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Abstract
Vectors based on Adeno-associated virus (AAV) are currently the most used gene transfer tools
in the human gene therapy field. In order to overcome some of the intrinsic limitations of AAVs,
lots of efforts have been put around AAV capsid engineering, with the ultimate goal of
developing new recombinant serotypes with novel properties such as enhanced tropism for
specific human cell types, increased manufacturability and decreased human seroreactivity. The
work described in this thesis focus in an exhaustive revision of the process of new vector
development. Firstly, we adapted new cloning strategies and bacterial selection on the AAV
library construction field, allowing the generation of larger libraries, and reducing the time and
effort needed for assembly. Secondly, we describe a new method based on codon optimization
that when applied to AAV DNA-family shuffling overcomes the limitation encountered by
phylogenetically distant serotypes to contribute on chimeric clones due to lack of DNA
homology to other parental serotypes. This allowed to increase the complexity of the generated
libraries. Thirdly, we generated and describe here a new high-throughput AAV vector selection
platform to perform selection based on functional transduction (transgene expression). Briefly,
we substituted the rep gene present on the AAV genome for a GFP reporter cassette under the
control of a promoter of choice, and kept the cap library. This allows to transduce the cells of
interest, FACS-sort the GFP positive cells and recover the capsid genes that encoded capsids that
led to efficient functional transduction using PCR. Finally, we applied those three new AAV
engineering technologies to develop novel capsids with improved tropism for primary human
CD34+ cells, T-cells and hepatocytes.
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Impact Statement
Recombinant gene delivery vectors based on Adeno-Associated Virus (AAV) have been the
centre of attention of the gene therapy community for the last decade thanks to the promising
data achieved in more than 150 clinical studies. A recent clinical trial targeting spinal muscular
atrophy type 1 (SMA1) is the latest example of an ever-increasing list of clinical successes
with AAV as the major player. This fact has leaded to the creation of over 140 companies in
the recent years utilising AAV technology, such as AveXis, Freeline Therapeutics or Spark
Therapeutics. Nevertheless, human data shows that there is still the need for more functional
AAV vectors, especially when it comes to in vivo performance and avoidance of neutralising
antibodies. This is where the work presented in this thesis could be of potential help. We
believe that the technology described in this thesis offers a powerful solution to the problem
and could be adopted in the near future by groups working in the field of AAV vectorology.
One of the technologies developed during my PhD project is the novel AAV selection platform
based on Functional Transduction, which allows for selection of highly tropic AAV vectors
based on their ultimate application - performance as gene therapy vectors. My overall aim has
been to generate novel vector tools for the research community and translational activities, in
order to facilitate translation of the outcomes of the fundamental research into clinical
solutions. Thus, the highest reward for me would be that someday, in the near future, one of
the vectors described in this thesis is used in a clinical trial and benefits patients suffering from
genetic disorders.
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Ad
ADA
AIP
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cDNA
CF
CGD
CNS
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DAPI
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DNA
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dsDNA
EB
ECM
EF1α
eGFP
EMA
EP-PCR
EVE
FA
Fab
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Fah
FBS
FDA
FGFR1
FT
GA
GFP
HB
HBD
HBoV1

assembly-activating protein
adeno-associated virus
AAV receptor
adenoviruses
adenosine deaminase deficiency
acute intermittent porphyria
bacillus cereus dihydrofolate reductase gene
chimeric antigen receptors
complementary DNA
Cystic Fibrosis
Chronic granulomatous disease
central nervous system
clustered regularly interspaced short palindromic repeats
cystic fibrosis transmembrane conductance regulator
4'-6'-diamidino-2-phenylindole
designed anarkyrin repeat proteins
Dulbecco's Modified Eagle Medium
dimethyl sulphoxide
deoxyribonucleic acid
deoxyribonucletide triphosphate
double-stranded DNA
epidermolysis bullosa
extracellular matrix
Elongation Factor 1α
enhanced green fluorescent protein
European Medicine Agency
error prone PCR
endogenous viral element
falconi anemia
fragment antigen-biding
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Food and Drug Administration
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gibson assembly
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heparin binding
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PCR
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PHH
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PID

hepatitis virus
hepatocellular carcinoma
human-codon optimised
homology directed repair
human embryonic stem cells
hepatocyte growth factor receptor
homologous recombination
hematopoietic stem cell
hematopoietic stem cell transplantation
haematopoietic stem and progenitor cell
heparin sulfate proteoglycan
herpes simplex virus
induced pluripotent stem cells
inverted terminal repeat
intravenous immunoglobulin
kilo base
knockout
locally codon optimised AAV
low-affinity nerve growth factor receptor
lipoprotein lipase deficiency
liver specific promoter
long terminal repeat
lentiviral vector
monoclonal antibody
minichromosome maintenance
mean fluorescent intensity
multiplicity of infection
multiple sequence alignment
next generation sequencing
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nuclear localization signal
nucleolar localization signal
nuclear pore complex
open reading frame
pair base
peripheral blood mononuclear cell
proliferating cell nuclear antigen
polymerase chain reaction
platelet-derived growth factor receptor
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primary immunodeficiency
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RT-PCR
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SI
SIN-LVV
SMA1
SMN1
SOD
ssDNA
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single-stranded DNA
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woodchuck hepatitis virus posttranscriptional regulatory
element

WT
wtAAV
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wild-type
wild-type adeno-associated virus
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Materials and Methods
1. Materials
Table 1: DNA and RNA
1 kb ladder
1 kb Plus DNA ladder
ATP
dATP, PCR Grade
dCTP, PCR Grade
Deoxynucletide (dNTP) Solution Mix
dGTP, PCR Grade
dTTP, PCR Grade
Gel Loading Dye, Purple (6X)
Gibson Assembly Master Mix
PEI (polyethylenimine MW 25,000)
Q5 High-Fidelity DNA Polymerase
Q5 Site-Directed Mutagenesis Kit
Restriction Enzymes
Sodium acetate (3M)
SuperScript IV Reverse Transcriptase
T4 DNA Ligase
Taq DNA Polymerase
Agarose
SYBR Green qPCR Supermix
Premix Ex Taq (Probe qPCR)
DNAse I
QIAPrep Spin Miniprep, Maxiprep, Gigaprep Kit
TOPO TA Cloning Kit
pGEM-T Easy Vector Kit
Zymoclean Gel DNA Recovery
Direct-zol RNA Kit
Phenol:Chloroform:Isoamyl Alcohol 25:24:1
TaqMan® Universal PCR Master Mix

- 16 -

(NEB, B7025)
(Thermofisher, 10787018)
(NEB, P0756S)
(Sigma-Aldrich, 11934511001)
(Sigma-Aldrich, 11934520001)
(NEB, N0447S)
(Sigma-Aldrich, 11934538001)
(Sigma-Aldrich, 11934546001)
(NEB)
(NEB, E2611S)
(Polysciences, 23966-2)
(NEB, M0491S)
(NEB, E0554S)
(NEB)
(Sigma-Aldrich)
(Thermofisher, 18090010)
(NEB, M0202S)
(NEB, M0273)
(Sigma-Aldrich, A9539-500G)
(Biorad, 172-5270)
(Takara, RR390B)
(NEB, M0303S)
(QIAGEN)
(Thermofisher, 451641)
(Promega, A1360)
(Zymogen, D4007)
(Zymogen, R2060)
(Sigma-Aldrich, P2069)
(Takara, RR390A)

Table 2: Cell culture / Viral production
PEG 8000
Benzonase 250U/uL
NaCl 5 M, 10L
Pluronic F-68 10% Solution
OptiMem media, 500 mL
DOC (sodium deoxycholate)
OptiPrep Density Gradient Medium
Phenol Red solution
1M Tris-HCl pH 8.5
Water for Irrigation (1L)
Dulbecco's Modified Eagle's medium (DMEM)
Dulbecco's Phosphate Buffered Saline (dPBS)
TrypLE Express (500 mL)
Virkon Tablets
50x TAE Buffer DNA Typing Grade
RPMI 1640
L-Glutamine (200 mM)
MEM Non-Essential Amino Acids (100x)
Penicillin-Streptomycin
Dimethyl sulfoxide (DMSO)
Fetal Bovine Serum (FBS)
Trypan Blue Solution, 0.4%
Corning Matrigel
Collagen coating matrix
Clonetics HCM Bullet Kit

(VWR, 0159-2.5 kg)
(EMD Chemicals, Merck, 1.01695.0002)
(Life Technologies, 24740-011)
(LifeTech, Gibco, 24040-032)
(LifeTech, Gibco, 31985)
(Sigma-Aldrich, D6750)
(Sigma-Aldrich, D1556-250mL)
(Sigma-Aldrich, P0290)
(Astral, SD8141)
(Baxter, AHF7114)
(Sigma-Aldrich, D5796)
(Sigma-Aldrich, D8537)
(LifeTech, Gibco, 12604-021)
(Du Pont, 500607)
(LifeTechnologies, 24710-030)
(Sigma-Aldrich, R0883)
(Thermofisher, 25030081)
(Thermofisher, 11140050)
(Sigma-Aldrich, P4333)
(Sigma-Aldrich, D4540)
(Sigma-Aldrich, 12006C)
(Thermofisher, 15250061)
(Corning, 354234)
(Thermofisher, R011K)
(Clonetics, CC-3198)

Table 3: Protein analysis
Novex Sharp Pre-stained Protein Standard
Criterion TGX, 8-16, 18W
Immun-blot PVDF Membrane
Filter Paper Blot
Pierce ECL Western Blotting Substrate
Mem-PER Plus Membrane Protein Extractino Kit

(Thermofisher, LC5800)
(Biorad, 5671104)
(Biorad, 1620177)
(Biorad, 1704085)
(Thermofisher, 32106)
(Thermofisher, 89842)

Table 4: Antibodies
Anti-AAV, VP1/VP2/VP3
Anti-AAV, Rep Proteins
Anti-AAV2, clone A20
Anti-KIAA0319L (AAV-R)
Anti-Vinculin
Goat Anti-Mouse (HRP)

(ARP, 03-61084)
(ARP, 03-61069)
(ARP, 03-61055)
(Abcam, AB105385)
(Sigma-Aldrich, V9131)
(Sigma-Aldrich, A4416)
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Dilution
1:500
1:200
1:200
1:400
1:4000
1:4000

Goat Anti-Rabbit (HRP)
PE Mouse anti-human CD4
PerCP Mouse anti-human CD8
Anti-mouse H2-kb-PE
Anti-human HLA-ABC-FITC

(Sigma-Aldrich, A0545)
(BD Biosciences, 555347)
(BD, Biosciences, 347314)
(PharMingen, 553570)
(PharMingen, 555552)

Table 5: Cell lines / Viral stocks
k562
HuH-7 Cells
HEK293-T Cells
Adenovirus 5
Adenovirus 11
Adenovirus 35

1:3500
5 µL / 100 µL sample
20 µL / 100 µL sample
2 µL / 100 µL sample
20 µL / 100 µL sample

Origin
Human Caucasian chronic myelogenous leukaemia
Human hepatocellular carcinoma
Human embryonic kidney cell, SV40 large T antigen
ATCC VR-1516
ATCC VR-12
ATCC VR-34

1.2 Buffers
1

AAV PCR alkaline digestion buffer: 25 mM NaOH, 0.2 mM EDTA

2

AAV PCR neutralization buffer: 40 mM Tris-HCl, pH 5.0., 0.05% Tween 20

3

FACS Buffer: PBS with 5% (v/v) FBS, 5 mM EDTA

4

DNA extraction buffer: 100 mM Tris-HCl, pH 8.5, 5 mM EDTA, 0.2% (v/v), 200 mM
NaCl, 100 µg / mL Proteinase K.

5

PBS Buffer (pH 8.0): PBS + 10mM Tris-HCl pH 8.5, 2mM MgCl2. Adjust pH to 8.0.

6

PBS Buffer (pH 8.5): PSB + 10mM Tris-HCl pH 8.5 + 2mM MgCl2 (do not adjust pH).

7

PBS-MgK: PBS with 1mM MgCl2 and 2.5mM KCl

8

PBS-MgKNa: PBS-MgK 1 M NaCl

9

15% iodixanol (for 30 mL): 22.5 mL PBS-MgKNa + 7.5 mL Optiprep

10 25% iodixanol (for 30mL): 17.5mL PBS-MgK + 12.5 Optiprep + 75 µl phenol red stock
(1:400 dilution)
11 40% iodixanol (for 22mL): 7.3mL PBS-MgK + 14.7mL Optiprep
12 60% iodixanol (100% Optiprep) – 22mL + 100 µl phenol red stock (1:220 dilution)
13 Balancing buffer (iodixanol): PBS, 10 mM Tris-HCl pH 8.5, 1M NaCl
14 Iodixanol dyalisis buffer: PBS, 50 mM NacL, 0.001% Pluronic F68
15 TBS-T buffer: (Tris-buffered saline – 0.1% Tween 20)
16 Membrane wash buffer: 1x PBS with 0.1% Tween 20
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17 TFB I Buffer (500 mL): 15 mL 1M K Acetate 30mM, 25 mL 1M MnCl2 50mM, 50 mL
1M RbCl 100mM, 5 mL 1M CaCl2 10mM, 75 mL 100% Glycerol 15%, 330 mL H2O. pH
adjusted to 5.8 with 0.2M Acetic Acid. Filtered and stored at 4˚C.
18 TFB II Buffer (125 mL): 1.25 mL 1M NaMOPS pH 7.0 10mM, 9.4 mL 1M CaCl2 75mM,
0.625 mL 1M RbCl 10mM, 37.5 mL 50% Glycerol 15%, 76.2 mL H2O. pH adjusted to 6.5
with HCl. Filtered and store at 4˚C.
19 Luria broth (LB): 5 g/L yeast extract, 10 g/L tryptone, 10 g/L NaCl
20 LB-agar plates: LB + 15 gL agar
21 TAE Buffer (Tris-acetate-EDTA) (50x): 50 mM EDTA, 2 M Tris, 1 M Acetic acid
22 Freezing Media: 90% FBS + 10% Dimethil Sulphoxide (DMSO)
23 Perfusate 1 Buffer: HBSS-/- with EDTA 0.5 mM.
24 Perfusate 2 Buffer: HBSS+/+ with Collagenase B (0.3 mg / mL).
25 Wash Solution (Perfusion). HBSS+/+ with DNase I (0.008 mg/mL).
26 Complete Williams E (WE) (Perfusion). For 100 mL: 80 mL incomplete media, 10 mL
FCS (10% final concentration), 10 mL additive mix consisting of 1.96 mL 1 µM
dexamethasone, 57 µL 1 µM insulin, 2 mL Pen/Strep, 5.98 mL incomplete WE media.
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2. Methods
2.0 Cell line culture conditions
Human hepatoma HuH7 cells and HEK293T cells (ATCC, CRL-1573) were maintained as
monolayer cultures in Dulbecco’s Modified Eagle’s Medium (Sigma, Cat# D579)
supplemented with 10% (v/v) Fetal Bovine Serum (Sigma, Cat# 12006C), 100 µg/mL
penicillin and 100 µg/mL streptomycin.
K562 cells were maintained as suspension cultures in RPMI 1640 (Sigma-Aldrich, R0883)
supplemented with 10% (v/v) Fetal Bovine Serum (Sigma, Cat# F8192), 2mM L-glutamine
(Thermofisher, Cat# 25030081) and 100 µg/mL penicillin and 100 µg/mL streptomycin at 2 –
5 ´ 105 cells / mL.
2.1 Production of rAAV crude lysates.
All rAAV stocks were prepared by polyethylenimine (PEI) (Polysciences Cat# 239662) triple
transfection (2:1 PEI:DNA ratio) of adherent HEK293T cells (ATCC, Cat# CRL-3126) with
pAd5 helper plasmid, the AAV transfer vector and an AAV helper plasmid encoding rep2 and
the capsid of interest at 2:1:1 molar ratios. When indicated, pAAP plasmids expressing FLAGtagged AAP1-12 proteins under the control of the human cytomegalovirus immediate early
(CMV-IE) enhancer-promoter [1] (a generous gift from Prof Hiroyuki Nakai, OHSU, Portland,
OR, USA) were co-transfected to provide AAP in trans. Cells were seeded 18 hours prior to
transfection into 15 cm tissue-culture (TC) treated dishes to obtain 90% confluency at the time
of transfection. Cells were harvested 72 hours post transfection and centrifuged for 20 min at
5250×g. Media was either discarded or used for qPCR titration following DNaseI treatment to
remove free plasmid DNA. The cell pellet was resuspended in 1 mL of Benzonase Buffer (50
mM Tris, pH 8.5 with 2 mM MgCl2) and subjected to three freeze-thaw cycles. Genomic and
free plasmid DNA was removed by incubating with 200 U/mL Benzonase at 37°C for one hour.
Cellular debris was removed by centrifugation for 30 min at 5250×g. Supernatant was further
cleared by adding 1 M CaCl2 to a final concentration of 25 mM and incubated on ice for 1 hour
followed by centrifugation at 5250×g for 30 min at 4°C. Supernatant, 1 mL in total, was then
transferred into a sterile cryotube and stored at -80°C.
2.2 CD34+ Culture Conditions (Prof. Thrasher):
Human CD34+ cells were primed and kept in Stem Spam medium (Stemcell, Cat#09650)
containing human cytokines (100 ng/mL of stem-cell factor (SCF, CellGenix, Cat# 1418-050),
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100 ng/mL of Fms-related tyrosine kinase 3 ligand (Flt3-L, CellGenix, Cat# 1415-050), 100
ng/mL of thrombopoietin (TPO, CellGenix, Cat# 1417-050).
2.3 DNA family shuffling of AAV capsid genes: 1st generation
For DNA family shuffling, the thirteen serotype specific cap genes were first isolated from the
parental plasmids by enzymatic digestion using SwaI (NEB, Cat#R0604) and NsiI (NEB, Cat#
R0127) following manufacturer’s conditions. Following gel purification, 400 ng of each capsid
gene were mixed. The pool of capsid genes was then digested using DNAse I. Three different
pools of DNA (400 ng per serotype) were digested with 1 µl of 1:10 pre-diluted DNase I (2000
U/ml, NEB, Cat# M0303) for 2, 3 and 4 minutes at room temperature to generate DNA capsid
fragments of random sizes. The reaction was stopped by directly loading the reaction on a
QIAquick PCR Purification Kit (Qiagen, Cat# 28104). Fragments of the desired sizes (0.2kb –
1kb) were isolated by running the final product on a 0.7% agarose gel followed by gel
purification using Zymoclean Gel DNA Recovery kit (Zymogen, Cat# D4007) as per
manufacturer’s instructions.
2.4 Primary Primer-Less PCR: Reassembly of capsid fragments.
500 ng of the purified pool of capsid fragments ranging from 200 bp to 1 kb were subjected to
a primerless PCR. 25 µl containing the pool of DNA fragments were added to a PureTaq™
ready-to-go ™ PCR beads (GE Healthcare, Cat# 27955901) and the following conditions were
used: 3 min at 94ºC; 40 cycles of 20s at 94ºC, 30s at 42ºC and 1 min 30s at 72ºC; 10 min at
72ºC; and 2 min at 4ºC. 5 µl of the PCR product were analysed by Agarose Gel (1%) and
showed a DNA smear ranging from 200 pb to 6 kb, indicating the reshuffling of the DNA
fragments.
2.5 Secondary Primer Specific PCR: Rescue of 2.2 kb capsid genes.
3 µl of the Primary PCR were used in a secondary PCR that included primers binding to the 5’
and 3’ regions of the cap genes. Primers: Forward Shuffling Rescue and Reverse Shuffling
Rescue. Complete list of primer names and sequences used can be found on Annex Table 1.
The following optimal conditions were used: 45 µl of the Platinum™ PCR SuperMix, 3 µl of
the product from the first PCR and 1 µl of each primer (0.3 µM final concentration in a total
volume of 50 µl) and the PCR program: 4 min at 94ºC; 30 cycles of 15s at 94ºC, 30s at 55ºC
and 2 min 30s at 68ºC; 10 min at 68ºC; and 2 min at 4ºC. The total PCR reaction was loaded
on a 1% agarose gel and the distinct reshuffled full-length capsid band was purified using the
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Zymoclean Gel DNA Recovery kit (Zymogen, Cat# D4007) and cloned into pGEM®-T Easy
Vector (Promega, Cat# A1380) following manufacturer’s protocol.
2.6 Adenovirus kill curves.
Three wild-type Adenoviruses were tested: Adenovirus 5 (ATCC ® Cat# VR-1516™),
Adenovirus 11 (ATCC ® Cat# VR-12) and Adenovirus 35 (ATCC ® Cat# VR-34). Briefly,
10, 5, 1, 0.5, 0.1 and 0.05 µl of the three different Adenoviruses were added independently to
a 48-well plate containing 1×106 Human CD34+ cells. 72 hours after infection cell viability
was determined by FACS using Propidium Iodide.
2.7 AAV protein analyses.
For western blot analysis of AAV VP and Rep proteins, cells were harvested 72 hrs post
transfection / library infection and total proteins were extracted using RIPA Buffer (Pierce,
ThermoFisher, Rockford, IL, Cat# 89900) supplemented with protease inhibitors (cOmplete
Tablets, Roche, Mannheim, Germany, Cat# 04693116001) and quantified by Bradford assay
(Bio-rad, Cat# 5000002). Total protein (10 µg) was separated by polyacrylamide gel
electrophoresis using 4–12% NuPAGE BisTris gels (LifeTechnologies, Carlsbad, CA, Cat#
NP0322) followed by transfer to nitrocellulose membranes and blocking in PBS 5%
(weight/volume) milk powder and 0.1% (volume/volume) Tween-20. Detection of proteins
was performed with antibodies described in Materials Table 6. Signal was detected using
SuperSignal West Pico Chemiluminescent Substrate (ThermoFisher, Rockford, IL, Cat#
34080) and a FujiFilm Luminescent Image Analyzer system (LAS-4000).
2.8 qPCR assessment of library replication.
Target cells were plated in two replicates on 24-well tissue culture plates. Serial dilutions of
AAV library were added to the media and the infection/transduction was allowed to proceed
for 24hrs in 37C/5% CO2 TC incubator. 24h after AAV addition, cells were washed with PBS
and fresh media was added. One of the replicates received predetermined (Methods 2.6)
concentration of Adenovirus 5 (Ad5), while the other replicate was maintained as control
without Adenovirus. 72h after Ad5 addition, cells and media were harvested and freeze/thawed
three times using dry-ice ethanol bath and 37C water bath. Cell debris was separated via
centrifugation. Media containing packaged AAV was then treated with DNAseI for 1h in order
to eliminate any unpackaged AAV DNA. A qPCR (Methods 2.9) matching each replicated
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condition (same AAV dilution ± Adenovirus) was then performed, with primers binding to the
rep gene (Annex Table 1).
2.9 Quantitative PCR.
2 µl of the viral sample / standard were mixed with 49 µl of the AAV PCR alkaline digestion
buffer (Buffer 1.2.1) and subsequently heated 10 min at 100°C in thermocycler. The reaction
was immediately chilled on ice and 49 µl of cold AAV PCR neutralisation buffer (Buffer 1.2.2)
was added and mixed thoroughly. Depending on the nature of the preparation (Crude lysate,
crude media, iodixanol or caesium chloride preparation) the AAV + buffer was serially diluted
(Table 1) and subsequently used as a template for the qPCR reaction. The master mix includes
1µ of 10 µM qPCR F-primer, 1µ of 10 µM qPCR R-primer, 5µl of BioRad I-Taq SYBR Green,
1µl of water and 2µl of PCR template/dilutions. The thermocycler conditions used were: 1) 2
min - 98°C, 2) 5 sec - 98°C, 3) 60°C – 15 sec + plate read, 4) go to 2, ´ 39 times, 5) 65°C – 30
sec.
A serial dilution of a linearized plasmid of known concentration containing the same Rep
binding sites as the vectors serves as standard. Standard curve ranging from from ~1 ´ 108
copies / reaction to ~1 copy / reaction was used. Primer sequences used for qPCR can be found
on Annex Table 1.
Table 1. Dilution guide for quantitative PCR AAV vector titration
Dilution

