing challenges that must be addressed prior to 

serious clinical evaluation.  

The use of AAV vectors as modes for delivery of CRISPR/Cas9 comes with 

unique considerations that must be understood as we continue progressing towards 

application  in humans. First, AAV genome integrati on at target cut sites and off-target 

cut sites have been reported by multiple groups [197-199]. Careful evaluation of this 

phenomenon should be conducted, especially in NHP preclinical studies. Second, AAV 

transduction efficiencies of CRISPR/Cas9 systems is not equal to transduction 

efficiencies determined in gene transfer studies with the same AAV capsid  [200, 201]. 

This is exemplified in the nearly 7e14 vg/kg AAV -CRISPR dose used with an evolved 
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capsid of the MyoAAV  family  to functionally cure a mdx mouse model of DMD  [202]. 

This is in stark contrast to the 2e13 vg/kg AAV gene therapy dose used in the same 

study that also led to funct ional correction of another mdx mouse model  [202].  

Third, our understanding of AAV -CRISPR vector design has greatly evolved 

since its first application in vivo following direct brain injection to edit the Mepc2 gene 

[203]. This vector design consisted of 2 different genomes, 1 delivering spCas9 and 

another delivering the guide RNA (gRNA) targeting Mepc2. We now further understand 

that gRNA scaffold placement in regards to the  AAV ITRs drastically affects genome 

integrity  [204]. One of the rate limiting steps in AAV -CRISPR studies are gRNA 

expression levels [199]. Multiple groups have reported hig her editing efficiencies when 

gRNA expressing vector dosages are increased more than Cas9 vectors when employing 

a dual AAV vector strategy for large fragment deletions of  a gene [205-207]. These 

increased amounts can be reflected in a 1:3 or 1:5 Cas9 to gRNA vector ratios instead of 

the initial 1:1 ratio employed by earlier groups.  

It  should be noted that some immunological and safety concerns remain 

unaddressed from previous AAV -CRISPR studies. For instance, overexpression of the 

bacterial Cas9 enzyme has proven to be immunogenic in vivo and often leads to Ca9 

silencing when overexpressed from a viral promoter such as the commonly used 

cytomegalovirus (CMV) promoter  [197, 208-210]. Additionally, o verexpression of the 
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whole CRISPR/Cas9 system in cells does lead to some degree of off target editing 

elsewhere in the genome and highlights the need for improved specificity of this system  

[182]. It has become increasingly clear that the lessons learned from high dose AAV gene 

therapy clinical trials are also broadly applicable to AAV genome editing in the clinic. 

Especially since preclinical evaluation of AAV -CRISPR strategies has exemplified some 

of these lessons.  

 While we still do not fully understand the intertwining mechanisms of AAV -

CRISPR genome editing, the first clinical trial is ongoing at the time of this writing in the 

USA for the treatment of HIV -1 (NCT05144386). This AAV -CRISPR therapy is an 

intravenous infusion of an AAV9 vector expressing the CRISPR/Cas9 system to excise 

proviral HIV -1 genomes from blood cells in patients. Preclinical studies in humanized 

mouse models and NHPs support the notion that this AAV9 based -CRISPR therapy can 

be curative in the clinic despite the challenges mentioned previously  [211, 212]. 

However, as we set our sights on more difficult to reach tissues, such as skeletal muscle 

and the brain, more consideration must be given to their conception and ultimate safety.   

 

1.8 Lessons learned from AAV clinical trials 

The more than 2 decades of evolving AAV gene therapy clinical trials have 

ultimately proven this modality as a safe and efficacious therapeutic to treat h uman 
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disease [2]. Still, bottl enecks and challenges remain in gene therapy clinical trials that 

may inform the designs as we embark into AAV -CRISPR strategies for human studies. 

First, the current dosing principle of AAV used in the clinic is that a high vector dosage 

is required for t herapeutic benefit in  tissues such as skeletal muscle and the CNS 

following systemic administration  [213]. This principle  has led to some of the highest 

vector doses ever used in humans ranging from 1e14 to 3.5e14 vg/kg [213]. SAEs have 

been reported in some patients throughout different clinical trials in this high dosing 

range (Table 3). These include interventions for SMA, DMD, and XLMTM. Reported 

SAEs consist of liver dysregulation and sepsis, complement system activation, acute 

kidney injury, t hrombotic microangiopathy , and in some severe cases death [172, 214]. 

These cases of SAEs only underscore the need for improved AAV vector design at either 

the genome or capsid level.    

One interesting result to note in the DMD gene therapy trials is that it appears 

AAV9 based gene therapies result in more SAEs, especially at higher doses, compared to 

gene therapies utilizing AAV.rh74 [215]. Some patients across the different AAV9-based 

DMD trials experienced SAEs in addition to minor side effects. For instance, Pfizer has 

reported SAEs in 3 patients of its high dose cohort including dehydration, acute kidney  

injury, and myocarditis [216]. Patients were administered increasing amounts of 

corticosteroids and all SAEs were remedied within 3 weeks. Solid Biosciences DMD 



 

 

46 

ÎÌÕÌɯÛÏÌÙÈ×àɯÛÙÐÈÓɯÏÈÚɯÈÓÚÖɯÌß×ÌÙÐÌÕÊÌËɯ2 $ɀÚɯÐÕɯƖɯ×ÈÛÐÌÕÛs consisting of a drop-in 

platelet count and complement system activation from a patient in the low and high  

dose cohorts [217]. Following these SAEs, protocol amendments were made in the 

affected clinical trials and the manufacturing process was improved and since then no 

SAEs have been reported in these trials [216, 217]. It is largely considered that these  

Table 3: High dose AAV toxicities reported in the clinic  

Condition  Capsid 
Dose 

(vg/kg)  

Route of 

administration  
Severe adverse events 

Trial 

sponsor 

X-Linked 

Myotubular 

Myopathy  

AAV8  3.5e14 Intravenous 

Hyperbilirubinemia and 

hepatotoxicity (n=3), 

sepsis (n=2), death (n=3) 

Astellas 

Pharma 

X-Linked 

Myotubular 

Myopathy  

AAV8  1.3e14 Intravenous Death (n=1) 
Astellas 

Pharma 

Spinal 

Muscular 

Atrophy  

AAV9  2e14 Intravenous 
Elevated liver enzymes 

(aminotransferases; n=4) 
Novartis  

Spinal 

Muscular 

Atrophy  

AAV9  1.1e14 Intravenous 

Thrombotic 

microangiopathy (n=9), 

sepsis and death (n=2) 

Novartis  

Duchenne 

Muscular 

Dystrophy  

AAV9  2e14 Intravenous 

Thrombotic 

microangiopathy, 

complement activation, 

acute kidney injury, and 

cardio-pulmonary 

incompetence (n=1) 

SolidBio 

Duchenne 

Muscular 

Dystrophy  

AAV9  3e14 Intravenou s 

Complement activation 

(n=2), thrombotic 

microangiopathy (n=2), 

acute kidney injury (n=1), 

constant vomiting (n=1) 

Pfizer 

 



 

 

47 

SAEs seen in DMD clinical trials are the result of an innate immune response to the AAV 

capsid [173, 217]. 

Interestingly , Sarepta Therapeutics has not reported any SAEs from their 

AAVrh.74 clinical trials at any dose. Some minor side effects have been reported for  both 

AAVrh.74  and AAV9  treatments and consist of elevated liver enzymes, nausea, fever, 

loss of appetite, and headaches, most of which are manageable with corticosteroids and 

subside within weeks  [170, 218]. One possible explanation for the difference in safety 

profile between these two natural serotypes could be a result of their different tissue 

tropism s in vivo [202]. AAV9 has a broader tropism following systemic dosing and 

transduces a number of tissues while AAV.rh74 has a tropism mainly for skeletal  and 

cardiac muscle [215, 217].  

These AAV toxicities reported in the clinic highlight the need for new AAV 

capsids capable of lower vector doses or bypassing off-target tissues. Lowering the AAV 

load administered to  patients is one way to address some AAV related SAEs seen in the 

clinic. Additionally, there remains a need for AAV capsids with refined tissue tropisms 

that will allow safer safety profiles and decrease off -target effects due to overexpression 

of a particular transgene cassette in unaffected tissues. In like manner, cross-species 

variability of natural AAV serotypes in transducing different tissues in vivo remains a 

barrier to appropriate preclinical safety screenings in small and large animal models. 



 

 

48 

This is especially important as more therapeutic programs progress down the gene 

therapy pipeline. In summary, innovative AAV vector development is necessary in 

order to ultimately realize clinical translation of more AAV gene therapies and 

especially as the field shifts to genome editing modalities with AAV.  

 

1.9 Strategies to address AAV challenges from the clinic  

There have been many advancements in engineering next-generation AAV 

vectors for gene therapy [160]. These efforts can be summarized in either engineering of 

the genome or of the capsid. Engineering of the genome can be further broken down 

into the modifications of the ITRs, promoter, transgene, therapeutic modality, and poly 

adenylation (polyA) signal. Improvements to these various facets of the genome have 

mostly had positive effects on AAV gene therapies that have improved efficacy, safety, 

and tolerability. The generation of the self -complementary genome, a means to bypass 

second-strand synthesis during AAV transduction, is a proven strategy to address a 

clinic challenge regarding efficacy of vector transduction observed with single -stranded 

vectors [162]. In fact, this genome composition is utilized in the Zolgensma treatment for 

SMA [170]. Implementation of a self-complementary genome instead of a single-

stranded genome has been shown to result in earlier onset of expression and higher 

levels of expression [219, 220]. However, a drawback still exists in that the normal 



 

 

49 

packaging capacity of ~4.7kb is decreased by half when this engineered genome is used. 

Thus, this is not a viable strategy for genes that are larger than ~3.5kb and begs for 

engineering strategies to increase packaging capacity of AAV.   

Optimization of the genetic payload in  between the AAV ITRs has seen 

noteworthy efforts  and these cis-elements are necessary to be small in size. Typically, 

promoters larger than 1kb can start to become problematic for some AAV gene 

therapies. Long promoter sequences are typically replaced with truncated forms in 

conjunction with regulatory enhancer elements to drive transgene expression  [221, 222]. 

There are also ongoing efforts in identifying new promoter like elemen ts through 

genome wide screens and synthetic promoter  screens containing sequences as small as 

83bp that effectively drive transgene expression from an AAV expression cassette in 

vitro and in vivo [223-225].  

Initia l clinical trials did not use codon optimized transgene sequences for specific 

tissue transduction when expressed from AAV. However, codon optimization for FVIII 

has been performed in order boost transgene expression in the liver [226]. Codon 

optimization of these transgene was found to yield higher levels of FVIII expression 

compared to vectors expressing wild-type FVIII in a human hepatocyte cell line and 

murine liver  [226]. Currently, it is widely understood that codon optimization of 

therapeutic transgenes is necessary during clinical development of AAV gene therapies. 
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It should be noted with caution that the general understanding of codon optimization 

varies between different academic labs and biotechnology vendors [160]. Thus, this AAV 

paradigm should also be viewed with caution while further investigation continues. 

Lastly, the use of synthetic polyAs can boost AAV transduction through enhanced 

polyadenylation of mRNA transcripts and increase s packaging capacity.  

Packaging capacity and therapeutic gene size are two  thorns in the side of AAV 

as a vector. They are synonymous with AAV as scientists consider how to deliver a 

therapeutic product in vivo. Some mature examples of addressing these challenges in the 

clinic  are with the generation of the micro - and mini -dystrophin transgenes for 

packaging into AAV vectors  [227]. The DMD  gene far exceeds the packaging capacity of 

AAV and at one time it was not possible to express a functional DMD protein from a 

single vector. These two truncated DMD  genes have demonstrated relatively safe 

toxicity profiles and have also demonstrated immense efficacy in functionally correcting 

DMD disease phenotypes in clinical trials  (Table 2) [215]. Optimization of other gene 

therapy cassette modalities has created new ways to tackle packaging capacity 

limitations inherent to some disease targets. Some examples include RNA knockdown or 

silencing of disease targets through shRNAs  or miRNAs  [228-232], genome editing of 

disease loci with technologies such as CRISPR/Cas9 or Zinc Finger endonucleases [197, 

233], and most recently, RNA edi ting technologies such as CRISPR/Cas13 RNA nuclease 
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systems or the human derived adenosine deaminases acting on RNA (ADAR) system 

[234-237]. These alternative modalities to the standard gene transfer approach broadens 

the capacity for treating genetic diseases with AAV vectors, albeit with some further 

optimization.  

The preclinical  development of CRISPR-related modalities for AAV delivery has  

shown promise and raised possibilities, while identifying niche considerati ons when 

using this delivery vehicle. When CRISPR/Cas9 for mammalian genome editing first 

burst onto the world stage, the initial Cas9 enzyme reported was identified from 

Streptococcus pyogenes (SpCas9) and consisted of 1368 amino acids [180, 238]. Delivering 

this with all other CRISPR and vector components required is very challenging with 

AAV due to their restrictive packaging capacity. Dual vector strategies have been 

developed to deliver the Cas9 and gRNA components in 2 separate vectors [197, 203], 

increasing packaging capacity, but negatively affecting overall gene editing efficiencies 

compared to single vector approaches [239, 240]. Screening efforts to identify other Cas9 

enzymes from different species of bacteria broadly revealed 2 Cas9 groups containing 

larger Cas9 enzymes of ~1350 amino acids and smaller Cas9 enzymes of ~1000 amino 

acids [185]. It was determined that a  Staphylococcus aureus Cas9 (SaCas9) enzyme was 

nearly as effective as the originally reported SpCas9 and consisted of 1053 amino acids. 
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Since SaCas9 is smaller, this allows for all-in-one vector approaches containing gRNAs 

and Cas9 in addition to other regulatory elements  [185].  

When there is a need for large gene deletions with CRISPR/Cas9, as is the case 

for DMD, the current state of play is a dual vector approach  [190, 197, 199, 205]. Still, 

consideration can be given to the AAV vector design in order to level the playing field. 

For instance, initial  dual vector  designs mostly mirrored that of single vector strategies 

where a single unique gRNA with Cas9 would be used for each vector mixed in 1:1 ratio  

[185]. However, gene editing efficiencies from dual vector strategies have been shown to 

be higher when both gRNAs are expressed from one vector while the Cas9 enzyme is 

expressed from the second vector [197, 200, 241]. This vector confirmation allows for  

higher levels of gRNA expression. The Cas9 to gRNA vector ratios of 1:3, 1:5, and 1:7 

have all been shown to increase gene editing efficiencies with AAV [205, 242]. As 

innovation of CRISPR-system modalities continues, newer and more compact or 

synthetically engineered Cas9 enzymes may further improve their use with AAV.  

Engineering of the AAV capsid has been predominately done by rational design 

or direction evolution  for either enhancement/refinement of transduction , tropism  or 

immune evasion [160]. Antigenic  and receptor footprints  for most natural AAV 

serotypes are known through considerable efforts in understanding the capsid 

structures of AAV  [22]. Point -mutations to ablate these antibody interactions with the 
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capsid have been reported over the years with varying effects on the transduction 

profiles of these point -mutant variants  [160]. Directed evolution has yield superior 

capsid variants in this regard and will be expanded on further below. AAV variants 

generated by rational design for the purpose of refined tropism and/or enhanced 

transduction have yielded AAVs with interesting phenotypes.  

Skeletal muscle tissue has seen considerable efforts in optimizing AAV delivery 

to effectively transduce this tissue for gene therapy. For example, mutating the heparin 

sulfate binding residues of AAV2 with t he corresponding residues of other natural AAV 

serotypes such as AAV8 yielded a variant called AAV2i8 which highly transduces 

skeletal muscle, is now capable of crossing the BBB, and is less immunogenic [100]. 

These are all things that AAV2 is restricted in doing normally that were unlocked when 

the corresponding region of AAV8 was engrafted. Similarly,  a chimera for AAV2 and 

AAV9  was generated through site-directed mutagenesis and was called AAV2G9 [243]. 

The galactose binding footprint of AAV9 was mutated onto the corresponding amino 

acids in AAV2 and conferred dual receptor binding recognition of heparin sulfate and 

galactose, with improved transduction efficiencies in the l iver compared to AAV2  [243]. 

Transduction of skeletal muscle can be achieved with serotypes such as AAV1, 

AAV6, AAV7 and AAV9. Capsid sequence alignments with AAV2, AAV1, AAV7 and 

AAV9 revealed conserved residues in AAV1 and AAV7 that were different in the same 
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position of AAV2  [244]. A total of 5 conserved residues were identified and engrafted 

onto AAV2. This led to the generation of AAV2.5, which can transduce skeletal musc le 

efficiently  in vivo, while AAV2 is restricted to the liver  following systemic dosing  [244]. 

AAV2.5 is also the first rationally designed  AAV evaluated in clinical trials and was 

used to deliver a min -dystrophin t ransgene cassette in DMD patients following 

intramuscular injection  [245].  

Interrogation of functional domains throughout the AAV capsid have generated 

a better understanding of unique attributes such as crossing the BBB. Limited numbers 

of natural serotypes are capable of this feature, most prominent being AAV9 and 

AAVrh10. AAV1 cannot effectively traverse the brain vasculature and thus was used to 

confer the BBB penetrating properties of AAVrh10 onto this serotype  [246]. Through 

rational design , consisting of structural and bioinformatics analyses followed by in vivo 

screening, the minimal footprint for this phenotype in AAVrh10 was identified and 

incorporated onto AAV1 to g enerate the novel AAV1RX variant  [246]. This AAV1 

variant is capable of transducing brain cell types and is liver detargeted following 

intravenous injection in mice [246]. In like manner, the two point mutations His527Tyr 

and Arg533Ser located on the three-fold protrusions  of the AAV9 capsid have been 

reported to impart detargeting of peripheral tissue s while retaining the CNS transducing 
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phenotype of AAV9 following systemic d elivery in neonatal mice [247]. This variant is 

called AAV9.HR.  

Each of these AAV variants demonstrates the potential for generating improved 

AAV vectors for gene therapy though rational design.  It should be noted this strategy 

requires structural and/or mechanistic knowledge prior to engineering new capsids. 

This requirement can impede the necessary development of improved AAV vectors  

depending on your starting serotype.  As AAV has matured in the clinic, it has become 

increasing clear that the most optimal capsid is required if we are to treat diseases of 

harder to reach tissues. In order to generate optimal capsids for specific applications, 

directed evolution has proven to be a better suited strategy.  

Direction evolution of AAV in its simplest terms consists of generating high 

diversity capsid libraries and applying a selective pressure in order accumulate 

beneficial mutations that enhance vector delivery  properties. A plethora of evolved 

capsids have been reported since the first application of this methodology to engineer 

improved AAV vectors  (Table 4). There have been many strategies employed 

throughout the years to generate diverse capsid libraries such as error-prone PCR, DNA 

shuffle libraries, peptide insert libraries , and structure-guided saturation mutagenesis 

[122, 160]. Unlike rational design, specific structural or mechanistic insights are not 

required for directed evolution and characterization of variants  can in fact yield insights 
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into AAV biology. This  can significantly speed up development of next-generation AAV 

vectors. 

Initial efforts to apply directed evolution to AAV vectors was performed using 

AAV2 (Table 4). In order to generate capsid libraries, error-prone PCR was employed 

with low -fidelity DNA polymerase to introduce random mutations throughout the 

AAV2 cap gene [248]. The resulting capsid library was then selected via infectious 

cycling (i.e., coinfection with Adenovirus) in HEK293 cells following preincubation with 

human antiserum [248]. The efforts were to generate an antibody escaping variant and 

the lead capsid characterized was called AAVr2.15 and is the first application of directed 

evolution for AAV vector design.  This strategy was also applied to make AAV9 libraries 

that were cycled in mice following systemic dosing. The lead variant identified was 

AAV9.45 and transduced cardiac and skeletal muscles comparably to AAV9, while 

unlike AAV9, was liver detargeted in mice  [249]. While these examples server as 

inspiration for current vector design, error -prone PCR alone is no longer the only 

strategy employed for directed evolution of AAV. Today it is most used in conjunction 

with an addition al strategy to further increase library diversity, such as DNA shuffling 

(Table 4).   
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Table 4: Directed evolution of AAV capsids (chronological)  

 Variant 

name 

Serotype origin & 

Mutation (VP1 

numbering)  

Evolution 

Strategy 
Selection/Cycling  Phenotype 

Source 

lab 

Pub. 

date 
Ref 

1 
n/a 

AAV2; R459K and 

N551D 

Error -prone 

PCR 

Infectious cycling in 

HeLa cells following 

preincubation in 

antiserum 

Antibody evasion  H. Büning  2005 [250] 

2 
AAVr2.15  

AAV2; E12A, 

K258N, T567S and 

N587I 

Error -prone 

PCR 

Infectious cycling in 

HEK293 cells 

following 

preincubation in 

antiserum 

Antibody evasion  
D. 

Schaffer 
2006 [248] 

3 
AAV -DJ 

Chimera (mainly 

AAV2) ; n/a 

DNA shuffle 

library  

Infectious cycling in 

primary human 

hepatocytes in the 

presence of 

human IVIG  

Enhanced tropism for 

human hepatocytes 

in vitro and mouse 

hepatocytes in vivo; 

Antibody evasion  

M. Kay 2008 [251] 

4 
AAV2.5T  

Chimera (AAV2 

and AAV5 ); AAV2 

(AA1 -128) + AAV5 

(AA129-725) + 

A581T 

Error -prone 

PCR + DNA 

shuffle library  

Infectious cycling in 

organotypic human 

airway epithelial 

cultures 

Enhanced tropism for 

human lung airway  

D. 

Schaffer 
2009 [252] 
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5 
AAVM41  

Chimera (AAV1,  6, 

7, and 8); n/a 

DNA shuffle 

library  

Non-infectious cycling 

in mouse skeletal 

muscle 

Enhanced tropism  for 

mouse myocardium  
X. Xiao 2009 [253] 

6 
AAV9.45 

AAV9; N498Y and 

L602F 

Error -prone 

PCR 

Sequence + structural 

analysis to filter 

variants and in vivo 

screening of clones 

Detargeted from the 

mouse liver 
A. Asokan 2011 [249] 

7 
AAV7m8  

AAV2; VR8: 

AA588-589 

insertion LGETTRP 

Peptide insert 
Non-infectious cycling 

in the mouse eye 

Enhanced tropism for 

mouse and NHP 

retina 

D. 

Schaffer 
2013 [254] 

8 AAV -

LK03 

Chimera (mainly 

AAV3) ; n/a 

DNA shuffle 

library  

Infectious cycling in 

human xenograft 

mouse livers 

Enhanced tropism for 

human hepatocytes 
M. Kay 2014 [255] 

9 
Li -C 

AAV2; VR1: 

G263A; VR5: 

Y500F, T503P and 

K507T 

Rational 

design + 

directed 

evolution  

Non-infectious cycling 

in mouse liver  

Enhanced tropism for 

mouse liver 

S. 

Zolotukhi

n 

2014 [256] 

10 
AAV -B1 

Chimera (AAV 2, 

rh43, rh10, and 

rh39, & others); n/a 

DNA shuffle 

library  

Non-infectious cycling 

in neonatal mouse 

brain 

Enhanced tropism for 

mouse brain and 

skeletal muscle and 

detargeted from the 

liver in mice  

M. Sena-

Esteves 
2016 [257] 
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11 
AAV2/6/2  

AAV2; AA347-446 

of AAV6 Cap in 

place of the same 

region in AAV2 

Cap 

DNA shuffle 

library  

Infectious cycling in 

HEK293s, in the 

presence of 

seropositive DMD 

patient IVIG , and in 

mouse muscle 

Enhanced tropism for 

muscle; Antibody 

evasion 

R. 

Samulski 
2016 [258] 

12 AAV -

PHP.B 

AAV9; VR8: 

AA588-589 

insertion TLAVPFK  

CREATE 

peptide insert  

Non-infectious cycling 

in mouse brain 

Enhanced CNS 

tropism and 

detargeted from the 

liver in mice; Species-

specific; Cannot 

transduce humans 

V. 

Gradinaru  
2016 [259] 

13 AAV -

PHP.eB 

AAV9; VR8: 

AA588-589 

insertion TLAVPFK 

with randomized 

flank at AA587 -588 

of DG. Complete 

sequence is 

DGTLAVPFK  

CREATE 

peptide insert 

with 

randomized 

N-terminus 

flank  

Non-infectious cycling 

in mouse brain 

Enhanced CNS 

tropism, potency and 

detargeted from the 

liver in mice; Species-

specific; Cannot 

transduce humans 

V. 

Gradinaru  
2017 [260] 

14 
CAM130 

AAV1; VR4: 456-

SERR-459; VR5: 

492-TPGGNATR-

499; VR8: 588-

DLDPKATEVE -597 

Structured-

guided 

saturation 

mutagenesis 

Infectious cycling in 

MB114 endothelial 

cells 

Antibody evasion 

without 

compromising titer, 

transduction 

efficiency, or tropism  

A. Asokan 2017 [261] 



 

 

6
0 

15 
SCH9 

Chimera (mainly 

AAV9) ; n/a 

SCHEMA 

library  

Non-infectious cycling 

in Cre transgenic 

mouse brain 

Enhanced tropism for 

adult neural stem 

cells  

D. 

Schaffer 
2018 [262] 

16 AAV -

NP40 

Chimera (mainly 

AAV2) ; n/a 

DNA shuffle 

library  

Infectious cycling in 

humanized mouse 

liv ers 

Enhanced tropism for 

human hepatocytes; 

Antibody evasion  

M. Kay 2018 [263] 

17 AAV -

MNM004  

AAV2; VR8: AA587 

insertion  

VMSVLLVDTDAT

QQ 

BRAVE 

peptide insert  

Non-infectious cycling 

in vitro and in vivo  

Enhanced 

transduction of rat 

brain 

T. 

Björklund  
2019 [264] 

18 
AAV -F 

AAV9; VR8: 

AA588-589 

insertion 

FVVGQSY 

iTransduce 

peptide insert  

Non-infectious cycling 

in mouse brain 

Enhanced 

transduction of 

mouse brain 

C. 

Maguire  
2019 [265] 

19 AAV -

PHP.N 

AAV9; VR8: 

AA588-589 

insertion TLAVPF 

with randomized 

flank for  AA595-

597 of SNP. 

(TLAVPFSNP) 

M-CREATE 

peptide insert 

with 

randomized 

C-terminus 

flank  

Non-infectious cycling 

in mouse brain (Cre 

selected neurons) 

Refined CNS cell-

type tropism 

(neurons) and liver 

detargeted in mice 

V. 

Gradinaru  
2020 [266] 

20 AAV -

hum.8 

AAV8; VR4: 455-

SNGRGV-460, VR5: 

494-YPLQ-497, 

VR8: 585-GQTQTT-

Structured-

guided 

saturation 

mutagenesis 

Infectious cycling in 

HuH7 human 

hepatocyte cells 

Enhanced tropism for 

human hepatocytes 

in addition to mouse 

hepatocytes; 

A. Asokan 2020 [267] 
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590, and the HI 

loop region: 661-

RSTFNGDKLN-670 

Antibody evasion  

21 AAV -

MYO 

AAV9; VR8: 

AA588-589 

insertion 

RGDLGLS 

Peptide insert 

Non-infectious cycling 

in mouse skeletal, 

smooth, and cardiac 

muscles 

Enhanced 

transduction and 

tropism for mouse 

cardiac, skeletal, and 

smooth muscles 

while detargeted 

from the liver  

D. Grimm  2020 [268] 

22 
AAV9P31 

AAV9; VR8: 

AA588-589 

insertion 

WPTSYDA 

TRACER 

peptide insert  

Non-infectious cycling 

in mouse brain 

Enhanced 

transduction of 

mouse brain 

J. Hou 2021 [269] 

23 MyoAAV 

4E 

AAV9; VR8: 

AA588-589 

insertion 

RGDFNNT with 

randomized flank 

for  AA586-588 of 

ENR. 

(ENRRGDFNNT ) 

DELIVER 

peptide insert  

Non-infectious cycling 

in mouse and NHP 

skeletal muscle 

Enhanced 

transduction and 

tropism for mouse 

and NHP cardiac and 

skeletal muscles and 

detargeted from the 

liver  

P. Sabeti 2021 [202] 

24 AAV -

CAP.B10 

AAV9; VR4: 452-

DGAATKN  -460 + 

peptide insert VR8: 

M-CREATE 

peptide insert 

+ structure-

Non-infectious cycling 

in mouse brain 

Enhanced tropism of 

mouse and marmoset 

brain and detargeted 

V. 

Gradinaru  
2022 [270] 
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587-DGTLAVPFK -

595 from AAV -

PhP.eB 

guided  

saturation 

mutagenesis 

from the liver  

25 AAV -

MYO3 

Chimera (AAV1, 6, 

8, and AAVMYO ); 

+ peptide insert 

RGDLGLS between 

AA588-589 in VR8 

DNA shuffle 

library + 

AAV -MYO 

peptide insert  

Non-infectious cycling 

in mouse skeletal, 

smooth, and cardiac 

muscles 

Enhanced 

transduction and 

tropism for mouse 

cardiac, skeletal, and 

smooth muscles 

while detargeted  

from the liver  

D. Grimm  2022 [271] 

26 
AAV.cc47 

AAV9; VR4: 452-

GVSLGGG -458 

Structured-

guided 

saturation 

mutagenesis 

Non-infectious cycling 

in pig, mouse, and 

NHP brain  

Enhanced tropism 

and transduction for 

mouse heart, skeletal 

muscle and brain, in 

addition to pig and 

NHP brain  

A. Asokan 2022 [209] 

27 AAV -

Ark313 

AAV6; VR4: 454-

VVNPAEG -460 

Structured-

guided 

saturation 

mutagenesis 

Non-infectious cycling 

in mouse primary T -

cells 

Enhanced tropism for 

mouse T-cells 
A. Asokan 

Exp. 

2023 
 

28 
AAV4.69 

AAV4; VR5: K492E 

and K503E; VR8: 

N585S, T591P, 

D593M, R594G and 

T596G 

Structured-

guided 

saturation 

mutagenesis 

Infectious cycling in 

mouse brain 

Enhanced tropism for 

mouse brain 
A. Asokan 

Exp. 

2023 
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29 
AAV.cc84 

AAV9; VR8: 586-

NAVGALS  -592 

Structured-

guided 

saturation 

mutagenesis 

Non-infectious cycling 

in mouse and pig 

brain 

Enhanced tropism of 

mouse and pig brain 

and detargeted from 

liver  

A. Asokan 
Exp. 

2023 
 

Legend: CREATE: Cre Recombination -based AAV Targeted Evolution ; M-CREATE: Modified Cre Recombination -based AAV 

Targeted Evolution ; DELIVER: Directed Evolution of AAV capsids  Leveraging In Vivo  Expression of transgene RNA ; TRACER: 

Tropism Redirection of AAV by Cell -type-specific Expression of RNA; BRAVE: Barcoded Rational AAV Vector Evolution  
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Capsid libraries  ÎÌÕÌÙÈÛÌËɯÝÐÈɯ#- ɯÚÏÜÍÍÓÐÕÎɯÖÍɯËÐÍÍÌÙÌÕÛɯ  5ɯÚÌÙÖÛà×ÌɀÚɯcap 

gene have been used in direct evolution approaches to generate numerous chimera 

capsids over the years and is still employed today to introduce genetic diversity. A few 

notable examples of lead variants identified by DNA shuffle libraries include AAV -DJ 

and AAV -NP40 (Table 4). AAV -DJ was generated via infectious cycling on primary 

mouse hepatocytes, while AAV -NP40 was generated via infectious cycling in 

humanized mouse livers  [251, 263]. Sequence analysis reveals strong representation of 

the AAV2 cap gene in both capsids. Characterization of vector transduction of the lead 

variants demonstrates enhanced tropism for mouse and human hepatocytes, 

respectively, in vivo in addition to improve d antibody escape [251, 263].  

Shuffle libraries have been employed to generate improved vectors for 

appl ication in  other tissues as well such as the brain cardiac, and skeletal muscles (Table 

4). A chimera of various rhesus isolates and AAV2 called AAV -B1 has been generated 

via non-infectious cycling  (i.e., PCR amplification from tissue; no co-infection with  Ad)  

in the neonatal mouse brain [257]. Evaluation in vivo compared to the gold standard 

AAV9 reveals this vector also has enhanced tropism for mouse skeletal muscles in 

addition to the brain, while being detargeted  from the liver. Notable chimeras for 

specific application in cardiac and skeletal muscles include AAVM41, AAV2/6/2, and 

AAVMYO3  (Table 4). AAVM41 was generated via non-infectious cycling in mouse 

skeletal muscle. The variant demonstrated enhanced tropism for mouse cardiac and 
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skeletal muscles compared to AAV6, while performing poorly in skeletal muscle and 

comparably in cardiac muscle compared to AAV9 [253]. AAV2/6/2 was generated via 

infectious cycling in mouse skeletal muscle following preincubation in AAV seropositive 

DMD patient  antiserum [258]. These efforts led to a chimera variant with improved 

antibody  escape and enhanced transduction of mouse skeletal muscle compared to 

AAV2 .  

Most recently in 2022 a new variant was reported called AAVMYO3 that was a 

result of DNA shuffling in addition to a known muscle enhancing peptide insertion  

[271]. This chimera capsid was generated via non-infectious cycling in mouse cardiac, 

skeletal, and smooth muscles and unlike past DNA shuffle libraries, an RNA transcript -

based methodology was employed to select for capsids with enhanced transduction in 

these mouse tissues. Transcript-based selection methods will be described in more detail 

in the paragraphs below. AAVMYO3 was shown to transduce all mouse muscles tested 

within the 3 muscle groups more efficiently than AAV9 or AAVrh74 , while transducing 

the mouse liver at significantly lower levels compa red to all tested serotypes [271].        

Engineered AAV vectors for improved skeletal muscle and CNS transduction 

has seen considerable contributions from multiple groups who incorporated peptide 

insertion librarie s predominantly in the AAV2 and AAV9 capsid  (Table 4). The first 

application of peptide insert libraries was performed  in VR-VIII  of AAV2 , which  is one 

of the surface spikes on the outside of the capsid. This peptide insert capsid library  was 
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generated via non-infectious cycling in the mouse eye and led to the identification  of 

AAV7m8 , which  demonstrates enhanced tropism for the mouse and NHP  retina 

compared to AAV2  [254]. This peptide insertion was included between amino acids 588 

and 589 (VP1 numbering) located in VR-VIII  of the AAV2 cap gene and has served as the 

basis for a majority of subsequent peptide insertion strategies to date.  

Peptide insertion libraries have really demonstrated their power with the Cre 

Recombination-based AAV Targeted Evolution (CREATE)  platform, which  is a 7-mer 

library inserted between amino acids 588 and 589 of the AAV9 capsid [259]. The 

CREATE platform was used to generate AAV-PHP.B and later AAV -PHP.eB through 

noninfectious cycling in a Cre -expressing mouse brain (Table 4). These variant s 

demonstrated robust expression throughout the mouse brain and are detargeted from 

the liver compared to AAV9 following systemic dosing  [259, 260]. One caveat of 

AAV.PHP.B is that it w as found to be C57BL/6 mouse stain specific [272]. AAV -PHP.eB 

is a modified version of AAV -PHP.B and contains a 3-mer randomized flank that further 

improved transduction in the mouse CNS and across different mouse strains. One 

drawback of both of these CREATE generated capsid variants for gene therapy is that 

neither effectively transduce NHP or humans in vivo following systemic dosing  [109]. 

The Modified -CREATE (M-CREATE) strategy was later developed by the same 

group that allowed further refinement of the evolution process . This was done by 

incorporating positive and negative selective pressures that could be applied to the 
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capsid library simultaneously during cycling  in Cre-expressing mice [266]. A capsid that 

came from this effort was AAV -PHP.N, which had enhanced specificity for mouse 

neurons and was liver detargeted following intravenous dosing  [266]. This variant was 

identified  from the original CREATE efforts that discovered AAV -PHP.B and differs by 

a novel 3-mer at the C-terminus end of the peptide insert and AAV9 cap gene [266].  

In approximately 20 19, RNA -transcript based selection methods for identification 

of AAV vectors capable of improved transduction in specific tissues  or cell types, rather 

than improved tropisms , emerged (Table 4). The iTransduce platform mirrored the 

CREATE and M-CREATE platforms in that it utilized a peptide  insertion library and 

Cre-induced selective pressure to identify new AAV variants  [265]. Specifically, AAV -F 

was identified via non -infectious cycling in the mouse brain and demon strated 

enhanced transduction in tissue, especially in both astrocytes and neurons, at high 

efficiency compared to AAV9  following systemic dosing  [265]. It remains to be seen 

whether this capsid can transduce large animal models at similar efficiencies. 

 Similarly, the Barcoded Rational AAV Vector Evolution  (BRAVE) platform was 

developed and also relies on a peptide insertion library and  RNA -transcript selection, 

however  this platform  utilize s a RNA barcode system incorporated into the untranslated 

region (UTR) of the AAV2 genome for identification of optimal AAV 2 variants following 

cycling [264]. These capsid libraries were subjected to non-infectious cycling in vitro  and 

in vivo simultaneously and barcode enrichment was analyzed in target cell types (i.e., 
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primary neurons) and compared between both settings. AAV -MNM004 was identified 

and demonstrated enhanced transduction of the rat brain, especially in dopamine 

neurons, following direct brain injections  compared to AAV2  [264].  

Peptide insert libraries for improved delivery to skeletal muscles have also been 

developed and are exemplified in the generation of AAVMYO and MyoAAV ( Table 4). 

AAVMYO was generated via non -infectious cycling in mouse cardiac, skeletal, and 

smooth muscles following systemic dosing  [268]. This approach combined DNA 

(tropism) and RNA (transduction) barcoding to tailor enhanc ed AAV vectors for 

delivery. The resultant variant AAVMYO demonstrated robust transduction of these 3 

muscle groups and detargeted from the liver compared to AAV9 following intravenous 

doing in mice  [268]. It remain s unclear whether this mouse muscle tropic vector is 

capable of similar robust expression in large animal models.  

MyoAAVs were generated via the Directed Evolution of AAV capsids 

Leveraging In Vivo Expression of transgene RNA  (DELIVER) platform which cons isted 

of RNA -transcript based selection of AAV9 peptide insert variants with insertions 

between amino acids 588-589 [202]. These capsid libraries were subjected to non-

infectious cycling  in mouse and NHP skeletal muscle and a variant of notable interest is 

MyoAAV -4E, which demonstrates robust transduction of NHP cardiac and skeletal 

muscles while detargeted from the liver compared to AAV.rh74 and to a lesser extent 

AAV9 following intravenous dosing  [202]. What is most striking about the generation of 
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these muscle-tropic variants (AAVMYO and MyoAAVs ) from two independent peptide 

insert libraries , is the identification of a common RGD motif from top enriched variants 

in both AAV capsid screens [202, 268]. 

 Lastly, a combinatorial approach of M -CREATE peptide insert libraries  in VR-

VIII and saturation mutagenesis of VR-IV was performed to generate enhanced CNS 

vectors. The lead variant, AAV. CAP.B10, was identified through non -infectious cycling 

in Cre-expressing mouse brains. This variant demonstrates enhanced tropism for mouse 

and marmoset (NHP sub-species) brain, while detargeted from the liver following 

systemic dosing compared to AAV9 [270]. Specifically, AAV.CAP.B10 demonstrates 

enhanced tropism for neurons in the brain compared to AAV9  [270].  

Our laboratory has made considerable efforts in structure -guided  evolution of 

new AAV variants through saturation mutagenesis of VR regions on the capsid surface  

[209, 261, 267, 273]. Through both infectious and non -infectious cycling of AAV capsid 

libraries in vitro and in vivo we have developed a broad array of new vectors with 

unique properties  (Table 4). For instance, initial efforts using structure -guided directed 

evolution was exemplified in the generation of AAV -CAM130 for neutralizing antibody 

evasion [261]. AAV1 capsid libraries of VR -IV, VR-V, and VR-VIII  were generated via 

saturation mutagenesis and subjected to infectious cycling in MB114 endothelial cells in 

vitro. These VR regions were previously implicated as antigenic footpr ints from previous 

structural studies performed by our collaborators at the University of Florida  [261, 274-
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278]. AAV -CAM130 was iteratively engineered by combining enriched library residues 

from the 3 different VR  librarie s without compromising the transduction profile and 

titer of AAV1 [261]. This variant was confirmed to be effective at escaping neutralizing 

antibodies from AAV1 seropositive mouse and NHP antiserum  at dilut ions as high as 

1:5 [261].  

In addition to antibody evasion  alone, our structure -guided approach has been 

used to co-evolve novel species tropisms and antibody evasion for AAV8 [267]. For 

example, AAV8 is restricted to effectively transducing murine  livers and not human 

livers  [279]. A top enriched variant called AAVhum.8 was identified  via infectious 

cycling in Huh7 cells, an immortali zed human hepatocyte cell line (Table 4) [267]. 

AAVhum.8 was iteratively designed by combining enriched  library sequences from 

antigenic footprints identified in VR-IV, VR-V, VR-VIII , and the HI loop  by cryo-electron 

microscopy studies [267]. These library regions were similarly  selected through 

structural analysis of AAV8 capsids bound to anti -AAV8 antibodies  (AAV8 antigenic 

footprints) . Characterization of AAV hum.8 reveals an enhanced anti-AAV8 antibody 

escape profile from antiserum of multiple species compared to AAV8 , while now 

capable of transducing human hepatocytes in addition to mouse hepatocytes [267]. 

This strategy was taken one step further with an AAV4 variant generated via 

infectious cycling in the mouse brain called AAV4.69 ( Table 4; unpublished , under 

review). AAV4 is a poor serotype for systemic gene therapy . When administered 
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directly into the brain via intracerebroventri cular (ICV) injection into the lateral 

ventricles of neonatal mice, the vector is unable to effectively transduce most parts of the 

brain outside of the injected ventricle  [118]. AAV4.69 was iteratively designed and  

combines different enriched capsid  sequences from libraries of VR-V and VR-VIII  on the 

AAV4  capsid. This variant is capable of improved spread throughout the mouse brain 

following ICV injection into the lateral ventricles (unpublished, under review).  

Buil ding on the generation of AAV -CAM130, AAV4.69, and AAVhum.8, we 

employed our structure -guided capsid evolution platform with  non-infectious cycling in 

the brain of pigs, mice, and NHPs following systemic dosing . This resulted in the 

generation of cross-species compatible AAVs (ccAAVs ) [209]. AAV capsid libraries  were 

generated on the VR-IV region of the AAV9 cap gene and cycled in each species 

following systemic dosing.  This effort  led to the identification  of AAV.cc 47, which is a 

more potent AAV vector with enhanced transduction efficiencies in mouse heart, 

skeletal muscle, and brain compared to AAV9 and comparable transduction efficiencies 

in the liver  following systemic dosing  [209]. The superior transduction efficiencies 

compared to AAV9 seen in the mouse brain were confirmed in the pig  and NHP brain 

following IntraCSF dosing. This capsid variant is the subject of chapter 2 and will be 

discussed in further detail there. Anot her notable variant generated via non-infectious 

cycling in the mouse and pig brain  following  systemic dosing is AAV.cc84 (unpublished, 

under review).  This variant  is a VR-VIII  mutant and  preferentially  transduces neurons 
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throughout the brain of mice and pigs and is detargeted from the liver  compared to 

AAV9. This capsid variant is the subject of chapter 3 and will be discussed in further 

detail there.  

In order to create the necessary next-generation AAV vectors for gene therapy 

and genome editing, engineering of the AAV capsid through the strategies described 

here will be necessary, along with enhancements to the AAV genome. The capsid is 

what controls delivery and we have discussed how natural AAV serotypes have 

restrictions in this regard, especially around potency and cross-species variability in 

delivering to target tissues. Past work has demonstrated that the capsid plays an 

important role in these mechanisms and must be addressed through  rational design or 

direct evolution  (Table 4). However, it is im portant to note that relying solely on a 

evolution strategy in vitro  or cycled only in a single species in vivo, does not completely 

address AAV drawbacks seen during preclinical development and in the clinic. This is 

exemplified in the generation of AAV v ariants with enhanced or refined tropism or 

enhanced vector potency in only a species-specific manner, which  leaves much to be 

desired when evaluated in NHPs and humans  in regards to clinical translation. The 

restricted tropisms of some engineered variants leave room for more improved AAV 

vectors and will be the focus of this dissertation.     
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2. Cross-species evolution of AAV variants I  

Chapter 2 was modified from a manuscript of the title ɁCross-species evolution of a 

highly potent AAV variant for therapeutic gene transfer and genome editingɂ accepted for 

publication in Nature Communications (Gonzalez and Asokan, 2022). The authors of this 

manuscript are (in order) Trevor J. Gonzalez, Katherine E. Simon, Leo O. Blondel, Marco M. 

Fanous, Angela L. Roger, Maribel Santiago Maysonet, Garth W. Devlin, Timothy J. Smith, 

Daniel K. Oh, L. Patrick Havlik, Ruth M. Castellanos Rivera, Jorge A. Piedrahita, Mai K. 

Elmallah, Charles A. Gersbach & Aravind Asokan.  

 

 2.1 Introduction 

Recombinant adeno-associated virus (AAV) has been widely used in preclinical 

and clinical studies to deliver therapeutic payloads to multiple tissues following 

systemic administration. A few naturally occurring AAV serotypes 8/9/rh10 are 

currently being employed for gene transfer to cardiac, musculoskeletal or central 

nervous system (CNS) tissues in clinical trials through different routes of administration 

(e.g., intravenous, intracoronary or directly into cerebrospinal fluid (intraCSF)) for 

Duchenne Muscular Dystrophy, X -linked myotubular my opathy, Pompe disease and 

Batten disease amongst others [2, 280]. A commonly utilized benchmark in this regard is 

the AAV9 serotype, which is utilized in Zolgensma®, the first FDA approved gene 

therapy to treat SMA by delivering a functional copy of the SMN1 gene following 

intravenous infusion in infants  [170].   

Similar to Zolgensma®, most AAV based gene therapy trials focused on 

correcting functional deficits in the CNS or s keletal muscle require high vector doses to 

achieve therapeutic efficacy [280]; however, this practice has recently been shown to 
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carry the potential risk of unintended side effects  [2, 172]. For instance, in humans, AAV 

vectors administered systemically can result in transient elevation in liver transaminase 

levels in patient serum, complement activation, thrombotic microangiopathy, renal 

failure or in severe cases, death [173, 176]. These aspects are only partially modeled (or 

sometimes not at all) or predicted by preclinical animal models. For instance, studies 

focused on dorsal root ganglion pathology following AAV vector treatments in NHP 

and pig models appear to directly correlate with AAV transduction efficiency and dose 

[106, 281]; however, such toxicologic aspects have generally not been observed in mouse 

models, or reported in clinical tr ials such as in case of SMA to date.  

No vector-triggered toxicity was observed in dose escalation studies utilizing 

AAVrh74 or AAV8 vectors over -expressing micro/minidystrophin in the mdx mouse or 

canine models, respectively [282, 283]. Interestingly, other side effects such as renal 

toxicity and thrombocytopenia have been reported in clinical trials utilizing AAV9  [172, 

280], but similar adverse events have not been reported to date with rh74 vectors [215]. 

While the exact mechanisms related to these toxicities remain under investigation, these 

recent findings highlight significant disparities in AAV biology across species, but also 

the need for improved vector design that can (i) mitigate potential risks and improve the 

therapeutic window associated with AAV gene therapies as well as (ii) enable better 

predictive modeling leading to effective clinical translation.  



 

75 

To this end, several AAV library -based approaches have been developed in the 

past decade. For instance, directed evolution has been utilized to engineer novel AAV 

capsids with improved CNS or muscle tropism, improved tropism for human tissue or 

the ability to evade neutralizin g antibodies [160, 284]. These efforts have yielded novel 

muscle or neurotropic AAV capsids such as the rationally engineered variants AAV2i8, 

AAV2i8G9 [100, 243]; chimeric AAV -B1, AAV1RX obtained through DNA shuffling of 

natural capsid isolates [246, 257] or AAV -PHP.B, AAV.CAP.B10, AAVMYO, MyoAAV 

amongst others obtained through capsid surface peptide display  [202, 259, 268, 270]. A 

notable drawback that has been reported is that directed evolution of AAV libraries in a 

single animal model can yield variants specific for those species, as exemplified in case 

of AAV -PHP.B [259], which utilizes the C57/B6 mouse strain-specific receptor, Ly6A 

[285]. Indeed, it remains to be seen whether evolving AAV libraries solely in NHPs 

yields only primate sub -species-specific variants and ultimately, whether NHP derived 

AAV capsids are the most suitable candidates for clinical evaluation.  

To address these challenges, we describe a novel cross-species based approach 

that can be readily implemented into any directed evolution workstre am independent of 

the engineering strategy or library -based approach. Specifically, we iteratively cycled 

AAV libraries administered intravenously and isolates amplified from CNS tissue in 

pigs, mice, and non-human primates to generate cross-species compatible AAVs 

(ccAAVs). Gene transfer efficiencies of different enriched capsid variants were 
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determined in mice, which yielded a lead capsid variant, AAV.cc47. We benchmarked 

the transduction efficiencies in mouse liver, CNS, cardiac and skeletal muscle tissues in a 

mouse model using a Cre recombinase cassette packaged within AAV.cc47 or AAV9 and 

administered at three different doses as well as increased acid alpha-glucosidase (GAA) 

expression in the mouse CNS, heart, and skeletal muscle with AAV.cc47 compared to 

AAV9. Additionally, we demonstrate higher genome editing efficiencies in the mouse 

heart and skeletal muscle using optimized CRIPSR/Cas9 cassettes in a reporter mouse 

model as well as the mdx mouse model for DMD. Further, we demonstrate the cross-

species compatibility of AAV.cc47 compared to AAV9 in pigs, and nonhuman primates 

following intrathecal/cisterna magna dosing. Our approach corroborates the notion that 

iterative evolution in multiple animal models can yield potent AAV variants with cross -

species compatibility that can potentially enable better predictive preclinical modeling 

and help improve the therapeutic window of AAV gene therapies in humans.     

 

2.2 Results  

2.2.1 Cross-species cycling of AAV libraries  

To engineer cross-species compatible AAVs (ccAAVs), we created AAV9 -based 

capsid libraries and cycled them through pigs, mice, and non -human primates following 

systemic administration (Figure 3). Libraries were created via saturation mutagenesis  
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Figure 3: Cross-species evolution of AAV capsid libraries yields a dominant 

new variant.  

Schematic of AAV capsid library evolution in pigs, mice, and non -human primates 

following intravenous dosing . 

of the AAV9 capsid surface loop corresponding to amino acids (AA) 452 -458 (VP1 

subunit numbering). This region corresponds to variable region IV (VR -IV; red) of the 

capsid, which is the farthest radially protruding surface loop  [20], and plays a 

multifunctional role in AAV biology including a neutralizing antibody binding site  [278, 

286] as well as transduction efficiency and cell surface receptor binding, due to 

proximity to the three-fold -symmetry axis of the AAV9 capsid [20, 286]. Briefly, binding 

interactions of galactosylated glycans and AAVR with the AAV9 capsid are known to 

occur around the three-fold axis. In addition to the functional attributes outlined above, 

previous studies by our laboratory [261, 267] and the Gradinaru laboratory [270] have 
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demonstrated the importance of VR-IV in evolving novel AAV capsids with improved 

functionality. Moreover, the VR-IV loop is less permissive towards peptide insert 

approaches compared to VR-VIII. Taken together, VR-IV is an important surface region 

for incorp oration into AAV capsid libraries.  

This region is highlighted in 3D structures of the VP3 subunit monomer, trimer 

and full capsid conformations to highlight the protruding nature of this surface loop 

(Figure 4). Wild type AAV libraries packaging mutant ge nomes consisting of AAV2 rep 

and AAV9 mutant  cap, flanked by AAV2 ITRs were first cycled in 3 -week old piglets 

dosed at 1e13 vg/kg via intravenous (IV) administration. Pig brains were harvested 3 

days post injection and further dissected into parietal, occipital, and temporal cortices, 

cerebellum, hippocampus, thalamus, hypothalamus, and medulla regions. Viral 

genomes amplified from extracted DNA were pooled and cloned to generate the next 

AAV library, which was administered IV in 8 -week old C57/B6 mice at a dose of 2e13 

vg/kg. The brains from these mice were harvested 3-days post injection and dissected 

into cortex, dentate gyrus, hippocampus, and cerebellum regions; then processed and 

prepared as above. The final species used for in vivo cycling were 2-year old cynomolgus 

macaques. Libraries were administered via intravenous infusion at a dose of 3.3e13 

vg/kg. Macaque brains were harvested 7 days post injection and dissected into temporal, 

parietal, occipital, and frontal lobes, thalamus, corpus callosum, h ippocampus, 

cerebellum, brainstem, pons, and midbrain regions. Amplified AAV genomes from 
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macaques as well as from each species in earlier rounds was then prepared for next 

generation sequencing.  

 

Figure 4: AAV9 VP3 monomer, trim er, and full capsid  with 7 -mer in VR -IV 

highlighted in red. The models were generated using PyMOL . 

Parental and evolved viral libraries were sequenced with an Illumina NovaSeq 

platform . Sequencing reads were analyzed using a custom in-house Perl script and 

plotted in R (Figure 5a). Each bubble corresponds to an individual library amino acid 

sequence and bubble diameter corresponds to fold enrichment between parental and 

evolved libraries. Enrichment analysis of individual AAV clones following evolution in 

each animal species revealed a 100 to 69,000-fold enrichment between evolved variants  

and parental representation. The dominant lead variant AAV.cc47, accounted for 67% of 

the overall mapped reads after the final round. AAV.cc47 percent representation and 

fold enrichment and total library diversity was determined following evolution in each 

species (Figure 5b).  
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Figure 5: Next -generation sequencing (NGS) identifies AAV.cc47 as the top enriched AAV variant following three rounds 

of  evolution in each animal species . 

(a) Parental and evolved libraries were analyzed for variant enrichment via NGS. Each bubble represent s an individual amino 

acid sequence in the library  and its size corresponds to the fold enrichment of each sequence in the evolved library compared to 

the parental library. (b) Library diversity was determined using a custom in -house Perl script. Reads were surveyed for 

nucleotide sequences flanking the library regions and intermediate sequences were counted and ranked. Th ese nucleotide 

sequences were then translated and the resulting amino acid sequences were also counted and ranked. Bubble plots were 

generated using R studio. GraphPad prism was used to visualize the library diversity in bar graphs and total unique amino a cid 

sequences are listed above each bar. 
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Using pig, mouse, and monkey next-generation sequencing (NGS) data, we 

performed a consensus motif analysis of the top 100 AAV clones from each round. This 

analysis revealed 452-GVSLGGG-458 as the major consensus sequence of the top clones 

in monkeys, which was determined to be the amino acid (AA) sequence for AAV.cc47  

(Figure 6a). We further analyzed the NGS data of parental and evolved (monkey) 

libraries by calculating the AA frequency at each position in the libr aries. Additionally, 

we determined the differential representation of AA at each library position between the 

two data sets. A clear selection for our consensus motif is corroborated by our evolved 

variant heatmap (Figure 6b). The parental library shows a broad distribution of AAs 

across positions 1-7, with a bias for glycine at each position illustrated by the yellow 

gradient. The least and most frequent AAs  are shown in blue and yellow, respectively, 

while the 50th percentile is shown in white .  