Crude

Crude media

Iodixanol prep

CsCl prep

lysate

(DNAse I treated)

(vg/ml)

10-2

✓

✓

1E09

-3

✓

✓

Expected

titre

AAV+buffers

10

1E10

✓(lib, AAV2, Anc80)

10-4

✓

✓(lib, AAV2, Anc80)

1E11

-5

✓

✓

1E12

✓(AAV8, DJ, DJ/8)

✓

1E13

✓(AAV8, DJ, DJ/8)

1E14

10

10-6
10

-7

2.10 AAV Library Production: Caesium Chloride Gradient
AAV libraries were packaged using 60´ 15cm tissue culture dishes of HEK 293 cells (ATCC,
cat# CRL-1573) seeded at 90-95% confluency. Briefly, 22.5µg of the Adenovirus 5 helper
plasmid and 15µg of the AAV plasmid library were transfected in each of the 60 plates, by
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mixing the total 37.5 µg of DNA with 75 µg of polyethylenimine (PEI, MW 25000,
Polysciences Cat# 23966-2) (DNA:PEI 1:2) in a total volume of 500 µl of OptiMEM media
(Life Technologies, Cat# 31985). 72h post transfection cells were harvested and centrifuged at
5250×g for 15 min. Following centrifugation, supernatant and cells were treated separately.
Cell supernatant was re-spun for 20min at 5250×g and incubated 3 hours on ice with ¼ volume
of 40% Polyethylene Glycol (PEG) 8000 (Fisher Scientific, Cat# BP2331-1KG). After
incubation, the solution was centrifuged (30min, 5250×g at 4ºC) and PEG pellet containing the
AAV particles was resuspended in 20mL of Cracking Buffer (10 mM Tris, pH-7.5, 0.15M
NaCl, 10 mM MgCl2) overnight. In parallel, the cell pellet from the first spin was resuspended
in 35mL of Benzonase Buffer (50 mM Tris, pH 8.5, 2 mM MgCl2) and subjected to three
freeze-thaw cycles using dry ice/ethanol and 37ºC water bath. After the 3rd thaw Benzonase
(EMD Chemicals, Merck, Cat# 1.01695.0002) was added at a final concentration of 200U/mL
and solution was incubated one hour at 37ºC. Cell suspension was then centrifuged to separate
cell debris. Supernatant was moved to a new 50 mL Falcon tube and 1/39th volume of 1M
CaCl2 was added and incubated on ice for one hour. The solution was then centrifuged (30min,
5250×g at 4ºC) and supernatant was transferred to a new tube and incubated for 3 hours on ice
with ¼ volume of 40% PEG 8000, followed by centrifugation at 5250×g 4ºC and pellet
containing AAV particles was resupsended in 20 mL of Resuspension Buffer (50 mM Hepes,
pH 7.4, 0.15M NaCl, 25 mM EDTA) overnight. Caesium Chloride (CsCl, Ultrapure optical
grade, Life Technologies, Cat# 15507-023) gradient centrifugation was then carried out for the
media and cell suspensions independently. Briefly, 12 mL of 1.3g/mL CsCl in Dulbecco’s
Phosphate Buffered Saline (Sigma Aldrich, Cat# D8537) were added to Ultra-Clear Centrifuge
Tube (Beckman Coulter, Cat# 344058) and 5 mL of 1.5g/mL CsCl in PBS were added then to
the bottom of the tube to establish a clear interface. The 20 mL of the cell or media vector
solutions were then added to the top of the gradient and both fractions were spun in a SW32 Ti
Rotor at 25K (106,800´g) at 20ºC for 24 hours. Vector fractions located between the two
distinct CsCl density fractions were then collected using a 10mL syringe/18G needle. Both
fractions were pulled together, CsCl concentration adjusted to final density of 1.37g/mL and a
second CsCl gradient centrifugation was then carried out. Specifically, 12 mL of the CsCl
solution were added to a centrifuge tube (BeckmanCoulter, Cat# 331372) and spun at 38K in
a SW41 Ti rotor (247,600 ´g) for 24 hours at 20ºC. 0.5mL fractions were collected from the
second spin and fractions with highest amounts of AAV DNA were determined by quantitative
polymerase chain reaction (qPCR). The six fractions containing the highest amount of AAV
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were then pulled and dialyzed in order to eliminate the excess of CsCl. To do so, the AAV
solution was loaded into a slide-a-lyzer dialysis cassette (10.000 MWCO, 3.0mL capacity,
Thermo Fisher, Cat# 87730) and two initial dyalises were carried out for 24 hours in 2L of PBS
at 4ºC while stirring. A 3rd additional dyalisis was then carried out in 5% Sorbitol in PBS for
3 hours at 4ºC. AAV particles were then removed from the dialysis cassette and filtered through
a 0.22 µm syringe filter (Merck Millipore, Cat# SLGP033RS). Finally, the 3 mL of vector
solution were concentrated to 1mL using Amicon Ultra-15 Centrifugal Unit (NMWL of
100kDa, Merck Millipore, Cat# UFC910024).
2.11 Isolation of human hematopoietic stem cells.
Isolation of CD34+ cells from mobilized peripheral blood was performed by Ficoll-Paque
PLUS (GE Healthcare, Cat# 17-1440-02) gradient centrifugation followed by CD34+ magnetic
cell separation using a EasySep Magnet (Stem Cell Technologies, Cat# 18000) and the
EasySep Human CD34 Positive Selection Kit (Stem Cell Technologies, Cat# 18056
2.12 In vitro selective amplification of the shuffled capsid libraries in human CD34+ cells.
Human CD34+ cells were primed and kept in X-VIVO medium (Lonza, Cat# 04-418Q)
containing human cytokines (100 ng/mL of stem-cell factor (SCF, CellGenix, Cat# 1418-050),
100 ng/mL of Fms-related tyrosine kinase 3 ligand (Flt3-L, CellGenix, Cat# 1415-050), 100
ng/mL of thrombopoietin (TPO, CellGenix, Cat# 1417-050) and antibiotics (Sigma-Aldrich,
P4333) for 16 hours before transduction. 1 ´ 105 cells were then cultured in 96 well plates and
transduced with 20, 5 or 2µl of the different AAV libraries. 24 hours after, cells were
trypsinized in order to eliminate any AAV attached to the cell surface, followed by 2x PBS
washes. Fresh media with the same cytokine cocktail was then added together with 5 µl
(determined on Methods 2.6) of Adenovirus 5 (ATCC ® Cat# VR-1516). 72 hours post
transduction with Adenovirus cells were lysed via three freeze-thaw cycles as specified in
Section 2.10. Cell debris was separated by centrifugation (10 min, 1000´g, 4 ºC) and presence
of AAV in the media was assessed by qPCR as described in Section 2.10 and used in
subsequent rounds of selection.
2.13 In vitro transduction analysis.
Cells were plated and transduced using concentrations and MOIs indicated in Fig. legends /
main text. Routinely, 72h after AAV transduction cells were harvested using TripLE Express
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and resuspended in 200 µl of FACS buffer (Buffer 1.2.3). eGFP / mCherry expression was
quantified using BD Fortessa flow cytometer (Westmead Research Hub Flow Cytometry
Facility, Westmead, NSW) or a BD FACS Array flow cytometer (UCL Flow Cytometry Core
Facility) and the data were analysed using FlowJo 7.6.1. BD FACS Aria III was used for cell
sorting (Westmead Research Hub Flow Cytometry Facility, Westmead, NSW).
2.14 In vitro selection of Functional Transduction based AAV libraries.
The Functional Transduction platform described in Fig. 3-9 harbours two unique restriction
sites (SwaI / NsiI) flanking the cap ORF, facilitating cloning of AAV libraries carrying the
same recognition sites in the 5’ and 3’ regions of the capsid library (Methods 2.3). Functional
Transduction (FT) libraries described in Section 3.2 can be packaged following the described
Cesium Chloride (Section 2.10) or Iodixanol (Section 2.15) protocols, with the
supplementation of 7.5 µg / plate of the p-Rep2-polyA plasmid.
The optimal library concentration was determined by transducing target cells with various
volumes of the library to identify library volume leading to 0.5 – 2.5 % of GFP+ population
72h post-transduction. The transduction reaction was allowed to proceed for 8 hours in 37C/5%
CO2 TC incubator, followed by washing of the cells with PBS and addition of fresh complete
media without AAV. Once the correct concentration had been determined, the transduction
process was linearly scaled up to ensure sufficient number of positive cell upon fluorescent
activated cell sorting. Sorted cells were collected and pelleted by centrifugation (10 min,
200´g, 4 ºC), resuspended in DNA extraction buffer (Buffer 1.3.4) containing Proteinase K
and

incubated

over

night

at

56

ºC.

Total

DNA

was

extracted

following

Phenol/Chloroform/Isoamyl Alcohol protocol (Methods Section 2.16) followed by Ethanol
Precipitation (Methods 2.17). 100 ng of purified DNA were then used for PCR recovery of the
enriched capsids (Methods Section 2.18) using Q5 polymerase (NEB, Cat# M0491S), CapRescue F/R primers (Annex Table 1) and the following thermocycler conditions: 30 sec - 98°C,
35 cycles of 10 sec - 98°C, 60°C – 10 sec, 72°C – 1.10 min, and final extension of 72°C – 5
min. The PCR product was then loaded on a 1% agarose gel and subsequently excised with
Zymoclean Gel DNA Recovery Kit (Zymogen Cat# D4001T) and cloned into the recipient
plasmid upon Gibson Assembly (Section 2.20).
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2.15 AAV Production: Iodixanol Gradient
AAV libraries were packaged using 5 ´ 15cm tissue culture dishes of HEK 293 cells (ATCC,
cat# CRL-1573) seeded at 90-95% confluency. Briefly, 22.5µg of the Adenovirus 5 helper
plasmid and 15µg of the AAV plasmid library were transfected per plate, by mixing the total
37.5 µg of DNA with 75 µg of polyethylenimine (PEI, MW 25000, Polysciences, Cat# 239662) (DNA:PEI 1:2) in a total volume of 500 µl of OptiMEM media (Life Technologies, Cat#
31985) per plate. 72h post transfection cells were harvested and centrifuged at 2250´g for 15
min at 4°C. Following separation, supernatant and cells were treated separately. The
supernatant was re-spun (2250´g, 15 min, 4°C) and incubated for 3 hours on ice with ¼ volume
of 40% Polyethylene Glycol (PEG) 8000 (Fisher Scientific, Cat# BP2331-1KG). After
incubation, the solution was centrifuged (2250´g 4ºC, 15 min) and PEG-pellet containing the
AAV particles was resuspended in 2 mL of PBS Buffer (Buffer 1.2.5). Separately, cell pellet
was resuspended in 3 mL of PBS buffer (Buffer 1.2.6) and cells were lysed using three
freeze/thaw cycles using dry ice + ethanol bath and 37°C water bath. The resuspended PEG
pellet and the cell lysate were then combined and incubated with Benzonase (200 U/ mL) 1h
at 37°C. 10% sodium deoxycholate (Sigma, Cat# D6750) was added to a final concentration
of 0.5% and subsequently ¼ volume of 5M NaCl was added to the final concentration of 1M.
Solution was incubated for 30 minutes at 37°C (water bath) and spun 30 minutes at 2250´g at
4°C. The supernatant containing vector particles was collected into a 5 mL Eppendorf tube.
The four solutions required for iodixanol gradient (15%, 25%, 40% and 60%) were prepared
according to the buffer recipes (Materials 1.2). The 15% solution was added to the bottom of
the Beckman tube (Beckman Coulter, Cat # 361625) using a 10 mL syringe with a long 18gauge metal cannula. Subsequent layers were added under previous layer (25% -> 6 mL; 40%
-> 5 mL; 60% -> 5mL) by extending the syringe needle to the bottom of the Beckman tube.
The recovered virus supernatant was then carefully added to the top of the gradient by slowly
dripping the solution using a 5 mL pipette and avoiding disruption of the gradient layers. The
remaining void of the Beckman tube was filled with balancing buffer (Buffer 1.2.13) and tubes
were balanced to within 0.01g. The vector preparation(s) were centrifuged at 58,000´g in a
Beckman Type 70Ti rotor for 2 hours and 10 minutes at 18°C using a Beckman Coulter XPN
ultracentrifuge set to acceleration speed 3 and deceleration speed 9 (lowest break). After
centrifugation, tubes were carefully removed and mounted on a ring stand with a utility clamp
inside tissue culture hood. Tube surface was cleaned with 70% ethanol and a 10 mL syringe
with an 18-gauge needle was prepared for viral extraction upon needle insertion approximately
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1.5 mm below the interface between the 40% and 60% gradient layers, with the bevel of the
needle facing up. 3 to 5 mL of solution were then extracted, first with the bevelled needle
opening facing upwards and then facing downward, avoiding the collection of the visible
protein-rich band at the 25/40% interface.
The 3-5 mL virus preparation were then filtered using a 0.22 µm syringe PES filter (Millipore,
Cat# SLGP033RB) and mixed with Iodixanol Dialysis Buffer, to a total volume of 15 mL.
Total volume was then moved to a 100K Amicon Ultra-15 Centrifuge Filter tube (Millipore,
UFC910024) and centrifuged at 2250´g at 18°C for 2-6 minutes to bring the volume down to
desired volume, usually 200 to 500 µl. The vector was diluted with 15mL of Iodixanol Dialysis
Buffer (Buffer 1.2.14) and centrifuged again. This step was repeated two more times.
Following the final spin, 200 – 500 µl of vector preparation were extracted from the Amicon
Tube and moved to a 1.5mL cryovial tube and stored at 4°C for short-term storage or at -80°C
for long-term storage.
2.16 Phenol/Chloroform/Isoamyl Alcohol DNA extraction
200 µl of DNA material was mixed with equal volume of cold phenol/chloroform/isoamyl
alcohol solution (Sigma-Aldrich, P2069) and tube was mixed vigorously for 1 minute and spun
at 20,000´g for 5 minutes on a bench-top centrifuge. ~180 µl of the top aqueous solution was
removed and placed in a new 1.5mL Eppendorf tube. Special care was taken to avoid the
chloroform/isoamyl alcohol phase.
2.17 Ethanol DNA precipitation
3M sodium acetate solution in water was added on the DNA solution to precipitate to a final
concentration of 0.75 M. Solution was mixed thoroughly. 2.5× volume of 100% ethanol was
added and mixed, the solution was left at -80°C for 30 min and then spen for 20 min in a 4°C
centrifuge at 20,000´g. Supernatant was decanted carefully without disturbing the DNA pellet,
which was washed by adding 300 µl of 80% ethanol and vortexed 3 times. Solution was
subsequently spin again for 15 min in a 4°C centrifuge at 20,000´g and supernatant was
carefully removed. Pellet was air dried for 1-2 minutes at room temperature, and residual
ethanol was removed with a P20 pipette. Pellet was re-suspended with desired volume of water.
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2.18 Shuffled AAV capsid plasmid libraries. 2nd generation
Capsid genes were excised using SwaI and NsiI (NEB, Cat# R0604, Cat#R0127) mixed at 1:1
molar ratios and digested with 1:10 prediluted DNaseI (NEB Cat#M030S) for 2 to 5 min. The
pool of fragments was separated on a 1% (w/v) agarose gel and fragments ranging from 200
bp to 1000 bp and were recovered using the Zymoclean Gel DNA Recovery Kit (Zymogen,
Cat# D4001T) following manufacturer’s instructions. For each primer-less PCR reassembly
reaction 500 ng of gel extracted fragments was used and fully reassembled capsids were
amplified in a second PCR with primers (Shuffling_Rescue-F, Shuffling_Rescue-R, Annex
Table 1) annealing to the capsid gene and carrying overlapping ends to p-min-DR for library
Gibson Assembly and restriction cloning into final ITR-containing plasmid backbone
(Methods Section 2.20).
2.19 Library Gibson Assembly (GA) and Library Restriction cloning.
GA reaction was performed by mixing an equal volume of 2× Gibson Assembly Master Mix
(NEB, Cat# E2611L) with 1 pmol of PCR amplified and DpnI treated receptor plasmid and 1
pmol of the recovered capsids, at 50°C for 30 min. DNA was ethanol precipitated, and
electroporated into SS320 electro-competent E. coli (Lucigen, Cat# 60512-2). The total number
of transformants was calculated by preparing and plating five 10-fold serial dilutions of the
electroporated bacteria. The pool of transformants was grown overnight in 250 mL LuriaBertani media supplemented with trimethoprim (Sigma-Aldrich, T7883) (final concentration
of 10 µg/mL). Total plasmids were purified with an EndoFree Maxiprep Kit (QIAGEN, Cat#
12362) as per manufacturer’s instructions and subsequently digested overnight with SwaI and
NsiI. 1.4 µg of insert was ligated at 16°C using T4 DNA ligase (NEB, Cat# M0202) for 16
hours into 1 µg of the recipient plasmid (replication competent AAV2-based plasmid platform
or functional transduction AAV2-based platform plasmid) digested with SwaI/NsiI. Ligation
reactions were concentrated using ethanol precipitation, electroporated into SS320 electrocompetent cells and grown as described above. Total plasmids were purified with an EndoFree
Maxiprep Kit (QIAGEN, Cat#12362).
2.20 DNA micro-dialysis.
When desalting the Gibson Assembly solution was required in order to avoid arcing during
electroporation reaction, a DNA micro-dialysis was performed using 0.025 µm Millipore
desalting paper (Merck, Cat# VSWP01300). Briefly, the paper was placed on top of a water in
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10cm TC dish and the assembly solution was pipetted on top of the filter and left for one hour
at room temperature and carefully recovered with a micropipette.
2.21 Replication-competent AAV library selection in HuH7 cells.
1×105 cells were seeded per well in two 24-well tissue culture dishes 16 hours prior to infection
with AAV library. Four 10-fold dilutions of the AAV library were added to the media in
duplicate plates. Cells were washed with 1mL 1 × PBS 24 hrs after infection and 500µl of fresh
media was added to each well. To facilitate AAV library replication, wild-type human
Adenovirus 5 (hAd5) (ATCC, Cat# VR- 1516) was added at a multiplicity of infection (MOI)
of 0.42 (based on 7 day TCID50) to all the wells in one of the plates. The plate without hAd5
served as a qPCR control. Cells were harvested 72 hrs after hAd5 infection and lysed by three
freeze/thaw cycles. Cellular debris was removed by centrifugation (10 min, 1000 ´ g, 4 ºC)
and supernatant containing AAV particles analysed by qPCR. To do so, 8 µL of the matched
library dilutions (± hAd5) were treated with DNaseI (NEB Cat#M030S) at 37°C for 1 hr and
the enzyme was heat inactivated at 75°C for 10 min. qPCR with rep2-specific primers was
used after each round to confirm library replication (Supplementary Fig. S2) and to select the
library dilution to be moved into subsequent rounds of selection. At each step the highest
library dilution that resulted in no less than a 2 log increase in AAV signal was selected to
minimize cross-packaging of multiple vectors in single packaging cells and thus to increase the
stringency of the selection process. The library dilution selected for subsequent rounds of
amplification was incubated at 65°C for 30 min to inactivate hAd5. Usually up to 5 iterative
selections were performed using the above described conditions.
2.22 T-cell purification, pre-activation and culture.
Whole blood was collected from human donors in sodium heparinized vacutainer tubes (Becton
Dickinson) with approval by the Sydney Children’s Hospitals Network Human Research
Ethics Committee (SCHN HREC) and processed within 12 hours. Fresh blood was mixed at a
1:1 ratio with Ca2+ and Mg2+ free Hank’s Balanced Salt Solution (HBSS, Sigma, Cat# 55021C)
and 30 mL of blood/HBSS solution were transferred to a 50 mL Falcon tubes and underlaid
with 12 mL Ficoll-Paque PLUS (GE Healthcare, Cat# 17144002). After density gradient
centrifugation (1,000´g, 20 minutes, 20°C, no brakes), the peripheral blood mononuclear cell
(PBMC) layer (in between Platelet/Plasma and Ficoll layers) was carefully removed and the
cells were washed twice with Ca2+ and Mg2+ free Hank’s Balanced Salt Solution. For T-cell
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enrichment, the EasySep Human T-cell isolation kit (Stemcell Technologies, Cat# 17951) was
used, following manufacturer’s instructions. Purity was assessed using anti-human CD3
Antibody (Table 6). CD3+ T cells isolated from whole blood where then preactivated with
Human T-Cell TransAct (Milteny Biotech, Cat# 130-111-160) following manufacturer’s
instructions, for 48-72 hours, in a complete RPMI-1640 (Sigma-Aldrich, R0883) based media
supplemented with 5 mM/L Hepes (Thermofisher, Cat# 15630080), 2 mM/L Glutamax
(Thermofisher, Cat# 35050061), 50 µg/mL penicillin/streptomycin (Corning, Cat# 30-002C1), 50 µmol/L 2-mercaptoethanol (Sigma-Aldrich, Cat# M6250), 5 mmol/L nonessential
amino acids (Thermofisher, Cat# 11140050 ), 5 mmol/L sodium pyruvate (Thermofisher, Cat#
11360070), 10% (vol/vol) FBS (Sigma-Aldrich, 12006C) and 40 IU/mL IL-2 (Stem-cell, Cat#
78036).

2.23 Electroporation of SS320 cells.
Electrocompetent SS320 cells were electroporated in 0.2 cm gap electroporation cuvettes
(BioRad, Cat# 1652086) with the MicroPulser™ Electroporator (BioRad, Cat# 1652100)
following the Ec2 conditions, 1 pulse at 2.50kV.
2.24 Statistical analysis.
Statistical analysis was performed with Prism 7 Versio 7.0a for Mac OS X and with RStudio
Version 1.1.453 when indicated in Annex Table 3. Paired t-test and Tukey’s honest
significance test were used for multiple comparison procedures to find means that are
significantly different from each other.
2.25 de novo Gene Synthesis.
Novel locally optimised AAV sequences were synthesised using the Standard Gene Synthesis
(PriorityGENE) service of Genewiz® (Guangzhou facility).
2.26 Sequence contribution analysis and graphical representation.
To allow convenient contribution analysis of shuffled capsids, a Sequence Origin Depiction
(SOD) plugin was created for Geneious® (https://www.geneious.com/) (the plugin and
instructions are available for free download at https://github.com/CMRI-TVG/AAVcodons).
In contrast to a commonly used Xover tool (http://qpmf.rx.umaryland.edu/xover.html)[2], the
SOD allows the user to zoom in on the output sequence to perform detailed analysis at the
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nucleotide level. The tool also displays the crossover number, number of point mutations,
Levenshtein distances to all parental sequences, effective mutation, as well as mean, minimum
and maximum size of contributing fragments. For convenience, the SOD graphical output can
be exported in a number of file formats. Specifically, the graphical output for SOD depicts
horizontal lines corresponding to parental sequences augmented with bars representing
proportional likelihood of a nucleotide coming from a given sequence and a polygonal line
depicting the most likely donor of individual fragments in the resulting sequence. Gaps on the
most likely donor likelihood bars indicate DNA stretches not present on the analysed clone. To
achieve this, ClustalW2 is used to align parental sequences and the sequence being analyzed,
each represented as a horizontal line, with a bar at each position where the nucleotide on the
corresponding donor sequence(s) matches residue(s) in the analyzed sequence. The height of
the bar is proportional to the percentage likelihood that the given residue contributes to the
novel sequence. The contribution line is calculated as the longest sequence of identity in a 5'
to 3' direction. Implementation was done in Java as a Geneious Plugin. This offers the
opportunity to choose alternative MSAs or perform manual alignment adjustments
2.27 Localized Codon-Optimisation (LCO) algorithm.
The LCO algorithm was written in Java as a native Geneious® (version 9.1.5)
(https://www.geneious.com/) plugin (the plugin and instructions are available for free
download at (https://github.com/CMRI-TVG/AAVcodons). The resulting enhanced homology
sequences are exportable to a FASTA format. The algorithm performs a specific multiple
sequence alignment (MSA) on the target sequences using ClustalW2. In order to preserve the
amino acid sequence of each variant, the algorithm uses translation MSA where
nucleotide sequences are translated to amino acid sequences while saving positional references.
The resulting amino acid sequences are then aligned and re-converted back to nucleotide
sequences by using the positional references. Using the nucleotide MSA as input, the algorithm
identifies individual codons, translates them and identifies positions with 100% amino acid
conservation. For those positions, the algorithm creates a local codon-usage table and selects
the most common codon in all the variants in the alignment. In the case where two codons are
used with equal frequency (50:50) to encode the same amino acid, the position is assigned to
the codon of the first capsid used in the alignment, in our case AAV1. In regions with indels
the algorithm ignores the sequences that have a gap and performs local codon optimization for
all other sequences following the same method. To increase flexibility, the algorithm allows
selection of input variant(s) that will not be included in the calculation of the most common
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codon, but will undergo codon optimization. This feature is important when including
unverified or incomplete parental variant sequences. Furthermore, this feature allows users to
perform codon optimization of novel parental sequences at a later point, without affecting
previously optimized variants.
2.28 Vector Copy Number.
For the detection of integrated provirus cells transduced with lentiviral vector or the total
number of AAV provectors present in a cell population, total DNA was extracted from the cell
(Methods Section 2.16/2.17) followed by TaqMan analysis. The TaqMan qPCR reaction was
set up using 100 ng of DNA template, 0.9 µM of each GFP (targeting provectors) and Albumin
forward and reverse primers (Annex Table 1), 0.2 µM of fluorescently labelled probes (IDT,
Annex Table 1) and 1´ TaqMan® Universal PCR Master Mix (Takara, Cat# RR390A). The
reaction was run for 1 cycle at 95°C for 10 min, 40 cycles at 95°C for 15 seconds and 60°C for
1 min in the CFX384 Touch™ Real-Time PCR Detection System (Biorad, Cat# 1855485).
Integrated copy number / vector copy number was calculated with the aid of standard curves
generated using either a serially diluted genomic DNA sample harbouring 1 copy genomic
integration or a plasmid encoding both GFP and endogenous housekeeping Albumin
sequences.
2.29 Primary Hepatocytes Culture.
24-well plates were coated with collagen coating matrix (1/100 dilution into diluent from the
kit) by adding 250 µL/well and incubating the plate at room temperature for 1 hour. The coating
matrix was then removed and washed twice with PBS (Sigma-Aldrich, D8537). Cells were
seeded at 400k/well and incubated for 6 hours at 37°C with hepatocyte HCM culture media.
The matrigel overlay layer was prepared on ice by diluting matrigel stock in culture media
(cold HCM) to achieve 0.25 mg / mL final concentration. Media was removed from
hepatocytes and replaced with the diluted Matrigel solution, which was overlayed on top of the
cells. Plates were incubated overnight at 37°C and the Matrigel overlay solution was replaced
with warm HCM media. Media was then changed every other day.
2.30 Repopulation of murine liver with human hepatic cells (hFRG).
All the hFRG and mFRG mice described in this thesis were xenotransplanted at the Children’s
Medical Research Institute BioResources facility. Procedures complied with the stringent
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guidelines set by the National Health and Medical Research Council (NHMRC) and were
performed by the members of Prof Alexander’s team. Mice undergoing transplantation were
8-12 weeks of age, Fah-/-/Rag2-/-/Il2rg-/-. To enhance engraftment, recipient mice were injected
with 5 ´ 109 pfu Adenovirus5-urokinase in 100 µL PBS via the tail vein 24-48 hours prior to
transplantation. Hepatocytes to be engrafted were thawed immediately prior to intrasplenic
transplant, washed with cold DMEM (no FBS), centrifuged and resuspended in 100 µL aliquots
at a concentration of 1 ´ 107 cells / mL (total of 1 ´ 106 cells / vial). For intrasplenic injection
mice were anaesthetised by inhalation of vaporised isoflurane, delivered by the stinger research
anaesthetic gas machine (Advanced Anaesthesia Specialist, Cat# 2848). Mice received
analgesia prior to surgery (buprenorphine, 0.03 mg/kg). A one-centimetre incision was made
in the left flank of the animal and the spleen partially extracted through the incision. The donor
hepatocytes were slowly injected using a 29-gauge insulin syringe into the inferior pole of the
immobilised spleen. At completion, the needle was slowly removed and pressure was applied
to the injection site until haemostasis was stablished. The abdominal wall was closed, swabbed
with betadine. Mice received antibiotics in drinking water (Baytril, 0.17mg/mL, Bayer). In
order for the foreign hepatocytes to establish and expand in the livers of recipient mice, 2-(2nitro-4-trifluoro-methylbenzyol)-1,3-cyclohexanedione (NTBC) was slowly withdrawn from
the drinking water post-transplant before a regime of cycling on and off NTBC was established.
Specifically, immediately after transplant NTBC was reduced to 0.8µg/mL for 2-3 days,
0.4µg/mL for 2-3 days, 0.2µg/mL for 2-3 days, 0µg/mL until day 10-14 post-surgery before
return to 8 µg/mL NTBC and subsequent cycling (21 days OFF NTBC, 5 days ON NTBC, to
0.8µg/mL) . To gauge the level of engraftment blood is collected via tail bleeds and the level
of human serum albumin established by ELISA. Characteristics of all the FRG mice described
in this thesis are listed on Annex Table 4.
2.31 Oligonucleotide phosphorylation and annealing.
1 µL of each complementary oligonucleotide at 100 µM were mixed with 0.5 µL T4
Polynucleotide Kinase (PNK) (NEB, Cat# M0201S), 1 µL 10x T4 PNK Buffer (NEB, without
ATP, Cat# M0201S), 1 µL 10 mM ATP (NEB, Cat# P0756S) and 5.5 µL of ddH20.
Oligonucleotides were phosphorylated by incubation at 37°C for 30 minutes and subsequently
annealed using the following conditions: denaturation at 95°C for 5 minutes and rate controlled
cooling down to 25°C (cooldown rate of 5-7°C / minute) on a thermocycler.

- 34 -

2.32 Cloning of annealed oligonucleotides into plasmids of interest.
Plasmid of interest was digested following manufacturer’s instructions with enzymes
generating complementary ends to phosphorylated oligonucleotides. Linearized plasmid was
run on an agarose gel and recovered using Zymoclean Gel DNA Recovery Kit (Zymogen Cat#
D4001T). 1 µL of the 1:200 diluted oligo mix was then ligated onto 50 ng of the digested
plasmid with T4 DNA Ligase (NEB, Cat# M0202) at 16°C overnight, following
manufacturer’s protocol. Transformation into chemical competent cells was then performed as
per Methods Section 2.42.
2.33 Next Generation Sequencing.
PCR products were amplified using Q5® High-fidelity DNA polymerase (NEB, Cat# M0491S)
and Illumina sequenced using the Standard Amplicon Sequencing offered by Genewiz®
(Guangzhou facility). Adapter ligation libraries were prepared at the sequencing facility and
Illumina 2´150 bp / Illumina 2´ 300 bp platforms were used as indicated in the main text.
2.34 Mouse Liver Perfusion.
All the hFRG and mFRG perfusions described in this thesis were performed at the Children’s
Medical Research Institute BioResources facility. Procedures complied with the stringent
guidelines set by the National Health and Medical Research Council (NHMRC) and were
performed by the members of Prof Alexander’s team. Perfusate 1 and 2 buffers (Buffers 1.2.24/
1.2.25) were warmed to 42°C in a water bath. Perfusion pump was set up and primed with
Perfusate 1 solution at high speed. Mouse was anaesthetise as described before (Section 2.30).
Following anaesthesia, mouse was taped to a bench pad and the abdomen was opened. Heparin
was injected to vena cava and pump was adjusted to low speed. Catheter was inserted into the
portal vein. Tubing was then attached to catheter. Vena cava was cut and pump speed was
increased. Perfusate 1 buffer was run through until liver blanched (~15 minutes). Pump speed
was reduced, changed to Perfusate 2 solution and run for another 15 minutes. Liver was then
transferred to a specimen jar, minced and rinsed with 2 mL of Perfusion Wash Solution. Mix
was then filtered through a 100 µm nylon filter into a 50 mL Falcon tube. 10 mL of Wash
buffer was added and cells were centrifuged at ~50g for 5 minutes. This process was repeated
3 times with wash buffer. Finally, cells were resuspended in Williams E buffer if plating and
in FACS buffer for sorting.
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2.35 RNA isolation and cDNA synthesis.
Total RNA from cell pellet was isolated with the Direct-zol RNA kit (Zymo Research, Cat#
R2060) following manufacturer’s instructions. RNA was incubated with DNase I (RNAse-free,
NEB, Cat# M0303S) for 1 hour at 37°C to remove any contaminating DNA, including AAV
DNA. cDNA first-strand synthesis was performed using SuperScript IV First-strand synthesis
system (Thermofisher, Cat# 18091050), following manufacturer’s instructions.
2.36 Viral Overlay Assay.
Virus overlay assay was performed as described before [3] with minor modifications. HuH7
membrane proteins were extracted using the Mem-PER Plus Membrane Protein Extraction Kit
(Thermofisher, Cat# 89842) as per manufacturer’s instructions. 100 µg of purified membrane
proteins were separated on a 2-D gel and electrotransferred onto a PVDF membrane as
described in Section 2.7. The membrane was sequentially incubated with TBST buffer (Buffer
1.2.15) with 5% non-fat milk (NFT) first and with purified rAAV vectors at 5×1011 vgc/mL in
TBST-2% NFT overnight. Membrane was then washed 3 times (10 min/wash) with membrane
wash buffer (Buffer 1.2.16) followed by incubation with an anti-intact AAV2 A20 antibody
(Table 4) at a 1:100 dilution for one hour at room temperature in TBST-2% NFT. Membrane
was then washed 3 times (10 min/wash) with membrane wash buffer (Buffer 1.2.16). A
horseradish peroxidase (HRP)-conjugated secondary antibody was used then to detect the
signal as described before (Section 2.7).
2.37 Site-directed mutagenesis.
AAV variants harboring point mutations were generated with the Q5® Site-Directed
Mutagenesis Kit (NEB, Cat# E0554S) and the primers with Site-Directed label listed in Annex
Table 1.
2.38 AAV Site-Saturation Libraries
Site-saturation libraries were built following the Small-intelligent method [4]. Briefly, the full
randomization of a desired site with 20 amino acids was achieved by designing a set of four
versions of the same primer encoding degenerate codons at the desired site (NDT codon,
encoding for 12 amino acids: N, S, I, H, R, L, Y, C, F, D, G, and V; VMA codon, encoding for
6 amino acids: E, A, Q, P, K, and T; ATG codon, encoding for M; and TGG codon encoding
for W). The four primers with the above degenerate codons at the target site were synthesized
independently (Sigma) and mixed at a ratio of 12:6:1:1 according to the numbers of encoded
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amino acids. Region of interest was amplified with a reverse primer and the fragment was recloned using Gibson Assembly (Section 2.19). Site-saturation libraries were validated as
described in Annex Section 1.
2.39 Pair-end merging and filtering.
Illumina paired reads were merged using the BBMerge tool available in Geneious ® 11.1.4.
Merged reads were filtered for correct read size with the same software, using the Filter
Workflow.
2.40 Error-prone PCR.
Error-prone PCR was performed following the Chaput protocol [5] with the primers listed in
Annex Table 1 as EP-primers. Error-prone amplified product was then used as insert for Gibson
Assembly following the protocol described in Section 2.19.
2.41 Preparation of chemical competent cells.
Chemical competent DH5α E.coli cells were prepared by streaking a vial on a LB-agar plate
with no antibiotics and incubating overnight at 37°C. Single colonies were then picked and
grown in a 1mL of antibiotic free LB in a 15 mL round bottom aerated tube. The culture was
then diluted 1:100 in 100 mL of antibiotic free LB and transferred to a 1L aerated flask. Culture
was then grown in an incubator shaker at 37°C until the absorbance of the culture at wavelength
600 nm reached 0.65. Cells were centrifuged in 4 ´ 50 mL Falcon tubes at 2250 ´ g for 15 min,
resuspended in a total of 30 mL TFB I buffer (Buffer 1.2.17) and incubated 60 minutes on ice.
Cells were centrifuged again in 2 ´ 50 mL Falcon tubes at 2250´g for 15 minutes and
resuspended in 4 mL chilled TFB II buffer (Buffer 1.2.18). 25 µL aliquots were then prepared
in 1.5mL Eppendorf tubes on ice and stored at -80°C. Transformation efficiency was validated
as per Section 2.43.
2.42 Bacterial Transformation.
Bacterial aliquots (Section 2.41) were thawed on ice. DNA solution was added, the mix was
stirred gently with the pipette tip and incubated for 30 minutes on ice. The cells were heatshocked for 45 seconds in 42°C water bath, followed by incubation on ice for 2 minutes. 400600 µL of antibiotic-free LB medium was added to the transformed cells and cells were
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incubated for 40-60 minutes at 37°C while agitating (220 rpm). Cells were then plated onto
LB-agar plates containing the appropriate antibiotic selection.
2.43 Competent cell validation.
Competent cells (Section 2.42) were validated by transforming 1 µL of 0.1 ng/µL validation
plasmid (pUC19 Vector, NEB, Cat# N3041S) following standard transformation protocol
(Section 2.42). Following plating of known dilutions on LB-Amp plates, colonies were counted
and transformation efficiency was calculated as colony forming unit / µg of transformed DNA.
2.44 Growth of E coli bacterial cells.
Escherichia coli (E.coli) competent DH5α or SS320 cells were grown in LB broth at 37 °C in
a bacterial cell shaker set at 220 rpm.
2.45 Agarose gel electrophoresis.
0.7% to 2% Agarose was dissolved by heating 1x Tris-acetate-EDTA (TAE buffer,
ThermiFisher, B49) and allowed to cool to 55°C before adding 0.5 µg/ mL ethidium bromide.
Agarose was cast in gel trays. DNA samples were loaded with the addition of 6X gel loading
dye (NEB, Cat# B6024S). Electrophoresis was carried out at 50-120 V and gels were visualised
under ultraviolet light.
2.46 DNA Sanger Sequencing.
Individual clones were Sanger sequenced at the Garvan Molecular Genetics Facility (Garvan
Institute, Sydney).
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Chapter 1 : The Overview
1.1 Adeno-associated Virus
Recombinant gene delivery vectors based on Adeno-Associated Virus (AAV) have been the
centre of attention of the gene therapy community for the last decade thanks to the promising
clinical data attained in more than 150 studies, which has reaffirmed their safety profile and
the significant clinical benefit of AAV-mediated gene transfer.
One of the most encouraging recent clinical trials (Phase I/II commenced in April 2014) aimed
to treat spinal muscular atrophy type 1 (SMA1), a monogenic motor neuron disease leading
typically to death by 2 years of age. Fifteen enrolled patients received various doses of a
recombinant AAV (rAAV) carrying a sequence encoding a functional copy of the survival
motor neuron 1 (SMN1) protein, missing in the treated patients. As of August 2017, all 15
patients were event-free and alive at 20 months of age, compared with an 8% rate of survival
based on historical data [6]. Following this astonishing result, the study recently advanced into
Phase III, wherein patients have achieved unsupported sitting and event-free survival as
primary outcomes and the ability to thrive independent from ventilator support as secondary
outcomes [6].
In spite of these striking clinical improvements, there remain many basic and translational
questions around recombinant AAV technology yet to be addressed. In other trials, the
performance of vectors based on wild-type serotypes has often been limited by existing
neutralizing antibodies, lack of cell specificity and low transduction potency. This has led to
persistent efforts to engineer a new set of AAV tools with improved performance [8].
The context of the work presented in this thesis within the world of AAV engineering is
summarized in Fig. 1. This schematic is adapted from the first publication that introduced the
DNA-family shuffling and directed evolution into the AAV field, which will be described in
detail in the following chapters [9].
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Fig. 1-1. Conceptual map of all the chapters described in this thesis. DNA-family shuffling starts with fragmenting of the
genes of interest, in this case AAV capsid (2, 3) and their posterior reshuffling, following DNaseI digestion, based on partial
homologies (4). Those newly generated combinations are then reintroduced into the selection platform, in this case a
replication competent platform (ITR-rep-cap-ITR) (5,6). Following packaging (7) the actual process of directed evolution
starts at (8), with the iterative replication of the shuffled variants in the cell type of interest in the presence of the helper virus,
usually Adenovirus 5. Variants that make it to the last round of selection are recovered from the sample (9). The last step in
any directed evolution process is the vectorisation of the new variants (10) and testing their performance on the cells of interest
in comparison to the parental serotypes.