In order to assess the manufacturability of AAV.cc47 compared to AAV9, we 

collated titers obtained by qPCR analysis of yields from production runs of these two 

capsids packaging the same transgene cassettes produced in both adherent and 

suspension HEK293 systems. We found no significant difference in manufacturability of 

AAV.cc47 compared to AAV9 in either adherent or suspension production systems 

(Figure 6c-d). We assess AAVR-dependence of our evolved variant, which has been 
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shown to be essential for most natural  AAV serotypes including AAV9 , in AAVR KO 

Huh7 cells. It was determined that  AAV.cc47 is still AAVR -dependent for cellular 

infection (similar to AAV9;  Figure 6e). We also assessed the ability of our evolved 

variant to evade neutralizing antibodies from antis erum of pigs, NHPs, and humans and 

found a similar escape profile to AAV9 (Figure 7).  

 

 

Figure 6: Analysis of enriched VR -IV  amino acid motifs, vector 

manufacturability and AAVR -dependence  
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(a) Consensus motif analysis for residu es 452 - 458 (VP1 numbering)  of the top 100 

enriched AAV mutants following three rounds of evolution. ( b) Heat map of parental 

and final evolved libraries identifying amino acid frequencies at each library position 

following in vivo cycling of libraries. ( c-d) Comparison of multiple recombinant 

AAV9 or AAV.cc47 production yields in both adherent (n=9) and suspension (n=15) 

HEK293 systems. Final, post-purified AAV yields from adherent 293s are plotted as 

vector genome titers per 15cm plate and from suspensio n HEK293s are plotted as 

vector genome titers per liter of media. Data points represented here consist of vectors 

packaging the same transgene cassette for AAV9 and AAV.cc47. Each symbol and 

color combination represent a different transgene cassette used f or vector preparation, 

the dash represents the mean value and error bars represent the standard error mean.  

(e) AAVR KO Huh7 cells were transduced with either AAV9 or AAV.cc47 expressing 

a luciferase transgene cassette. Statistical significance was determi ned by a two -tailed 

paired Student t  Test (Adherent, P < 0.081; Suspension, P < 0.056). ns not significant. 
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Figure 7: Neutralizing antibody assay with serum from different species.  

AAV9 or AAV.cc47 vectors packaging a single stra nded genome with the CBA 

promoter driving firefly luciferase were incubated with and without serum from 

NHPs (a), pigs (b), and humans (c). Following incubation with serum, HEK293s were 

seeded on top of the incubated vectors at 10,000 cells/well and incuba ted at 37C for 24 

hours. Cells were then harvested 24 hours post transduction and protein lysates were 

prepared for a Luciferase assay. 
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2.2.2 AAV.cc47 is more potent than AAV9 vectors in normal mice. 

We first compared the transduction profiles of AAV.cc47 and AAV9 vectors 

packaging a self-complementary CBh-mCherry cassette following systemic 

administration at 5e13vg/kg at 4 weeks post-dosing (Figure 8a). Native mCherry 

fluorescence from tissue sections of injected mice show increased transduction efficiency 

in heart, tibialis anterior, and brain, while a modest, yet statistically significant increase 

in liver transduction was observed (Figure 8b-c, 9a-b). Quantification of fluorescence 

intensity in heart, tibialis anterior, and liver shows AAV.cc47 has a 21 -, 16-, and 2-fold 

higher fluorescence intensity, respectively (Figure 8c). Further, we observed increased 

transduction and spread of AAV.cc47 throughout the mouse brain compared to AAV9 

(Figure 9b). A greater number of neurons transduced in the cortex (CTX), cerebellum 

(CB), and hippocampus (HC) by the evolved variant was determined with 4 -, 3-, and 4- 

fold greater transduction in this cell type, respectively, compared to AAV9 (Figure 9c-f). 

The identities of other cell types transduced in the brain remain to be determined. 

Lastly, a 4-fold higher fluorescence intensity with AAV.cc47 compared to AAV9 for 

rostral, midbrain, and caudal regions was observed (Figure 9b).  
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Figure 8: AAV.cc47 transduces mouse heart and skeletal muscle  more 

efficiently than AAV9 following systemic administration.  

(a) Study schematic. 8-10-week-old  C57/B6 mice (n=3) were injected intravenously at a 

dose of 5e13vg/kg with AAV9 (red) or AAV.cc47 (blue) and organs were harvested 4 

weeks post injection. Vectors  delivered a self -complementary AAV genome with the 

chicken -beta actin hybrid (CBh) promoter driving mCherry reporter expression. (b) 

Representative images of native mCherry fluorescence in heart, tibialis anterior (TA) 

and liver. (c) Quantification of nat ive mCherry fluorescence intensity in heart ( P < 

0.0386), TA (P < 0.0001), and liver (P ǾɯƔȭƔƕƛƖȺȭɯƙƔϟÔɯÛÏÐÊÒɯÊÙÖÚÚɯÚÌÊÛÐÖÕÚɯÞÌÙÌɯÖÉÛÈÐÕÌËɯ

ÝÐÈɯÈɯÝÐÉÙÈÛÖÔÌɯÍÖÙɯÏÌÈÙÛɯÈÕËɯÓÐÝÌÙȮɯÞÏÐÓÌɯƛϟÔɯÛÏÐÊÒɯÊÙÖÚÚɯÚÌÊÛÐÖÕÚɯÞÌÙÌɯÖÉÛÈÐÕÌËɯÍÖÙɯ

TA via cryostat. Each dot repre sents an individual mouse, fold change is listed above 

significance, the dash represents the mean value and error bars represent the standard 

error mean. Statistical significance was determined by a two -tailed Student t Test. *P 

< 0.05; ** P < 0.01; ***P < 0.001; ****P < 0.0001; ns not significant.
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Figure 9: AAV.cc47 transduces mouse brain m ore efficiently than AAV9 

following systemic administration . 

(a) Representative images of native mCherry fluorescence in brain. (b) Quantifica tion 

of native mCherry fluorescence intensity in brain (P < 0.0172). Brain mCherry 

fluorescence intensity was measured from rostral, midbrain, and caudal brain regions, 

and are summarized as a single brain tissue. (c -e) Representative immunofluorescence  

(IF) images for mCherry and NeuN proteins in the cerebellum (CB), hippocampus 

(HC), and cortex (CTX). (f) Quantification of percent neurons transduced in the CB ( P 

< 0.0001), HC (P < 0.0015), and CTX (P <0.0045) was determined via IF staining of 

mCherry and NeuN proteins and taking the ratio of total mCherry+ neuron counts to 

ÛÖÛÈÓɯ-ÌÜ-ǶɯÊÌÓÓɯÊÖÜÕÛÚɯÐÕɯÌÈÊÏɯÉÙÈÐÕɯÙÌÎÐÖÕȭɯƙƔϟÔɯÛÏÐÊÒɯÊÙÖÚÚɯÚÌÊÛÐÖÕÚɯÞÌÙÌɯÖÉÛÈÐÕÌËɯ

via a vibratome  and mCherry protein is stained red and NeuN protein is stained 

white.    

 

Next, we compared AAV.cc47 and AAV9 for Cre recombinase expression in the 

Ai9 tdTomato fluorescent reporter mouse model. Briefly, AAV.cc47 and AAV9 vectors  
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packaging a single stranded CMV-Cre cassette were administered at 4e11, 4e12, or 

4e13vg/kg IV in adult homozy gous Ai9 reporter mice and tissues harvested at 4 weeks 

post injection (Figure 10a). Immunofluorescence (IF) imaging corroborated earlier 

reporter gene expression studies with AAV.cc47 transducing Ai9 mouse heart and 

tibialis anterior 3 - to 4-fold more eff ectively than AAV9, while showing no difference in 

liver transduction (Figure 10b-d). A dose dependent increase in the number of 

transduced cardiomyocytes and myofibers is observed between AAV.cc47 and AAV9, 

increasing by approximately an order of magnitud e as we increase in dose. No such 

response was observed in hepatocytes, indicating vector dosage saturation in the liver 

(Figure 10). 

Surprisingly, vector genome biodistribution for all tissues analyzed showed no 

difference in biodistribution between AAV.c c47 and AAV9 at any of the three doses 

evaluated (Figure 11), while a dose dependent increase in vector genome copy numbers 

was observed in each tissue. Vector genome biodistribution was quantified in other 

tissues at each dose and revealed a similar profile (Figure 12). Enhanced transduction in 

the brain from our mCherry study was confirmed with our evolved variant at the 4e13 

vg/kg dose of Cre Recombinase in Ai9 mice (Figure 13a). Additionally, increased 

targeting of neurons in the brain with AAV.cc47 was  also confirmed by IF co-staining 

(Figure 13b-c). 
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Figure 10: AAV.cc47 outperforms AAV9 in Cre recombination in Ai9 reporter 

mice at all tested doses following intravenous (IV) administration.  

(a) 8-10-week-old  Ai9 reporter mice (n=4) were injected IV  at 4e11, 4e12, and 4e13 

vg/kg with AAV9 (red) or AAV.cc47 (blue). Vectors delivered a single stranded AAV 

genome with the cytomegalovirus (CMV) promoter driving Cre recombinase. (b) 

Representative immunofluorescence images and quanti fication for tdTomato (red) 

and DAPI (blue) for mice injected at each dose in heart (b), tibialis anterior (c), and 

ÓÐÝÌÙɯȹËȺȭɯƙƔϟÔɯÛÏÐÊÒɯÊÙÖÚÚɯÚÌÊÛÐÖÕÚɯÞÌÙÌɯÖÉÛÈÐÕÌËɯÝÐÈɯÈɯÝÐÉÙÈÛÖÔÌɯÍÖÙɯÏÌÈÙÛɯÈÕËɯÓÐÝÌÙȮɯ

ÞÏÐÓÌɯƛϟÔɯÛÏÐÊÒɯÊÙÖÚÚɯÚÌÊÛÐÖÕÚɯÞÌÙÌɯÖÉÛÈÐÕÌËɯÍÖÙɯÚÒÌletal muscle via cryostat. Total 

number of tdTomato+ cells (heart and liver) and total number of tdTomato+ 

myofibers (tibialis anterior) were counted and normalized to the total number of 

DAPI+ nuclei in each tissue.  Quantifications in panels B are listed in ascending order 

of dosing from left to right, starting with 4e11 vg/kg and going to 4e13 vg/kg for each 

tissue type. Statistical significance was determined by an unpaired two -tailed Student 

t  Test (2 treatment groups) for histological quantification (H igh dose heart, P < 0.001; 

tibialis anterior, P < 0.0018; liver , P <0.7883; Mid dose heart, P < 0.0001; tibialis 

anterior, P < 0.0023; liver, P < 0.2666; low dose heart, P < 0.0006; tibialis anterior, P < 

0.0001; liver, P < 0.0019). *P < 0.05; **P < 0.01; *** P < 0.001; ****P < 0.0001; ns not 

significant.  
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Figure 11: AAV.cc47 vector genome biodistribution is comparable to AAV9 at 

4e11, 4e12, and 4e13vg/kg in Ai9 mice. 

Vector genome copy numbers per mg DNA were calculated by norma lizing Cre 

recombinase copy numbers to total mg DNA input for qPCR quantification and are 

represented as log vg/mg DNA. Each dot represents an individual mouse, fold change 

is listed above significance, the dash es represent the mean value and error bars 

represent the standard error mean. Quantifications are listed in ascending order of 

dosing from left to right, starting with 4e11 vg/kg and going to 4e13 vg/kg for each 

tissue type. Statistical significance was determined by One -Way ANOVA with 

3ÜÒÌàɀÚɯ×ÖÚÛÛÌst (3 treatment groups) for vector genome biodistribution analysis 

(High dose heart, P < 0.0279). *P < 0.05; ns not significant.  
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Figure 12: Other organ vector genome biodistribution following systemic 

administration of Cre recom binase at multiple doses  in Ai9 mice.  
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(a-c) Vector genome copy numbers per mg DNA were calculated by normalizing Cre 

recombinase copy numbers to total mg DNA input for qPCR quantification and are 

represented as log vg/mg DNA. Each dot represents an individ ual mouse, the dash 

represents the mean value and error bars represent the standard error mean. Statistical 

significance was determined by One -6Èàɯ -.5 ɯÞÐÛÏɯ3ÜÒÌàɀÚɯ×ÖÚÛÛÌÚÛɯȹ'ÐÎÏɯËÖÚÌɯ

brain caudal, P < 0.5318, midbrain, P < 0.2129, rostral, P < 0.5415; spinal cord P < 0.0034; 

kidney, P < 0.8635; lung, P < 0.1357; pancreas P < 0.2549; spleen, P < 0.1013; Mid dose 

brain caudal, P < 0.5918, midbrain, P < 0.7029, rostral, P < 0.5712; spinal cord, P < 

0.3847; kidney, P < 0.6531; lung, P < 0.9580; pancreas, P < 0.9962; spleen, P < 0.9900; low 

dose brain caudal, P < 0.1392; midbrain, P < 0.2535; rostral, P < 0.5285; spinal cord, P < 

0.5588; kidney, P < 0.0417; lung, P < 0.8270; pancreas, P < 0..9999; spleen, P < 0.7276). *P 

< 0.05; **P < 0.01; ns not significant.  
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Figure 13: AAV.cc47 transduces Ai9 brain more effectively than AAV9.  
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(a) Representative immunofluorescence images of tdTomato in cerebellum, 

hippocampus, cortex, and whole brain. 8ɬ10-week-old Ai9 mice (n=3) were injected 

systemically with 4e13 vg/kg of AAV.cc47 or AAV9 vectors packaging a single 

stranded genome with a CMV driven Cre recombinase transgene. Mice were 

ÚÈÊÙÐÍÐÊÌËɯƘɯÞÌÌÒÚɯ×ÖÚÛɯÐÕÑÌÊÛÐÖÕɯÈÕËɯÞÏÖÓÌɯÉÙÈÐÕÚɯÞÌÙÌɯÚÌÊÛÐÖÕÌËɯƙƔϟÔɯÛÏÐÊÒɯÞÐÛÏɯÈɯ

vibratome. (b) Tissue sections were stained against tdTomato (red) and NeuN (white) 

proteins via immunofluorescence for co-staining quantification. (c) Quantification of 

total % transduced neurons in Ai9 brain by AAV9 and AAV.cc47 was determined by 

taking the ratio of the total tdTomato+ neurons compared to the total NeuN+ neurons 

in each brain region shown. Each dot re presents an individual mouse, fold change is 

listed above significance, the bars and graphs represent the mean value and error bars 

represent the standard error mean. Statistical significance was determined by an 

unpaired two -tailed Student t  Test (cerebellum, P < 0.0048; hippocampus, P < 0.0240; 

cortex, P < 0.0003). *P < 0.05; **P < 0.01; ***P < 0.001; ns not significant. 

 

2.2.3 AAV.cc47 vectors demonstrate improved genome editing 
efficiency. 

We then wanted to explore whether IV dosing of AAV.cc47 packagin g 

CRISPR/Cas9 and guide RNAs can improve genome editing efficiency compared to 

AAV9 in Ai9 mice (Figure 14a, 15a). To determine optimal conditions for genome 

editing, we evaluated a panel of vector design strategies based on a dual AAV vector 

approach, whi ch requires Staphylococcus aureus (Sa) Cas9 and two single guide RNAs 

(gRNAs) targeting the Rosa26 locus in Ai9 mice. Similar to the Cre recombinase 

approach described earlier, this CRISPR based approach is designed to remove the lox-

STOP-lox region, which  will then enable tdTomato expression in different tissues.  

In Design 1, we used single stranded AAV genomes with the CMV 

enhancer/beta-actin (CB) promoter driving SaCas9 and a different gRNA driven by the 

hU6 promoter; mixed in a 1:1 ratio (dose=1e14 vg/kg each vector). For Design 2, we 
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utilized single stranded AAV genomes with the cytomegalovirus (CMV) promoter 

driving SaCas9 in one vector and both gRNAs in the second vector driven by the hU6 

promoter; which were mixed in a 1:1 ratio (dose=1.5e14 vg/kg each vector). Design 3 is 

similar to Design 2 except the vectors were mixed in a 1:3 Cas9-gRNA vector ratio 

(dose=2e14 vg/kg each vector; Figure 14a-d); Design 4 is similar to Design 2, except that 

the guide RNAs are expressed within a self-complementary AA V genome and the Cas9 

and guide vectors were mixed in a 1:1 ratio (dose=2e14 vg/kg each vector; Figure 15a). 

Following systemic administration, AAV.cc47 CRISPR/Cas9 dual vectors edited the 

Rosa26 locus at a higher efficiency than AAV9 in all 4 AAV-CRISPR designs evaluated.  

Notably, the self -complementary genome to deliver two single guide RNAs 

yielded the highest percentage of editing in heart with a 3 -fold increase in genome 

editing of the Rosa26 locus with AAV.cc47 compared to AAV9, determined by the 

number of tdTomato positive cardiomyocytes normalized to DAPI (Figure 15b). We also 

observed a 3-fold increase in genome editing in tibialis anterior with AAV.cc47 

compared to AAV9 as shown by the increased number of tdTomato expressing 

myofibers (Figure 15c). Consistent with reporter gene and Cre expression studies, we 

observed no significant fold change in genome editing efficiencies in hepatocytes with 

AAV.cc47 and AAV9 packaging any of the vector designs in liver (Figure 15d).  

Vector genome biodistributio n corroborated past analysis in Cre studies, 

showing no difference in heart, tibialis anterior, and liver tissues between AAV.cc47 and 
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AAV9 (Figure 16). Interestingly, gRNA expression was 3- to 4-fold greater in all three 

tissues of AAV.cc47 treated mice compared to AAV9 (Figure 15e). Based on these 

observations, it is tempting to speculate that AAV.cc47 may not have a binding or 

uptake advantage in tissues, but may benefit from a post-entry event compared to 

AAV9. SaCas9 expression profile was different and relatively low, and in some cases 

below the limit of detection, compared to gRNA expression (Figure 15f).  

 

Figure 14: Initial  AAV -CRISPR strategies evaluated in Ai9 heart . 

(a) 8-10-week-old  Ai9 mice (n=4) were injected systemic ally with different dual AAV -

CRISPR cassettes packaged into AAV9 (red) and AAV.cc47 (blue). These dual vectors 
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include two single stranded AAV genomes delivering one U6 driven gRNA each 

targeting the Rosa26 locus plus CB driven SaCas9 on each vector (b); two single 

stranded AAV genomes with one delivering CMV driven SaCas9 and the other 

delivering 2 gRNAs targeting the Rosa26 locus driven by U6 promoters ( c); and the 

same design as in panel c but instead the gRNA vector was increased in the total 

preparatio n to reflect a 1 to 3 cas9 to gRNA ratio (d). The total doses administered 

ÚàÚÛÌÔÐÊÈÓÓàɯÞÌÙÌɯƕȭƔÌƕƘȮɯƕȭƙÌƕƘȮɯÈÕËɯƖȭƔÌƕƘɯÝÎɤÒÎȮɯÙÌÚ×ÌÊÛÐÝÌÓàȭɯƙƔϟÔɯÛÏÐÊÒɯÊÙÖÚÚɯ

sections were obtained via a vibratome for heart. Quantification of the percentage of 

tdTomato+ cells was normalized to the number of DAPI+ n uclei. Each dot represents 

an individual mouse, the dash represents the mean value and error bars represent the 

standard error mean. Statistical significance was determined by an unpaired two -

tailed Student t Test (CB single stranded , P < 0.0003; CMV 1:1, P < 0.0024; CMV 1:3, P 

< 0.0120). *P < 0.05; **P < 0.01; ns not significant.  
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Figure 15: Systemic administration of AAV.cc47 -CRISPR increases genome 

editing efficiencies in Ai9 mouse heart and skeletal muscle compared to AAV9.  
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(a) 8-10-week-old  Ai9 reporter mice (n=4) were injected with AAV.cc47 (blue) or 

AAV9 (red) using our lead dual AAV vector system consisting of a single stranded 

genome with cytomegalovirus (CMV) driven SaCas9 and a self -complementary 

genome with 2 gRNAs drive n by U6 promoters targeting the Rosa26 locus. The total 

dose administered was 2.0e14 vg/kg (1.0e14 vg/kg each vector). Representative 

immunofluorescence images for tdTomato (red) and histological quantification in 

heart (b), skeletal muscle (c), and liver ȹËȺȭɯƙƔϟÔɯÛÏÐÊÒɯÊÙÖÚÚɯÚÌÊÛÐÖÕÚɯÞÌÙÌɯÖÉÛÈÐÕÌËɯ

ÝÐÈɯÈɯÝÐÉÙÈÛÖÔÌɯÍÖÙɯÏÌÈÙÛɯÈÕËɯÓÐÝÌÙȮɯÞÏÐÓÌɯƛϟÔɯÛÏÐÊÒɯÊÙÖÚÚɯÚÌÊÛÐÖÕÚɯÞÌÙÌɯÖÉÛÈÐÕÌËɯÍÖÙɯ

skeletal muscle via cryostat. Quantification of the percentage of tdTomato+ cells 

(heart and liver) and myofibers (tibialis a nterior) was normalized to the number of 

DAPI+ nuclei in each tissue. For all histological quantification, 2 sections per mouse 

and 3 images per section (total of 6 images) were used to quantify % transduced cells 

and myofibers using ImageJ. Quantitative R T-PCR was performed with primers 

amplifying each gRNA (e) or SaCas9 (f) mRNA relative to mouse Actb . Each dot 

represents an individual mouse, fold change is listed above significance, the bar 

graphs represent the mean value and error bars represent the sta ndard error mean. 

Statistical significance was determined by a two -tailed Student t  Test (2 treatment 

groups; heart, P < 0.0009; tibialis anterior, P < 0.0227; liver, P < 0.2892) or One-Way 

 -.5 ɯÞÐÛÏɯ3ÜÒÌàɀÚɯ×ÖÚÛÛÌÚÛɯȹƗɯÛÙÌÈÛÔÌÕÛɯÎÙÖÜ×ÚȰɯÏÌÈÙÛɯÎ1- ȮɯP < 0.0314, Cas9, P < 

0.7966; tibialis anterior gRNA, P < 0.0348, Cas9, P < 0.4459; liver gRNA, P < 0.0126, 

Cas9, P < 0.8205). *P < 0.05; **P < 0.01; ***P < 0.001; **** P < 0.0001; ns not significant. 

 

 

 
Figure 16: Vector genome biodis tribution from  our lead AAV -CRISPR strategy 

Vector genome (vg) copy numbers per mg DNA were calculated in Ai9 heart, tibialis 

anterior, and liver with our lead strategy consisting of a single stranded AAV genome 

delivering CMV driven SaCas9 plus a self -complementary genome delivering 2 

gRNAs targeting the Rosa26 locus driven by U6 promoters. CMV (SaCas9 vector) and 
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eGFP (gRNA vector) copy numbers were normalized to total mg DNA input for qPCR 

quantification and are represented as log vg/ mg DNA. The total do se administered 

systemically was 2.0e14 vg/kg. Each dot represents an individual mouse, the dash 

represents the mean value and error bars represent the standard error mean. Statistical 

significance was determined by One -6Èàɯ -.5 ɯÞÐÛÏɯ3ÜÒÌàɀÚɯ×ÖÚÛÛÌÚÛ. ns not 

significant.  

 

2.2.4 AAV.cc47 transduces NHP brain and heart at higher efficiency 
than AAV9. 

To assess cross-species compatibility, AAV9 or AAV.cc47 vectors packaging a 

scCBh-mCherry cassette were dosed at 1e13vg via intracisterna magna (ICM) infusions 

in two -year-old cynomolgus macaques and harvested tissue 13 days post-injection 

(Figure 17a). Immunohistochemical staining against mCherry in NHP brain revealed 

robust expression and spread in the monkey cortex and cerebellum with AAV.cc47 

compared to AAV9 , while penetration into the brain parenchyma was also greater in 

AAV.cc47 treated monkeys (Figure 17b). Neuronal and glial transduction in the cortex 

was also higher with our evolved variant compared to AAV9 and a greater number of 

mCherry positive Purkin je neurons were observed in AAV.cc47 treated cerebellums 

(Figure 17b). Expression was observed in peripheral tissues outside the access of the 

CSF, such as the heart, where AAV.cc47 demonstrated enhanced transduction compared 

to AAV9, and the liver (Figure  17c-d).  

Biochemical analysis of tissues further corroborates the enhanced transduction 

phenotype seen in histology of NHP tissues with AAV. cc47 (Figure 18a-f). This was 

most notable in the premotor cortex, where mCherry protein levels quantified by ELISA  
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show a 10-fold high protein expression in this brain region with AAV.cc47 compared to 

AAV9. Equal vector genome biodistribution between both capsids was further 

corroborated in NHPs following ICM dosing (Figure 18a, d). Analysis of the lumbar and 

thoracic spinal cord regions by immunohistochemical staining of mCherry reveals 

greater transduction of cell types in these two spinal cord regions with AAV.cc47, while 

DRG expression was observed for both AAV9 and AAV.cc47 (Figure 19).   

We also wanted to evaluate the transduction of AAV.cc47 in other species 

following intraCSF dosing. Briefly, P0 -1 C57/B6 neonates were injected via 

intracerebroventricular (ICV) administration of 2e10vg of AAV.cc47 or AAV9. Vectors 

packaged a self-complementary genome containing CBh-mCherry and mice were 

sacrificed 4 weeks post injection (Figure 20a). IF staining of brain cross-sections was 

performed with an anti -rabbit mCherry primary antibody and show increased 

transduction and spread throughout the mouse brain of AAV.cc47 treate d mice 

compared to AAV9, especially in the cortex, hippocampus, and cerebellum, (Figure 20b).  
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Figure 17: AAV.cc47 transduces non-human primate (NHP) brain and heart 

more effectively than AAV9 following intracisternal magna (ICM)  infusion.  

(a) ICM infusion of 1e13 total vg of AAV9 or AAV.cc47 vectors in 2 -year-old 

cynomolgus macaques (n=2). Organs were harvested at 13 days post infusion. Vectors 

packaging self -complementary AAV genome with a truncated chicken beta -actin 

(CBh) prom oter driving mCherry expression were utilized for the study. 
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Representative images of immunohistochemically stained NHP brain (b), heart (c), 

and liver (d) are shown. Tissue was embedded in paraffin following fixation and cut 

ƙϟÔɯÛÏÐÊÒɯÈÕËɯƗȮƗɛ-Diaminobenz idine (DAB) was used to visualize mCherry protein 

in tissues. 

 

 

Figure 18: Quantification of mCherry DNA, RNA, and protein levels in NHP 

brain, heart, and liver following ICM infusion of AAV9 or AAV.cc47.  