The second chapter is designed to provide a scientific background and contextualize the
specific aims presented in individual chapters, providing a comprehensive review of the
historical data and recent discoveries related to AAV biology and vectorology, including vector
development.
During my Master’s Degree, I generated replication competent AAV libraries based on DNAfamily shuffling and performed their posterior selection on induced pluripotent stem cells
(iPSCs) derived neuron cells. Therefore, at the start of my PhD thesis, I had the reagents and
skill-set necessary to generate an AAV capsid library and perform a selection in hematopoietic
stem cells (our target cell type) in order to develop a novel variant with improved transduction.
Chapter 3 describes the generation of the libraries and the changes introduced through a
scheme of replication competent selection in CD34+ cells, which are now incorporated in our
protocol. Optimization of the conditions led to the development of ten new recombinant
serotypes, some of them highly CD34+ tropic, but with similar performance as the wild-type
AAV6. It is for this reason that we started two subsequent projects, ultimately aimed at
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improving both the method for selecting our libraries (Chapter 3.2) and the method for
generating AAV-shuffled libraries (Chapter 4).
As shown in in Fig. 1-1, the classical scheme for AAV library selection involves the cloning
of the capsid library in a wild-type AAV background, containing both ITRs and the replicase
gene, and its subsequent production and selection in the cell type of interest, where coinfected
Adenovirus 5 provides the helper functions required by wtAAV. The two main problems
presented in this process are 1) the need for an Adenovirus serotype that is able to co-infect the
cell type of interest and 2) the fact that one selects for a virus rather than for a vector, and
therefore properties other than transduction (e.g. replication, packaging, cell escape) could
influence the final outcome of the selection. It is for that reason that we designed, developed
and tested a new method for directed evolution where the pressure for selection relies
principally on functional transduction (i.e. transduction and transgene expression). We then
utilized this method, referred to as Functional Transduction (FT), to select for novel highly Tcell and CD34+ tropic AAV vectors, as described in detail in Chapter 3.2.
Generation of AAV libraries based on DNA-family shuffling is highly dependent on partial
sequence identities between input capsid fragments, thus in Chapter 4 we studied the role
sequence identity played in shuffling efficiency, finding out that distant serotypes were
underrepresented in the shuffled clones. In order to overcome this limitation, we developed
and validated a custom codon-optimization method that allowed us to improve the homology
between serotypes while preserving capsid functionality.
A central aspect of directed evolution is to perform the selection in the model systems best
recapitulating the human primary target. While culture conditions have been well established
for T-cells and CD34+ cells, such conditions do not exist – yet – for hepatocytes, which
differentiate quickly in culture, hampering any attempt of in vitro selection. Data from our
group and others, combined with the correlative clinical data, suggests that the mouse xenograft
model of the liver (hFRG) may be the most predictive preclinical model for AAV hepatic
transduction [10] [11]. In Chapter 5.1 we present a side-by-side comparison of the most
clinically relevant AAV vectors in multiple available hepatic models, such as cell lines,
primary human and non-human hepatocytes in vitro and in vivo (murine xenograft models)
and, in the near future, non-human primates.
- 41 -

Through this effort, during the course of the second year, a breakthrough capsid was developed
in a collaborative study with Dr. Mark Kay’s group at Stanford University [11]. This variant,
named AAV-NP59, has demonstrated never before seen levels of transduction of human
hepatocytes, around 90-95% efficiency, in a mouse xenograft model. Surprisingly, this novel
vector differs from AAV2 (a serotype that transduces human hepatocytes poorly in the same
in vivo model) at only 11 positions at the protein level. This presented us with a powerful
opportunity to study the molecular biology underlying NP59’s performance and to use this
knowledge to generate novel AAV vectors and “smarter” AAV libraries (Chapter 5.2).
While it is well known that directed AAV evolution can lead to new and improved AAV
variants [9], recent reports suggest that the AAV capsid may also directly influence the ability
of AAV vectors to participate in endonuclease independent genome editing by homologous
recombination (HR) [12]. To this end, the final aim of this project was to use new insights into
AAV evolution to design and validate a novel selection tools to identify highly recombinogenic
AAV variants. The recombinogenic AAVs would allow for efficient AAV-mediated HR in the
absence of genome cleavage by targeted-endonucleases such as TALENs or CRISPR/Cas9
(Chapter 6).
Overall, this work describes the exploration and the generation of novel tools in AAV
engineering, a relatively nascent field with a significant potential to become a central part of
gene therapy and modern healthcare in the coming years.
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Chapter 2 : Gene Therapy and Adenoassociated viral vectors
2.1 Gene Therapy
The European Medicine Agency (EMA) defines gene therapy as the delivery of nucleic acids
(DNA or RNA) into target cells for the treatment, prevention, amelioration or cure of human
genetic disorders [13]. Depending on the nature of the targeted disease, two main strategies
have been developed in recent years. If an endogenous gene is defective or missing, a functional
therapeutic gene (transgene) is supplied as a replacement for the host defective/missing
counterpart. In contrast, if a gene product is malfunctioning and/or harmful, the strategy aims
to decrease the expression levels of the endogenous gene [14].
Overall, any gene therapy-related product comprises an active substance containing or
consisting of a recombinant nucleic acid that is delivered to the targeted host cells and
regulates, repairs, replaces, adds or deletes a specific human genetic sequence, with the final
purpose of mediating a therapeutic benefit [15]. In this context, three components play a critical
role when choosing therapeutic approach: (i) the vector used for delivering the therapeutic
transgene, which can be viral or non-viral; (ii) the nature of the delivered transgene inside the
target cells, which can integrate in the genome or remain in an episomal form; (iii) the mode
of administration, which can be in vivo or ex vivo [16].
The first gene therapy clinical trials were carried out more than two decades ago, targeting in
most cases monogenic deficiencies affecting the immune system, also known as primary
immunodeficiencies (PIDs) [17] .These studies clearly demonstrated that many components
used to treat the underlying genetic conditions still needed to be optimised, as although patients
responded positively, the pathogenic phenotype was not entirely reversed. Nevertheless, these
studies served as a proof-of-concept for the feasibility of treating a genetic disorder by gene
therapy, and established the fundamental bases of the gene therapy we know today [14].
Since then, a number of clinical trials have been successfully completed, and gene therapy has
expanded to other pathologies and indications such as cancer, neurodegenerative diseases and
metabolic disorders [14]. The first gene therapy product (Gendicine) was commercialized in
China in 2003 for the treatment of head and neck squamous cell carcinoma, and the first product
to reach the Western world (Glybera) was commercialized in 2012 for the treatment of
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lipoprotein lipase deficiency (LPLD) [18]. Recently, two novel therapies, LUXTURNA and
Strimvelis, have been approved by the Food and Drug Administration (FDA) and the EMA,
which is a sign of maturation of the gene therapy field. LUXTURNA, is a gene replacement
therapy for RPE65-mediated inherited retinal dystrophy [19]. Strimvelis, the first product
approval for an ex vivo gene therapy in Europe, is a treatment for adenosine deaminase
deficiency (ADA), which accounts for a substantial portion (~15%) of all the cases of severe
combined immunodeficiency (SCID) [20].
Common to each of the products mentioned is the use of recombinant viral vectors to deliver
the therapeutic payload to target cells. It is therefore unsurprising that the new field of viral
vector engineering has emerged alongside gene therapy, the central endeavour of which is to
develop new delivery tools with safer, more efficient and more tissue-specific profiles.

- 44 -

2.2 Gene Therapy Vectors
From the outset, the viability of a gene therapy rests on technologies capable of facilitating the
arrival and entry of negatively charged and (often large) nucleic acids into target tissues/cells.
These fundamental vehicles are referred to as carriers or vectors [21]. Gene therapy vectors
can be viral (taking advantage of the natural infectious functionalities of existing viruses) or
non-viral [21].
Non-viral vectors are outside the scope of the present work, but include DNA protected by a
variety of particles or nanoparticles, usually lipoplexes or liposome-like particles administered
by electroporation, sonoporation, or hydroporation [22]. These vectors exhibit reduced
immunogenicity and efficient production compared to the viral counterparts, but typically show
lower levels of cell transfection and gene expression [22], which has significantly hindered
their clinical development.
In contrast, vectors based on naturally occurring viruses are able to transduce the target cells
in a specific and highly efficient manner, owing to precise structural features acquired through
millions of years of evolution [23]. Viral vectors are able to utilise natural viral infection
pathways, but are completely devoid of their wild-type (wt) viral toxic genes. This is because
during the process of vectorization (the process of conversion of a wild-type replicationcompetent virus into replication-incompetent gene therapy vector), the regions encoding
products necessary for replication and/or cytotoxicity are removed from the viral genome,
leaving behind only the minimal sequences required for genome packaging and target cell
transduction[24]. Depending on the vector system used, the therapeutic transgene is cloned into
the viral vector construct, while other viral genes required for packaging are provided in trans
on a separate construct, lowering the chances of recombination and formation of Replication
Competent Vectors (RCV) [25].
One way to classify viral vectors is based on their integration profile. Based on this principle,
gene therapy vectors fall into one of the two categories: integrating and non-integrating. The
former includes retroviral vectors (gamma-retroviruses and lentiviruses), which integrate
transgenes randomly or semi-randomly in the host genome. Genomic integration offers stable
transgene expression in the gene-modified cell and all its subsequent progeny. However,
modifications at random (or pseudorandom) sites of integration introduce a non-trivial risk to
host genome elements, including (elaborated later) genes proximal to the integration site. The
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most clinically relevant non-integrating vectors include vectors based on adenovirus (Ad) and
Adeno-Associated Virus (AAV). Those vector genomes remain predominantly episomal after
entering target cells, resulting in a transient gene transfer in dividing cells, but stable expression
in non-dividing tissues (adult liver, muscle, neurons), and decreased risk of insertional
mutagenesis (Table 2-1) [25].
Initially, gene therapy applications used retroviral (gammaretroviral and lentiviral) vectors, and
these are still in widespread use to target dividing cells without a loss in the therapeutic
phenotype over subsequent cell cycles. However, as mentioned above, random integration has
been associated with a higher risk of transcriptional dysregulation, having caused leukemic
transformations in the SCID-X1 trials [21]. A key improvement on this aspect was the
development of Self-Inactivating (SIN) Lentivirus Vectors, which harbour a deletion in the 3’
long terminal repeat (LTR) that causes the transcriptional inactivation of the LTR in the
proviruses [26], augmenting thus their safety profile. Non-integrating vector systems are the
method of choice when targeting non-dividing cells in post-mitotic tissues, such as muscle cells
or neurons [25].
Table 2-1. Most common viral vectors used currently in gene therapy. *AAV vectors remain mostly as episomes, but recent
reports suggest that a small population also integrates semi-randomly throughout the genome of the target cell [25].

Gene Therapy Properties

Particle Characteristics

Adenovirus (Ad)

Adeno-associated
virus (AAV)

Retrovirus/Lentivirus

Genome

dsDNA

ssDNA

ssRNA (+)

Capsid

Icosahedral

Icosahedral

Icosahedral

Coat

Naked

Naked

Enveloped

Virion Polymerase

-

-

+

Virion Diameter

70-90 nm

18-26 nm

80-130 nm

Genome Size

38-39 kb

5 kb

3-9 kb

Family

Adenoviridae

Parvoviridae

Retroviridae

Dividing and non-

Dividing and non-

Dividing and non- dividing

dividing cells

dividing cells

cells

Non-integrating

Non-integrating*

Integrating

Infection or Tropism
Host Genome
Interaction
Transgene expression

Transient

Packaging capacity

7.5 kb
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Potentially long
lasting
4.7 kb

Long lasting
8 kb

2.3 Adeno-Associated Viruses (AAVs)
2.3.1 Adeno-associated virus: from discovery to vectorization
Gene therapy vectors derived from AAVs are particularly promising in gene therapy
applications due to their desirable characteristics, including the non-pathogenicity of the
parental virus, the optimized vectorization protocols allowing investigators to quickly
introduce required modifications, the fact that all viral genes are removed during vectorization,
and the optimized production protocols allowing for high-titre and high-purity manufacturing
[27]. AAVs were first described by Atchinson and colleagues in 1965 as contaminants of wild-

type adenoviral cultures [28]. Soon after, it became evident that the newly isolated viral
particles required presence of Ad for their own replication, and they were named adenoassociated viruses [28]. For this specific reason AAVs are classified as a Dependoparvovirus,
a genus within the Parvoviridae family.
In the following years, AAVs received little attention from the scientific community, as
researchers had failed to associate it with any known human disease. With no public health
incentive to study AAVs in detail, only a handful of virologists studied the biology of AAVs
until scientific interest raised abruptly in 1984, after a study reported the ability of AAV vectors
to transduce several mammalian cell types brought AAVs into the spotlight [29]. Nine years
later, two independent laboratories working on gene therapy for Cystic Fibrosis (CF) [30] and
Falconi Anemia (FA) [31] made the most significant contributions to the development of the
AAV tool-box we benefit from today, by establishing the use of AAV vectors in vivo. It took
only three additional years before the first human clinical trial using AAV as a vector to treat
CF was published – a dose escalation study in 12 patients to evaluate the safety of a
recombinant AAV vector expressing the cystic fibrosis transmembrane conductance regulator
(CFTR) administered into a single lung lobe and the nasal epithelium. The study served as a
turning point for the future of AAVs as gene therapy tools [32]. Today, AAV vectors are
considered by many as the delivery tool of choice for in vivo gene therapy targeting post-mitotic
tissue [27] and ironically, the fact that AAVs are not pathogenic in humans, which caused the
initial lack of interest, is what makes them one of the safest and most promising vectors for
human gene therapy today.
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2.3.2 Adeno-associated virus: genome and structure
Wild-type AAVs (wtAAVs) contain a single-stranded DNA (ssDNA) genome of 4.7 Kb
enclosed by a capsid approximately ~26nm in diameter, which acts as the direct determinant
of tropism. The wtAAV genome contains three central coding domains flanked by two 145
base pair long T-shaped hairpin structures named inverted terminal repeats (ITR) (Fig. 2-1).
The central genome region encodes three capsid proteins (Cap) and four replication proteins
(Rep) (Fig. 2-1) [33]. Another protein, the assembly-activating protein (AAP), facilitates
capsid assembly in most serotypes and is encoded in a separate open reading frame within the
cap gene (Fig. 2-1) [34]. These three AAV genes collectively mediate AAV genome
replication and packaging, capsid production and site-specific integration of wtAAV [35, 36].
Briefly, the Rep isoforms orchestrate every part of the in cell AAV life cycle. The large Rep
proteins (Rep78/68) are involved in viral replication, integration and transcriptional regulation,
for which they contain a site-specific DNA binding domain, endonuclease activity and an
ATPase domain with helicase activity. The small Rep proteins (Rep52/40) are primarily
involved in viral packaging and transcriptional regulation and share only the ATPase domain.
Rep78 and Rep52 share a C-terminal domain that includes a zinc finger motif implicated in
various protein interactions (Fig. 2-1) [37].
The remainder of this section (2.3.2) will review the structural components of AAV, namely
the VP capsid proteins and the AAP, since they are the primary determinants of viral (and
vector) tropism and immunogenicity, and therefore the main targets of AAV engineering. A
brief discussion of the AAV life cycle will follow in section 3.2.3, since there is some
controversy surrounding a recent publication suggesting that AAV could be associated with
insertional mutagenesis and human hepatocellular carcinoma (HCC).