AAV vector genomes in th e brain  (a) were quantified via quantitative PCR with 

primers against the mCherry transgene. Vector genome copy numbers per mg DNA 

were calculated by normalizing mCherry recombinase copy numbers to total mg DNA 

input for qPCR quantification and are represe nted as log vg/mg DNA. mCherry 

mRNA expression in the brain  (b) was calculated via quantitative RT -PCR and 
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normalizing mCherry mRNA copy numbers to 10ng cDNA input used for qPCR 

quantification. Data is represented as log mRNA copies/10ng of cDNA. 

Quantific ation of mCherry protein expression in the brain  (c) was calculated by 

normalizing mCherry protein levels to mg protein input for ELISA quantification. 

Data is represented as mCherry protein expression in picograms per mg protein input. 

Quantification of v ector genome biodistribution (d), mCherry mRNA (e), and 

mCherry protein (f) expression in liver and/or heart was also performed. AAV9 and 

AAV.cc47 treated NHPs are shown in red or blue dots, respectively. NHP brains were 

partitioned into premotor cortex (P MC), thalamus (TH), cerebellum (CB), dentate 

nucleus (DN), hearts were partitioned into left (LV) and right (RV) ventricles, and 

livers were partitioned into left (LL) and right (RL) lobes prior to analysis. Multiple 

replicate samples were taken from each region prior to DNA, RNA, and protein 

extraction and were used for subsequent quantitative PCR, quantitative RT -PCR, or 

ELISA analyses. Each dot represents an individual NHP and the dashes and bars 

represent the mean. 
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Figure 19: Representative images from spinal cord and dorsal root ganglia 

(DRG) from NHPs infused ICM with AAV9 or AAV.cc47 vectors.  
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Immunohistochemistry was performed against mCherry protein in NHP lumbar (a), 

thoracic (b), cervical (c) spinal cords, and DRGs (d). T issue was embedded in paraffin 

ÍÖÓÓÖÞÐÕÎɯÍÐßÈÛÐÖÕɯÈÕËɯÊÜÛɯƙϟÔɯÛÏÐÊÒȭɯ ÕɯÈÕÛÐ-mCherry primary antibody was 

incubated on tissue and detected via a Vectastain ABC -HRP kit and mCherry 

Ìß×ÙÌÚÚÐÖÕɯÞÈÚɯÝÐÚÜÈÓÐáÌËɯÞÐÛÏɯƗȮƗɛ-Diaminobenzidine (DAB) in tissues.  

  

 

Figure 20: IntraCSF dosing of AAV.cc47 or AAV9 following 

intracerebroventricular (ICV) injection in mice . 

(a) P0-P1 C57/B6 neonates were injected ICV at a total dose of 2e10vg with AAV9 or 

AAV.cc47 and brains were harvested 4 weeks post injection. Vectors delivered a self -

complementary AAV genome with the CBh promoter driving mCherry expression. (b) 

Representative immunofluorescence images of mCherry in whole brain, cerebellum 

(CB), hippocampus (HC), and cortex (CTX). ƙƔϟÔɯÛÏÐÊÒɯÊÙÖÚÚɯÚÌÊÛÐÖÕÚɯÞÌÙÌɯÖÉÛÈÐÕÌËɯ

via a vibratome. An anti -mCherry primary antibody was incubated on tissue and 

detected with an AlexaFluor 647 secondary antibody.  The in -life portions were 

repeated independently with similar results.  The histologica l staining was repeated 

independently with similar results .  

 

We also evaluated transduction in the pigs following intraCSF dosing of 

AAV.cc47 or AAV9 vectors packaging a self-complementary genome containing CBh-

eGFP. Briefly, we administered 3.3e13vg via intrathecal (IT) infusion into the lumbar 
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cistern of 3-week-old piglets and harvested tissue 13 days post injection (Figure 21a). Pig 

brains were immunohistochemically stained with an anti -rabbit eGFP primary antibody 

and corroborate the findings from our NHP studies of increased transduction and 

spread throughout the cortex and cerebellum of AAV.cc47 treated pigs (Figure 21b). A 

markedly greater number of neuronal and glial cells transduced in these brain regions 

with AAV.cc47 compared to AAV9 was observed . These results collectively illustrate 

that AAV.cc47 is a cross-species compatible vector capable of greater transduction in the 

brain of mice, pig, and NHPs.  

 

Figure 21: IntraCSF dosing of AAV.cc47 or AAV9 following intrathecal (IT) 

infusion in pigs.  
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(a) Newly weaned piglets 3 weeks of age were administered a total of 3e13vg with 

AAV9 or AAV.cc47 via intrathecal infusion into the lumbar cistern and sacrificed 13 

days post infusion. Vectors delivered a self -complementary AAV genom e with the 

CBh promoter driving GFP expression. ( b) Representative images of 

immunohistochemistry against eGFP in pig brain cortex (CTX) and cerebellum (CB). 

Tissue was ÌÔÉÌËËÌËɯÐÕɯ×ÈÙÈÍÍÐÕɯÍÖÓÓÖÞÐÕÎɯÍÐßÈÛÐÖÕɯÈÕËɯÊÜÛɯƙϟÔɯÛÏÐÊÒȭɯ ÕɯÈÕÛÐ-eGFP 

primary antibody was incubated on tissue and detected via a Vectastain ABC -HRP kit 

ÈÕËɯÌ&%/ɯÌß×ÙÌÚÚÐÖÕɯÞÈÚɯÝÐÚÜÈÓÐáÌËɯÞÐÛÏɯƗȮƗɛ-Diaminobenzidine (DAB) in tissue. 

The in -life portions i n pigs were only performed once. The histological staining was 

repeated independently with similar results .  

 

2.2.5 AAV.cc47 demonstrates increased GAA transgene expression in 
a mouse model of Pompe disease. 

Following evaluation of AAV.cc47 in wild -type mi ce and demonstrated cross-

species compatibility, we investigated the ability of AAV.cc47 vectors to deliver 

therapeutic cargo in a mouse model of disease. To this end, AAV.cc47 and AAV9 vectors 

were compared in the acid alpha-glucosidase knockout (Gaa -/-) mouse model of Pompe 

disease. Mice were dosed IV (1.3e14vg/kg) with AAV vectors packaging a single 

stranded genome encoding a functional copy of GAA driven by the CBh promoter 

(Figure 22a).  

Analysis of GAA enzyme levels in brain tissues at 4 weeks post-dosing not only 

revealed that AAV.cc47-GAA is superior to AAV9 -GAA vectors, but also enabled 

enzyme activity levels to reach 67% of WT mice compared to only 16% of WT levels in 

AAV9 -GAA treated mice (Figure 22b). In different segments of the spinal cord, GAA 

activity from AAV.cc47 -GAA treated mice was nearly identical to that of WT mice, and 

activity from AAV9 -GAA treated mice was only 26% of WT (Figure 22b). In mouse heart 
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and tibialis anterior, only AAV.cc47 -GAA achieved significant increases in enzyme 

activity over all three other groups evaluated, Gaa (-/-) mock, AAV9 -GAA, and WT 

(Figure 22b). Consistent with earlier results, enzyme activity assays in the liver were 

nearly equal between AAV.cc47-GAA and AAV9 -GAA vectors with both expressing 

supraphysiolog ical levels (Figure 22b). No statistical difference was observed in vector 

genome copy numbers (biodistribution) between AAV.cc47 and AAV9 in any of these 

tissues (Figure 22c). 

 

Figure 22: Systemic administration of AAV.cc47 leads  to increased Acid alpha -

glucosidase (GAA) expression in the Pompe mouse model compared to AAV9.   

(a) Pompe study schematic. 8-10-week-old  Gaa (-/-) mice (n=4) were injected with 

1.3e14vg/kg of a single stranded AAV genome expressing the human acid alpha -

glucosidase gene driven by the CBh promoter. (b) GAA enzyme activity was 

quantified in tissues of AAV9 (red) or AAV.cc47 (blue) treated Gaa (-/-) mice. Data is 

represented as nmol per hour activity per mg BSA protein. (c) Vector genome copy 

numbers per mg DNA were calculated by normalizing SV40 polyA copy numbers to 

total mg DNA input for qPCR quantification and are represented as log vg/ mg DNA. 

GAA enzyme levels for different brain and spinal cord regions are summarized in 
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analysis. Statistical significance  was determined by One -6Èàɯ -.5 ɯÞÐÛÏɯ3ÜÒÌàɀÚɯ

posttest (GAA enzyme brain, P < 0.0003; spine, P < 0.0001, heart, P < 0.0062, tibialis 

anterior, P < 0.0029, liver, P < 0.9999). Data points included represent an individual 

mouse for all assays. Fold changes are shown above significance and all graphs 

represent the mean value and error bars represent the standard error mean. * P < 0.05; 

**P < 0.01; ***P < 0.001; ****P < 0.0001; ns not significant. 

 

2.2.6 AAV.cc47 mediated gene editing demonstrates improved 
dystrophin restoration in the mdx mouse model. 

Having determined an optimal dual AAV -CRISPR cassette design strategy 

consisting of a single stranded vector expressing CMV-SaCas9 and a self-

complementary gRNA vector, we further exploited this approach to edit th e mouse Dmd 

locus. Briefly, we replaced the gRNAs targeting the Rosa26 locus with gRNAs targeting 

introns 22 and 23 of Dmd (30). CRISPR/gRNA cassettes packaged in AAV.cc47 or AAV9 

were administered IV at 1.4e14 vg/kg each vector (1:1 ratio) in Pax7-nGFP mdx mice 

(Figure 23a). These mice harbor a premature stop codon in exon 23 which prevents 

normal expression of dystrophin and upon excision of exon 23, full length dystrophin 

expression is restored.  

In the mdx  mouse heart, AAV.cc47-CRISPR treatment results in 6-fold higher 

dystrophin expression, in relation to laminin expression, compared to AAV9 (Figure 

23b, d). In the tibialis anterior of mdx mice, AAV.cc47-CRISPR treatments results in a 2-

fold higher restoration of dystrophin than AAV9 -treated animals (Figure 23c, d). 

Genome editing outcomes from both vectors were determined via Taqman quantitative  

RT-PCR by quantifying the percent of exon 23 deleted Dmd transcripts in each tissue. 
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AAV .cc47 mediated genome editing resulted in 3- and 5-fold more exon 23 deleted 

transcripts in heart and tibialis anterior, respectively, compared to AAV9 (Figure 23e). 

Quantification of vector genomes and gRNA expression corroborate our previous 

findings that there is no measurable difference in vector genome biodistribution to 

tissues, while increased gRNA expression is observed in AAV.cc47 treated tissue (Figure 

24). 

 

Figure 23: Systemic administration of AAV.cc47 leads to enhanced restoration 

of dystrophin through genome editing in mdx mice compared t o AAV9.  
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(a) Mdx  study schematic. 8-10-week-old  Pax7-nGFP mdx mice (n=4) were injected with 

a total dose of 2.8e14 vg/kg consisting of a single stranded genome expressing SaCas9 

driven by the CMV promoter and a self -complementary genome expressing two 

gRNAs  driven by the U6 promoter mixed in a 1:1 ratio. Representative 

immunofluorescence images for dystrophin (red) in the heart ( b) and tibialis anterior 

(c) from AAV treated Pax7 -Õ&%/ɯÔËßɯÔÐÊÌȭɯƕƔϟÔɯÛÏÐÊÒɯÈÕËɯƛϟÔɯÛÏÐÊÒɯÊÙÖÚÚɯÚÌÊÛÐÖÕÚɯ

were obtained via a cryos tat for heart and tibialis anterior, respectively. ( d) 

Quantification of dystrophin expression intensity normalized to laminin expression 

intensity in heart and tibialis anterior. ( e) Quantification of exon 23 -deleted 

transcripts in cardiac and skeletal mu scles via Taqman quantitative RT -PCR. 

Statistical significance was determined by One -6Èàɯ -.5 ɯÞÐÛÏɯ3ÜÒÌàɀÚɯ×ÖÚÛÛÌÚÛɯ

(Dystrophin histology quantification  in  heart, P < 0.0057, tibialis anterior, P < 0.2700; 

% Dmd exon 23 deletion in  heart, P < 0.0075, tibialis anterior, P < 0.0056). Data points 

included represent an individual mouse for all assays. Fold changes are shown above 

significance and all graphs represent the mean value and error bars represent the 

standard error mean. ** P < 0.01; ns not significant. 

 

 

Figure 24: Transgene expression levels and vector genome biodistribution of 

our lead self -complementary AAV -CRISPR strategy in mdx heart and tibialis anterior.  

(a) Vector genome copy numbers per mg DNA was determined via quan titative PCR 

and CMV (SaCas9) and eGFP (gRNA) copy numbers were normalized to total mg 

DNA input for qPCR quantification. Data is represented as log vg/ mg DNA in mdx 

heart, tibialis anterior, and liver. (b) Quantitative RT -PCR was performed with 
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primers am plifying each gRNA or SaCas9 mRNA. RNA levels were normalized to 

mouse Actb  housekeeping gene. Each dot represents an individual mouse, fold 

change is listed above each bar graph, the dashes and bars represent the mean value 

and error bars represent the st andard error mean. Statistical significance was 

determined by One -6Èàɯ -.5 ɯÞÐÛÏɯ3ÜÒÌàɀÚɯ×ÖÚÛÛÌÚÛɯȹØ13-PCR heart gRNA, P < 

0.0514, Cas9, P < 0.6527; tibialis anterior gRNA, P < 0.0074, Cas9, P < 0.0240). *P < 0.05; 

**P < 0.01; ns not significant.  
 

 

2.3 Discussion  

Multiple CNS, cardiac and skeletal muscle focused gene therapies being 

evaluated in the clinic utilize AAV9 vectors [23, 280]. The widespread adoption of this 

vector to deliver therapeutic transgenes is due in part to the broad tissue tropism and 

abundance of transduction data in different preclinical models. Previous efforts by our 

lab have demonstrated the plasticity of capsid surface spike regions, particularly VR -IV 

and VR-VIII, through structure -guided evolution of different AAV serotypes to achieve 

improved transduction, tropism, and antibody evasion [261, 267]. In this study, we 

markedly improved the transduction profile of AAV9 by evolving capsid libraries 

generated by saturation mutagenesis of VR-IV residues in three different animal models 

(pigs, mice, and non-human primates). As alluded to earlier, this multi -species approach 

was designed to specifically address the concern that newly evolved/engineered AAV 

variants may not readily translate from mouse models of disease to large animal models 

for toxicity/biodistribution studies and ultimately to humans in a scalable and 

predictable fashion.  
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At the structural level, we observed a striking shift towards amino acids with 

hydrophobic or no side chains in different positions N452G, G453V, S454S, G455L, 

Q456G, N457G, and Q458G. The newly evolved 452-GVSLGGG-458 did not impact 

capsid stability based on production yields with a range of cassettes. Ongoing efforts to 

further understand other AAV.cc47 attributes also include assessment of antigenicity as 

determined by neutralizing antibody assays. It is important to note that the AAV9 VR -IV 

surface loop has been previously implicated as an immunodominant epitope in anti body 

recognition  [278, 286]. Assessment of the immunogenicity of AAV.cc47 compared to 

AAV9 will require a large NHP cohort in a separately designed study. We have, 

however, evaluated the ability of AAV.cc47 to evade neutralizing antibodies (NAbs) 

from pig, NHP and human antisera (Figure 7a-c). Our studies indicate that AAV.cc47 is 

neutralized similar to AAV9 and corroborates earlier observations  [261] that the newly 

evolved antigenic epitope in VR-IV alone is not sufficient for NAb evasion. However it 

is important to note that, unlike the parental AAV9 surface epitope VR -IV, this newly 

evolved epitope is devoid of charged or aromatic surface exposed side chains; thereby 

presenting minimal features generally thought to be essential for receptor or immune 

interactions.  

The cross-species evolution approach revealed several interesting trends. At a 

macro level, AAV library cycling leads to decreased sequence diversity in each cycling 

step. Whether this phenomenon arises from the number of cycles alone or is also 
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influenced by a specific animal model is unclear. Nonetheless, it is interesting to note 

that the percent representation of conserved amino acid residues for each position in 

VR-IV increases particularly after cycling in NHPs. In particular, we observed significant 

enrichment of neutral amino acid residues with no to small side chains (esp. glycine, 

alanine, valine) in VR-IV as we cycled across each species. The final NHP cycling step 

markedly enriched Gly, Ser and Leu residues within VR -IV. Amongst these, the Gly 

residues were preferably enriched in multiple species. Novel receptor or host factor 

usage and other functional ramifications of these structural changes are as yet unknown. 

It is however pertinent to mention that AAV.cc47 is still AAVR -dependent for cellular 

infection (similar to AAV9;  Figure 6e). 

High -throughput sequencing data revealed that the AAV.cc47 variant started to 

emerge as a promising candidate after evolving the AAV library in pigs, stringent 

selective pressure on our AAV capsid libraries was also observed in the non-human 

primate brain. This was evidenced not only by percent representation, but also the fold 

enrichment of AAV.cc47 compared to the parental  library following evolution in this 

species. We acknowledge that the current study only demonstrates improved potency of 

AAV.cc47 in CNS, cardiac and liver tissue in NHPs, when administered through the 

cisterna magna. These observations were recapitulated in the pig brain, where due to 

their size and amount of vector required, the animals were dosed intrathecally as well. 

Thus, a critical aspect of AAV.cc47 biology that we continue to explore is the ability to 
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transduce multiple tissues at high efficiency as well as toxicity studies in large animal 

models following different routes of administration (IV, intracoronary etc.).  

AAV.cc47 demonstrated superior gene transfer efficiency in multiple organs 

compared to AAV9 in three different mouse models as eviden ced by reporter gene 

expression, Cre recombinase and GAA enzyme activity. Striking differences were 

observed in brain, heart and tibialis anterior, while liver appeared to demonstrate 

saturated transgene expression at the doses tested, corroborating broad tissue tropism 

similar to AAV9.These results corroborate that AAV.cc47 can potentially improve the 

therapeutic window for certain gene therapy applications. Surprisingly, no difference in 

vector copy number or tissue biodistribution were observed between t he two AAV 

vectors. Since our evolution approach did not select for capsids with improved tropism, 

but rather enhanced transduction efficiency, the comparable biodistribution of 

AAV.cc47 and AAV9 in all tissues and in different species is thought -provoking . It is 

also noteworthy to mention that we observed improved transgene expression, but 

similar biodistribution regardless of the cassette (ss vs sc) or promoter utilized.  

At this writing, it is tempting to speculate that AAV.cc47 has evolved to exploit a 

post-entry mechanism that may account for increased potency, while maintaining tissue 

uptake similar to AAV9. For instance, intracellular trafficking steps such as improved 

endosomal escape, nuclear entry, capsid uncoating/genome release and/or 
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transcripti onal efficiency could contribute to the observed capsid profile. Further studies 

are warranted to dissect a plausible mechanism of action. 

AAV mediated genome editing faces several significant challenges [182, 287]. Of 

particular relevance, our understanding of the correlation between delivery, 

CRISPR/Cas9 and guide RNA (gRNA) expression and editing efficiency continues to 

evolve. In the current study, we developed an optimal configuration of dual AAV vector 

systems required, while concurrently evaluating the editing efficiencies afforded by 

AAV.cc47 and AAV9 vectors. In Ai9 mice, we observed that higher gRNA to Cas9 

expressing vector ratios or the use of self-complementary AAV cassettes to express 

gRNAs in conjunctio n with an improved capsid (AAV.cc47) markedly improved gene 

editing efficiency. These results corroborate the notion that gRNA levels might be rate 

limiting in in vivo genome editing strategies [206, 207]. Analysis of RNA transcript levels 

of both SaCas9 and gRNAs in these tissues revealed that AAV.cc47 vectors indeed 

transduced tissues more efficiently than AAV9 vectors further lending support to an 

improved post -entry mechanism. Of note, while the amount of SaCas9 mRNA 

transcripts observed at 4 weeks was low post-injection, gRNA levels were found to be 

relatively high.  

This disparity in RNA levels between SaCas9 and gRNA could arise from 

promoter strength differences (Pol -II vs Pol-III), CMV promoter silencing in m uscle, an 

immune response to SaCas9 in adult mice, orAAV genome composition (single stranded 
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SaCas9 vs self-complementary gRNA cassettes). Further, previous studies have shown 

that the CMV promoter is prone to silencing in muscle  [210] and this has been observed 

in AAV -CRISPR muscle genome editing as well [197]. It is plausible that immune 

response to Cas9 in adult mice and promoter silencing could have contributed to this 

effect. The U6 promoter driven gRNAs do not appear to be subject to this at least at 

earlier time points reported here. It should also be noted that overall editing efficiencies 

in adult cardiac and skeletal muscle tissues (but not the liver) following IV dos ing of 

dual AAV vector systems show room for improvement in general. Nevertheless, our 

studies unequivocally demonstrate that AAV.cc47 significantly improves genome 

editing efficiency with CRISPR/Cas9 systems; however, we acknowledge that additional 

improv ements to cassette design might further enhance desired outcomes.  

In summary, our study corroborates that cross-species evolution can yield highly 

potent AAV variants with ability to transduce multiple tissues across different 

preclinical animal models. N otably, we test different mouse strains, cynomolgus 

macaques and/or pigs, all of which constitute critical path in clinical development of 

different human gene therapies. The lead capsid, AAV.cc47 is currently being evaluated 

for a broad range of therapeutic gene transfer applications in preclinical models of 

musculoskeletal, cardiac, CNS and kidney disease. While mechanistic insights continue 

to be explored, we postulate that subjecting AAV capsid libraries to evolutionary 

pressure in different species is likely to comprehensively address both host -specific and 
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host-agnostic factors (essential or restrictive) that impact AAV transduction. This cross -

species approach can be readily adapted to any AAV library evolution/screening and 

when combined with promote r-specific selection strategies, potentially improve the 

clinical translatability of next generation AAV vectors.  

 

2.4 Materials and Methods 

2.4.1 AAV plasmid libraries 

The AAV9 VR-IV plasmid library was constructed as previously described  [261, 267]. 

Briefly, the parental library plasmid pTR -wtAAV9 -VR-IV-library consisting of AAV2 

ITRs flanking AAV2 Rep and AAV9 cap genes was generated by randomizing a portion 

of cap corresponding to VR-IV (amino acids 452-458 in cap) via saturation mutagenesis. 

The subsequent evolved library plasmids differed from the parental library plasmid 

only in the generation of the library inserts. Prior to incorporation of the randomized 

insert containing degenerate nucleotides at the selected region into the parental library, 

a region of cap encompassing VR-IV was replaced with a partial GFP sequence to 

prevent any incorporation of WT VR -IV sequences in the parental library. The parental 

library insert was incorporated into the WT AAV plasmi d containing a region of GFP 

via overlap extension of 2 PCR products. PCR and overlap extension reactions were 

performed using Q5 polymerase (New England Biolabs). The plasmid backbone and 

library insert were then restriction enzyme digested with XbaI and BsiWI and ligated 
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together. Purified ligation products were electroporated into DH10B ElectroMax cells 

(Thermo Fisher Scientific) and directly plated on multiple 245 X 245-mm2 bioassay 

dishes to avoid bias from bacterial suspension cultures. Plasmid DNA fr om pITR-AAV9 -

VR-IV libraries were purified from pooled colonies grown on LB agar plates.  

2.4.2 AAV capsid library and recombinant vector production 

AAV capsid libraries were generated as previously described  [261, 267]. In brief, 

adherent HEK293 cells (obtained from the University of North Carolina Vector Core) 

were transfected in 15cm dishes (Corning) with polyethylenimine (PEI; Sigma -aldrich) 

in a 1:3 DNA:PEI ratio. Equal molar ratios of pITR -AAV9 Library plasmid a nd 

adenovirus helper plasmid pXX680 were used during transfection. Cell media was 

harvested and replaced 4 days post transfection, followed by the final media harvest on 

the day 6. Recombinant AAV vectors produced in adherent HEK293 cells were 

performed as previously described  [17].  

Recombinant AAV vectors produced in suspension HEK293 cells (generated in-house at 

Duke University) were generated via a triple plasmid transfection method consisting of 

an adenovirus helpeÙɯ×ÓÈÚÔÐËɯ×77ƚƜƔɯȹƔȭƚƔɯϟÎɤÔ+ȺȮɯ  5ƝɯÖÙɯ  5ȭÊÊƘƛɯrep/cap plasmid 

ȹƔȭƙƔɯϟÎɤÔ+ȺȮɯÈÕËɯ(31ɯ×ÓÈÚÔÐËɯȹƔȭƗƔɯϟÎɤÔ+Ⱥȭɯ/ÓÈÚÔÐËÚɯÞÌÙÌɯÛÙÈÕÚÍÌÊÛÌËɯÐÕÛÖɯÊÌÓÓÚɯÞÐÛÏɯ

PEI (1 to 3 ratio, plasmid to PEI). Media was harvested 6 days post transfection and cells 

were pelleted via centrifugation and discarded.  
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Cell media was incubated with 12% Polyethylene glycol (PEG) for 48 hours at 4C. 

Precipitated capsids were then collected via centrifugation and resuspended in 

formulation buffer containing 1mM MgCl2 and 0.001% F -68. Resuspended capsids were 

DNase treated for 1hr at 37C prior to iodixanol gradient purification via an 

ultracentrifuge. Next, an iodixanol (Sigma -Aldrich) gradient consisting of 60%, 40%, 

25%, and 17% densities was created manually starting from the bottom in this order. 

DNased PEG suspension in that added to the top of the gradient and loaded in the 

ultracentrifuge. Gradients were allowed to spin at 30,000 RPM and 17C for at least 6 

ÏÖÜÙÚȭɯ4×ÖÕɯÊÖÔ×ÓÌÛÐÖÕȮɯÎÙÈËÐÌÕÛÚɯÞÌÙÌɯÍÙÈÊÛÐÖÕÌËɯÐÕÛÖɯƙƙƔϟ+ɯÈÓÐØÜÖÛÚɯÉÌÍÖÙÌɯ

quantification of AAV genomes and downstream purification.  

AAV concentrations in each iodixanol fraction were determined via qPCR using primers 

that bind against a portion of the ITR region (Appendix A ). Iodixanol fractions with the 

most concentrated titers were selected for subsequent desalting and buffer exchange 

using a Zeba spin desalting column (Thermo Fisher Scientific), according to 

manufactures instructions. Final titer amounts of each AAV library prep was also 

determined via qPCR with primers against the ITRs (Appendix A ). For CSF dosing via 

intrathecal and intracisternal magna infusions, recombinant AAV vectors were further 

processed to remove existing endotoxins using a Pierce high-capacity endotoxin 

removal spin column (Thermo Fisher Scientific). Endotoxin levels were then quantified 

via a Chromogenic LAL endotoxin assay kit (GenScript).  



 

122 

2.4.3 Cross-species cycling of AAV capsid libraries 

AAV capsid libraries were produced as described in the section above. The first round of 

AAV evolution occurred in the pig brain following intravenous administration. The 

brain was harvested and dissected further into multiple brain regions prior to genomic 

DNA isolation. AAV genomes were amplified from pig genomic DNA using primers 

targeting AAV9 cap (Appendix A ). PCR amplicons containing library sequences were 

ligated into our AAV library plasmid backbone and used to generate the round 2 AAV9 

library. The second round of AAV evolution occurred in mice following intravenous 

administration. Mouse brains were harveste d 3 days post injection and dissected further 

into multiple brain regions. AAV9 cap containing the library region was amplified 

through PCR and cloned into our AAV library plasmid backbone prior to production of 

the next round AAV libraries. The final roun d of AAV evolution in non -human primates 

occurred following intravenous administration of the last AAV library preparation. 