Fig. 2-1. AAV genome. Two Inverted Terminal Repeats (ITRs, 145 bp) flank the central coding region and are the cis-elements
required for genome packaging and replication. The Rep open reading frame (ORF) encodes four different proteins through
alternative splicing: Rep78/Rep68 (under control of p5), and Rep52/Rep40 (under control of p19) involved in AAV
transcriptional regulation, genome replication and site-specific integration. The cap ORF encodes three capsomers: VP1 and
VP3 via alternative splicing under control of p40 promoter and VP2 through the use of an alternative start codon. AssemblingActivating Protein (AAP) is encoded in a second ORF of cap (ORF2). Adapted from [34].
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AAV2 crystal structure was determined at a 3-Å resolution by Chapman and colleagues in
2002 [38]. Visualization of the capsid topology provided answers to some of the questions
related to AAV’s unique surface features [38]. Each viral capsid is composed of 60 subunits
assembled into a T = 1 icosahedral particle. The three structural VP proteins (VP1, VP2, VP3),
which share the C-terminal amino acid sequence, are found in a 1:1:8 – 1:1:10 ratio depending
on the serotype, with VP3 being the most abundant contributor. To date, structural
determinations have been reported for AAV1-AAV9 [39] together with AAV-DJ [40], the first
synthetic AAV developed using DNA-family shuffling technology. In all cases, only the
structure of the C-terminal overlapping region has been resolved due to the flexible nature of
the N-terminal sequence, reportedly located inside the capsid [41]. This lack of order on the
high-resolution structures has also been linked with the low presence of VP1 and VP2 in the
assembled capsids [39].
The interactions between monomers create the distinguishing topography of the AAV capsids,
depicted in Fig. 2-2, characterized by protrusions surrounding a central depression at the
threefold axes and the formation of cylindrical channels at the fivefold axes, which connect the
outside and the inside of the capsid [39].

Fig. 2-2. The AAV2 capsid structure. Regions are coloured according to the distance from the capsid centre, from closest
(blue) t farthest (red). Approximate positions of depressions, the 5-fold channel, and protrusions are indicated. Adapted from
[39].
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Importantly, the topology of the common VP region, which consists of a core β-barrel motif
forming the interior of the capsid is conserved throughout the parvovirus genera. Loops with
variable conformations connecting the β-strands form the capsid surface and differ between
AAV serotypes [39]. Initial comparison of the loops between AAV2 and AAV4 (the most
structurally distinct serotypes) led to a variable-regions nomenclature (VRI-IX). In order to
establish links between capsid regions and vector function, Lochrie et al. performed a
phenotypic analysis of AAV2 variants harbouring mutations on the external surface [42].
Mutants were functionally assayed, and distinctive phenotypes and properties were linked to
the variable regions as shown in Table 2-2.

Table 2-2. Variable regions on the AAV2 capsid surface. HB – heparin binding. IVIG – intravenous immunoglobulin. MAb
– monoclonal antibody. Adapted from [42].

VR

Mutation effect

I
II
III
IV
V
VI
VII
VIII

Transduction inhibition (HB independent), IVIG evasion
Transduction inhibition (HB independent)
Transduction inhibition (HB independent), MAb evasion
Transduction inhibition (HB independent), MAb & IVIG evasion
Transduction inhibition (HB dependent), Heparin Binding, IVIG evasion
Transduction inhibition (HB dependent), Heparin Binding, MAb & IVIG evasion
MAb & IVIG evasion
Transduction inhibition (HB dependent), Heparin Binding, MAb & IVIG evasion

IX

Transduction inhibition (HB dependent), Heparin Binding, IVIG evasion

Today, 13 human and nonhuman primate serotypes (AAV1 to AAV13), and hundreds of AAV
variants have been identified in nature. AAV serotypes differ in the sequence of ITR, Rep, and
Cap proteins, but maintain the overall genome structure [43]. Moreover, each AAV serotype
is associated with a specific tissue tropism, immunogenicity and infection kinetics, which are
primarily determined by the structure of the capsid [44]. A considerable body of research into
AAV tropism has accumulated in the last few decades from studies in mice, dogs, non-human
primates, and human trials (Fig. 2-3) [45].

- 50 -

Fig. 2-3. Schematic representation of the tropism of the wt-AAV serotypes [46].

More than three decades passed between the discovery of AAV2 in 1965 and the identification
of heparan sulfate proteoglycan (HSPG) as its cellular binding receptor by Summerford and
Samulski [47]. Even though HSPG is required for the binding of AAV2 to the cellular
membrane, it is not sufficient to explain the mechanism of viral entry. In two studies published
in 1999, two AAV2 coreceptors were identified: fibroblast growth factor receptor 1 (FGFR1)
and integrin aVb5 [48] [49]. To date, 23 different glycan receptors and coreceptors have been
identified for different AAV serotypes, as summarized in Table 2-3. This highlights the
complexity of AAV cellular entry, which often exploits different primary and secondary
receptors in order to target a cell, starting with cell attachment often mediated by electrostatic
interactions of the usually positive capsid surface to the negatively charged glycans and glycolconjugates, such as the aforementioned HSPG. It is currently widely accepted that through
attachment, AAVs increase their concentration on the cell surface, facilitating their subsequent
interaction with additional receptors and co-receptors and finally their internalization [50].
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Table 2-3. Known receptor usage for AAV serotypes 1-12. Adapted from [27]. FGFR1, fibroblast growth factor receptor;
HGFR, hepatocyte growth factor receptor; HSPG, heparan sulfate proteoglycan; PDGFR, platelet- derived growth factor
receptor; SA, sialic acid.

Serotype

Receptor/Co-Receptor

AAV1

α2–3/α2–6 N-linked SA

AAV2

HSPG, FGFR1, HGFR, Integrin αvβ5/α5β1, 37/67 kDa LamR, CD9

AAV3

HSPG, 37/67 kDa LamR, HGFR

AAV4

α2–3 O-linked SA

AAV5

α2–3 N-linked SA, PDGFR

AAV6

HSPG, α2–3/ α2–6 N-linked SA, EGFR

AAV7

Undetermined

AAV8

37/67 kDa LamR

AAV9

Galactose, 37/67 kDa LamR

AAVrh10

Undetermined

AAV11

Undetermined

AAV12

Undetermined

A significant revolution in the AAV field was the characterisation of an essential AAV receptor
(KIAA0319L, also known as AAV-R) in 2016 by Pillay et al. [51]. AAV-R appears to be
essential for the infection of several AAV serotypes, including AAV1, AAV2, AAV5, AAV6,
AAV8, and AAV9. AAVR knockout (KO) mice and cells were found to be resistant to AAV
transduction and, importantly, this could be reverted by the overexpression of AAVR in the
KO cells. In a more recent follow up, the authors revealed that various AAV serotypes interact
differently with individual domains of the AAVR [3]. Using a set of complementary mutations
and domain-swapping experiments, it was stablished that among the five polycystic kidney
disease (PKD) domains found on the AAVR ectodomain, AAV2 mainly interacts with PKD2
and AAV5 with PKD1. Importantly, glycosylation of AAVR was found to enhance but not to
be essential for AAV transduction [3].
Finally, in a recent report, several human, simian and synthetic capsids were interrogated for
AAVR usage. Interestingly, AAV4 and AAVrh32.33 were found not to depend on AAVR for
functional transduction, but AAVR usage was found to be conserved among all primate AAVs
[52].
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Equally surprising to the AAV field was the discovery by the Kleinschmidt lab in 2010 of a
previously unknown protein encoded on the second ORF of the cap gene (Fig. 2-1). This
protein was shown to be critical for the assembly of AAV virions composed of VP3 monomers
only [53] and was termed assembly-activating protein (AAP). AAP is a non-structural protein
of 204 amino acids expressed from a non-canonical CTG start codon [8]. A detailed analysis
of the assembly-activating protein of AAV2 (AAP2) led to the identification of nuclear (NLS)
and nucleolar (NoLS) localization signals at the C-terminal of AAP2, consisting of five
redundant regions rich in basic amino acids among which AAP2 Basic Region 1 (AAP2BR1)
and AAP2BR2 play the most significant role [54]. In fact, AAP2 was shown to shuttle VPs to
the nucleolus, but a follow up publication from the same group demonstrated that this is a
unique feature of AAP2 [1]. Importantly, all the above studies concerned particles containing
VP3 proteins only. Last year, the first AAP study of the complete VP1, VP2 and VP3 capsid
stability was published by the Grimm lab [55]. Although the exact mechanism of AAP’s action
remains elusive, the authors established that the extend of vector dependency on AAP varies
among serotypes and is less critical in AAV4 and AAV5, which can assemble particles even
in the absence of their AAPs, although with a 10-fold lower efficiency [55].
Two reports around AAV’s assembly-activating protein functions have been recently
published by two internationally recognised groups, the Asokan lab at the University of North
Carolina and the Vandenberghe lab at the Harvard Medical School, who converged on similar
conclusions. In the first report, the authors correlated structure-function of AAP by predicting
the secondary structure and generating several AAP mutants by either deleting or substituting
specific domains [56]. The authors described five distinct regions, consisting of a N-terminal
hydrophobic region (HR), a conserved core (CC), an intermediate proline rich region (PRR)
followed by a threonine/serine-rich region (T/S) and the aforementioned basic region (BR).
Substitutional analysis confirmed that the basic region was responsible for nuclear and
nucleolar localization, since its function could be retained when substituting this region for
heterologous nuclear and nucleolar localization sequences. The AAP region of VP recognition
was also mapped, but in this case to the N-terminal of AAP, specifically to the hydrophobic
region and the conserved core [56]. It was speculated that the mechanism of action would rely
on the binding of the conserved core (CC) to a structural domain of VP conserved among
serotypes, linked with a secondary interaction of the hydrophobic region (HR) with another
site, even though the HR region could also play a role in AAP oligomerisation.
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The second study, by Maurer and colleagues, confirmed the broad range of AAP dependency
among the different serotypes when all the three structural proteins were present, ranging from
a limited (AAV-rh32.33, 39% of wild-type titre) to a strong dependency (AAV8, 0.035% of
the wild-type titre) when studying the packaging efficiency of several serotypes with AAPs
carrying an early stop codon [57]. In order to interrogate the mechanism of capsid instability
in the absence of AAP, the authors inhibited different steps of the ubiquitin-proteasome
pathway together with late steps of lysosomal degradation and found that capsid instability was
attributed to proteasomal degradation. Importantly, in this study the N-terminus of the AAP
was still expressed, since the stop codon was placed at the 60th position of the AAP. When the
AAP stop codon was moved to the 20th position, some of the vectors that were found to be
AAP independent lost their ability to assemble, indicating a vital role of the conserved Nterminal region (residues 52-57) in promoting capsid stability. The AAV capsids that package
efficiently in the presence of the 60-mer AAP were classified as AAP-C (C-terminal)
independent. Interestingly, by comparing the unique amino acid features of the AAP-C
independent variants to the AAP dependent AAVs, the authors were able to identify a minimal
capsid motif at the VP trimer interface which strengthens interactions between the monomers
(and therefore capsid stability) in an AAP-C independent manner. This confirmed AAPs role
in oligomerization, in addition to the established role in promoting protein stability [57].
Since its discovery, the fact that AAP is encoded from a different ORF to the three structural
VP proteins has been a major concern when working with capsid engineering, since changes
to the VP reading frame could cause detrimental and unpredicted changes on the AAP reading
frame. As discussed in more detail in section 2.5, one of the commonly used techniques for
AAV engineering is based on DNA family shuffling, which generates novel capsids harbouring
recombined fragments of parental wild-type AAVs. Interestingly, in a recent report by the
Grimm lab, the tolerance of AAP recombination (inherent to capsid recombination) via DNA
family shuffling was found to be remarkably high. All chimeric AAPs examined retained their
activity and no significant enhancement on library production was reported when
supplementing wild-type AAPs in trans during library packaging. This suggests an active role
of intrinsic AAPs and resolves one of the major concerns in the AAV engineering field [58].
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2.3.3 Adeno-associated virus: Viral cycle
1) Cellular attachment and endocytosis
In chronologic order, the first step in any viral infection process is the host-cell recognition and
attachment. As described in the previous section, for AAV this initial step is mediated by the
electrostatic interaction of the capsid surface protrusions with several serotype specific
negatively charged glycan and co-receptors, described in Table 2-2 [27]. Even though
differences between serotypes exist, the vast majority of studies into AAV biology have been
carried out with AAV2, the first AAV variant identified and best studied to date, as a model
and thus the viral cycle review presented herein focus on this serotype.
Following the initial attachment, AAV2 is believed to interact with the previously described
AAV-R, a cellular trans-membrane protein able to undergo rapid endocytosis from the plasma
membrane to the Golgi network. In fact, with the discovery of this receptor, essential for the
transduction of the majority of AAV serotypes, the authors also performed a vast subcellular
localization characterization of the identified protein [51]. AAVR was shown to associate
strongly with the trans-Golgi network pathway, which is characterized by a dynamic recycling
of proteins from the cell membrane, process dependent on signals present on the protein Cterminal, which direct endocytosis and intracellular trafficking. Importantly, removal of the
mentioned C-tail from AAVR prevented its endocytosis and interfered with AAV2 infection,
suggesting a clear role for the internalization of AAV capsids by AAVR [51]. Even though
AAVR follows the trans-Golgi pathway, it is still not clear if that is an essential requirement
for AAV infection. In fact, many other endocytic pathways have been described in the
literature, including micropinocytosis and clathrin-mediated and non-clathrin-mediated
endocytosis [59]. Irrespective of the followed pathway, an essential step for successful AAV
infection is its exposure to the acidic pH found in endosomes, which triggers conformational
changes in the capsid that allow its escape into the cell cytoplasm [59]. Following the exposure
to low pH, the N-terminal of the VP1 capsid, which is normally found on the interior of the
particle, becomes exposed through AAV’s capsid pore, thus exposing its phospholipase A2
(PLA2) domain, facilitating endosomal escape [60].
2) Nuclear import
After endosomal escape, AAV particles accumulate on the perinuclear region of cells and
subsequently enter the nucleus as intact particles, even though the exact mechanism remained
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unknown till early 2014. Importantly, studies performed with a recombinant version of AAV2
(rAAV2) shown that some of the particles remain distal to the nucleus, never translocate and
are eventually degraded by host proteasomes [61].
The major transport of macromolecules between the nucleus and the cytoplasm in eukaryotic
cells occurs through the nuclear pore complex (NPC). The nuclear transport is mediated by a
group of transport receptors known as karyopherins, which recognise the nuclear localization
signals of the cargo and facilitate the transit through transient interactions regulated by GTPase
Ran, which provides the required energy for the translocation [62]. Importantly, the complex
can accommodate the import of proteins up to 39 nm, and AAV particles, with a diameter of
26 nm, are within the dimension limit to traverse the NPC [63].
AAV carries three highly conserved basic regions as putative nuclear localization sequences
(NLSs) on the exposed VP1 N-terminal [64]. Mutational studies of these basic regions
confirmed their importance for nuclear entry, since particles carrying defective NLSs were
found to accumulate on the perinuclear region and transduction was therefore completely
inhibited [65]. In the same study [65] the authors inhibited the nuclear pore complex through
microinjection of the wheat germ agglutinin (WGA) lectin, which binds to the residues of the
NPC and blocks incoming cargo. This subsequently inhibited the nuclear translocation of AAV
particles. Furthermore, the authors also provided evidence of interaction between the VP1 and
VP2 basic domains with importin-b, a major component of the NPC, confirming that rAAV2
nuclear translocation follows the canonical pathway for entering the nucleus [63].
3) Lytic cycle: AAV Replication and packaging
As previously mentioned, AAVs are members of the Dependoparvovirus genus, since their
lytic life cycle “depends” on the presence of a helper virus, such as Adenovirus (Ad) or Herpes
Simplex Virus (HSV) [66]. More recently, Human bocavirus 1 (HBoV1), another member of
the Parvoviridae family, has also been identified as a novel helper for AAV replication, even
though its helper effect was found to be modest in comparison with the well-studied helper
functions of Ad and HSV [67]. Finally, Hösel et al. identified Hepatitis B virus (HBV) as a cell
entry-independent transduction enhancer [68]. In all the cases, helper proteins and/or RNA
products alter the cellular environment and enhance production of AAV proteins by binding to
and releasing repression of AAV promoters [69], leading to expression of replication proteins
or trans-activating AAV proteins [70]. However, AAV replication has also been observed also
in the absence of helper viruses, when challenging the cells with genotoxic agents such as
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topoisomerase inhibitors, UV irradiation or hydroxyurea. The the exact mechanism of AAV
replication in those conditions remains unclear [71].
Once in the nucleus, AAV DNA is replicated by the rolling hairpin mechanism, detailed in Fig.
2-4-B, a process dependent on the AAV Rep78 and Rep68 proteins (Fig. 2-1), together with
the cellular DNA polymerase d and its auxiliary proteins, including the minichromosome
maintenance (MCM) helicases, the replication factor C and the proliferating cell nuclear
antigen (PCNA)[60]. A key feature required for AAV replication and packaging are the
inverted terminal repeats (ITRs), which carry the essential Rep-Binding Element (RBE) and
the Terminal Resolution Site (TRS), and two small palindromes (B and C), followed by an
additional 20-base long sequence (D) that is also found at both ends [60].

When the AAV particles are uncoated in the nucleus, a natural 3’-OH primer is formed thanks
to the hairpin structure of ITRs (Fig. 2-4-B, Step-1). This serves as a substrate for the cellular
DNA polymerase, which performs the second strand synthesis, producing the covalently closed
duplex molecule shown in Fig. 2-4-B, Step-2. Subsequently, Rep78 and Rep68 proteins bind
to the Rep-Binding Element and cleave one strand at the terminal resolution site, thanks to their
endonuclease activity (Fig. 2-4-B, Step-3), thus generating thus a new 3’-OH primer that is
used as a starting point for the synthesis of the other ITR (Fig. 2-4-B, Step-4). Upon cleavage
of the TRS, the Rep proteins remain covalently attached to the 5’ end of the ITR by a tyrosinephosphate linkage and promote the double hairpin structure depicted in Fig. 2-4-B, Step-5.
This produces again a free 3’-OH that as in Step-1, directs strand displacement synthesis using
the cellular complexes, and displacing a single strand (Fig. 2-4-B, Step-6), which is then
packaged into pe-formed capsids [72].
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Fig. 2-4. AAV DNA Replication. (A) Basic features of AAV ITRs. A-A’, B-B’ and C-C’ show complementary

sequences. Even though D lacks its complementary counterpart, it is considered part of the ITR, since it is highly
conserved between AAV serotypes. RBE - Rep-Binding Element; TRS - Terminal Resolution Site. (B) Schematic
of AAV Replication: (1) Extension of AAV genome after initial uncoating; (2) Large Rep proteins bind at the RBE
and nick the hairpin at TRS, which then (3) unwinds; (4) The 3’ end generated by Rep is then extended, leading
to the full AAV genome; (5) The hairpins refold, generating two products that serve as a template for further
replication and packaging. Adapted from [60].