Brains from these primates were harvested 7 days post injection and were processed as 

described for pigs and mice. In vivo cycling between these 3 species was completed 

before next-generation sequencing of capsid variants. 

2.4.4 High-throughput sequencing analysis and identification of 
newly evolved AAV strains 

Sequence diversity of the parental and evolved AAV9 capsid libraries were assessed by 

using the viral library preparations. The evolved library sequences were generated 

following PCR of DNA amplified tissue followed by plasmid cloning and viral 
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production. Both the parental and evolved viral libraries after production were DNase -I 

treated prior to extraction of viral genomes from the capsids and subsequent addition of 

Illumina adaptor sequences via PCR. The first round of PCRs adds half of the Illumina 

sequencing adaptors using primers specific to the amplicon and the second round of 

PCR adds the remaining adaptor sequences and index sequence. After each round of 

PCR, the products were purified using the PureLink PCR Micro Kit (Invitrogen). The 

quality of the amplicons was verified using a Bioanalyzer (Agilent), and concentrations 

were quantified using a Qubit spectrometer (Thermo Fisher Scientific). Libraries were 

then prepared for sequencing with the Illumina NovaSeq 6000 S-Prime Reagent Kit (300 

ÊàÊÓÌÚȺȮɯÍÖÓÓÖÞÐÕÎɯÔÈÕÜÍÈÊÛÜÙÌÙɀÚɯÐÕÚÛÙÜÊÛÐÖÕÚȮɯÈÕËɯÚÌØÜÌÕÊÌËɯÖÕɯÛÏÌɯ(ÓÓÜÔÐÕÈɯ-ÖÝÈ2ÌØ 

system.  

Demultiplexed reads were analyzed with an updated in -house Perl script [267]. Reads 

are surveyed for nucleotide sequences flanking the library regions and intermediate 

sequences are counted and ranked. These nucleotide sequences are then translated and 

the resulting amino acid sequences are also counted and ranked. Then, the percent 

representation and fold enrichment between parental and evolved libraries were 

calculated and ranked. Amino acid sequences were plotted according to their percent 

representation and enrichment for each library. A second Perl script was used to 

calculate the frequency of each amino acid at each position in the library, considering 

each capsid variant [267]. Perl scripts were executed using Strawberry Perl for Windows 
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software v 1.32.1.1. Bubble plots representing capsid mutants and amino acid 

distribution heatmaps were generated using the R studio graphics package v3.5.2.   

2.4.5 AAV packaging plasmid constructs 

The plasmids scAAV-CBh-mCherry and scAAV -CBh-eGFP were generated or obtained 

as described previously [261, 267, 288]. The plasmid ssAAV-CMV -Cre-bG used for our 

dose escalation studies in Ai9 mice was generously provided by Dr. Charles Gersbach 

(Duke University). For AAV -CRISPR studies, constructs containing the CMV 

enhancer/beta-actin (CB) promoter driving Staphylococcus aureus (Sa) Cas9 and gRNAs 

targeting the mouse Rosa26 locus were provided b y Dr. William Lagor (Baylor College of 

Medicine; Appendix A ) through  the Somatic Cell Genome Editing Consortium (SCGE). 

The same gRNA 1 and 2 were both used in all Ai9 CRISPR studies. For AAV-CRISPR 

studies where both gRNAs are on a single vector, both gRNAs and U6 promoters used 

in the CB strategy were cloned into a single stranded AAV plasmid containing 2 gRNA 

scaffolds [197] via Gibson assembly (NEB). For Ai9 CRISPR studies using a self-

complementary gRNA vector, the dual gRNA insert from the ssAAV gRNA plasmid 

was cloned into the plasmid scAAV -CBh-mCherry replacing the CBh-mCherry insert 

with the gRNA insert via Gibson assembly. For mdx CRISPR studies, gRNA sequences 

targeting the intronic regions around exon 23 i n Dmd were used as previously reported 

[197]. See Appendix A  for the Dmd targeting gRNA 1 and 2 sequences. The ssAAV-

CMV -SaCas9 plasmid used in Ai9 and mdx studies was generously provided by Dr. 
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Charles Gersbach (Duke University). The ssAAV -CBh-GAA plasmid used in Gaa (-/-) 

mice was generously provided by Dr. Mai K Elmallah (Duke University).  

2.4.6 Mouse studies 

All m ouse strains used in this study were maintained at Duke University  School of 

Medicine with the assistance of Duke's Division of Laboratory Animal Resources 

(DLAR) . Mice were housed in a temperature-controlled (~18-23C, 40-60% humidity) and 

enriched environment, with a 12 hour light/dark cycle, and provided standard chow and 

water. 

2.4.7 Intravenous dosing in wild-type and reporter mice 

All mouse studies utilized male and female adult mice aged 8 -10 weeks old and AAV 

was administered systemically via the tail vein for all experiments. The wild -type 

C57/B6 mouse colony was bred and maintained at Duke University. Ai9 reporter mice 

on a C57/B6 background were originally purchased from Jackson Laboratories 

(Jax#007909) [289] and a breeding colony was established at Duke University. AAV 

evolution in C57/B6 mice were injected systemically with 2e13vg/kg of AAV. Brains 

were harvested 3 days post injection prior to library amplification. For mCherry reporter 

studies (n=3), C57/B6 mice were injected systemically with 5e13vg/kg of AAV. Our dose 

escalation studies (n=3) were done in Ai9 reporter mice injected with 4e11, 4e12, or 4e13 

vg/kg of AAV vectors packaging CMV driven Cre recombinase. Gene editing studies 

targeting the Rosa26 locus were performed in Ai9 mice. For CB driven SaCas9 studies 
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(n=4), 5e13vg/kg each vector was administered. For CMV driven SaCas9 studies with a 1 

to 1 ratio (n=3), 7.5e13 vg/kg each vector was administered. For a 1 to 3 cas9 to gRNA 

ratio (n=5), 5e13 and 1e14 vg/kg, respectively, were administered. For CMV driven 

SaCas9 studies with a self-complementary gRNA vector (n=4), 1e14 vg/kg each vector 

was administered systemically. Brian, spinal cord, heart, tibialis anterior, and liver were 

harvested 4 weeks post injection for all gene transfer and editing studies in C57/B6 and 

Ai9 mice. 

2.4.8 Intravenous dosing in disease mouse models 

All genome editing mouse studies utilized only male mice, while gene transfer studies in 

Gaa (-/-) utilized male and female adult mice. All mice were aged 8 -10 weeks at time of 

injection and AAV was administered systemically via the tail vein for all experiments. 

Pax7-nGFP mdx mice [290] on a C57/B6/SJL background were generously provided by 

Dr. Charles Gersbach (Duke University) and Gaa (-/-) mice [291] on a B6:129 background 

were generously provided by Dr. Mai K Elmallah (Duke University). For AAV -CRISPR 

studies in Pax7-nGFP mdx mice (n=3), 1.4e14 vg/kg of each vector (Cas9 and gRNA) was 

administered intravenously into male mice. Gene transfer s tudies in Gaa (-/-) were 

evaluated at 1.3e14 vg/kg with AAV.cc47 or AAV9. Brian, spinal cord, heart, tibialis 

anterior, and liver were harvested 4 weeks post injection for all gene transfer and editing 

studies in mdx and Gaa (-/-) mice. 
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2.4.9 Intracerebroventricular (ICV) dosing in wild-type neonatal mice  

All mouse ICV dosing occurred in in -house bred P0-P1 male and female C57/B6 

neonates (n=6). Pups were rapidly anesthetized on ice for 2 minutes followed by ICV 

injection using a stereotaxic apparatus. AAV ÝÌÊÛÖÙÚɯȹƖϟ+ɯÛÖÛÈÓɯÝÖÓÜÔÌȺɯ×ÈÊÒÈÎÐÕÎɯÛÏÌɯ

CBh-mCherry transgene cassette were injected into the left lateral ventricle using a 

Microinjection Syringe Pump (World Precision Instruments) at a controlled rate of 

ƔȭƔƚƚϟ+ɯ×ÌÙɯÚÌÊÖÕËɯÞÐÛÏɯÈɯ'ÈÔÐÓÛÖÕɯƛƔƔɯÚÌÙÐÌÚɯÚyringe and 26s gauge needle attached to 

a KOPF-900 small animal stereotaxic instrument (KOPF instruments). The following 

stereotaxic coordinates were used for injections: 0.8 mm relative to the sagittal sinus, 1.5 

mm rostral to transverse sinus, and 1.5 mm deep. Dosing in these mice consisted of a 

ÛÖÛÈÓɯÖÍɯƖÌƕƔÝÎɯÈËÔÐÕÐÚÛÌÙÌËɯÐÕɯƖϟ+ȭɯ,ÐÊÌɯÞÌÙÌɯÙÌÝÐÝÌËɯÜÚÐÕÎɯÈɯÏÌÈÛÐÕÎɯ×ÈËɯÈÕËɯÙÜÉÉÌËɯ

in the bedding after AAV injections before being placed back with the dam. Mouse 

brains were harvested 4 weeks post infusion. 

2.4.10 Pig evolution and dosing studies 

Pigs used in this study were a cross between Landrace, Yorkshire, and Duroc strains. Pig 

studies consisting of AAV evolution or reporter expression were all performed in 3 -

week-old newly weaned piglets weighing approx imately 7kgs. For AAV evolution in 

pigs (n=2), male and female piglets were injected systemically via the heart vena cava 

with 1e13 vg/kg of AAV libraries. Brain and spinal cord were harvested 3 days post 

injection prior to AAV library amplification. For i ntrathecal reporter studies in pig, 3 -
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week-old male pigs (n=1) weighing approximately 7 -10kgs were anesthetized via a 

ketamine:xylazine cocktail containing 20mg/kg ketamine + 2mg/kg xylazine. AAV 

vectors (2mL total volume) packaging a CBh-eGFP transgene cassette were injected into 

the lumbar cistern with a total of 3e13vg and were infused at a rate of 1mL per minute. 

Pigs brains were harvested 13 days post infusion.  

2.4.11 Non-human primate evolution and dosing studies 

Female Cynomolgus macaques aged 2-3 year old were used for our AAV evolution 

studies. These primates were injected intravenously with 3.3e13vg/kg of AAV libraries. 

Primates were sacrificed 7 days post injection and target organs were harvested prior to 

library amplification. For reporter stud ies in non-human primates (n=2), female 2-3 year-

old Cynomolgus macaques were administered a total of 1e13vg in a total volume of 2 

mLs via intracisternal magna infusion. Target organs from injected primates were 

harvested 13 days post infusion.   

2.4.12 Histological processing and staining 

All C57/B6 and Ai9 tissues isolated were post fixed in 10% formalin (VWR) overnight. 

Livers, hearts, and brains were washed 3x in 1xPBS, embedded in 3% agarose and 

ÚÌÊÛÐÖÕÌËɯƙƔϟÔɯÛÏÐÊÒɯÝÐÈɯÈɯÝÐÉÙÈÛÖÔÌɯȹ+ÌÐÊÈɯ!ÐÖÚàÚÛÌÔÚȺȭ Tibialis anterior skeletal 

muscles were incubated in 30% sucrose overnight following fixation, embedded in 

O.C.T compound (Electron Microscopy Sciences), and frozen in liquid nitrogen cooled 

isopentane. O.C.T. blocks were sectioned 7mm thick on a Leica cryostat. For mCherry 
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evaluation, tissue was mounted on slides with ProLong Gold Antifade Mountant with 

DAPI (Thermo Fisher Scientific) and imaged for native fluorescence.  

To quantify the percent of transduced neurons in the brain, tissue was incubated in 

blocking solution (5% normal goat serum, 0.1% Triton X-100 in 1x PBS) for 1 hour at 

room temperature followed by immunofluorescence staining of brain tissue with anti -

chicken mCherry (1:750; Abcam) and anti-rabbit NeuN (1:500, Abcam) primary 

antibodies overnight at 4C. Tissue was then washed 3x in 1xPBS and incubated with 

anti-chicken Alexafluor 488 (1:500; Invitrogen) and anti-rabbit Alexafluor 647 (1:500; 

Invitrogen) secondary antibodies for 1 hour.  

For immunofluorescence staining in Ai9 -Cre and Ai9-CRISPR studies, tibialis anterior 

skeletal muscles were incubated in citrate buffer (Abcam) at 80C for 25 minutes and 

allowed to cool to room temperature in cool water. Heart, tibialis anterior, liver, and 

brain sections were then incubated in blocking solution , containing 5% normal goat 

serum and 0.1% Triton X-100 in 1xPBS, for 1 hour at room temperature. Brains were 

further incubated in Mouse on Mouse (M.O.M.) blocking reagent (Vector labs) for 2 

hours. Heart, tibialis anterior, liver, and brain sections were then incubated with an anti -

rabbit RFP primary antibody (1:500; Rockland Immunochemicals), and in addition 

brains were also incubated with anti -mouse NeuN primary antibody (1:500; Abcam), 

diluted in blocking buffer overnight. Tissue sections were washed 3x  in 1xPBS the 
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following day and incubated with anti -rabbit Alexafluor 647 (1:500; Invitrogen) and anti -

mouse Alexafluor 488 (brain only; 1:500; Invitrogen) secondary antibodies.  

For Ai9-Cre studies, tissue was then washed 3x in 1xPBS followed by secondary 

antibody incubation with an anti -rabbit Alexafluor 488 (1:1000; Invitrogen) and anti -

mouse Alexafluor 647 (brain; 1:500; Abcam) secondary antibodies in addition to DAPI 

(Thermo Fischer Scientific). For Ai9-CRISPR studies, tissue was washed 3x in 1xPBS 

fol lowed by secondary antibody incubation with an anti -rabbit Alexafluor 647 (1:1000; 

Abcam) and DAPI (Thermo Fischer Scientific). For immunofluorescence staining of ICV 

injected mouse brains, brain sections were prepared for staining as described above 

except sections were incubated with an anti -rabbit mCherry primary antibody (1:750; 

Abcam) and anti-rabbit Alexafluor 647 secondary antibody (1:500; Abcam). 

Immunostained tissue sections were then mounted on slides with ProLong Gold 

antifade reagent without DAP I (Invitrogen).   

All mdx  mouse tissues isolated were post fixed in 10% formalin (VWR) overnight. Mdx 

hearts and tibialis anterior skeletal muscles were then incubated in 30% sucrose 

overnight following fixation, embedded in O.C.T compound (Electron Micros copy 

Sciences), and frozen in liquid nitrogen cooled isopentane. O.C.T. blocks were sectioned 

10mm (heart) and 7mm (tibialis anterior) thick on a Leica cryostat. For 

immunofluorescence staining in mdx CRISPR studies, tibialis anterior skeletal muscles 

were incubated in citrate buffer (Abcam) at 80C for 25 minutes and allowed to cool to 
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room temperature in cool water. Heart and tibialis anterior sections were then incubated 

in blocking solution, containing 5% normal goat serum and 0.1% Triton X -100 in 1xPBS, 

for 1 hour at room temperature. Next, tissues were incubated in Mouse on Mouse 

(M.O.M.) blocking reagent (Vector labs) overnight. Tissue was then incubated with anti -

mouse dystrophin (1:500; MANDSY8; Sigma-Aldrich) and anti -rabbit laminin (1:300; 

Abcam) primary antibodies diluted in blocking buffer overnight. Next day, tissue was 

washed 3x with 1xPBS followed by secondary antibody incubation with an anti -rabbit 

Alexafluor 488 (1:500; Invitrogen) and anti-mouse Alexafluor 647 (1:500; Abcam), 

followed by DAP I staining (Thermo Fisher Scientific). Immunostained tissue sections 

were then mounted on slides with ProLong Gold antifade reagent without DAPI 

(Invitrogen).  

All NHP and pig  tissues isolated were post fixed in 10% formalin (VWR) overnight. 

Brain, heart, liver, spinal cords, and DRGs were embedded in paraffin following fixation 

ÈÕËɯÊÜÛɯƙϟÔɯÛÏÐÊÒȭɯ%ÖÙɯÐÔÔÜÕÖÏÐÚÛÖÊÏÌÔÐÊÈÓɯȹ('"ȺɯÚÛÈÐÕÐÕÎɯÖÍɯÔÖÕÒÌàɯÉÙÈÐÕÚȮɯÛÐÚÚÜÌɯ

sections were deparaffinized through a series of graded alcohols and xylenes before 

loaded into Leica Bond RX system for staining. ER1 (citrate buffer was used for HIER) 

primary antibodies used were an anti -rabbit mCherry (NHP; 1:750; Abcam) and anti -

rabbit eGFP (pig; 1:750; Abcam). Signal was detected using a Bond Refine Polymer 

detection kit (Leica biosystems) for a 1hr incubation followed by 5 -minute DAB (3, 3'-

diaminobenzidine) to visualize bound mCherry and eGFP as a brown precipitate.  
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2.4.13 Histological quantification and analysis 

In order to quantify total fluorescence intensity for our mCherry  and Cre reporter 

studies, the following equation was used: total fluorescence intensity = Integrated 

Density ɬ (Area of tissue region X mean fluorescence of background readings). To 

quantify the percent mCherry+ neurons in the brain, the total number of m Cherry+ 

neurons were counted in the cerebellum, hippocampus, and cortex and counts were 

normalized to the total number of NeuN+ cells quantified manually in ImageJ  v 1.52a. 

To quantify the percent tdTomato+ cells from our Ai9 -Cre and Ai9-CRISPR studies, the 

total number of tdTomato+ cells in liver and heart and tdTomato+ myofibers in tibialis 

anterior were quantified manually and were normalized to the total number of DAPI+ 

nuclei quantified automatedly in ImageJ. The percent tdTomato+ neurons in the brain 

from our Ai9 -Cre studies was determined as described above for our mCherry study. 

The amount of dystrophin restoration was quantified by measuring the fluorescence 

intensity of dystrophin+ cardiac and skeletal muscles and normalizing to the 

fluorescence intensity of laminin+ tissue. The equation to determine total fluorescence 

intensity was used to measure the intensity from each image set as done for our 

mCherry and Cre studies. Then the ratio for dystrophin and laminin fluorescence 

intensity was determine d for each tissue. All mouse staining quantification was 

performed using at least two sections and taking 3 images each section for all mice, with 

at least n=3 for each study. 
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2.4.14 Determination of vector genome biodistribution by quantitative 
PCR 

DNA wa s extracted from tissue using a Purelink Genomic DNA Mini kit (Thermo Fisher 

Scientific) following manufactures instructions. Vector genomes were quantified via 

qPCR, using a plasmid standard and primers targeting AAV cassette elements 

(Appendix A ). The biodistribution  of viral genomes is represented as the ratio of vector 

genomes per microgram of DNA extracted.  

2.4.15 Determination of AAV vector transcripts by quantitative RT-
PCR 

RNA was extracted using TRIzol Reagent (Invitrogen) following the manufacture ÙɀÚɯ

protocol. RNA was resuspended in nuclease-ÍÙÌÌɯÞÈÛÌÙɯÈÕËɯÚÛÖÙÌËɯÈÛɯǸƜƔȘ"ɯÜÕÛÐÓɯÜÚÌȭɯƙɯ

ϟÎɯÖÍɯÌßÛÙÈÊÛÌËɯ1- ɯÞÈÚɯÚÜÉÑÌÊÛÌËɯÛÖɯ#-ÈÚÌɯËÐÎÌÚÛÐÖÕɯÜÚÐÕÎɯÛÏÌɯ341!.ɯ#- -free Kit 

(Ambion). Equal nanogram amounts of DNased RNA was used for cDNA synthesis 

using the High Capacity RNA -to-cDNA kit (Applied Biosystems). The produced cDNA 

was used for quantitative PCR using Ai9 sequence specific primers for gRNA 1 and 

gRNA2 or Dmd sequence specific primers for gRNA1 and gRNA2 both with a common 

reverse primer specific to the gRNA scaffold, SaCas9, mCherry, and mouse Actb 

(Appendix A ). Quantitative  RT-PCR was carried out using a Roche Light-Cycler 480 and 

SYBR Green Mastermix (Roche Applied Sciences). 
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2.4.16 Taqman-based determination of Dmd exon 23 deletion by 
quantitative RT-PCR 

RNA extraction, DNase digestion, and cDNA synthesis was performed as described for 

quantification of AAV vector transcripts. The produced cDNA was used with probes 

against the Dmd exon 4-5 junction to quantify total Dmd transcripts and another pro be 

against Dmd exon 22-24 junction to quantify the amount of Dmd exon 23-deleted 

transcripts [189] (Appendix A ). A commercial Taqman assay for 18S ribosomal RNA was 

used as a housekeeping control (ThermoFisher). Each plate was run in duplicate with all 

three probes on a single plate for each tissue. Taqman Fast Advanced Master Mix 

(LifeTech) was used following manufactures instructions for cycling conditions. Delta -Ct 

values between exon 4-5 and exon 22-24 were used to quantify the percentage of Dmd 

exon 23 deleted transcripts compared to total Dmd transcripts.   

2.4.17 Acid alpha-glucosidase (GAA) activity assay  

GAA enzymatic activity was quantified as previously described  [292, 293]. Briefly, snap 

frozen tissues were homogenized using a FastPrep bead system (MP Biomedicals), 

followed by three cycles of freezing and thawing. The samples were then clarified by 

centrifugation. Samples were evaluated in duplicate in a black 96-weÓÓɯ×ÓÈÛÌȭɯƖƔϟ+ɯÖÍɯ

sample was incubated with 4-ÔÌÛÏàÓÜÔÉÌÓÓÐÍÌÙàÓɯϔ-D-glycopyranoside substrate 

(Sigma-Aldrich) at 37°C for 1 hour in a sodium acetate (Sigma-Aldrich) buffer at pH 4.3. 

The reaction is stopped with sodium carbonate (Sigma-Aldrich) buffer pH 10.7. 

Fluorescence was read with a Varioskan LUX (Thermo Fisher Scientific) at 360nm 
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excitation and 460nm emission. The values were compared to those from a standard 

curve made with 4mM methylumbelliferyl (Sigma -Aldrich). Samples were normalized 

to total protein content measured by DC Protein Assay (Bio-Rad), performed as 

described by the manufacture. 

2.4.18 Determination of mCherry protein levels by ELISA  

mCherry protein levels were quantified with a commercially available colorimetric 

ELISA kit (Abcam). Briefly, a tagged capture antibody and HRP-labeled detection 

antibody were mixed in solution with standards, controls, or samples generating a 

capture antibody/mCherry/detection antibody complex which is then immobilized to 

the wells of a 96-well plate coated with an anti -tag antibody. 3,3',5,5'-

Tetramethylbenzidine (TMB) substrate was added, the reaction was stopped, and 

absorbance was measured at 450 nm. 

2.4.19 Luciferase expression assay 

HuH7 scramble and AAVR knockout cell lines  [273] were generated in-house at Duke 

University. Cells were seeded in 24-well plates at 50,000 cells per well in DMEM 

supplemented with 10% FBS and pen strep. The cells were then transduced with AAV9 

or AAV.cc47 vectors packaging a single stranded CBA-luciferase reporter at a MOI of 

10,000, 50,000, and 100,000 vector genomes per cell and incubated at 37°C for 48h. Cells 

ÞÌÙÌɯÛÏÌÕɯÓàÚÌËɯÐÕɯƕƔƔϟ+ɯ/ÈÚÚÐÝÌɯ+àÚÐÚɯ!ÜÍÍÌÙɯȹ/ÙÖÔÌÎÈȺȮɯÈÕËɯÛÙÈÕÚËÜÊÛÐÖÕɯÞÈÚɯÈÚÚÌÚÚÌËɯ
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by measuring luciferase transgene expression with a Victor X3 microplate reader 

(PerkinElmer) and luciferase assay reagent (Promega) per manufacturer specifications.    

2.4.20 AAV Neutralizing antibody assay 

Antiserum (from different species, diluted 1:5) was mixed with an equal volume of 

recombinant AAV9 -Luc or AAV.cc47-Luc vectors and then incubated at room 

temperature for 30 minutes in tissue cultureɬtreated, black, glass-bottom, 96-well plates 

(Corning). Then, HEK293s were seeded at 10,000 cells/well on top of the incubated 

vectors. Vectors were used at a MOI of 100,000 vg/cell and transduced cells were 

ÐÕÊÜÉÈÛÌËɯÐÕɯƙǔɯ".ƖɯÈÛɯƗƛȘ"ɯÍÖÙɯƖƘɯÏÖÜÙÚȭɯ"ÌÓÓÚɯÞÌÙÌɯÛÏÌÕɯÓàÚÌËɯÞÐÛÏɯƖƙɯϟ+ɯÖÍɯƕǺɯ×ÈÚÚÐÝÌɯ

lysis buffer (Promega) for 30 minutes at room temperature. Luciferase activity was 

measured on a VICTOR3 multilabel plate reader (PerkinElmer) immediately after the 

ÈËËÐÛÐÖÕɯÖÍɯƖƙɯϟ+ɯÖÍɯÓÜÊÐÍÌÙÐÕɯȹ/ÙÖÔÌÎÈȺȭɯ ÓÓɯÙÌÈËÖÜÛÚɯÞÌÙÌɯÕÖÙÔÈÓÐáÌËɯÛÖɯÊÖÕÛÙÖÓÚɯÞÐÛÏɯ

no antibody/antiserum treatment. Recombinant AAV vectors packaging CBA -Luc 

transgenes, antibodies, sera, were prediluted in DMEM and used in this assay.  

2.4.21 Statistical analysis 

Data are represented as mean ± standard error mean. For data sets with 2 groups, 

ÚÐÎÕÐÍÐÊÈÕÊÌɯÞÈÚɯËÌÛÌÙÔÐÕÌËɯÜÚÐÕÎɯÈÕɯÜÕ×ÈÐÙÌËɯÚÛÜËÌÕÛɀÚɯÛɯÛÌÚÛɯÜÕÓÌÚÚɯÖÛÏÌÙÞÐÚÌɯÕÖÛÌËȭɯ

For data sets with 3 groups, significance was determined by one-way ANOVA, with 

3ÜÒÌàɀÚɯ×ÖÚÛÛÌÚÛȭɯ6ÏÌÙÌɯÐÕËÐÊÈÛÌËȮɯÕÚɯÙÌ×ÙÌÚÌÕÛÚɯÕÖÛɯÚÐÎÕÐÍÐÊÈÕÛȰɯɖP < 0.05; **P < 0.01; ***P 

< 0.001; ****P < 0.0001; ns not significant.   
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3. Cross-species evolution of AAV variants II 

Chapter 3 was modified from a manuscript titleËɯɁStructure-guided AAV capsid 

evolution strategies for enhanced CNS gene deliveryɂ under review for publication in Nature 

Protocols (Gonzalez and Asokan) at time of this writing. The authors that contributed to this 

specific work are Trevor J. Gonzalez, Leo O. Blondel, Katherine E. Simon, Marco M. Fanous, 

Jorge A. Piedrahita & Aravind Asokan.  