As shown in Fig. 2-2, AAV capsids contain 8.5-A˚-diameter pores at the fivefold symmetry
axis, which are believed to be the entryway for replicated ssDNA into newly assembled empty
capsids. Extensive mutational analysis of this region, which affected viral DNA packaging, has
provided support for this notion [73]. Rep78/68 proteins covalently bound to the newly
synthesized ssDNA (Fig. 2-4-B, Step-5) serve as a packaging signal in order to tag the DNA
to the preassembled particles, where the DNA-helicase activity of the small Rep proteins
(Rep52/40) translocate the viral genomes into the interior through the fivefold pores [74].
4) Latent cycle: episomal persistence and site-specific integration
In the absence of a helper virus, wild-type AAV enters a latent life cycle through mechanisms
that remain poorly understood, which include long-term episomal persistence or preferential
integration into specific sites in the human genome [37].
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When it comes to viral latency, the current model implies viral genome silencing through
binding of AAV Rep proteins to the p5 promoter (Fig. 2-1), but details remained unknown
until a recent publication (March, 2018) by the Henckaerts lab [37]. In this work, the authors
took advantage of the BioID screening approach in order to identify protein-protein interactions
of the AAV Rep isoforms (Rep78, Rep68, Rep52 and Rep40) during the course of a latent
cycle [37]. Interestingly, a common hit for the four proteins was the corepressor KAP1, which
is known to act as an epigenetic transcriptional repressor by recruiting chromatin-modifying
proteins. Through a series of KAP1-depletion and complementation experiments, the authors
were able to prove that this enzyme represses AAV2 through binding on the rep region and
subsequent recruitment of chromatin-modifying enzymes and histone H3 lysine 9, leading to
heterochromatin formation [37]. Importantly, an enhanced lytic replication was observed in
KAP1 depleted cells co-infected with AAV2 and Ad5, but not in cells infected with AAV2
alone, providing further evidence for AAV2 dependency on helper factors. It is possible that
heterochromatinization of the AAV genome permits latent episomes to enhance evasion of the
immune system and thus allows the virus to wait until coinfection with a helper virus occurs
[37]. Productive infection with a helper virus trigger an initial phosphorylation and inactivation
of KAP1, which is then potentiated through Rep52 and Rep78 mediated antagonism of PP1,
which dephosphorylates and actives KAP1 [37].
When studied in vitro, AAV Rep proteins can catalyse a site-specific integration of AAV
genome into the human 19 chromosome, which makes AAV unique among all other known
viruses [75]. The human target locus, or AAVS1, contains both the Rep binding sequence
(RBS) and the terminal resolution sequence (TRS) motifs, suggesting a key role for Rep
proteins in the integration process. This hypothesis was confirmed by studying recombinant
viruses lacking the rep gene [66], which were unable to integrate into AAVS1, and more
importantly, recovered this ability when Rep proteins were provided in trans. The GAGC
repeats present in the AAVS1 RBS are recognized by Rep78/Rep68 proteins, which perform a
strand and site-specific nick at the adjacent TRS, which leaves a free 3’ end from which
replication – and target integration – then occur [76].
Three recent papers have helped to shed light onto the genome-wide principles of AAV sitespecific integration. In the first publication, Janovitz et al. performed a genome-wide
integration profile of AAV in vitro by capturing and sequencing nearly 12 million AAV
genomic junctions from the HeLa human cell line following infection with wtAAV2. Almost
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half of the recovered integrations were found near the AAVS1 site, but several novel
integration hotspots were also identified, mostly in transcriptionally active genes containing
GAGC repeats (Rep binding sites) [77]. This was independently confirmed by Hüser et al.,
who also reported integration of wild-type AAV2 in HeLa cells at numerous genomic loci,
including AAVS1, using single-molecule high-throughput DNA sequencing taking advantage
of the PacBio technology. In this work, the authors complemented the previously established
AAV integration profile with the genomic integration data from human diploid fibroblasts and
established that the observed differences in integration hotspots were due to inherent cell type
specific chromatin accessibility combined with clustering around GAGC repeats [78]. Finally,
Dr Manfred Schmidt’s laboratory at the University of Heidelberg reaffirmed these findings
through a similar analysis, which drew attention to the importance of the juxtaposition of a
terminal resolution site motif with the Rep binding site for a 4-fold increased probability of
wild-type AAV integration, underlining the significance of Rep nicking (on the TRS) for Repmediated integration [79].
It is worth emphasizing that since site-specific integration requires the expression of AAV Rep
proteins, the process does not relate to recombinant AAV vectors used in gene therapy because
they are devoid of Rep-coding DNA.
5) AAV2 related insertional mutagenesis: an ongoing controversy
Importantly, and related to the reported AAV semi-random integration in the human genome
described in the previous section, in 2015 Nault et al. published a controversial article
correlating wtAAV2-mediated insertional mutagenesis with human hepatocellular carcinomas
(HCCs) [80]. The authors reported integration of AAV2 in 11 of the 193 analysed HCCs
samples, with integrations occurring in cancer-driving genes such as TERT, CCNA2, CCNE1,
TNFSF10 and KMT2B. The specific AAV integration led to overexpression of these genes,
which, according to the authors, suggests a causative role of AAV2 in those specific cases [80].
More specifically, the authors had screened for the presence of AAV2 genomes using AAV2
specific PCR or whole exome sequencing in HCC samples and matched non-tumour liver
tissue samples. Interestingly, more AAV2 amplicons were detected in non-tumour liver tissues
than in HCCs, but reads from HCC samples were of clonal nature, since the authors found
independent clusters of sequences (unique chimeric human-AAV2 reads), whereas in the nontumour samples AAV2 insertions were distributed throughout the human genome [80].
Intriguingly, as discussed later, an AAV2 insertion common to tumours contained the A/D
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sequence of the 3’ ITR, which, through a collaborative work between our lab and Prof
Alexander’s group at CMRI, has recently been shown to contain previously unannotated
human hepatocyte-specific enhancer-promoter elements [81].
The controversial nature of the reported data led to strong reaction from the AAV community,
viewable in two opinion articles published in Human Gene Therapy [82] and Molecular
Therapy [83] shortly thereafter, both challenging conclusions presented by Nault et al. In the
first, leading AAV researchers from one European and three U.S. institutions reanalysed the
data reported by Nault et al. and arrived at an alternative conclusion. In their opinion, AAV2
could feasibly have acted as an inhibitor, rather than enhancer, of carcinogenesis. For instance,
they argue that increased expression of TNFSF10 could protect from carcinogenesis since
TNFSF10 has been reported to kill cancer cells [82]. Insertions and activation of CCNA2 gene
caused non-functional CCNA2 transcripts and AAV2 insertion and activation of KMT2B in
the reported HCC samples actually introduced five in-frame stop codons in the 3rd exon of
KMT2B, leading to truncation and expression of an inactive protein product [82]. Furthermore,
the authors highlighted that up to 90% of the human population tests positive for anti-AAV2
antibodies, while HCC prevalence in the U.S. is less than 10 in 100,000. Another main criticism
of the article was the lack of information on possible co-infection by herpesvirus or adenovirus.
The authors concluded that in the majority of cases, AAV2 insertions had no effect on
tumorigenesis or even might have slowed tumour progression, since Nault et al. found more
AAV2 sequences in normal, control liver samples (21%) than in HCC samples (7%) [82].
In the second editorial article, submitted by Büning and Schmidt [83], the authors also
challenged the conclusions of the original work, especially the implications of potential risk
associated with the use of recombinant AAV technology [83]. The authors highlighted that out
of the 11 identified AAV integrations in HCC samples, only six were found in patients with no
other known risk factor associated with HCC development, and of these six, only two carried
AAV as the single detected alteration of the genome [83]. More importantly, the editorial
article also emphasised the fact that ten out of the eleven described transformants include an
AAV2 3’ UTR region, which is absent in most of the ‘gutted’ recombinant AAV vectors used
in gene therapy, thus reducing any feasible threat of integration-related vector toxicity [83]. In
a subsequent letter to the editor, the Nault et al. team reaffirmed their conclusion that AAV2
was the driving cause of the observed HCC events, but acknowledged this was a very rare
occurrence and clarified that the original article had not sought to call the safety of AAV
vectors into question, but to recommend the longitudinal monitoring of patients treated with
recombinant AAV, as is currently carried out for other integrative viral vectors [84].
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As previously mentioned, and related to this ongoing discussion, in a collaborative study we
described the serendipitous discovery of a liver-specific enhancer promoter element in the 3’
UTR of wild-type AAV2 [81]. This region of the AAV2 genome correlates with the AAV2
sequences found by Nault et al. in the HCC samples. Importantly, the 3’ UTR of AAV2
contains putative transcription factor binding sites (TFBSs) for four known human hepatic
transcription factors, HNF6, HNF4-a, GATA6 and HNF1-a, some of them oriented towards
the 5’ and others towards the 3’ ITR. Furthermore, these TFBSs are conserved among related
serotypes, such as AAV3b [81], implying a close connection between this region and the AAV
latent viral cycle in the human liver. Notably, this observation also could establish a connection
between the multifactorial pathogenesis of HCC and the aforementioned dysregulation of
endogenous genes in the proximity of wild-type AAV2 integration, even though our study was
performed in the wild-type AAV context and therefore no such effect would apply to
recombinant AAV vectors lacking this region [81].

2.4 Adeno-Associated Virus as gene therapy vectors
As mentioned earlier, in the last twenty years, recombinant AAVs (rAAVs) have gained
considerable attention as gene delivery vectors, and have been used as delivery vectors to target
large number of human genetic diseases. The fact that ITRs are the only viral elements required
in cis for vector genome packaging and the central viral region containing the cap and rep
genes can be removed to provide space for the therapeutic cassette, makes AAVs particularly
interesting. Importantly, Rep, Cap, and the Ad helper proteins can be provided in trans during
AAV packaging process, which significantly improves safety and thus translational potential
of AAV vectors (Fig. 2-5) [85].

Fig. 2-5. AAV Vectorisation. The viral wt genes (rep and cap) flanked by ITRs are replaced with the therapeutic gene product
in rAAVs.
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High-yield production of rAAV vectors is one of the most critical areas in achieving the full
potential of rAAVs in preclinical and clinical studies. Initially, production methods involved
transient co-transfection of packaging cells with two different plasmids: one carrying wtAAV2
rep and cap sequences, and the other carrying the expression cassette flanked by AAV2 ITRs
[86]. To allow for efficient packaging, producer cells were subsequently infected with wildtype adenovirus 5 to provide the required helper functions. However, this production method
raised significant safety concerns related to the potential contamination of AAV stocks with
wild-type human adenovirus [43].
A significant advancement in the AAV manufacturing process (which also served to improve
AAV clinical safety) was achieved through the development of wtAd5-independent production
system, in which the essential Ad5 factors were encoded on a separate plasmid construct
included during the transfection step [87]. Interestingly, the process of packaging is optimal
with an AAV genome between 4.1 and 4.9 kb, and suboptimal outside this range. However,
the optimal packaging capacity differs between various AAV serotypes [88] and needs to be
empirically validated, especially in the context of novel synthetic AAV variants.
Over the years, additional modifications have been introduced to simplify the packaging
process in order to make it simpler while increasing the overall packaging efficiency. This
includes novel mammalian packaging cells, and the use of baculovirus to deliver AAV
component for packaging in insect cells [33]. Currently, the most common protocol for AAV
production in the preclinical studies relies on transient plasmid transfection into Human
Embryonic Kidney 293T (HEK 293T) cells, followed by vector recovery from culture media
and intracellular compartment. In this process, three different plasmids are often used to
provide the elements requiered for rAAV’s replication and packaging: (i) a transgene
expression cassette flanked by two ITRs; (ii) the AAV packaging construct encoding AAV rep
genes and cap genes of the serotype of interest; (iii) the plasmid encoding Ad5 helper genes,
which complement the necessary E1 gene stably inserted in the genome and expressed by
HEK293T cells (Fig. 2-6). It is important to mention that the ITRs used in virtually all current
recombinant AAV vectors belong exclusively to AAV serotype 2. The AAV helper plasmid
harbours the Rep elements from serotype 2 and allows for the exchange of the Capsid proteins
of different serotypes, a process known as pseudotyping.
Importantly, the correct nomenclature of pseudotyped recombinant vectors is, for example,
AAV2/8, which would indicate a serotype 8 vector carrying a transgene flanked by ITRs from
serotype 2 [89]. All the constructs utilized throughout this thesis are based on ITR-2. Thus, for
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convenience, we simplified the naming to AAV[x], where X indicates the capsid serotype used
for packaging the described transgene, for example, AAV8 instead of AAV2/8 to indicate
vectors packaged in AAV8 capsid.

Fig. 2-6 Production of AAV Vectors. The AAV helper plasmid provides Rep and Cap proteins in trans, the transfer vector
contains the desired cassette flanked by AAV2 ITRs. Finally, the Adenovirus Helper plasmid carries the genes needed for AAV
replication. AAV replication requires expression of the Adenovirus E1 protein which is stably expressed by HEK293 cell line.
Adapted from [33].

Although historically rAAV vectors have been used as a tool for gene addition in various cell
types, with the recent advancements in genome engineering technologies, AAVs are also
becoming a useful tool for gene editing applications. Gene addition exploits the natural ability
of AAV to mediate long-term extrachromosomal expression in non-dividing cells, and thus
AAV is often the vector of choice when targeting post-mitotic tissues or when transient
expression is desired. Upon cell division, AAV episomes are diluted and transgene expression
is quickly lost. Therefore, when the applications require long-term transgene expression from
dividing cells, the use of integrating vectors (such as retroviral or lentiviral vectors) or gene
editing are favoured [27]. Gene editing allows: i) the correction of mutated genes at the
endogenous loci; ii) the insertion of additional copies of the transgene at predetermined loci,
thus avoiding the risk of genotoxicity and uncontrolled transgene silencing.
1. AAV mediated gene addition
Gene addition has been the most common application of AAV vectors to date. The design and
large-scale production of AAV vectors for gene addition applications has been well
established, and requires an expression cassette, which contains the gene of interest and
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requires the regulatory elements (such as a promoter and pA element) cloned in AAV construct
between AAV2 ITRs (Fig. 2-5). Key considerations for specific applications are the choice
between tissue specific and ubiquitous promoters, and the choice of AAV serotype [27]. Two
main restrictions that limit the utilisation of AAV vectors in pre-clinical and clinical studies
are: (i) the relative small packaging size limited to ~4.4kb and (ii) the low transduction
efficiency of target cell/tissues.
Various strategies have been explored to increase AAV packaging capacity in the hope of
delivering payloads larger than 5kb. One such strategy relies on splitting the expression cassette
into multiple constructs packaged into separate vector particles, relying on host-mediated
assembly of those individual components, either by generating overlapping vectors or transsplicing vectors. Although the efficiency of functional transduction (as measured by the
expression of full, reassembled transgene) is lower than when using canonical AAV vectors,
these approaches have allowed investigators to successfully express large transgenes both in
vivo and in vitro [90] [91].
A critical improvement in AAV-based gene addition was developed based on the observation
that small transgenic cassettes (≤2.3 kb) could be packaged in rAAV as dimer ssDNA species
with the ability to form dsDNA vectors through strand complementarity [92]. Shortly after, it
was demonstrated that this self-complementarity could be induced by mutating one of the two
AAV ITRs [93]. More specifically, the terminal resolution site (TRS) from one ITR is deleted,
resulting in the skipping of the terminal resolution at the mutated end. The replication fork then
continues back across the AAV genome and creates the self-complementary genome, which
harbours the mutant ITR in the middle and wt ITR at each end of the AAV genome (two ITRs
in total). These new vectors package both strands of the complete expression cassette and are
referred to as self-complementary AAVs (scAAVs). More than five-fold enhancement of
transduction has been observed using scAAV when compared to canonical single stranded
AAV vectors (ssAAV), especially in cell types where the ssDNA to dsDNA genome
conversion was a main rate-limiting step [94].
2. AAV mediated gene editing
rAAV genomes have been shown to enhance homologous recombination (HR) based gene
editing up to 10,000-fold relative to other DNA substrates, such as plasmids, whose gene
editing efficiency is estimated at around one correct event of HR in a million. First reports by
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David Rusell’s lab at the University of Washington in Seattle, suggested a gene-targeting
frequency greater than 10-3 of the total cell population following AAV transduction at high
multiplicity of infection (MOI) of 3 ´ 105 in HeLa cells, HT-1080 cells, and normal human
fibroblasts [95]. Interestingly, AAV-mediated genome editing was shown to be highly dose
dependent, while plasmid-based editing did not show such correlation [96]. A possible
explanation for this reliance on high vector copy number is the persistence of large numbers of
ssDNA genomes in the nucleus of the cells. If confirmed, this natural characteristic of AAV,
which could be considered rate-limiting for strategies aimed at episomal transgene expression
due to lack of transgene transcription from ssDNA, would become an advantage when using
AAVs for gene-editing. This is based on reports indicating that single stranded AAV genomes
mimic a state of genomic damage and activate cellular DNA-repair mechanisms leading to
enhanced rate of DNA recombination [97].
When using AAV for gene editing, homology arms (homologous to the chromosomal target
site) are packaged into AAV vector, with the chosen alteration located preferably in the centre
of the rAAV genome [98]. Upon reaching the nucleus, they are believed to interact with
homologous regions and undergo recombination through the classical HR Rad51/54 pathway
[98]. It is worth highlighting that should AAV genomes utilise the homologous recombination
pathway, as has been indicated by the Russell lab [99], the editing process would be more
efficient in dividing cells.
Three recent studies have reported encouraging results using rAAV-mediated gene editing. In
the first, a high level of stable gene repair in vivo was achieved by targeting a point-mutation
in a murine model of hereditary tyrosinemia type I [97]. The authors elegantly targeted and
repaired the mutated fumarylacetoacetate hydrolase (Fah) gene by treating mice with AAV2
and AAV8 vectors carrying the wt-Fah gene, with frequencies up to 10-3. In this model,
corrected liver cells had a selective growth advantage and could expand and repopulate the
liver, which compensated for the low initial correction efficiencies [100]. The other studies
reported ex vivo targeting of fibroblasts from an epidermolysis bullosa (EB) patient carrying
mutations in KRT14 and LAMA3 loci. In the first report, the investigators were able to
transduce 0.1 to 0.6% of total cells using AAV6 vector carrying recombination cassette and
were able to achieve 100% correction of the transduced cells [101]. The second report
described, for the first time, a discrepancy between AAV transduction and subsequent AAVmediated homologous recombination. In this work, various AAV variants were tested for both
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transduction and HR frequency in keratinocytes from EB patients. Surprisingly, AAV-DJ was
found to be the most recombinogenic variant, even though its transduction was one log lower
than AAV2 and AAV6 and 2 logs lower than a newly identified variant, AAV-LK19, which
was found to be non-recombinogenic in this cell type [12].
Significantly, double-strand DNA breaks at the target locus have been shown to enhance AAV
mediated homologous recombination 60- to 100-fold, due to the activation of the double-strand
break repair machinery [102]. This property has recently been explored in recent published
work by several groups, reviewed in detail in Chapter 3 Section 1.
3. AAV mediated gene therapy: current limitations
As outlined in previous sections, many characteristics make AAVs an attractive gene delivery
vehicle for human gene therapy. However, a number of limitations continue to hinder the
development of successful AAV-mediated therapies. Firstly, anti-AAV neutralizing antibodies
are present in the majority of the human population, resulting from exposure to wild-type
AAVs. It has been reported that up to 95% of the human population has been exposed to
wtAAV2, most likely during childhood, with 50% of the population shown to possess antiAAV neutralizing antibodies [103]. Importantly, due to a high degree of homology between
AAV capsids (50-99%), anti-AAV2 antibodies can cross-react with other capsid serotypes,
including novel synthetic AAVs [104].
Furthermore, wtAAV isolates exhibit limited tropism towards primary human cells, and
different AAV serotypes have shown notable variability in the transduction efficiency of
human tissues. Today, most of the clinical studies still rely on AAV2 as a delivery vector,
owing to its prototypical status, in spite of reports that other AAV serotypes transduce
numerous tissues with higher efficiency [43].
In addition, some AAV serotypes are able to target multiple tissues, and complications due to
off-target transduction have been reported [105]. For example, AAV8 effectively transduces
the liver, skeletal muscle, heart, and pancreatic cells. Although the off-target events can be
minimized through the utilisation of tissue-specific promoters, they remain a major drawback
[105], particularly when the liver is not the intended target, due to substantial hepatic vector
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sequestration. A challenge worth reiterating is restrictive transgene payload capacity, with the
optimal vector genome size between 4.1 and 4.9 kb [106].

2.5 AAV capsid engineering
Significant efforts have been by multiple groups in order to overcome the limited tropism of
natural AAV serotypes for human tissues, leading to the emergence of a number of AAV capsid
protein engineering strategies (Fig. 2-7). In addition to enhancing efficiency of transduction,
capsid engineering can also be used to improving vector specificity, vector capacity and lower
vector immunogenicity. These studies have led to the development of new recombinant
serotypes with novel properties, such as transduction of cells that are refractory to most of the
wild-type AAV capsids, or increased resistance to the pre-existing anti-AAV immunity.
One of the first attempts at AAV capsid engineering, referred to as AAV capsid chimerism,
utilised the natural homology between capsids of various AAV serotypes. It was shown that
co-expression of capsid proteins from multiple AAV serotypes in the producer cells led to the
assembly of mosaic capsid with novel characteristics [107], composed of individual VP
proteins from different parental AAV variants as depicted in Fig. 2-7-A. However, limitations
related to the reproducibility and controllability of the mosaic AAV assembly limited its
translational potential [107].
This limitation was partially addressed with new approaches based on rational domain
swapping at the DNA level, allowing generation of novel rAAVs containing a mixture of
capsid subunits from different serotypes (Fig. 2-7-B). Because the domain swapping was
performed at the DNA level and allowed to generate stable packaging constructs, this approach
solved the variability issue and is still commonly used in studies aiming at understanding AAV
biology and connections between AAV structure and function. Nevertheless, the functionality
of the domains was often affected by the surrounding amino acid environment, and the
translational potential of this technology was also restricted [108].
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Fig. 2-7. Summary of the six different approaches commonly used for the modification of AAV capsids. (A) The chimeric
approach is based on introducing, during the packaging stage, two plasmids carrying different capsid serotypes, here AAV2
and AAV8 as an example. Thanks to the existing homology between individual serotypes, capsids containing mix of VP proteins
from different serotype are assembled. (B) Mosaic AAV capsids generated by swapping AAV capsid domains at a DNA level.
(C) AAV capsids expressing specific ligands inserted at a determined site, such as random peptide libraries or Design Ankyrin
Repeat Proteins (DARPins) (D) AAV2 capsid libraries generated either by error prone (EP) PCR or site directed mutagenesis.
(E) AAV shuffled capsid libraries generated by DNA shuffling of the parental wtAAV capsid genes. (F) AAV capsid libraries
generated by specifically diversifying highly variable capsid regions identified through analysis of phylogenetic correlations
between wtAAVs. It is important to notice that in C, D, E and F, the production is made using capsid libraries and therefore
different recombinant AAV are generated and further screened for the desired properties.

Other technologies for capsid engineering were developed by identifying permissive peptideinsertion locations in the AAV2 capsid (Fig. 2-7-C). In the first study, a 14-amino-acid
targeting peptide was introduced into six different loops of AAV2 capsid. Mutant capsids were
then successfully packaged, and the introduced peptides were shown to modify AAV2 tropism
[109]. Significant further efforts have been made based on these encouraging results, such as
the incorporation of bispecific antibodies into the capsid structure. This modified the AAV
tropism and allowed for directing AAVs to cells otherwise resistant to natural AAV serotypes,
such as megakaryocytes [110]. In addition, different groups have described the introduction of
random peptide libraries onto AAV capsids, followed by a stringent selection protocol that has
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led to the identification of new highly specific AAV capsids [111]. A remarkable approach was
the work described by Munch et al., wherein designed anarkyrin repeat proteins (DARPins)
were displayed on the viral capsid allowing specific genetic modification of cells expressing
Her2/neu, EpCAM and CD4 with no detectable off-target tropism [112]. Nevertheless, it has
been reported that peptide library functionality is ultimately determined by the serotype capsid
scaffold [113]. As a result, several groups have started to take advantage of other AAV
serotypes rather than AAV2 as scaffolds for peptide display [114].
A revolutionary improvement in capsid engineering was described simultaneously by two
groups in 2006, with the introduction of directed AAV capsid evolution. Maheshri et al. [115]
and Perabo et al. [116] used staggered extension process (StEP) [117] and error-prone PCR
[118] respectively in order to generate AAV2 based libraries, as described in Fig. 2-7-D. The
idea behind these approaches was to generate a library of AAV capsids genes containing
random mutations, each mutation leading to new capsid structure and function. This led to
generation of libraries composed of more than 106 unique capsid variants, which were
submitted to iterative selection on target cells in order to isolate capsids with desired properties,
such as the ability to evade neutralizing antibodies or greater transduction capacity than wildtype AAVs.
In 2008, Mark Kay’s group introduced the concept of DNA family shuffling to the AAV field.
This method relies on the fragmentation of capsid genes from different parental wild-type AAV
serotypes, followed by their random reassembly based on partial homologies (Fig. 5-E) [9].
This generates a library of capsid chimeras that could be used in iterative rounds of selection
on target cells, eliciting new capsids that exhibit novel desired properties. As an example, this
strategy led to the identification of a new AAV serotype (AAV-DJ) when screening one of the
libraries on a human hepatocellular carcinoma (HCC) cell line HuH7. AAV-DJ showed higher
transduction efficiency among all tested AAV serotypes in large number of tested cell lines
[9].
Importantly, while the variability of the generated libraries has been shown to be of vital
importance, the screening/selection process is just as, if not more, important. This principle
was demonstrated by Lisowski et al. [10], who aimed to select for novel AAV variants capable
of high efficiency transduction of primary human hepatocytes. In place of immortalised
hepatocyte-derived cells or primary human hepatocytes in tissue culture, Lisowski et al.
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performed the entire selection procedure on primary human hepatocytes in a murine xenograft
model in the presence of wild-type hAd5. The final selected variant, AAV-LK03, was
significantly more efficient than AAV-DJ at transducing primary human hepatocytes,
illustrating the impact of selection models on the functionality of novel capsids in a clinical
setting. Following this approach, (the selection of shuffled libraries on the murine xenograft
model) Paulk et al. recently described a set of vectors with even higher human hepatotropism
[11]. A detailed review of this paper can be found in Chapter 5, as these novel vectors feature
centrally in this PhD.
The use of directed evolution in the AAV field led to a series of questions, some of which still
remain unanswered. One of those questions is the influence of the shuffled library on the final
variant identified. It is well documented that the success of any directed evolution approach
depends on the quality of the initial library, since one can only select for those variants present
in a determined pool. Three main qualities determining the overall quality of any library are:
diversity, vitality, and fidelity [119]. The first one describes the complexity of the library (i.e.
number of unique variants), which is closely related to its vitality, which describes the number
of variants present in the library that are biologically viable. In other words, the overall quality
of a highly complex library is diminished if high fraction of the variants is unable to package
(i.e. carry stop codons).
The third element, fidelity, refers to a vital characteristic of any selective process, which is the
correct coupling between the genotype (in our case AAV’s ssDNA) and the phenotype (AAV’s
capsid). Since the totality of the evolutionary pressure acts on the capsid, it is of crucial
importance that all the engineered capsids encode their associated genes This requirement is
inherently challenged by the technicalities of the AAV production methods, where a large pool
of capsids encoded in the DNA plasmid library are usually co-transfected into HEK 293T
producing cell. Based on the total randomness of the process, it is easy to imagine that each
cell is transfected with large number of individual plasmid molecules, each potentially carrying
a unique variant of shuffled capsid gene. This could potentially lead to cross-packaging of
genomes that are present in the same cell and/or to the formation of mosaic capsids (which lack
a cognate DNA genome, thus artificially increasing the library diversity) [119].
Two strategies have been described in order to improve the genotype-phenotype linkage. The
first one relied on limiting the concentration of the transfected DNA cap libraries during the
production protocol, with the aim of reducing the DNA-uptake to a few copies per cell and
therefore minimizing the cross-packaging or the formation of mosaic capsids. This comes at
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the cost of decreased yield of packaged library [115]. The second approach, which is somehow
counterintuitive, relies on transfection of high concentrations of the cap libraries. Even though
no exact mechanism was described, this approach was found to be successful in generating and
selecting highly variable capsid libraries, as previously shown in works published by the Kay
Lab [9] [10]. A recent work by Nonnenmacher et al. sheds some light on the issue by describing
a natural linkage between AAV capsid and genome when working with libraries based on the
wild-type AAV genome, with capsids encoded in cis from the replicating genomes [120]. The
authors co-transfected wild-type AAV2 and AAV9 plasmids on the same HEK293T cells and
then separated co-synthesized AAV2 and AAV9 coated virions using A20 antibody-based
immunoprecipitation (which recognises only AAV2). Interestingly, ~90% of A20-bound
capsids encoded AAV2 genomes. This suggested that AAV genomes within the library may
package more efficiently into the capsids they encoded, even when other genomes/capsids are
present in the same producing cell [120]. Importantly, this characteristic was lost when working
with recombinant AAV vectors, when the capsids are provided in trans [120]. This agrees with
previous findings by the Linden lab, where deletions within the cap gene encoded in cis lead
to a significant reduction in vector yield, even when supplying functional copies of the cap
gene in trans, suggesting again the presence of a possible (and still unknown) cis-packaging
signal [121].
More recently, two independent groups have described a novel method for generating new
variant AAV capsid libraries, named “ancestral reconstruction” (Fig. 2-7-F). Briefly, the
strategy is based on generating a phylogenetic tree from the currently available AAV cap DNA
sequences and subsequent generation of a combinatorial library by incorporating degenerate
residues in highly variable regions. Screening of such libraries has already yielded novel
capsids showing improved transduction in some cell types, such as mouse muscle, retina and
nonhuman primate livers when compared to wild-type serotypes [122] [123]. Notably, one of
the identified variants, Anc80L65, which approximates the ancestral sequence of AAV1, 2, 8
and 9, has been shown to be the first AAV to successfully transduce the majority of the inner
hair cells and most of the outer hair cells in a murine model of an adult cochlea. [124].
The ever increasing pace surrounding AAV capsid development has yielded during the course
of this thesis two innovative selection schemes that are worth mentioning.
Deverman et al. described the CREATE (Cre-dependent AAV capsid selection in predefined
target cells), which enables in vivo capsid selection of those serotypes that specifically
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transduce Cre-expressing target cells [125]. The authors achieved this by introducing two lox
sites flanking the polyA present downstream the cap gene in the selection construct. Upon
transduction of Cre-expressing cells, this region is inverted and serves then as a binding site
for the reverse primer that allows specific cap recovery [125]. Following this selection
approach, the authors identified a novel variant, AAV-PHP.B, which efficiently transduced the
majority of astrocytes and neurons across the central nervous system (CNS) with an efficiency
~40-fold greater than AAV9, a serotype known for its high efficiency of transducing CNS
[125].
In the second study, the authors used the accumulating knowledge around structural models of
different serotypes complexed with neutralising monoclonal Abs to perform first structureguided evolution of antigenically distinct AAVs using a semi-rational engineering approach
[126]. Specifically, the mapping of antibody footprints on structural models revealed that,
despite the diversity in amino acid sequences within the variable regions of the different AAVs,
antigenic clusters might be evolutionarily conserved by different AAV serotypes. The authors
identified a subset of capsid surface residues interacting with the neutralising anti-AAV1
antibodies and generated a set of saturation mutagenesis libraries targeting the specific
residues. Following five rounds of selection, the authors were able to identify fully functional
AAV1 variants that were resistant to antibody neutralisation [126].
In summary, the recent clinical successes of AAV vectors have stimulated research into
fundamental AAV biology and capsid development, which mutually benefit each other.
Focused research in this area is likely to positively affect the development of new technologies
in the areas of AAV biology and vectorology. In this work, we describe the exploration and
the generation of novel AAV engineering tools, which will contribute to the further
development and advancement of this relatively young field.
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Chapter 3 :

Gene

Therapy

targeting

haematopoietic stem cells and T-cells
Primary immunodeficiencies (PIDs) are a miscellaneous group of more than 300 rare, inherited
disorders that can affect haematopoiesis at different stages, compromising the development
and functionality of cellular and/or humoral immunity [127] [128]. As a result, PIDs
predispose patients to infections, allergy, autoimmunity, and cancer, and are associated with a
highly decreased life expectancy [14].
For over 40 years, allogeneic hematopoietic stem cell transplantation (HSCT) provided
remarkable clinical efficacy and became the most common treatment for patients affected by
PIDs. However, HSCT from mismatched donors is still associated with high morbidity and
mortality due to severe autoimmune and inflammatory reactions [128].
In the 1990s, gene therapy appeared as a highly attractive alternative for treating this group of
diseases, since (i) PIDs are usually monogenic diseases, thus the delivery of a single gene
should, in theory, be sufficient to reverse disease phenotype; (ii) the target cells (HSCs) are
easily accessible for in vivo and ex vivo modifications; (iii) natural selection for gene corrected
cells has been reported [129]. The first PID gene therapy clinical trial targeted the disease
caused by an autosomal recessive inherited enzymatic defect of the ubiquitously expressed
adenosine deaminase (ADA) in ADA-Severe Combined Immunodeficiency Defect (ADASCID) [130]. This study treated two children suffering from ADA deficiency by autologous
transplantation of T-lymphocytes that had been modified ex vivo with a functional copy of the
ADA cDNA by gamma-retroviral vector-mediated gene transfer. Following studies used
improved gene transfer protocols, slightly altered gamma-retroviral vectors, and CD34+ HSCs
as target cells [128].
Gene therapy has also been highly successful in X-linked SCID (SCID-X1), caused by
mutations in the X-chromosomal encoded common gamma chain, shared by multiple cytokine
receptors (IL2RG gene) and involved in the development and correct functioning of
lymphocytes [128]. Two clinical trials treated a total of 20 SCID-X1 paediatric patients by
transducing HSCs ex vivo with conventional gamma-retroviral vectors [131, 132].
Unfortunately, five patients developed a T-cell acute lymphoblastic leukaemia (T-ALL) 2 to 6
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years after treatment, due to mutagenic retroviral insertions that mediated upregulation of
oncogenes. Four of the five patients remitted under treatment with standard chemotherapy, but
one patient died due to refractory leukaemia [128].
The leukaemia observed in the aforementioned studies revealed the unfortunate fact that while
the scientific and medical community concentrated on improving functionality and efficacy of
gene therapy, less effort was put into improving the safety profile of gene therapy vectors. In
following years, a number of pivotal studies were published evaluating the safety profile of
gene therapy vectors. We also saw significant technological improvements aiming at new
techniques allowing in depth analysis of (retro)viral integration profiles in human cell lines and
primary human HSCs (CD34+) [133-135].
Additional examples of gene therapy applied to PIDs involve Wiskott-Aldrich Syndrome
(WAS) and chronic granulomatous disease (CGD). In WAS, thrombocyte and immune cell
functionalities are affected by a deficiency in a haematopoietic protein (WASp), which is
responsible for linking receptor signalling to organization of the actin cytoskeleton. In CGD,
the immune system is unable to form reactive oxygen compounds, and the phenotype is
characterized by the inability of mature phagocytes to kill ingested microorganisms, resulting
in severe and life-threatening granuloma, abscess formation and hyper-inflammation [136,
137].
Over the last few decades, the field of gene therapy has advanced substantially. Lifethreatening conditions such as SCID-X1 can be efficiently be treated and commercial gene
therapy products have reached the market, with many more in late stages of development by
major pharmacological companies. However, significant efforts are still needed to gain a better
understanding of vector biology, generate safer and more efficient gene therapy vectors, and
make gene therapy a reality for patients with inherited diseases worldwide
The development of gene-editing tools in recent years has led to increased interest in using
AAV vectors to target hematopoietic stem cells and the lymphoid lineage. The non-integrating
AAV vectors are a perfect tool for transient delivery of the endonucleases (such as ZFN or
CRISPR/Cas9) and the homologous repair template to allow for targeted gene editing.
However, there is a significant variability in the public domain regarding the efficiency of
AAV-mediated transduction of human CD34+ cells, as revised in the Supplementary Excel 2.
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Researchers have reported transduction efficiencies ranging from 0.1% to 70%, which could
arise from donor-to-donor differences but could also be related to variability in the
differentiation stages of the cells used in the reported studies [138-140]. AAV serotype 2 was
the first serotype used in studies using CD34+ and, in fact, AAV2 vectors were used in all the
studies published between 1994 and 2006. Interestingly, one of the first reports of successful
AAV-mediated gene addition in primary cells was the work by Walsh et al. in peripheral blood
CD34+ cells from Fanconi anaemia patients [31]. Intense research has been carried out since
then in order to identify novel strategies – involving novel vectors and conditions – to ensure
efficient transduction in CD34+ cells. More recently, several groups independently undertook
a more systematic approach testing multiple AAV serotypes for their efficiency in transducing
HSCs, and they collectively reported AAV6 as the most efficient serotype for transduction of
CD34+ cells [138] [141] [142], leading to a wide use of AAV6 for gene addition and genome
editing applications in those cells.
In one report, the authors achieved a 15 to 20% efficiency of homologous gene targeting of
CCR5 by disrupting the endogenous locus with a megaTAL nuclease and providing the repair
template with AAV-6 [143]. A similar approach was used by Wang et al., who targeted CCR5
and AAVS1 loci of mobilized peripheral blood CD34+ cells with Zinc Finger Nucleases (ZFN)
while delivering repair template with AAV-6, leading to efficiencies of 17% and 26%
respectively [144]. De Ravin et al. also took advantage of ZFN targeting AAVS1, with the
repair template delivered by AAV6, and were able to achieve targeted gene edition in 58% of
human CD34+ cells [145]. As mentioned earlier, the recent excitement around the latest
addition to the genome engineering technologies toolbox -the CRISPR/Cas9 systemrevitalised also the use of AAV vectors, especially AAV6, for genome editing applications in
HSPCs. This led to multiple recent high-impact publications describing the correction of
several genetic diseases by targeting haematopoietic stem cells with the CRISPR/Cas9-AAV6
system, such as: correction of defects caused by mutations in the b-globin gene [146] [147],
repair of >20% of HSPCs derived from patients with immunodeficiency disorder X-linked
chronic granulomatous disease (X-CGD) [148] and, more recently, the AAV6-mediated gene
targeting mediated by an engineered high-fidelity (HiFi) Cas9 at five therapeutically relevant
loci in human CD34+ stem and progenitor cells as well as in primary T-cells [149].
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Furthermore, recent work by the Sadelain lab demonstrated the utility of CRISPR/Cas9 system
combined with AAV6 vector delivery of the repair template to express chimeric antigen
receptor (CAR) in T-cells [150].
As discussed above, AAV vectors gained popularity in applications aiming at gene addition
and gene editing in HSC and T cells. While as discussed above, AAV6 is the most optimal
vector for targeting those cells, the transduction efficiency is highly donor and/or
differentiation stage dependent, making the use of AAV6 suboptimal. Furthermore, AAV6 is
known to suffer from suboptimal packaging efficiency with titres frequently 10-15-fold lower
than AAV8. Recognising the aforementioned limitations of AAV6, our aim in this section is
to develop, through a process of directed evolution, novel vectors with improved tropism for
CD34+ and T-cells.