 

3.1 Introduction 

Recombinant Adeno-Associated Viral (AAV) vectors have been validated as a 

promising platform for t herapeutic gene delivery to the CNS [2, 294]. Yet, clinical 

readouts also continue to highlight that further development of more potent, tissue 

specific capsids continue to be an area of critical need in order to achieve an improved 

safety profile [294-296].  Several labs have developed directed evolution strategies to 

address these challenges with varying degrees of success [160, 284]. In fact, the subject of 

Chapter 2 in this dissertation describes a potent and cross-species compatible AAV 

(ccAAV)  variant that was developed to address some clinical challenges, such as cross-

species variability and enhanced potency. The utilization of c cAAV vectors during 

preclinical development may allow better predictive modeling of  vector mediated 

therapeutic outcomes and potential toxicities  during disease modeling  in small and large 

animal models. CNS gene therapy vectors with enhanced potency, and as a result 

potential for lower dosing regimens to sub -toxicity inducing levels (e.g., less than 1e14 

vg/kg), is one strategy to avoid unintended side effects related to vector dosing seen in 

the clinic to date (Table 3). Although  this is a viable strategy, an alternative strategy is to 
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engineer vectors capable of bypassing off-target tissues (i.e., liver), and thus avoiding 

vector induced toxicities  seen in these organs, which have contributed to FDA holds on 

AAV gene therapy clinical trials over the past two decades.   

A majority of severe adverse events (SAEs) reported from the clinic thus far have 

been a result of an immune response to the AAV capsid as a result to the high vector 

doses administered , and to a lesser extent an immune response to the transgene being 

expressed [217, 294]. As AAV clinical trials have progressed to more complex diseases in 

organs such as skeletal muscle and the CNS, monitoring liver function and biochemistry 

is considered standard of care. Due to the increasing high dose requirements for 

therapeutic benefit, and the fact that the liver normally absorbs a large viral load 

compared to other organs, liver homeostasis is paramount in patients receiving AAV 

gene therapies today. SAEs in the liver can initially manifest in the form of (i) elevated 

serum aminotransaminases levels, which implicates liver dysfunction  and can lead to a 

cascade of ailments if not controlled, (ii) sepsis, and in some cases (iii) death [172, 173, 

297]. For these reasons and more, it is imperative that we have greater control of the 

specificity with which our AAV vectors target and transduce  tissues in vivo. 

Multiple groups have reported engineered  AAV vectors of normally CNS tro pic 

serotypes that are detargeted from the liver, and include AAV9 -W503R [298], AAV9.45 

[249], AAV.PHP.B [259], AAV.PHP.eB [260], AAV -B1 [257], AAV -PHP.N [266], and 

AAV -CAP.B10 [270], among others. The main commonality of almost all these variants 
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is the modification of VR -VIII  to some degree. For instance, AAV9.45 contains a point 

mutation in VR -VIII  introduced through err or-prone PCR, the AAV-PHP capsids and 

AAV -CAP.B10 all contain peptide inserts in VR-VIII , and AAV -B1 in a chimeric capsid 

containing VR-VIII  from  AAV .rh43 (Table 4). While these approaches have yielded 

enhanced CNS vectors with some degree of liver detargeting compared to AAV9 in 

mice, it remains to be seen whether the enhanced CNS tropism and liver detargeting 

phenotype persist across other biomedical animal models such as old-world non -human 

primates (e.g., rhesus macaques). This is important to point out  as multiple engineered 

vector have been reported to be species, and sometime strain specific, in their 

transduction profiles  [111, 202, 272]. Nonetheless these studies highlight the important 

role of VR-VIII in med iating AAV liver tropism following systemic dosing. AAV 

structure -function studies of VR-VIII and VR -IV mutants conducted by our laboratory 

has provided evidence of the potential role of  VR-VIII in influencing cellular tropisms of 

engineered AAV8 variants  through unique mechanisms from  VR-IV derived variants  of 

the same serotype [273]. 

In this study , we employed our cross-species AAV evolution platfor m to 

generate an enhanced CNS targeting ccAAV vectors that are detargeted from off -target 

tissues, such as the liver. Specifically, we iteratively cycled AAV9 VR -VIII  libraries  

systemically in mice and pig s and amplified AAV genomes from CNS tissue. We 

assessed the gene transfer efficiencies of different enriched AAV capsids in the CNS of 
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mice following systemic dosing and identified a lead capsid variant, AAV.cc84. Analysis 

of transduction profiles in peripheral tissues revealed our evolved variant was liver 

detargeted compared to AAV9. We demonstrate cross-species compatibility of 

AAV.cc84 compared to AAV9 in pigs following intrathecal dosing. Our approach 

further supports the notion that VR -VIII  may play a significant role in AAV tropism  of 

the liver as our group and others have shown. It also confirms the potential for 

employing our ccAAV platform to generate AAV vectors capable of enhanced 

transduction in multiple animal species  with refined tropisms, which further increases 

ultimate clinical translation of AAV gene therapies .   

 

3.2 Results 

3.2.1 Pipeline for evolution and characterization of ccAAV vectors in 
the CNS 

Considerable effort has been made to understand the capsid structure of all 

natural AAV serotypes. Antigenic footprints, receptor footprints, structural topology  

responsible for unique properties , such as traversing of the blood brain barrier , have 

been identified. Using a combination of any of these structure-function correlates, 

researchers can begin to identify regions of interest for modification and employ our 

structure-guided  ccAAV evolution pipeline ( Figure 25). Here, we identified the AAV9 

capsid surface loop containing VR-VIII, corresponding to AA 586-592 (VP1 numbering) , 

for further study . This region is highlighted in 3D structures of the VP3 subunit 
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monomer, trimer and full capsid conformations to  highlight the protruding nature of 

this surface loop (Figure 26). The VR-IV and VR-VIII surface loops have been studied  

extensively by our group and others  (Table 4). These structural loops are located on 

opposite ends of the three-fold spike protrusions and VR-VIII has been implicated in 

influencing cellular tropisms of AAV variants  due to the important nature of host-cell 

interactions occurring at this site on the capsid [273, 299].  

Additionally, due to the amenability of VR -VIII to peptide insertions, evolution 

strategies using that approach have yielded novel AAV variants with enhanced CNS 

tropisms and transduction profiles  (Table 4). Despite these advances, a notable 

drawback from these efforts to date have been species and sometimes strain specific 

phenotypes due to cycling in a single animal species, as evident in AAV-PHP.B and 

AAV -PHP.eB [111, 272]. Additionally, different combinations of mutations in  VR-VIII  of 

AAV9 have resulted in a detargeting phenotype from the liver for new engineered 

AAV9 variants (Table 4).  

Here we created VR-VIII plasmid libraries through saturation mutagenesis of AA  

586-592. Wild -type AAV libraries , packaging mutant genomes containing AAV2 rep and 

modified AAV9 cap (containing VR-VIII library)  with flanking AAV2 ITRs,  were 

generated in HEK293 cells. AAV9 VR-VIII  parental libraries were  first  cycled 

intravenously (IV) in mice at 2.5e13 vg/kg (Figure 25). Mouse brains were harvested 3 

days post injection and dissected into cortex, dentate gyrus, hippocampus, and 
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cerebellum regions. Viral genomes were extracted from dissected brain tissue and DNA 

samples were pooled and cloned to generate the next AAV library, which was 

administered IV in 3 -week old piglets dosed at 1e13 vg/kg via IV dosing  (Figure 25). Pig 

brains were harvested 3 days post injection and further dissected into parietal, occipital, 

and temporal cortices, cerebellum, hippocampus, and thalamus regions; then processed 

and prepared as above. Following cycling in pigs, the parental libraries and evolved  

libraries that were generated from PCR amplified genomes were then prepared for next -

generation sequencing (NGS). Enrichment analysis was subsequently performed,  and 

lead variants were identified and characterized (Figure 25).  

 

Figure 25: Overview of AAV evolution in the CNS and in vivo characterization 

of lead variants.  
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Three major arms exist: design and generation of AAV capsid plasmid libraries and 

AAV producti on, in vivo cycling and bioinformatic analysis of AAV libraries, and 

evaluation of engineered variants in vivo. Analysis of capsid structure -function 

correlates identifies hotspots on the capsid surface susceptible for mutagenesis to 

generate mutants with enhanced tropism. After identification of capsid hotspots for 

mutagenesis, the capsid library plasmid was generated containing randomized 

regions in the AAV Cap gene corresponding to the target capsid structure selected for 

mutagenesis. A double plasmid tr ansfection, containing the pAAVlib plasmid and 

pXX680 plasmid, is performed in HEK293 cells in order to produce AAV9 libraries. 

Following quality control of viral preps, cycling of libraries occurred via dual cycling 

in the CNS of mice and pigs following i ntravenous dosing. The brains from each 

animal were harvested and DNA was extracted for PCR amplification of AAV 

genomes containing mutant sequences. The library sequences were then cloned into 

the pAAVlib plasmid and new viral libraries were generated. Ne xt-generation 

sequencing of viral DNA was performed to identify enriched viral sequences. Tops 

hits were selected and evaluated in vivo with a reporter expression cassette.  

 

 

Figure 26: AAV9 VP3 monomer, trimer, and full capsid  with 7 -mer in VR -VIII 

highlighted in blue. The models  were generated using PyMOL . 

  

The parental and evolved libraries  were sequenced via NGS on an Illumina 

NovaSeq platform. Sequenced reads were processed using a custom in-houe perl script 

and plotted usin g R studios (Figure 27). Each circle in the bubble plot corresponds to an 

individual amino acid sequence from the VR -VIII libraries. The size of each circle 
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corresponds to the fold enrichment of that sequence from the parental to the evolved 

library. Analy sis of all enriched variants revealed a range of 1 to 10,730-fold enrichment 

between evolved and parental libraries sequence representation. From these efforts we 

identified AAV.cc84, which was the most enriched variant of the library ( Figure 27). We 

have assessed the manufacturability of AAV.cc84 compared to AAV9 by comparing  

vector titers obtained by qPCR analysis. Yields from production runs of these two 

capsids packaging the same transgene cassette and produced in both adherent and 

suspension HEK293 systems were included in the analysis. We found the 

manufacturability of AAV.cc84 to be comparable to that of AAV9 in both adherent and 

suspension systems (Figure 28).  

 

Figure 27: Next -generation sequencing (NGS) of CNS tissues from  mice and 

pigs identifies AAV.cc84 as the top enriched AAV variant . 
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Parental and evolved libraries were analyzed for variant enrichment via NGS. Each 

bubble represents an individual amino acid sequence in the library and its size 

corresponds to the fold en richment of each sequence in the evolved library compared 

to the parental library. Reads were surveyed for nucleotide sequences flanking the 

library regions and intermediate sequences were counted and ranked. These 

nucleotide sequences were then translated , and the resulting amino acid sequences 

were also counted and ranked. Bubble plots were generated using R studio.  

 

 
Figure 28: The manufacturability of AAV.cc84 is comparable to AAV9 in 

adherent and suspension HEK293 systems. 

Comparison of multiple recombinant AAV9 or AAV.cc84 production yields in both 

adherent (n=5) and suspension (n=3) HEK293 systems. Final, post-purified AAV 

yields from adherent 293s are plotted as vector genome titers per 15cm plate and from 

suspension HEK293s are plotted as vector genome titers per liter of media. Data 

points represented here consist of vectors packaging the same transgene cassette for 

AAV9 and AAV.cc84. Each symbol and color combination represent a different 

transgene cassette used for vector preparation, the bar graph represents the mean 

value and error bars represent the standard error mean. Vectors that were single 

stranded genomes include red, orange, and black circles. Vectors that were self -

complementary genomes include lime green, blue,  and purple circles. Statistical 

significance was determined by a two -tailed paired Student t  Test (Adherent, P < 

0.1874; Suspension, P < 0.4459). ns not significant.  
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3.2.2 AAV.cc84 is more CNS tropic and detargeted from the liver 
compared to AAV9 in normal mice. 

 Initial evaluations of transduction profiles for AAV.cc84 compared to AAV9 

were performed in 8 -10-week-old C57/B6 mice following systemic administration of 

5e13 vg/kg (Figure 29a). Vectors packaged a self-complementary genome containing a 

CBh-eGFP transgene cassette. Immunohistochemical staining against eGFP protein in 

mouse brain reveal enhanced transduction with AAV.cc84 compared to AAV9 

throughout the mouse brain, especially in the cortex, hippocampus, cerebellum, and 

thalamus (Figure 29b). Add itionally, a pronounced preference for transducing neuronal 

cell types in the brain was seen in AAV.cc84 treated mice, with statistically significant 

increases in cortex, hippocampus, cerebellum, thalamus, and midbrain. Little to n o 

transduction  of astrocytes was observed in any brain region of AAV.cc84 treated mice 

(Figure 29c-d). These transduction profiles were determined via manual cell counting 

based on cell morphology in multiple brain regions.  As reported earlier, AAV9 

transduced both neurons and astrocytes in the mouse brain following systemic dosing. 

(Figure 29c-d).  
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Figure 29: AAV.cc84 transduces the mouse brain, especially neurons, more 

efficiently than AAV9 following systemic administration.  

(a) Study schematic. 8ɬ10-week-old C57/B6 mice (n=3) were injected intravenously at a 

dose of 5e13vg/kg with AAV9 (red), AAV.cc81 (green), or AAV.cc84 (purple) and 

organs were harvested 4 weeks post injection. Vectors delivered a self -complementary 

AAV genome with the chicken -beta actin hybrid (CBh) promoter driving eGFP 

reporter expression. (b) Representative images of immunohistochemistry (IHC) stains 

against eGFP protein in the brain. 50 ϟm thick cross sections were obtained via a 

ÝÐÉÙÈÛÖÔÌɯÈÕËɯƗȮƗɛ-Diaminobenzidine (DAB) was used t o visualize eGFP protein 

(dark brown precipitate) throughout the brain. Quantification of the number of 

neurons (c) and astrocytes (d) transduced in the cortex (CTX), hippocampus (HC), 

cerebellum (CB), thalamus (TH), striatum (STR), and midbrain (MB) were determined 

based on cell morphology in each brain region. Each dot represents an individual 

mouse section counted, the dashes represent the mean value and error bars represent 

the standard error mean. Statistical significance was determined by One -Way 

ANOV  ɯÞÐÛÏɯ3ÜÒÌàɀÚɯ×ÖÚÛÛÌÚÛɯȹƗɯÛÙÌÈÛÔÌÕÛɯÎÙÖÜ×ÚȰɯÕÌÜÙÖÕÚȯɯ"37ȮɯP < 0.0123, HC P < 

0.0002; CB P < 0.0005, TH P < 0.0044, STR P < 0.1001, MB  P < 0.0085; astrocytes: CTX, P 

< 0.0002, HC P < 0.0025; CB P < 0.1312, TH P < 0.0002, STR P < 0.0001, MB  P < 0.0482. *P 

< 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns not significant. 
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Interestingly , we observed a significant decrease in liver transduction in female 

mice with AAV.cc84 vectors compared to AAV9 (Figure 30a). This loss of GFP 

expression seen through immuno fluorescence staining of tissue was confirmed via 

western blot analysis of tissue lysates prepared from dissected liver tissue. An anti-GFP 

primary antibody and an anti -GAPDH primary antibody were used to probe protein 

content. The western blot confirmed  a big drop in GFP expression from AAV.cc84 

treated female mice compared to AAV9  treated female mice (Figure 30c). The percentage 

of GFP+ hepatocytes was determined via costaining of liver sections with anti-GFP 

primary antibody and DAPI (Figure 30b). The total number of GFP+ hepatocytes were 

counted as well as the total number of DAPI+ nuclei and a ratio of GFP+ cells to DAPI+ 

nuclei was determined. Quantification of the percentage of transduced hepatocytes was 

5-fold lower in AAV.cc84 treated female mice compared to AAV9  (Figure 30d). 

Additionally, vector genome biodistribution was performed from DNA isolated from 

liver  and brain tissues from female mice. This analysis showed a 10-fold lower amount 

of AAV.cc84 vector genomes compared to AAV9 in the liver s, while comparable levels 

between both vectors were observed in the brain (Figure 31). Together this analysis 

shows, that AAV.cc84 is a more neuronal tropic vector compared to AAV9 and  at the 

DNA and protein level, we demonstrated that unlike AAV9, AAV.cc84 is detargeted 

from the  liver  of female mice following  systemic administration .  
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Figure 30: AAV.cc84 is detargeted from the female mouse liver compared to 

AAV9 following systemic administration.  

(a) Representative images of immunof luorescence (IF) staining against eGFP protein 

in the liver. 50ϟm thick cross sections were obtained via a vibratome. (b) 

Representative IF images of eGFP+ cells (green) and DAPI+ nuclei (blue) in the liver. 

(c) Western blot analysis of total eGFP protein in liver lysates. Total protein content 
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was quantified via a Br adford assay and total protein per well was normalized to 

25µg. GAPDH was used as a housekeeping control. (d) Quantification of % eGFP+ 

cells in the liver. Total number of eGFP+ cells were counted and normalized to the 

total number of DAPI+ nuclei. Each do t represents an individual mouse, the bars 

represent the mean value and error bars represent the standard error mean. Statistical 

significance was determined by an unpaired two -tailed Student  t Test for histological 

quantification (liver P < 0.0001). **** P < 0.0001; ns not significant. 

 

 
Figure 31. AAV.cc84 vector genome biodistribution in liver and brain of  

female C57/B6 mice following IV dosing.  

Vector genome copy numbers per µg DNA were calculated by normalizing eGFP 

copy number s to total µg DNA input for qPCR quantification and are represented as 

log vg/µg DNA. Each dot represents an individual mouse, fold change is listed above 

significance, the dashes represent the mean value and error bars represent the 

standard error mean. Statistical significance was determined by One -way ANOVA 

ÞÐÛÏɯ3ÜÒÌàɀÚɯ×ÖÚÛÛÌÚÛɯȹÓÐÝÌÙȯɯP < 0.0001, brain: P < 0.8597). **** P < 0.0001; ns not 

significant.  

 

3.2.3 AAV.cc84 transduces pig brain at higher efficiency than AAV9 

We assessed cross-species compatibility  of AAV.cc84 compared to AAV9 by 

administering  each vector via intrathecal infusion of 1e13 vg into the pig lumbar cistern 

of the spinal cord. Vectors packaged a self-complementary genome containing the CBh 

promoter driving eGFP expression and administered into 3-week-old piglets followed 
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by organ harvesting 13 days post infusion (Figure 32a). Immunohistochemical staining 

against eGFP protein in the pig brain confirmed the increased neuronal targeting 

property of AAV.cc84 in the pig occipital and parie tal cortices, as well as in the 

cerebellum, while AAV9 continued to transduce both astrocytes and neurons at lower 

levels in each brain region surveyed (Figure 32b).     

We next evaluated transduction in mice following intracerebroventricular (ICV) 

injection of AAV.cc84 or AAV9 vectors packaging a self-complementary genome 

containing the CBh promoter driving eGFP expression. In short, we administered 2e10 

vg following unilateral ICV dosing into the left lateral ventricle  of P0-P1 C57/B6 

neonates and organs were harvested 4 weeks post injection (Figure 33a). 

Immunofluorescence staining of brain sections was performed with an anti -GFP primary 

antibody and shows increased spread and penetration throughout the mouse brain with 

AAV.cc84 compared to AAV9 (Figure 33b). Further, brain sections were costained with 

anti-GFP and anti-NeuN primary antibodies in order to quantify the percent of 

transduced neurons in the brain following ICV delivery of both vectors. AAV.cc84 

transduces 4- and 3-fold more neurons in the mou se cortex and hippocampus, 

respectively, compared to AAV9 ( Figure 33c). We should note we did detect 

transduction in astrocytes from  AAV.cc84 and AAV9  treated mice following ICV dosing 

(Figure 33b-c). 
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Figure 32: AAV.cc84 transduc es pig brain, especially neurons, more efficiently 

than AAV9 following intrathecal (IT) administration.  

(a) Newly weaned piglets (n=1) 3 weeks of age were administered a total of 1e13vg of  

AAV9 or AAV.cc84 via IT infusion into the lumbar cistern and sacrif iced 13 days post 

infusion. Vectors delivered a self -complementary AAV genome with the CBh 

promoter driving GFP expression. (b) Representative images of immuno histo -

chemistry against eGFP in the occipital and parietal cortices and cerebellum. Tissue 

was emÉÌËËÌËɯÐÕɯÈÎÈÙÖÚÌɯÍÖÓÓÖÞÐÕÎɯÍÐßÈÛÐÖÕɯÈÕËɯÊÜÛɯƖƙϟÔɯÛÏÐÊÒȭɯ ÕɯÈÕÛÐ-eGFP 
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primary antibody was incubated on tissue and detected via a Vectastain ABC -HRP kit 

ÈÕËɯÌ&%/ɯÌß×ÙÌÚÚÐÖÕɯÞÈÚɯÝÐÚÜÈÓÐáÌËɯÞÐÛÏɯƗȮƗɛ-Diaminobenzidine (DAB) in tissue.  

The in -life portion in pigs were only performed once. The histological staining was 

repeated independently with similar results.  

 

 

Figure 33: IntraCSF dosing of AAV.cc84 or AAV9 following 

intracerebroventricular (ICV) injection in mice.  

(a) P0-P1 C57/B6 neonates were injected ICV at a total dose of 2e10vg with AAV9 or 

AAV.cc84 and brains were harvested 4 weeks post injection. Vectors delivered a self -

complementary AAV genome with the CBh promoter driving eGFP expression. (b) 

Representative immunofluores cence images of eGFP in whole brain, cortex (CTX), 

hippocampus (HC), and cerebellum (CB). 10 ϟm thick cross sections were obtained via 

a cryostat. An anti -eGFP primary antibody was incubated on tissue and detected with 

an AlexaFluor 488 secondary antibody. (c) Quantification of percent neurons 

transduced in the CTX and HC of C57/B6 neonates was determined via 

immunofluorescence staining of tissue with anti -eGFP (green) and anti-NeuN 

(magenta) primary antibodies and detected with Alexafluor 488 and 647 second ary 

antibodies. The ratio of total eGFP+ neuron counts to total NeuN+ cell counts in each 
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brain region was then determined. Each dot represents an individual mouse, the bars 

graphs represent the mean value and error bars represent the standard error mean. 

Statistical significance was determined by an unpaired two -tailed Student  t Test (CTX 

P < 0.0001, HC P < 0.0051). **P < 0.01; **** P < 0.0001; ns not significant. 

 

3.3 Discussion  

Clinical application of AAV9 -based vectors has demonstrated remarkable 

potential to treat a range of genetic diseases [2, 160]. With these successes has come the 

realization that areas of improvement exist related to AAV vector design. In preclinical 

studies, engineered AAV variants have confirmed the notion that next -generation 

vectors are capable of addressing issues related to vector potency, associated immune 

responses and off -target tissue transduction, among others [100, 160, 202, 270]. Our lab 

has utilized structure -guided  rational design and directed evolution approaches to 

generate AAV vectors with enhanced properties for gene therapy [100, 209, 243, 249, 261, 

267]. In this study, we employed our recently described cross-species evolution platform 

to cycle AAV9 VR-VIII capsid libraries, derived via saturation mutagenesis, through the 

CNS of mice and pigs. We describe the overall vectorization pipeline to generate CNS 

targeting ccAAV vectors, which can be readily adapted into other current AAV directed 

evolution pipelines.  

From this effort we identified an AAV variant with refined cellular tropism in 

the brain, while also exhibiting a liver detargeted phenotype following systemic dosing 

in wild -type mice. Improving vector  potency is one mechanism to address described 
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clinical issues, however, refining the transduction profile, such as detargeting from the 

liver, is another mechanism for ultimate clinical translation of engineered AAV vectors. 

Of course, by nature of our cross-species cycling, our goal was also to select for capsids 

with improved transduction in multiple different species, a feat not met or 

demonstrated by many engineered variants to date. The intention being that the 

generated ccAAV vectors can potentially serve as better vectors for predictive modeling 

of preclinical gene therapies in vivo and ultimate clinical evaluation in humans.  

At the structural level, we observe a shift from predominately uncharged side 

chains to amino acid residues with mainly hydrophobic and uncharged side chains in 

different positions S586N, A587, Q588V, A589G, Q590A, A591L, and Q592S. The new 

variant 586-NAVGALS -592 did not have a negative effect on the manufacturability in 

both adherent and suspension cell systems with different AAV cassettes  compared to 

AAV9 . We observed slightly improved selection and enrichment of our VR-VIII capsid 

libraries compared to our VR -IV capsid libraries when cycling in mice and pigs. This is 

evident by the larger size of some bubbles and their location along the y -axis in the 

bubble plot. Following  cycling in pigs, we identified AAV.cc84 as our top enriched 

variant which is different than AAV9 mainly in the presentation of more residues with 

hydrophobic side chains such as Ala, Val, and Leu amino acids. It is tempting to 

speculate that greater selective pressure would have been applied if we had cycled these 
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capsid libraries also in NHPs, as evident in the cross-species cycling that led to the 

identification of AAV.cc47.  

As of yet we have not investigated AAV.cc84 receptor usage, however, past 

evolution efforts with VR -IV and VR-VIII capsid libraries derived from  AAV8 have 

indicated that VR -VIII may play a role in cell surface glycan attachment [273]. 

Additionally, peptide insert capsid libraries in VR -VIII of AAV9 has yielded improved 

engineered variants with novel cellular receptor usage [202, 259, 268, 271, 272]. Taken 

together, it is plausible that a similar phenomenon may be at play with our  VR-VIII 

capsid libraries derived from  AAV9 in this work. This may explain the shift in cellular 

tropisms observed with AAV.cc84 compared to AAV9 or even AAV.cc47. Further 

mechanistic studies are needed related to AAV -R dependence, the potential role of 

restrictive or essential host factors in the infectious pathway , and vector antigenicity.  

AAV.cc84 demonstrated improved CNS transduction following systemic dosing 

of eGFP reporter vectors in wild -type mice. We observed a significant shift in the 

cellular transduction profile in the brains of these mice determined via  

immunohistochemical  (IHC)  staining. AAV9 normally transduces both neurons and 

astrocytes in the brain following IV dosing. We observed a striking shift t o neurons in 

the cortex, hippocampus, cerebellum, and thalamus brain regions, among others, in 

AAV.cc84 treated mice. No appreciable transduction of astrocytes was observed in any 

brain region investigated in AAV.cc84 treated mice. The neuronal tropism phe notype of 
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AAV.cc84 can be an especially useful vector property for delivering therapeutics for 

neurodegenerative diseases of neurons, ÚÜÊÏɯÈÚɯ'ÜÕÛÐÕÎÛÖÕɀÚɯËÐÚÌÈÚÌ [300].  

Most interesting from a gene therapy perspective, was the identification of a 

liver -detargeting phenotype in AAV.cc84 treated female mice. The loss of liver 

transduction in  these female mice was confirmed via eGFP immunofluorescence 

staining, western blot , and vector genome biodistribution qPCRs. This phenotype 

confirms the notion that AAV.cc84 may also afford a broader therapeutic window 

compared to AAV9, which robustly transduces this tissue following systemic dosing. 

The liver is the predominate source of unintended side effects seen in the clinic with 

AAV9 vectors at the necessary high doses for neuromuscular gene therapies [217, 294]. 

Our group and others have reported similar detargeting from liver phenotypes when 

introducing mutations or peptide inserts into the VR-VIII region of the AAV9 capsid 

(Table 4).  

Additionally, this apparent shift in cellular tropisms observed lends itself  to 

identifying whether this is a result of a loss of function (likely)  or a gain of function (less 

likely) mutation  and whether any host factors are directly responsible. In like manner, 

further investigating  is also needed at the structural level to (i) identify the minimal 

footprint in AAV.cc84 VR -VIII responsible for conferring this  liver  detargeting 

phenotype and (ii) ident ify the necessary residues to confer the similar phenotype in 

male mice following systemic dosing.   
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In this current study, we confirmed cross -species compatibility following 

intrathecal (IT) infusion of AAV.cc84 in newly weaned piglets. We acknowledge that  

this was only confirmed following intraCSF dosing, but for similar reasons as AAV.cc47, 

we chose to evaluate the CNS transduction profile of AAV.cc84 following IT infusion in 

pigs due to their large mass and the amount of vector required for systemic dosing. We 

observed increased levels of transduction of neurons determined via IHC  staining of 

brain sections. For similar  comparison, we also administered AAV.cc84 following 

intraCSF dosing via intracerebroventricular (ICV) injection in to the brain of mouse 

neonates. We confirmed the increased transduction of neurons in the cortex and 

hippocampus  of these mice following ICV dosing, as seen in mouse IV dosing and pig IT 

dosing studies with AAV.cc84.  

It  should be noted that we also detect transduction in astrocytes following ICV 

dosing in mice that we did not observe at appreciable levels in our other IV in vivo 

studies. The transduction of astrocytes following ICV dosing with AAV.cc84 may be the 

result of the semi-invasive nature of direct brain injections  versus peripheral injections 

through the bloodstream  (non-invasive to the brain)  or other CSF-accessible organs (i.e., 

spinal cord)  [111, 301]. Astrocytes have been documented to react to brain insults and 

inflammation [302]. These activated astrocytes will migrate to the injury site and may 

explain why this cell type is now being transduced following ICV injection of AAV.cc84.  
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Another likely possibility  could be related to the age of the neonates at time of 

injection [303, 304]. The age at time of ICV injection, ranging from P0-P2, has been 

shown to influence cell -types permissive to AAV transduction in the mouse brain with 

multiple  differe nt AAV serotype s [304]. Since injections occurred approximately 

between P0-and P1, it is plausible age could be playing a role and this observation 

warrants follow up ICV studies consisting of a more stringent time course (i.e., injection 

at P0, P1, P2). It would also be prudent to assess cell types transduced in the brain 

following systemic dosing of AAV.cc84 in neonatal mice, which can be performed via 

facial vein infusions.  

In summary, we propose an alternative mechanism for ensuring clinical 

translation of AAV vectors for CNS gene therapy. We provide initial supporting 

evidence by which ccAAV vectors could be used to increase the safety profile related to 

toxicities induced by high vector dosing of AAV for therapeutic benefit in  the CNS. This 

evidence is demonstrated through reporter transgene studies in  wild -type mouse and 

pig models, both of which are important models used in the development of human 

therapeutics. These experiments further support the structure-function correlate of VR-

VIII in modulating the AAV infectious pathway and tissue tropisms in vivo and warrant 

further follow up studies in this regard . While studies in NHPs are needed to validate 

the presented transduction profiles, these studies also warrant further evaluation in 

large animal models following systemic dosing. Lastly, vectors that are detargeted from 
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the liver present the opportunity for a safer toxicity profile  when administering AAV  in 

both preclinical studies and clinical trials .  

 

3.4 Materials and Methods   

3.4.1 AAV plasmid libraries and packaging plasmid constructs 

The AAV9 VR-VIII  plasmid library was constructed as previously described [209, 267]. 

Briefly, the parental library plasmid pTR-wtAAV9-VR-VIII -library consisting of AAV2 

ITRs flanking AAV2 rep and AAV9 cap genes was generated by randomizing a portion 

of cap corresponding to VR-VIII  (amino acids 586-592 in cap) via saturation 

mutagenesis. The subsequent evolved library plasmids differed from the parental library 

plasmid only in the generation of the library inserts. Prior to incorporation of the 

randomized insert containing degenerate nucleotides at the selected region into the 

parental library, a region of cap encompassing VR-VIII  was replaced with a partial GFP 

sequence to prevent any incorporation of WT VR-VIII  sequences in the parental library. 

The parental library insert was incorporated into the WT AAV plasmid containing a 

region of GFP via overlap extension of 2 PCR products. PCR and overlap extension 

reactions were performed using Q5 polymerase (New England Biolabs). The plasmid 

backbone and library insert were then restriction enzyme digested with XbaI and BsiWI 

and ligated together. Purified ligation products were electroporated into DH10B 

ElectroMax cells (Thermo Fisher Scientific) and directly plated on multiple 245 X 245-

mm2 bioassay dishes to avoid bias from bacterial suspension cultures. Plasmid DNA 
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from pITR-AAV9-VR-VIII  libraries were purified from pooled colonies grown on LB 

agar plates. The plasmid scAAV -CBh-eGFP was obtained as described previously [209, 

267].   

3.4.2 AAV capsid library and recombinant vector production 

AAV capsid libraries were generated as previously described  [209, 267]. In brief, 

adherent HEK293 cells (obtained from the University of North Carolina Vector Core) 

were transfected in 15cm dishes (Corning) with polyethylenimine (PEI; Sigma -aldrich) 

in a 1:3 DNA:PEI ratio. Equal molar ratios of pITR -AAV9 -VR-VIII  Library plasmid and 

adenovirus helper plasmid pXX680 were used during transfection. Cell media was 

harvested and replaced 4 days post transfection, followed by the final media harvest on 

the day 6.  

Recombinant AAV ve ctors produced in adherent HEK293 cells were performed as 

previously described  [209]. Recombinant AAV vectors produced in suspension HEK293 

cells (generated in-house at Duke University) were generated via a triple p lasmid 

transfection method consisting of an adenovirus helper plasmid pXX680  ȹƔȭƚƔɯϟÎɤÔ+ȺȮɯ

AAV9 or AAV.cc 84 rep/cap ×ÓÈÚÔÐËɯȹƔȭƙƔɯϟÎɤÔ+ȺȮɯÈÕËɯ(31ɯ×ÓÈÚÔÐËɯȹƔȭƗƔɯϟÎɤÔ+Ⱥȭɯ

Plasmids were transfected into cells with PEI (1 to 3 ratio, plasmid to PEI). Media was 

harvested 6 days post transfection and cells were pelleted via centrifugation and 

discarded.  
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Cell media was incubated with 12% Polyethylene glycol (PEG) for 48 hours at 4C. 

Precipitated capsids were then collected via centrifugation and resuspended in 

formulation buffer containing 1mM MgCl2 and 0.001% F -68. Resuspended capsids were 

DNase treated for 1hr at 37C prior to iodixanol gradient purification via an 

ultracentrifuge. Next, an iodixanol (Sigma -Aldrich) gradient consisting of 60%, 40%, 

25%, and 17% densities was created manually starting from the bottom in this order. 

DNased PEG suspension in that added to the top of the gradient and loaded in the 

ultracentrifuge. Gradients were allowed to spin at 30,000 RPM and 17C for at least 6 

ÏÖÜÙÚȭɯ4×ÖÕɯÊÖÔ×ÓÌÛÐÖÕȮɯÎÙÈËÐÌÕÛÚɯÞÌÙÌɯÍÙÈÊÛÐÖÕÌËɯÐÕÛÖɯƙƙƔϟ+ɯÈÓÐØÜÖÛÚɯÉÌÍÖÙÌɯ

quantification of AA V genomes and downstream purification.  

AAV concentrations in each iodixanol fraction were determined via qPCR using primers 

that bind against a portion of the ITR region (Appendix A ). Iodixanol fractions with the 

most concentrated titers were selected for subsequent desalting and buffer exchange 

using a Zeba spin desalting column (Thermo Fisher Scientific), according to 

manufactures instructions. Final titer amounts of each AAV library prep was also 

determined via qPCR with primers against the ITRs ( Append ix A ). For CSF dosing via 

intrathecal infusions  in pigs, recombinant AAV vectors were further processed to  

remove existing endotoxins using a Pierce high-capacity endotoxin removal spin column 

(Thermo Fisher Scientific). Endotoxin levels were then quantifi ed via a Chromogenic 

LAL endotoxin assay kit (GenScript).  
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3.4.3 Cross-species cycling of AAV capsid libraries 

AAV capsid libraries were produced as described in the section above. The first round of 

AAV evolution occurred in the mouse brain following intr avenous administration. The 

brain was harvested and dissected further into multiple brain regions prior to genomic 

DNA isolation. AAV genomes were amplified from mouse genomic DNA using primers 

targeting AAV9 cap (Appendix A ). PCR amplicons containing libr ary sequences were 

ligated into our AAV library plasmid backbone and  used to generate the round 2 AAV9 

library. The second and final  round of AAV evolution occurred in pigs following 

intravenous administration. Pig brains were harvested 5 days post injection and 

dissected further into multiple brain regions. AAV9 cap containing the library region 

was amplified through PCR and cloned into our AAV library plasmid backbone prior to 

production of the next round AAV libraries. In vivo cycling between these 2 species was 

completed before next-generation sequencing of capsid variants. 

3.4.4 High-throughput sequencing analysis and identification of 
newly evolved AAV strains 

Sequence diversity of the parental and evolved AAV9 capsid libraries were assessed by 

using the viral library preparations. The evolved library sequences were generated 

following PCR of DNA amplified tissue followed by plasmid cloning and viral 

production. Both the parental and evolved viral libraries after production were DNase -I 

treated prior to  extraction of viral genomes from the capsids and subsequent addition of 

Illumina adaptor sequences via PCR. The first round of PCRs adds half of the Illumina 
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sequencing adaptors using primers specific to the amplicon and the second round of 

PCR adds the remaining adaptor sequences and index sequence. After each round of 

PCR, the products were purified using the PureLink PCR Micro Kit (Invitrogen). The 

quality of the amplicons was verified using a Bioanalyzer (Agilent), and concentrations 

were quantified us ing a Qubit spectrometer (Thermo Fisher Scientific). Libraries were 

then prepared for sequencing with the Illumina NovaSeq 6000 S-Prime Reagent Kit (300 

ÊàÊÓÌÚȺȮɯÍÖÓÓÖÞÐÕÎɯÔÈÕÜÍÈÊÛÜÙÌÙɀÚɯÐÕÚÛÙÜÊÛÐÖÕÚȮɯÈÕËɯÚÌØÜÌÕÊÌËɯÖÕɯÛÏÌɯ(ÓÓÜÔÐÕÈɯ-ÖÝÈ2ÌØɯ

system.  

Demultip lexed reads were analyzed with an updated in -house Perl script [209]. Reads 

are surveyed for nucleotide sequences flanking the library regions and intermediate 

sequences are counted and ranked. These nucleotide sequences are then translated and 

the resulting amino acid sequences are also counted and ranked. Then, the percent 

representation and fold enrichment between parental and evolved libraries were 

calculated and ranked. Amino acid sequences were plotted according to their percent 

representation and enrichment for each library. Perl scripts were executed using 

Strawberry Perl for Windows software v 1.32.1.1. Bubble plots representing capsid 

mutants were generated using the R studio graphics package v3.5.2.   

3.4.5 Mouse studies 

All m ouse strains used in this study were maintained at Duke University  School of 

Medicine with the assistance of Duke's Division of Laboratory Animal Resources 
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(DLAR) . Mice were housed in a temperature-controlled (~18-23C, 40-60% humidity) and 

enriched environment, with a 12 hour light/dark cycle, and provided standard chow and 

water. 

3.4.6 Intravenous dosing in wild-type mice 

All mouse studies utilized male and female adult mice aged 8 -10 weeks old and AAV 

was administered systemically via the tail vein for all experiments. The wild -type 

C57/B6 mouse colony was bred and maintained at Duke University.  AAV evolution in 

mice occurred in the C57/B6 strain and AAV libraries  were injected systemically at 

2e13vg/kg. Brains were harvested 3 days post injection prior to library amplification. For 

eGFP reporter studies (n=3), C57/B6 mice were injected systemically with 5e13vg/kg of 

AAV .cc84, AAV.cc81, or AAV9. C57/B6 brain, heart, tibialis anterior, and liver were 

harvested 4 weeks post injection. 

3.4.7 Pig evolution and dosing studies 

Pigs used in this study were a cross between Landrace, Yorkshire, and Duroc strains. Pig 

studies consisting of AAV evolution or reporter expression were all performed in 3 -

week-old newly weaned piglets weighing approximat ely 7kgs. For AAV evolution in 

pigs (n=2), male and female piglets were injected systemically via the heart vena cava 

with 1e13 vg/kg of AAV libraries. Brain and spinal cord were harvested 5 days post 

injection prior to AAV library amplification. For intra thecal reporter studies in pig, 3-

week-old male pigs (n=1) weighing approximately 7 -10kgs were anesthetized via a 
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ketamine:xylazine cocktail containing 20mg/kg ketamine + 2mg/kg xylazine. AAV 

vectors (2mL total volume) packaging a CBh-eGFP transgene cassette were injected into 

the lumbar cistern with a total of 1e13vg and were infused at a rate of 1mL per minute. 

Pigs brains were harvested 13 days post infusion. 

3.4.8 Intracerebroventricular (ICV) dosing in wild-type neonatal mice  

All mouse ICV dosing occu rred in in -house bred P0-P1 male and female C57/B6 

neonates (n=6). Pups were rapidly anesthetized on ice for 2 minutes followed by ICV 

ÐÕÑÌÊÛÐÖÕɯÜÚÐÕÎɯÈɯÚÛÌÙÌÖÛÈßÐÊɯÈ××ÈÙÈÛÜÚȭɯ  5ɯÝÌÊÛÖÙÚɯȹƖϟ+ɯÛÖÛÈÓɯÝÖÓÜÔÌȺɯ×ÈÊÒÈÎÐÕÎɯÛÏÌɯ

CBh-eGFP transgene cassette were injected into the left lateral ventricle using a 

Microinjection Syringe Pump (World Precision Instruments) at a controlled rate of 

ƔȭƔƚƚϟ+ɯ×ÌÙɯÚÌÊÖÕËɯÞÐÛÏɯÈɯ'ÈÔÐÓÛÖÕɯƛƔƔɯÚÌÙÐÌÚɯÚàÙÐÕÎÌɯÈÕËɯƖƚÚɯÎÈÜÎÌɯÕÌÌËÓÌɯÈÛÛÈÊÏÌËɯÛÖɯ

a KOPF-900 small animal stereotaxic instrument (KOPF instruments). The following 

stereotaxic coordinates were used for injections: 0.8 mm relative to the sagittal sinus, 1.5 

mm rostral to transverse sinus, and 1.5 mm deep. Dosing in these mice consisted of a 

ÛÖÛÈÓɯÖÍɯƖÌƕƔÝÎɯÈËÔÐÕÐÚÛÌÙÌËɯÐÕɯƖϟ+ȭɯMice were revived using a heating pad and rubbed 

in the bedding after AAV injections before being placed back with the dam. Mouse 

brains were harvested 4 weeks post infusion. 

3.4.9 Histological processing and staining 

All C57/B6 tissues isolated were post fixed in 10% formalin (VWR) overnight. Brains and 

ÓÐÝÌÙÚɯÞÌÙÌɯÞÈÚÏÌËɯƗßɯÐÕɯƕß/!2ȮɯÌÔÉÌËËÌËɯÐÕɯƗǔɯÈÎÈÙÖÚÌɯÈÕËɯÚÌÊÛÐÖÕÌËɯƙƔϟÔɯÛÏÐÊÒɯÝÐÈɯ
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a vibratome (IV dosing; Leica Biosystems). Brains from ICV dosing were incubated in 

30% sucrose overnight following fixati on, embedded in O.C.T compound (Electron 

Microscopy Sciences), and frozen in liquid nitrogen cooled isopentane. O.C.T. blocks 

were sectioned 10mm thick on a Leica cryostat. For analysis of eGFP expression 

following IV dosing, immunohistochemistry (IHC) staining against eGFP protein was 

performed using an anti -rabbit eGFP primary antibody (Abcam). The primary antibody 

was diluted 1:500 in blocking solution (5% normal goat serum, 0.1% Triton X-100 in 1x 

PBS) for 1 hr. Tissue sections were washed three times in 1x PBS.  

For expression analysis in the brain following IV dosing , signal was detected using a 

VECTASTAIN® ABC -HRP Kit following manufactures instructions. Next, DAB (3, 3'-

diaminobenzidine) was incubated on tissue for 2 minutes in order to visualize bou nd 

eGFP as a brown precipitate. For expression analysis in the liver, an anti-rabbit 

Alexafluor 488 (1:500; Invitrogen) secondary antibodies was incubated on tissue for 1 

hour followed by three washes in 1x PBS and a DAPI incubation for 5 min.  

For immunof luorescence staining of ICV injected mouse brains, brain sections were 

prepared for staining as described above except sections were incubated in citrate buffer 

(Abcam) at 80C for 25 minutes and allowed to cool to room temperature in cool water 

prior to in cubation in blocking solution, containing 5% normal goat serum and 0.1% 

Triton X -100 in 1xPBS, for 1 hour at room temperature. Next, tissues were incubated in 

Mouse on Mouse (M.O.M.) blocking reagent (Vector labs) for 2 hours. Sections were 
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then incubated with both an anti -rabbit eGFP (1:500; Abcam) and anti-mouse NeuN 

primary antibod y (1:750; Abcam) overnight followed by three washes in 1x PBS. An 

anti-rabbit AlexaFluor 488 and an anti-mouse Alexafluor 647 secondary antibody (1:500; 

Abcam) were incubated for 1 hour on tissue sections and were used to detect eGFP and 

NeuN proteins, respectively. All immunostained tissue sections were then mounted on 

slides with ProLong Gold antifade reagent without DAPI (Invitrogen).   

All pig  tissues isolated were post fixed in 10% formalin (VWR) overnight. Brain s were 

embedded in agarose following fixation and cut 2ƙϟÔɯÛÏÐÊÒȭ IHC staining of eGFP in pig  

brains was performed as described for mouse ICV injections. Immunostained brain 

sections were mounted on slides with ProLong Gold antifade reagent without DAPI 

(Invitrogen).  

3.4.10 Histological quantification and analysis 

In order to quantify the number or neurons and astrocytes transduced in the mouse 

brain following IV dosing, the total number of each cell type was counted  manually 

based on cell morphology in the cortex, hippocampus, cerebellum, thalamus, striatum, 

and midbrain.  To quantify the percent eGFP+ hepatocytes in the mouse liver, the total 

number of eGFP+ cells were quantified manually and were normalized to the t otal 

number of DAPI+ nuclei quantified automatedly in ImageJ.  To quantify the percent 

eGFP+ neurons in the mouse brain following ICV dosing , the total number of eGFP+ 

neurons were counted in the cortex and hippocampus and counts were normalized to 
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the total number of NeuN+ cells quantified manually in ImageJ  v 1.52a. All mouse 

staining quantification was performed using at least two sections and taking 3 images 

each section for all mice, with at least n=3 for each study. 

3.4.11 Determination of vector genome biodistribution by quantitative 
PCR 

DNA was extracted from tissue using a Purelink Genomic DNA Mini kit (Thermo Fisher 

Scientific) following manufactures instructions. Vector genomes were quantified via 

qPCR, using a plasmid standard and primers targeti ng AAV cassette elements 

(Appendix A ). The biodistribution  of viral genomes is represented as the ratio of vector 

genomes per microgram of DNA extracted.  

3.4.12 Determination of eGFP protein levels by SDS-PAGE and 
western blot analysis  

Tissue lysates were prepared in in RIPA buffer supplemented with Halt protease 

inhibitors (Thermo Fisher Scientific). Whole tissue lysate was placed on a rocker at 4C 

for 1 hour followed by grinding with a handheld pestle. C ellular debris was cleared by 

centrifugation. Prote in concentrations were determined by  a Bradford assay (Pierce) and 

used to normalize all samples. Samples were then heated to 95°C for 2 min in SDS-PAGE 

loading buffer, separated by SDS-PAGE, and transferred to PVDF membrane. 

Membranes were blocked in 5% milk in Tris buffered saline with 0.1% TWEEN (TBST) 

and incubated overnight with primary antibodies for GAPDH (1: 2,500; Abcam) and 

eGFP (1:10,000; Abcam). Membranes were washed with TBST and incubated with 
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secondary antibodies conjugated to anti-rabbit horseradish peroxidase for 1 hour at 

RT (1:5,000; Southern Biotech; rabbit). Membranes were then washed and incubated for 

2 min with enhanced chemiluminescence substrate (Genesee Scientific 20-300B) and 

visualized on a Bio-Rad ChemiDoc imaging system.  

3.4.13 Statistical analysis 

Data are represented as mean ± standard error mean. For data sets with 2 groups, 

ÚÐÎÕÐÍÐÊÈÕÊÌɯÞÈÚɯËÌÛÌÙÔÐÕÌËɯÜÚÐÕÎɯÈÕɯÜÕ×ÈÐÙÌËɯÚÛÜËÌÕÛɀÚɯÛɯÛÌÚÛɯÜÕÓÌÚÚɯÖÛÏÌÙÞÐÚÌɯÕÖÛÌËȭɯ

For data sets with 3 groups, significance was determined by one-way ANOVA, with 

3ÜÒÌàɀÚɯ×ÖÚÛÛÌÚÛȭɯ6ÏÌÙÌɯÐÕËÐÊÈÛÌËȮɯÕÚɯÙÌ×ÙÌÚÌÕÛÚɯÕÖÛɯÚÐÎÕÐÍÐÊÈÕÛȰɯɖ×ɯǾɯƔȭƔƙȰɯɖɖ×ɯǾɯƔȭƔƕȰɯɖɖɖ×ɯ

< 0.001; ****p < 0.0001; ns not significant. 
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4. Conclusion 

4.1 Overview 

Adeno-Associated Virus (AAV) is a small , non-pathogenic, single-stranded DNA  

virus with multiple different tissue tropisms between the different existing serotypes 

(Table 1). This virus makes up for its small size with the remarkable capability to have  

its endogenous DNA between the inverted terminal repeat sequences (ITRs) removed 

and replaced with therapeutic DNA.  In addition to not causing any disease in humans, 

most people in the general population  do not even know they have been exposed to one 

of the natural AAV strains at some point in their lifetime. While Adenovirus is also 

common upon the human population, it does manifest itself as the common cold in 

humans, which we are all familiar with. I ponder about the natural evolutionary journey 

of AAV, since I harness the capability and tools to force it at will in the laboratory 

through directed evolution. What natural and potentially ancient purpose does this 

virus serve?  

Putting this into perspective of what the gene therapy field has achieved today 

using AAV, I am reminded of the remarkable journey AAV has taken from virus to 

clinical vector . The modularity of the AAV genome and the plasticity of the AAV capsid 

really lends itself to a formidable gene delivery vehicle to treat human disease. While we 

may never know the natural or ancient purpose of AAV, I can confidently say that this 
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virus has had tremendous impact on the lives of humans all over the world through its 

vectorization for gene therapy.  

It should be noted that despite the remarkable capabilities of AAV, areas for 

improvement do exist . This is exemplified in the fact that AAV gene therapies have so 

far saved thousands of SMA patient lives worldwide with the AAV drug Zolgensma  

[170], while also resulting in the death of two patients in Russia and Kazakh stan in the 

year 2022 [177]. These two deaths were the result of acute liver injury, a known risk of 

this gene therapy, shortly after vector infusion. As a researcher who has spent 

approximately five years developing safer AAV9 vectors and becoming familiar with 

different gene therapy strategies and modalities in vivo, these deaths feel somewhat 

personal and are a motivation for compiling this body of  work presented in this 

dissertation. If we as a field are to embark on the journey of one day using AAV gene 

therapy to cure neuromuscular diseases such as Duchenne Muscular Dystrophy  (DMD)  

ÖÙɯ/ÖÔ×Ìɯ#ÐÚÌÈÚÌȮɯÖÙɯÕÌÜÙÖËÌÎÌÕÌÙÈÛÐÝÌɯËÐÚÌÈÚÌÚɯÚÜÊÏɯÈÚɯ ÓáÏÌÐÔÌÙɀÚɯÖÙɯËÌÔÌÕÛÐÈȮɯÞÌɯ

must keep our current setbacks in the clinic in mind as we innovate our capabilities. It is 

becoming increasingly clear that engineered AAV capsids will  be necessary as we 

continue to indications that require a high vector dose of natural capsids, specific 

targeting of subpopulations of cells in tissues, or restricting of off-target tissue 

expression.   
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From the AAV perspective, we are li mited to innovating the genome or the 

capsid. To this end, the work presented in chapter 2 and chapter 3 of this dissertation 

describe efforts made in these regards. We have innovated our existing AAV structure -

guided directed evolution platform by incorpo rating in vivo multi -species cycling of 

different AAV capsid libraries in the CNS of pigs, mice, and non-human primates  

(NHPs). We have termed this new class of AAV vectors generated by this platform as 

cross-species compatible AAVs (ccAAV s). While demonstrating that non-infectious 

cycling AAV libraries  in vivo can lead to enhanced transduction and tropism capabilities 

in the cycled animals, we also contribute more understanding to the structure -function 

correlates related to the AAV capsid surface. These areas of the capsid include the 

surface exposed structural loops that form the protruding spikes out from the AAV 

capsid along the three-fold axis of symmetry . These prominent spikes include variable 

regions (VRs) in each AAV serotype that have been implicated in imparting the unique 

properties of each serotype. Our group  and others have extensively studied VR-IV 

(chapter 2) and VR-VIII  (chapter 3) and together these studies contribute to our growing  

understanding of the structure-function correlates of these VR regions on the AAV 

capsid.   
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4.2 Capsid optimization 

4.2.1 AAV.cc47 identified from AAV9 VR-IV capsid libraries  

In chapter 2 we introduce ccAAV platform and describe a top enriched variant 

called AAV.cc47. This variant was generated from VR-IV capsid libraries generated via 

saturation mutagenesis and were cycled in vivo in the CNS of pigs, mice, and NHPs. We 

demonstrate enhanced potency of this vector compared to AAV9 in transducing wild -

type and disease mouse models following systemic dosing of reporter and therapeutic 

transgene cassettes. Interestingly, quantification of vector genome biodistribution and 

transgene expression levels by qPCR reveal that (i) vector genome biodistribution is 

comparable between AAV.cc47 and AAV9 and (ii) transgene expression levels are 

significantly higher in evaluated tissues of AAV.cc47 treated mice compared to AAV9. 

We determine optimal vector design parameters for genome editing in cardiac and 

skeletal muscles for AAV-CRIPSR studies in reporter and disease mouse models. Lastly, 

we demonstrate cross-species compatibility of AAV.cc47 via systemic and intraCSF 

dosing in mice (IV and ICV), pigs (IT), and NHPs (ICM) and transduction efficiencies 

were determined in the brains of each species, among other organs.   

The major lingering question is the mechanism by which AAV.cc47 was enriched 

by following systemic cross-species cycling in the CNS of pigs, mice, and NHPs. The 

nature of the capsid screen was such that we selected for AAV genomes that reached 

tissues of interest at high efficiency. Since we did not coinfect with Adenovirus , there 



 

175 

was no replication of the AAV library genomes, and we amplified  AAV genomes 

through PCR that were extracted from the CNS of these animals. Our initial hypothesis 

was that we would have great er vector genome biodistribution in tissues in which the 

libraries were cycled, however analysis of AAV.cc47 reveals this was not the case in any 

tissue. Surprisingly, we began to test whether transgene expression levels were higher in 

AAV.cc47 treated mice and in fact we determined that RNA levels were higher 

compared to AAV9 in tissues such as heart, skeletal muscle, and brain of mice and 

NHPs.  

Since our capsid libraries were not generated from extracted RNA , and thus we 

did not select for capsids that transduce better, this paradigm was thought provoking . I 

will  now introduce a rather interesting hypothesis for the potential role of the capsid in 

influencing the chromatinization state  of AAV episom es in the nucleus. A preprint in 

bioRxiv by Gonzalez-Sandoval et al recently reported a new paradigm by which  the 

capsid can dictate the epigenetic state of the AAV genome when in the nucleus. 

Specifically, it is reported that an engineered variant for live r (i.e., AAV -LK03) was 

species-specific due to a variati on in the epigenetic state (i.e., lack of active histone 

acetylation marks) of the AAV genome when in the nuclei of hepatocytes of different 

species [305]. AAV -LK03 is a primate and human specific capsid and does not transduce 

mouse hepatocytes in vitro  or in vivo. This contrasts with  a similar engineered variant  for 

the liver  called AAV -DJ, capable of transducing mouse, NHP and human livers.  
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Through cut & tag assays, it was revealed that AAV -DJ contained active histone 

acetylation marks (i.e., H3K4me3 and H3K27ac) along the AAV genome isolated from 

the hepatocytes of mice and humans in vitro and mice in vivo [305]. Interestingly, it was 

revealed that AAV -LK03 genomes contained these active histone acetylation marks in 

human hepatocytes, which it can efficiently transduce, while containing little to no 

active histone acetylation marks along the AAV genomes isolated from mouse 

hepatocytes [305]. The authors interrogate this phenomenon through a capsid sequence 

alignment of some multi -species and species-specific transducing AAVs and through 

this effort they identify a single point mutation in VR -I of species-specific capsids (e.g., 

AAV -LK03, AAV3b) . Further, it is shown that a loss of a glycine or threonine at this 

position in VR -I of some species-specific capsids is likely an explanation for the 

repressive epigenetic state seen with AAV -LK03 genomes in different  species [305]. 

Capsids known to transduce the livers of multiple species , such as AAV8, AAV9, 

and AAV -DJ, all contain a glycine at AA 266 (VP1 numbering). The authors 

hypothesized a glycine insertion at this same position  in AAV -LK03, which normally 

has a deletion at this position, may lead to the recruitment of active histone acetylation 

marks seen with AAV -DJ. The resulting variant, called AAV -AM, contained the glycine 

insertion  at AA 266 and was shown to now be capable of transducing mouse 

hepatocytes in addition to human hepatocytes like AAV -DJ. The cut and tag assay 

surveying for epigenetic marks along the AAV genome of AAV -DJ, AAV-LK03, and 
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AAV -AM following  transduction of mouse hepatocytes, reveals the presence of active 

histone acetylation marks along the genome for AAV -DJ and AAV-AM, while as 

previously shown, no active transcription marks were present along the genome of 

AAV -LK03 containing the AA 266 deletion [305].  

Together these findings suggest a dynamic  role of the AAV capsid in establishing 

an active epigenetic state of the AAV episome during uncoating in the nucleus and thus 

implicating the recruitment of active histone acetylation marks to the AAV genome  as 

necessary for active transcription of the genetic cargo in cells. This is one of the first 

indicat ions of a direct capsid and chromatinization relationship reported for AAV. These 

findings could support the notion that active histone acetylation marks may have also 

accumulated on AAV.cc47 genomes during library cycling . In turn this could explain  

why wÌɯÌÕÙÐÊÏÌËɯÍÖÙɯ  5ȭÊÊƘƛȮɯÞÏÐÊÏɯÊÖÕÛÈÐÕÚɯƘɯÎÓàÊÐÕÌɀÚɯÐÕɯÛÏÌɯƛÔÌÙɯÛÏÈÛɯÙÌ×ÓÈÊÌËɯ51-

IV of AAV9.  

Of course, this is highly speculative but warrants extensive follow -up study from 

a basic biology perspective through similar cut and tag assays in vitro and in vivo. It 

would be very exciting to determine whether epigenetic modifications to the AAV 

genome, induced specifically  by the AAV capsid , are also occurring with AAV.cc47 and 

if it is  playing a role in  the enhanced transduction observed across species. If these 

studies do in fact reveal that AAV.cc47 contains higher levels of active histone 

acetylation marks compared to AAV9 , than that could also explain why we detect more 
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RNA  in tissues but not DNA in both our gene transfer and genome editing studies of 

AAV. cc47 compared to AAV9  in vivo.  

4.2.2 AAV.cc84 identified from AAV9 VR-VIII capsid libraries  

In chapter 3 we expand further the capabilities of our ccAAV platform and 

describe a different AAV variant we have called AAV.cc84. This variant was generated 

from VR-VIII capsid libraries generated via saturation mutagenesis and were cycled 

systemically in vivo in the CNS of mice and pigs. We demonstrate a refined cellular and 

tissue tropism of this variant compared to AAV9 in wild -type mice through reporter 

transgene studies following systemic dosing. Further analysis in wild -type mice 

revealed that the liver detargeting phenotype observed with AAV.cc84 is specific to 

female mice and that in male mice this variant transduces the liver comparably to AAV9. 

This sexual dimorphism phenotype warrants further study and understanding and will 

be expanded on below. 

Interestingly, the CNS transduction profile of AAV.cc84 (neurons > astrocytes) is 

constant across both male and female mice following systemic dosing. We confirm cross-

species compatibility via intrathecal infusion into the pig spinal cord and we show IHC 

staining highlighting the increased transduction of the cortex and cerebellum of these 

pigs especially in neurons throughout these regions. We also performed intraCSF dosing 

in mice via ICV injection and determined the % of neurons transduced in the cortex and 

hippocampus via IF staining against eGFP and a neuronal mark. This analysis confirmed 
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the enhanced transduction of neuronal cells in these brain regions, but we also observed 

transduction of astrocytes following ICV injection into the neonate brain. In summary, 

this work further highlights  the notion  that structure -guided AAV evolution of different 

VRs can yield enhanced AAV vector for CNS gene transfer through potentially different 

mechanisms and approaches.  

The proposed mechanism by which AAV.cc84 preferentially transduces neurons, 

while demonstrating a liver detargeted phenotype in female mice, is potentially a little 

more straight forward than what I pro pose for AAV.cc47, but is still curious to say the 

least. Our laboratory and others have really highlighted the versatility of VR -VIII on 

multiple AAV serotypes and engineered variants from multiple laboratories  containing 

modifications in this VR have dem onstrated novel receptor usage. For instance, 

engineered VR-VIII variants AAVhum .8, AAV.PHP.B, AAV.PHP.eB, and MyoAAV 4E  

(Table 4) all demonstrate novel receptor usage via ÐÕÛÌÎÙÐÕɯϕƕɯȹITGB1) [273], lymphocyte 

antigen 6 complex, locus A (Ly6a) [285], and integrin heterodimer ὄVϕ6 (Integrin ϕ6) 

[202], respectively. Thus, I feel a more concrete hypothesis for the mechanism by which 

AAV.cc 84 demonstrates altered cellular and tissues tropisms, is potentially due to novel 

receptor usage as well.  

This would bring our attention to either cellular attachment or internalization 

instead of trafficking to and /or expression of the genome in the nucleus (i.e., opposite 

side of pathway to proposed AAV.cc47 mechanism investigation).  We did not disrupt 
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the galactose binding footprint and this variant retains the ability to cross the blood -

brain barrier (BBB). Thus, if this capsid is the result of a gain of function mutation, I do 

not believe this is due to a novel primary receptor. However, it could be possible that a 

new secondary co-receptor is involved that  aids in cellular attachment  or internalization 

of AAV into cells.  

On the other hand, there may be no new cellular receptor interacting with the 

AAV.cc84 capsid. Instead, AAV.cc84 may be the result of a loss of function mutation 

wherein the variant can now bypass interactions with existing AAV9 host factors in vivo 

that influence binding and/or inte rnalization in some cell types . This appears to be the 

more likely scenario based off the data collected thus far for AAV.cc84. Nonetheless, 

determination whether this capsid is the result of a gain or loss of function remains to be 

seen and warrants follow up experiments. For comparison, these hypotheses contrast 

with our proposed mechanism for AAV.cc47, which is focused on steps post 

internalization and likely due to enhanced properties once inside the nucleus. This 

dichotomy between the different surface  loops further highlights the unique selective 

pressures capable through directed evolution of VR-IV and VR-VIII.  

Due to the multiple  mechanistic possibilities  of AAV.cc84, I feel it would be 

prudent that the liver and brain phenotypes are investigated separately. In order to 

interrogate the potential  mechanism, I would first  consider a genome-wide CRISPR 

knockout  (KO) screen in mouse (e.g., Hepa1-6) and human (e.g., Huh 7, Hepg2) 
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hepatocytes. This strategy has proven useful in past efforts for identifying novel AAV 

host factors [35, 121, 273, 306]. Alternatively, advancements in CRISPR technology allow  

the capability  of using a catalytically inactive Cas9 (dCas9) to mediate CRISPR activation 

(CRISPRa) or CRISPR interference (CRISPRi) of target genes in a transient fashion 

through the recruitment of activators and repressors  [307]. CRISPRa/i screens allow  

researchers to survey essential genes in the genome that normal CRISPR KO screens are 

not capable of due to gene KO induced cellular toxicity. Regardless of screening 

approach, we would use AAV.cc84 reporter vector to transduce the cells in the screen 

and we would then identify top hits via NGS analysis and validate candidates both in 

vitro and in vivo. A similar workflow can be applied to invest igate the lack of astrocytic 

expression following IV dosing seen in AAV.cc84 treated mice. It is likely that one of 

these screening approaches will reveal an essential or restrictive host factor affecting the 

cellular tropisms observed with AAV.cc84.  

Asid e from a basic biology perspective, there are still some gene therapy 

experiments that would be prudent  to conduct with AAV.cc84. For starters, confirming 

the liver detargeted and CNS phenotype following systemic dosing in pigs and NHPs 

would be one study to complete. Additionally , administering a therapeutic transgene 

with AAV.cc84  in a humanized mouse model would also allow us to assess liver 

transduction in human cells in vivo. Further, application of AAV.cc84 in a CNS disease 

mouse model with a gene replacement strategy would be an interesting assessment of 
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the clinical application of AAV.cc84 to transduce the CNS while largely bypassing the 

liver following systemic dosing.  

4.2.3 Further engineering to add more properties to AAV capsids  

No matter the strategy used to evolve new AAV variants, not one engineered 

capsid is considered perfect in all regards. More often than not, compromises are made 

during vector design which leaves room for further improvement in all engineered AAV 

vectors.  To this end, there are two attributes that remain that would require further 

engineering of the AAV.cc47 capsid and they are centered around antigenicity and liver 

tropism. Our group has demonstrated that coevolution of antigenicity and tropism is 

possible through iterative  structure-guided directed evolution  [261, 267]. To this end, I 

would employ AAV.cc47 as a template for further directed evolution of VR -VIII and VR -

V, both of which have been implicated in neutralizing antibody  (NAb) recognition of the 

AAV9 capsid . In our groups past experiences, antibody escape cannot rest solely on a 

single antigenic footprint  being mutated and normally requires changing of multiple 

footprints on the capsid. Iterative modifications to VR -IV, VR-V, and VR-VIII  have led to 

improved antibody escape variants of AAV1 and AAV8 serotypes  [261, 267].  

In order to generate a liver detargeted phenotype with AAV.cc47, I would start 

with the low hanging fruit and le an on a rational design strategy. Our laboratory has 

identified point mutations  N498Y and L602F (VP1 numbering) on the AAV9 capsid that 

imparts the desired phenotype in vivo [249]. Thus, initial efforts will be incorporating 
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these point mutations and other potentially relevant ones reported in the literature to 

rational design AAV.cc47 to be detargeted from the li ver. Aside from NAb escape and 

evading the liver , there is still room to increase transduction levels further and 

AAV.cc47 may benefit from a library strategy such as a 7-mer peptide insertion in VR -

VIII  and capsid libraries are still cycled in pigs, mice, ÈÕËɯ-'/ɀÚ. An argument could be 

made that this can be considered a polishing step in the evolution pipeline and 

depending on resources could only be performed in NHPs at the end.  

One of the obvious first steps in regard to further engineering AAV.cc84 wo uld 

be to complete the species cycling by administering the AAV libraries in NHPs 

systemically. It would be interesting to see if AAV.cc84 remains the top enriched variant 

or if a novel sequence would emerge from the current top clones following evolution in 

mice and pigs. However, working with AAV.cc84 as the lead VR-VIII mutant, additional 

engineering I would like to perform would be 3 -mer libraries of the flanking residues 

around the NAVGALS motif  and cycled in mice following systemic dosing. Directed 

evolution of flanking residues subsequently to the identification of receptor switching 

motifs in VRs has been shown to lead to increased affinity for the novel receptor with 

engineered AAV9 variants  (Table 4) [202]. Thus, it is plausible that saturation 

mutagenesis of AA 583-585 and 593-595 may also influence the affinity of AAV.cc84 to 

potentially interact with currently unknown host factors at play in the AAV.cc84 

transduction pathway. This evolution strategy may im part a liver detargeting 
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phenotype in male mice or an even stronger phenotype in female mice, but on the flip 

side the resulting variant may reverse the phenotype in female mice as well. 

In a separate effort, reverse engineering the AAV.cc84 586-NAVGALS -592 (VP1 

numbering) motif  to the minimal footprint by which AAV.cc84 is liver detargeted in 

female mice would be useful to understand . This would allow us to  impart  this 

phenotype to other AAV9 variants such as AAV.cc47. Through this effort we may even 

ident ify the motif that allows the same phenotype in male mice following systemic 

dosing. Lastly, a VR-IV 7-mer library on top of AAV.cc84 may lead to further 

improvement as a gene therapy vector through potential increases to NAb escape and 

transduction efficiencies. 

An ideal gene therapy vector should be cross-species compatible, potent, 

detargeted from off -target tissues, cell-type specific in some cases, and capable of 

ÌÚÊÈ×ÐÕÎɯÌßÐÚÛÐÕÎɯ- ÉÚɯÐÕɯÛÏÌɯÏÜÔÈÕɯ×Ö×ÜÓÈÛÐÖÕȭɯ ÚɯÔÌÕÛÐÖÕÌËɯ×ÙÌÝÐÖÜÚÓàȮɯÐÛɀÚɯÕÌÈÙÓàɯ

impossible to have them all in one. However, if I was to make another attempt in a 

different manner it would include a barcoding strategy incorporated into the AAV 

genome. I would continue the cross-species cycling of VR-IV and VR-VIII capsid 

libraries in pigs,  mice, and NHPS, but after each species I would isolate both DNA and 

RNA from target tissue. This would add an extra level of control and refinement in the 

overall vector development and identification of lead candidates. NGS analysis of 

library variants w ith enhanced tropism  and transduction  in target tissues can be 
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determined  via quantification of the incorporated barcoding system. Being able to 

stratify this NGS data from DNA and RNA -based libraries following cycling in each 

species will afford greater p recision of desired vector properties and aid in ultimate  

candidate selection.  

 

4.3 Cargo optimization 

4.3.1 Gene therapy 

Selection of a single-stranded versus self-complementary  AAV genome 

composition is largely dictated based on transgene size and can greatly influence the 

overall gene transfer efficiencies of AAV vectors . While promoter selection can also 

influence this outcome, we observed the greatest expression levels with AAV.cc47 when 

using a self-complementary genome. This is evidenced by the different levels of 

transduction at the same dose seen with AAV.cc47 between our mCherry-, Cre-, and 

CRISPR-based studies in mice in chapter 2. 

Increasing packaging capacity of AAV is considered an open and necessary area 

of research if AAV is to treat diseases with large gene sizes currently too big for AAV 

such as RYR2, which causes catecholaminergic polymorphic ventricular tachycardia  

[308], DMD  for Duchenne muscular dystrophy  [218], and TTN for dilated 

cardiomyopathy  [309]. While this may be impossible due to the small 25nm diameter of 

the AAV capsid, other viruses in the parvoviridae family are of similar size to AAV and 
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have larger genome packaging capacities. This includes the human bocavirus (HBoV ), 

which  can package a genome size of approximately 5 .5kb [310]. This virus was recently 

discovered in 2005 and it could be potentially fruitful to see whether or not an 

engineering strategy is possible to incorporate AAV genomes in to HBoV, HBoV 

genomes into AAV  capsids, or incorporation of both HBoV and AAV genomic elements 

to generate a hybrid genome to increase packaging capacity of AAV vectors.  

Promoters are an integral part of any gene transfer application and some of the 

most effective promoters can exceed 1kb in size (e.g., CBA). Large promoters such as this 

take up valuable real estate in the AAV genome, so considerable effort has been made to 

identify effective viral, endogenous, and synthetic promoters that are small as possible 

(e.g., CMV, EF1a, MHCK7, GFAP, hSyn, CAG, CBh). While CAG and CBh synthetic 

promoters are used to drive high l evels of expression from vectors, their  size of 

approximately 900 base pairs still leaves room for further improvement. Ideally, 

synthetic promoters ranging from 100 -300 base pairs will be game changers for AAV 

mediated gene therapies and may not be too far away.  

As a graduate student during the COVID -19 pandemic, it is impossible to ignore 

the arrival of the RNA world in human therapeutics. While AAV cannot package RNA, 

various species of RNA have been expressed off AAV genomes and some strategies are 

currently in clinical trials. Some notable RNAs that deserve further development in the 

context of AAV include circular RNAs (circRNAs), long non -coding RNAs (lncRNAs), 



 

187 

small interfering (siRNAs), microRNAs (miRNAs) , and small nuclear RNAs (snRNAs). 

AAV9 is currently being used in clinic trials to deliver snRNAs to skeletal muscle to 

induce exon skipping in the DMD  gene in patients (Table 2) [311]. Building on this, it 

would be  an interesting approach to develop AAV gen e therapies that utilize non-

coding RNAs to regulate gene expression in disease states.  

For instance, circRNAs are incredibly stable RNA molecules that are resistant to 

mechanisms that rapidly degrade linear mRNA in cells  [312]. Our laboratory has 

demonstrated the feasibility  of expressing circRNAs with AAV  [313, 314], but it would 

be a great contribution to do a therapeutic application  of this non-coding RNA address a 

disease-causing mechanism. For instance, circRNAs can be used similarly  as antisense 

oligonucleotides to repress transcription of a disease-causing gene or serve as a miRNA 

sponge to control  the levels of a disease-causing miRNA in a cell  [315]. The persistence 

of circRNAs coupled with the persistence of AAV episomes lends great promise to the 

potential for  durable long -term expression of AAV -circRNA strategies. In like manner, 

lncRNAs can also be utilized in an antisense approach to regulate gene expression in 

certain diseases where there is RNA dysregulation . Applications  where in lncRNAs 

could be employed mirror similarly to indications for circRNAs and thoughtful 

discussion should be had on which RNA  molecule is most fitting for the specific 

application.  
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Although AAV is a DNA virus, mechanisms by which RNA viruses boost 

expression of their genomes cannot be ignored. A past graduate student in our 

laboratory has identified viral elements in the UTR re gions of some RNA viruses that 

when incorporated at the DNA level into the UTRs of AAV, boost transgene expression 

levels significantly in vivo compared to AAV vectors without the RNA viral elements. 

We have identified the cause of the increased transgene expression to specific structural 

elements in the RNA secondary structures, that were directly increasing AAV genome 

expression levels. The mechanism by which the RNA virus genomic elements are 

boosting AAV genome expression when incorporated into the UTRS  of AAV is not fully 

understood. In summary , the possibilities for novel RNA therapeutics delivered  with 

AAV  to hard-to-reach tissues appear endless. With the new spotlight on the RNA world, 

I am confident the AAV community will continue to innovate in thi s regard.  

4.3.2 Genome editing 

In our genome editing studies we evaluated two parameters  related to cargo, 

genome composition and gRNA expression levels. Through this work we confirm that 

the gRNA levels in a cell are a rate limiting step for AAV -CRISPR genome editing in 

vivo. For instance, employing our dual vector strategy (i.e., gRNA vector, Cas9 vector) 

allowed us to evaluate different ratios of gRNA to Cas9 vector. We found that a 1:3 ratio 

of cas9 to gRNA vector led to higher gene editing efficiencies in heart tissue compared to 

a 1:1 ratio with single -stranded AAV genomes. This increase in editing efficiency was 
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the direct result of higher levels of gRNAs. Further, switching to a self -complementary 

genome to express the gRNAs increased gene editing efficiencies even higher than when 

expressed from a single-stranded AAV genome.  

Despite this increased level of control in your CRISPR experiments, a dual vector 

strategy to deliver the necessary CRISPR/Cas9 components is not optimal and 

efficiencies could be even higher if a single AAV vector was employed.  In the current 

state of CRISPR/Cas9 this is not easily performed . Thus, discovery of novel 

CRISPR/Cas9 systems that are smaller in size are prudent for the future of AAV-CRSIPR 

therapeutics. In like mann er, discovery of smaller bacterial Cas9 derivatives may be 

beneficial, but may still induce toxicities when employed in humans due to the 

overexpression of a bacterial enzyme. Thus, identifying human derived nuclease 

systems would prove beneficial in this regard if they are similar or smaller in size than 

the canonical SaCas9 or even SpCas9.  

On the same vein, it would be very interesting see whether Cas9 enzymes can be 

engineered to not require a protospacer adjacent motif (PAM) sequence for efficient gene 

editing, which would further expand the possibilities  of using AAV -CRISPR 

therapeutics. Work has begun to expand the potential use of AAV -CRISPR through the 

generation of all in one AAV  vectors that can deliver Cas9 and 2 gRNAs from  a single 

AAV  genome [204]. This has been done via the incorporation of Nme2Cas9, which is a 

smaller Cas9 ortholog from Neisseria meningitidis [204]. While smaller in size to SpCas9 
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and SaCas9, the overall efficiency is lower and has yet to be demonstrated in cardiac or 

skeletal muscles in vivo. This highlights the existing trade -offs between efficacy and 

AAV packaging capacity.  

 A  portion of chapter 2 involved  CRISPR/Cas9 mediated gene disruption via 

inducing double -stranded breaks at target sites in the Ai9 and mdx mouse genomes. It 

should be stated that the action of using CRISPR/Cas9 to edit genomic DNA is 

permanent. While permanent can be beneficial in regards to therapeutic treatment, the 

action of creating double-stranded breaks in the genome lends itself to the potential 

insertion  of AAV genomic elements (e.g., ITRs) at the cut site. Multiple groups have 

reported the insertion , albeit at a low frequency, of AAV ITR elements during  canonical 

DNA repair via non-homologous end joining (NHEJ)  [197-199].  One mechanism by 

which this can be entirely avoided is through a more transient gene regulation versus 

permanent cut. To this end, catalytically  inactive Cas9 (dCas9) enzymes have been 

developed such that ribonucleoprotein complexes (i.e., dCAS9+gRNA) can be recruited 

to target sites in the genome but do not induce double stranded breaks[316]. Further, the 

potential t o use this dCas9 system to edit the epigenome and regulate gene expression 

through the recruitment of transcriptional activators and repressors to specific loci  

opens up the possibility to treat a multitude of diseases without making permanent 

changes to the genome [307].  
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4.3.3 RNA editing 

Another alternative to permanent gene editing of target loci is through editing of 

gene mRNA. While editing the genome or epigenome has the potential to be developed 

into genetic medicine, using AAV to edit mRNA in cells  is a frontier ripe for exp loration 

and development. For example, the use of gRNA mediated adenosine deaminases acting 

on RNA  (ADAR) has demonstrated the potential to edit mRNA in human cells through 

targeting with  a gRNA complexed with ADAR  [317]. ADAR itself will induce an 

adenosine to inosine (i.e., guanosine) transition in target RNA. While the induced 

change by ADAR is not as complex or intricate as CRISPR/Cas9, targeting mRNA allows 

temporal changes to gene expression and are not permanent due to frequent RNA 

turnover. While ADAR is notable and advantageous due to its human origins and lack 

of immune response, the overall efficiency of this technology currently lags behind that 

of CRISPR/Cas9.  

Additionally,  some therapeutic diseases require more of a genetic scissor, rather 

than an overwriting genetic hole puncher. To this end CRISPR systems for RNA editing 

continue to be areas of interest. CRISPR/Cas13 and related enzymes are RNA editing 

systems that have been developed for specific knockdown of mRNA in mammalian 

cells[236, 237]. These Cas13 enzymes have also been made catalytically inactive and 

these CRISPR systems have even been fused with ADAR and as a complex have been 

used to edit  mRNA in vitr o [318].    
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4.4 Concluding remarks 

AAVs journey from a viral contaminate to preeminent gene delivery vehicle has 

seen highs and lows. As we continue to develop gene therapies for treatment of more 

complex genetic diseases, we must continue to innovate vector design parameters of 

both the capsid and cargo. This body of work highlights the nature by which scientists 

optimize AAV vectors for gene therapy  and highlights the role AAV biology plays 

during vector developmen t. It is my belief that in 10-15 years from now we will have an 

approved FDA drug using a n engineered AAV vector. I can close this body of work 

knowing that we have made an impactful  contribution to AAV engineering, genome 

editing, and gene therapy. 
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Appendix A 

Primer Table  

Name Sequence 5' to 3' 

Ai9 gRNA 1  GCTCTAGAGTCGCAGATCCTC  

Ai9 gRNA 2  GACGAAGTTATATTAAGGGTT  

Dmd gRNA 1 TACACTAACACGCATATTTG  

Dmd gRNA 2 CATTGCATCCATGTCTGACT  

ITR F AACATGCTACGCAGAGAGGGAGTGG  

ITR R CATGAGACAAGGAACCCCTAGTGATGGAG  

AAV9 l ib amp F AGCACGGTCCAGGTCTTCAC  

AAV9 lib amp R  ATGTCAGTCTAGACCAAAGTTCAACTGAAACGAATTAAAC

GG 

Cre F TGACGGTGGGAGAATGTTAATC  

Cre R GCTACACCAGAGACGGAA  

SV40 F GCAGACATGATAAGATACATTGATGAGTT  

SV40 R AGCAATAGCATCACAAATTTCACAA  

Ai9 gRNA1 qPCR F GCTCTAGAGTCGCAGATCCTC GTTTTAG 

Ai9 gRNA2 qPCR F GACGAAGTTATATTAAGGGTTGTTTTAGTAC  

common R qPCR CGCCAACAAGTTGACGAGAT  

SaCas9 F v1 GGAGCTTCATCCAGAGCATC  

SaCas9 R v1 CGTCCTTGCTGTTCTTCTCC 

SaCas9 F v2 AAAGGGTACAAGCACCATGC  

SaCas9 R v2 TTCTTGGCTTTGTCCAGCTT 

Actb qPCR F CATTGCTGACAGG ATGCAGAAGG  

Actb qPCR R TGCTGGAAGGTGGACAGTGAGG  

CMV F CAAGTACGCCCCCTATTGAC  

CMV R AAGTCCCGTTGATTTTGGTG  

eGFP F AGTGCTTCAGCCGCTACCC  

eGFP R GTTGTACTCCAGCTTGTGCC 

Dmd gRNA1 qPCR F TACACTAACACGCATATTTGGTTTT  

Dmd gRNA2 qPCR F TGCATCCATGTCTGACTGTT  

Dmd exon 4-5 F GGCACTGCGGGTCTTACA  

Dmd exon 4-5 R CATCCACTATGTCAGTGCTTCCTAT  

Dmd exon 4-5 probe /56-FAM/TTCACTAAA/ZEN/TCAACATTATTTTTC/3IABkFQ/  

Dmd exon 22-24 F CTGAATATGAAATAATGGAGGAGAGACTCG  

Dmd exon 22-24 R CTTCAGCCATCCATTTCTGTAAGGT  



 

194 

Dmd exon 22-24 

probe 

/56-FAM/AT GTGATTC/ZEN/TGTAATTTCC/3IABkFQ/  

mCherry F CCACCTACAAGGCCAAGAA  

mCherry R CTGTTCCACGATGGTGTAGT  

  

 
























