3.1 Replication Competent Selection in Hematopoietic Stem and Tcells
3.1.1 Introduction
Due to the proliferative potential of the HSCs, integrating vectors such as lentiviral or retroviral
have been the vectors of choice when stable transgene expression was desired. Although many
gene therapy applications rely on constitutive transgene expression, other applications, such as
CRISPR-mediated gene editing, may benefit from transient expression of the components of
gene editing machinery. As summarized above, vectors based on adeno-associated virus
(AAV) show enormous therapeutic potential for applications that could benefit from transient
transgene expression [103, 145]. For this purpose, AAV-6 seems to be the best option available
at the moment, even though its ability to transduce human CD34+ cells appears to be donordependent [138, 141, 142]. Therefore, it is our opinion that there is still a significant need for
novel variants capable of transducing human CD34+ and T-cells with high efficiency and lower
donor-to-donor variability. To this end, the first aim of this project is to identify novel
recombinant AAV variants capable of improved transduction of CD34+ and T-cells, using
selection of replication-competent AAV libraries.
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3.1.2 Initial screening of wild-type serotypes in human CD34+ cells
Before starting AAV selection on CD34+ cells we wanted to identify which of the available
AAV variants was the most efficient at functionally transducing CD34+ cells. While published
work discussed earlier in this chapter suggests that AAV6 is the most functional serotype, we
wanted to confirm this result in our transduction protocol. Furthermore, we also wanted to test
number of other available AAV variants (both natural and engineered), which would serve as
a reference when testing novel variants identified in our library screen.
To do so, we transduced CD34+ cells with 14 different vectors encoding mCherry transgene
under the control of an elongation factor 1-a (EF1α) promoter. Due to the large number of
capsids to be tested, crude vector preparations (Methods 2.1) were used for this initial
screening. CD34+ cells cultured using current protocol optimised in the laboratory of Prof.
Thrasher (Methods 2.2) were transduced at the same multiplicity of infection (MOI = 5,000)
based on qPCR titre. The reporter transgene expression, a measure of functional transduction,
was assessed 48hrs after transduction using fluorescent activated cell sorting (FACS) (Fig. 31-A) and the vector copy number (VCN) per cell was determined by qPCR (Fig. 3-1-B).

Fig. 3-1. AAV mediated transduction of CD34+ cells. A) Percentage of the CD34+ population expressing mCherry reporter.
Cells were transduced with 14 serotypes at the same MOI and expression of mCherry was assessed 48h later by FACS. B) 48
hours after transduction, vector copy number was also assessed by qPCR (normalized to albumin copy number).

While the results confirmed that AAV6 was the most functional vector among the panel tested,
which was in agreement with published reports [138, 141], the transduction efficiency was
lower than anticipated. This could have resulted from the MOI used, which was lower than
MOIs used in similar screening approaches [142] and/or the fact that the vectors encoded
single-stranded genome, which has been shown to lead to lower transgene expression in CD34+
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cells due to a low rate of single to double strand conversion [151].
Based on these results, in all future studies in CD34+ cells we decided to use selfcomplementary vectors.
3.1.3 AAV DNA-family shuffling: Library building
The first step in a directed evolution process usually consists on the generation of highly variant
AAV capsid gene library at the DNA level. Using our established DNA shuffling protocol and
AAV1 to 9 as parental donors (Methods 2.3 – 2.5), we generated two shuffled libraries, Li68
and Li-TRUF-4, as described in detail in Fig. 3-2. Even though the parental serotypes included
as a donors were the same on both libraries, the AAV2 genetic background where the libraries
were cloned, differed. Li-TRUF-4 was based on the first cloning strategy reported by the Kay
Lab [9], where modifications were introduced both on the 5’ and the 3’ sequences surrounding
the AAV capsid region in order to introduce SnaBI and PacI restriction sites that facilitated
library cloning. Further work by the Kay lab shown that reversion of the SnaBI and PacI to the
wild-type SwaI and NsiI, together with the reintroduction of the AAV 3’-UTR, improved
dramatically library replication [11]. We took advantage of this genetic background to clone
Li68. Each library was estimated to contain 2.5 ´ 105 distinct cap genes. We then packaged
both libraries following the protocol described in Methods Section 2.10.

Fig. 3-2. AAV DNA-family shuffling. The first step of DNA Shuffling is a controlled digestion of the parental capsid genes
with DNAse I. Fragments of desired size (200-1000 bp) are subsequently purified following agarose gel electrophoresis.
Purified DNA is used as template in primerless PCR taking advantage of high homology between individual fragments which
allows them to anneal to one another. Secondary PCR, using product of the first PCR as a template, is then performed in the
presence of primers flanking the cap genes, which allows for recovery of the fully length shuffled capsids. The PCR products
are subsequently purified from an agarose gel and cloned into a PCR cloning plasmid - in our case, pGEM-T Easy. Following
pGEM-Library plasmid purification, the shuffled capsids are moved using unique cloning sites upstream/downstream of cap
coding region, into a recipient AAV plasmid containing the rep gene and the ITRs. Viral libraries can be then packaged in
293T cells by co-transfection of the replication competent shuffled capsid libraries with the Adenoviral helper plasmid.
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In preparation for selection in CD34+ cells, we validated functionality of each library by
evaluating their ability to replicate in HuH7 cells, which are known since to be permissive to
AAV transduction [9]. To this end, we infected (of note: these were replication competent
libraries and hence the term “infect” is more appropriate than “transduce”) HuH7 cells with
different volumes of either AAV-Li-68 or AAV-Li-TRUF-4, and twelve hours post AAV
infection we co-infected the cells with predetermined dose of wild-type human Adenovirus 5
(Ad5) (Methods 2.6). 24 hours after infection with Adenovirus we harvested the cell and
determined the expression of AAV Rep proteins by western blot. As expected, we could detect
the four Rep proteins (Rep78, Rep68, Rep52 and Rep40) only in the conditions where both
AAV and Adenovirus were supplied (lines 1-4 and 6-9, Fig.3-3) but not when only the AAV
Library was provided (line 5 and line 10, Fig. 3-3), confirming specific replication of the
libraries, and hence confirming their functionality. The western blot results indicated also that
Li-68 was more functional than Li-TRUF-4 (compare signal intensity in lines 1-4 to
corresponding doses in lines 6-9), since the tires of both libraries were similar and thus the
MOIs used in the HuH7 screen were similar.

Fig. 3-2 Western blot analysis of Rep2 expression from replication libraries Li68 and LiTRUF4. Cells were transduced
with different amounts of the shuffled AAV library Li68 or LiTRUF-4, superinfected with 5µl of Adenovirus 5 and harvested
24 hours after Ad5 infection. Steady state levels of replicase proteins (Rep78, Rep68, Rep52 and Rep40).

3.1.4 AAV Replication in CD34+ cells
Before starting the selection process on CD34+ we wanted to identify which of the available
wtAd serotypes would most efficiently infect target cells in order to support the AAV libraries
replication. To this end we tested three different wild-type Adenoviruses obtained from ATCC
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(Ad5, Ad11 and Ad35) for their ability to infect, replicate in and lyse human CD34+ cells. Ad5
was included on the panel of tested wild-type Adenovirus due to its historical use supporting
AAV library replication [9, 11], even though this serotype has been shown to present low
binding efficiency for haematopoietic cells [232]. It is precisely due to this fact that we decided
to include and test the ability of Ad11 and Ad35 to support AAV replication, since contrary to
Ad5, these serotypes have been reported to present a high affinity for haematopoietic cells
[232].
We sought to determine the optimal amount of Adenoviral helper needed to lysate our target
cells three days after infection, which we estimated would allow AAV enough time to replicate.
We performed a kill curve assay infecting naïve CD34+ cells isolated from mobilized
peripheral blood (Methods 2.11) with different amounts of the three wild type Adenoviruses
and assessed cell viability at 72 hours by FACS using Propidium Iodide (PI) as marker of cell
viability. No cell death was observed in any of the groups when compared to control cells not
infected with Adenovirus, suggesting that if any of those Adenovirus serotypes were able to
infect CD34+ cells, they were not able to replicate and induce apoptosis, which is in agreement
with published data [29].
It is important to note that we only need Adenovirus to support AAV replication. Cell death
three days after infection, while serving as a clear end-point that confirms viral infection, is not
necessary for AAV selection. We therefore decided to evaluate the ability of these same
Adenovirus serotypes for supporting AAV replication in CD34+ cells.
Based on results obtained when testing AAV libraries in HuH7 cells, we infected CD34+ cells with

different volumes of AAV-Li-68, which was shown to be more functional than Li-TRUF-4, in
the presence or absence of the three Adenoviruses: Ad5, Ad11 and Ad35. We followed the
same experimental protocol as described above for HuH7 cells: 24 hours after addition of
Adenovirus, cells were harvested and we sought to determine levels of AAV Rep proteins via
western blot analysis, as a mean to indicate AAV replication. Because kill curve assays
performed on CD34+ cells using the three Ad serotypes did not lead to identification of a
functional dose, we infected CD34+ cells with various doses of each of the adenovirus (20, 10,
5 µl/well) and the AAV library (50, 20, 10 µl/well). Despite the multiple doses used, we were
unable to detect Rep proteins via western blot (data not shown).
In light of this technical difficulty, we decided to use qPCR, which is more sensitive than
western blot detection, to try to detect signs of AAV replication. There exists a wealth of
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historical data in the literature and in our laboratory on using western blot analysis to assess
AAV (library) replication [9] [10]. However, we were unable to find published protocols for
analysis of AAV replication by measuring exclusively the encapsidated ssDNA AAV genomes.
We therefore developed and optimised our own protocol (Methods 2.8), as shown in Fig. 3-4.
In addition to higher sensitivity, we also hypothesised that qPCR was more objective than
western blot, as the strength of the signal on the blot depends on multiple factors, such as the
time of exposure or quality of Ab used. Furthermore, western blot lacks reference material, and
thus even if a signal is quantified, it is difficult to accurately compare results from two different
blots/experiments.

Fig. 3-3. Replication competent library screen. Target HuH7 cells were plated on two 24-well plates (experimental and
control plates). Serial dilutions of the AAV library were added to the media on both plates and infection was allowed to
proceed for 24hrs, following by media removal and wash with PBS to remove any free AAV. Wells in “control”
plate were refilled with fresh media, while wells in the “experimental” plate were refilled with same volume of media
containing predetermined amount of wild-type Adenovirus-5 (Ad5). 72h after infection with Ad5 cells and media were
harvested from both plates and frozen/thawed three times to release packaged AAV particles. Cell debris was discarded via
centrifugation. The media containing packaged AAV was then treated with DNaseI for 1h in order to eliminate any unpackaged
AAV DNA. A matched qPCR was then performed, with primers binding to the common rep gene, using “control” plate not
treated with Ad5 as a negative control, allowing the measurement of library replication on the “experimental” plate.

Following this approach, we infected human CD34+ cells with two dilutions (20 and 2ul) of
AAV-Li-68 and we tested the ability of the previously mentioned Adenovirus serotypes (5, 11
and 35) to support AAV replication. 72 hours post infection, Adenovirus 5 was found to
support AAV replication in CD34+ more efficiently than Ad11 and Ad35, as indicated by
larger net increase in the quantity of AAV genome when compared to corresponding control
groups not infected with Adenovirus (Fig. 3-5).
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Fig. 3-4. Vector genome increase upon library replication. Briefly, either 20 or 2 µl of Li68 were added in two independent
24-well plates as described in detail on Fig. 3-4. 24h post AAV infection, one of the replicate plates was co-infected with either
Adenovirus 5, 11 or 35 to support AAV replication. 72h after Ad co-infection, cells were harvested and log increase in viral
particles in the samples supplied with Adenovirus in comparison with the AAV-only control was calculated. (Black bars, 20
µl of Li68 supplemented with 5 µl of Ad5, Ad11 or Ad35; grey bars, 2 µl of Li68 supplemented with 5 µl of Ad5, Ad11 or
Ad35).

Importantly, and in contrast to Ad11 and Ad35, we observed viral replication also in the lowest
dilution of the library in the presence of Ad5, a critical factor that allowed us to increase
stringency of the overall selection process by minimizing the library MOI and thus number of
individual AAV variants entering each target cell. Due to the fact that the library contains large
number of individual variants, each with different affinity for the target cells, it is virtually
impossible to determine the multiplicity of infection based on viral titre, since the performance
of each individual capsid on the specific cell type is unknown. Therefore, in order to ensure
stringency, it is of vital importance to carry out the selection at the lowest library dose (the
highest dilution) that leads to detectable replication. This allows the minimization of crosspackaging, which occurs when multiple AAV variants replicate in the same cell. Whilst, as
discussed earlier, the process of cross-packaging has been shown to be almost negligible when
working with wild-type AAV serotypes [120], we wanted to minimise the possibility that the
newly assembled particles would form mosaics and/or package genome that did not correspond
to the capsid sequence.
On a separate but related issue, we failed at this stage to support the replication of our libraries
with any of the aforementioned mentioned Adenoviruses when performing similar testing on
pre-activated T-cells (data not shown). This suggests that either T-cells are refractory to
infection with Adenovirus 5, 11 and 35 or that Adenovirus cannot provide helper functions in
T-cells. This issue could be overcome by exploring other helper viruses, such as Herpes
simplex virus, or by changing the requirement for AAV replication during library selection,
approach that we explored in Section 3.2.
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3.1.5 In vitro selective amplification of AAV capsid libraries in human CD34+ cells
Once we confirmed that AAV libraries were able to infect and replicate in CD34+ cells, we
started a pilot iterative selection process of one of the libraries previously prepared in the
laboratory, Li-68, in CD34+ cells purified from a single donor, as outlined in detail in the
Methods Section 2.11 and 2.12. After each round, media from the well containing the lowest
detectable signal confirming AAV replication was used for the subsequent round of selection.
Interestingly, the detected VCN increased at each round of selection suggesting
selection/amplification of more fit serotype(s) (Fig. 3-6).

Fig. 3-5. Vector genome increase in different rounds of selection in human CD34+ cells. At each round of selection, CD34+
cells were infected with two dilutions of the AAV Library (Black/Grey bars). Three days post infection, the increase in AAV
viral particles due to successful replication, when compared to control samples not co-infected with Adenovirus, was
calculated as described in Fig. 3-4. The lowest dilution that led to effective replication was then chosen as a starting sample
for the subsequent round of selection (black arrows).

After round four, we assessed the state of selection by isolating and sequencing n=15 individual
AAV clones present in the selected library. Specifically, we PCR amplified AAV capsid gene
using conditioned media from round four as template. Sequence analysis confirmed that all
isolated clones were different from one another, indicating that the selection process was not
completed. In order to enhance the selection process we decided to increase the stringency of
the selection by increasing the number of CD34+ cells from 5´104 to 2´105 (a move that
effectively lowered the MOI) and the volume of media from 100 µl to 500 µl (and thus
effectively decreasing the concentration of AAV particles in the media). Anticipating that
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fewer AAV particles will enter each targeted cell, we increased the number of days between
Ad5 co-infection and harvest (from 3 to 5) but maintained the volume of conditioned media
containing AAV that was moved from round to round. We performed an extra round of
selection (Round 5) using these new conditions and we evaluated the selection process by
sequencing 16 random AAV isolates. At this stage, we were able to identify four top
candidates, named AAV-SYD01-04, representing the 75%, the 18.75% and the 3.25% and 3%
of the viral population respectively, clearly indicating that the selection process had almost
come to completion.
We then used this optimised protocol to perform selection of the other available library, LiTRUF-4, which led to the identification of six additional serotypes after three rounds of
selection, correlatively named AAV-SYD05 to 09.
As observed in the protein identity matrix (Fig. 3-7), all the newly identified serotypes, except
for SYD02, had high level of homology to AAV6 (>93.1%), which was not unexpected in light
of the high tropism of AAV6 for CD34+ cells, as discussed and shown before (Fig. 3-1).

Fig. 3-6. AAV-SYD to AAV6 Identity Matrix. Percentages show similarity at the protein level and are colour-coded (from
less similarity in white to more similarity in black).

In order to test the ability of the selected serotypes to transduce CD34+ cells we cloned the
newly identified AAV-SYD cap genes into standard packaging construct, encoding the rep
gene from AAV2 (pAAV-Rep2-Cap).
We subsequently used the new packaging constructs, and packaging construct encoding AAV6
capsid, to package a self-complementary AAV cassette encoding eGFP under the control of
CAG promoter (scAAV-CAG-eGFP). All ten vectors (SYD01-09 and AAV6) were tested for
on K562 cells, an immortalised human myelogenous leukaemia cell line, and primary human
CD34+ cells (Fig. 3-8).
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Fig. 3-7. Percentage of GFP positive K562 and CD34+ cells following transduction with AAV-SYD01-09 and AAV6. Cells
were transduced at the stated MOI and analysed for GFP expression 72h post transduction. ANOVA test was performed for
both K562 and CD34+ and significant differences were found between the groups, with a p value < 0.001. A Tukey multiple
comparison of mean was then performed, with a 95% family-wise confidence level. Significant differences were found between
AAV-SYD02 and AAV-SYD07 when compared to AAV6 on K562 cells (****). Non-significant differences between AAV-SYD03
and AAV6 were observed on CD34+ cells, whereas all other AAV-SYD vectors were found to transduce CD34+ cells at
significantly lower efficiencies than AAV6. Mean with Standard Deviation (n=3).

As observed, even though some of the variants transduced both cell types with high efficiency,
none of them transduced target cells with efficiency higher than the AAV6. AAV-SYD09,
which outperformed AAV6 in K562 cells, was less efficient at transducing CD34+ cells than
AAV6, suggesting that transduction of K562 cells does not accurately predict efficiency in
primary CD34+ cells. Studies in CD34+ cells showed that AAV-SYD03 was the most efficient
of the new isolates at transducing CD34+ cells and was able to transduce those cells with the
same efficiency as AAV6. However, further studies into a range of MOIs in CD34+ cells from
multiple donors are needed to fully evaluate fitness of this new variant.
Interestingly, transduction efficiency of three of the isolates (SYD02, SYD04 and SYD07) was
significantly lower than all the other isolated variants, which was surprising given the fact that
those serotypes were able to advance from the initial library to the last round of selection.
Similar observations have been reported before, where the top selected variants were
outperformed by other variants after vectorisation [10]. This has often been linked with the fact
that when working with replication competent libraries, one is actually selecting for the most
fit virus and not for the most functional vector. Therefore, properties other than those that
would apply to vectors and viruses, such as cell entry (physical transduction), could influence
the selection process. Specifically, efficiency of replication, packaging, and/or cell escape,
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which are unique to wild-type viruses, and which are also properties we do not control during
AAV selection process, could lead to selection of “false positive” candidates.
It is important to mention that the selection process was designed to help identify the most
functional variant within the library, and was not setup as a competition with AAV6. Thus,
presumably, the process led to the identification of the most functional candidates within the
library, which does not directly guarantee that the selected candidates would be more efficient
at transducing CD34+ cells than AAV6. This suggests that either the library used did not
contain variant(s) better than AAV6 and/or that the selection process was not able to identify
the optimal candidate from the large number of variants present at the onset of the selection
process. Thus new and better library(ies) or novel selection processes will be needed in order
to increase the chances of selecting variants that will outperform AAV6 in transducing CD34+
cells. The studies described above allowed us to identify three main limitations of the
replication competent library platform, namely: i) the lack of control over key steps that
influence the final outcomes, including the specific cell type within the population in which
the selection takes place; ii) the difficulty in identifying helper virus to support library
replication; iii) the selection itself, which is designed to identify the most functional virus and
not the most functional vector.
In an attempt to overcome the aforementioned limitations of the replication competent library
platform, we designed, developed and tested a new directed evolution platform referred to as
Functional Transduction (FT). In contrast to replication competent library platforms, such as
the one used in studies discussed above, FT platform allows for selection to be driven by the
ability of individual variants within the library to functionally transduce target cells (i.e. AAV
mediated transduction and transgene expression). In addition, FT platform does not require coinfection with a helper virus, and can be combined with cell-type specific antibodies to restrict
selection to a specific subset of cells when selection is performed in a mixed cell population.
We then utilized this new selection method to perform AAV library selection on T-cells,
CD34+ cells and human primary hepatocytes (discussed in Chapter 5).
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3.2 Functional Transduction selection
3.2.1 Introduction
Replication-competent libraries provide the engineered viral genomes with the opportunity to
naturally increase their frequency upon replication in targeted cells in the presence of helper
virus. As explained in detail in the previous section, human-specific Adenovirus has been
commonly utilised as a helper virus in order to selectively amplify AAV vectors that have
successfully reached the nucleus of target cells, with various examples in vitro [9] [152] and in
vivo [11]. In addition to selecting for a functional virus able to complete the intracellular
journey into the nucleus, this approach reduces the time in-between selection rounds, owning
to the fact that fully packaged AAV particles are released from the cells into the media at the
end of each round and can be directly used for subsequent selection. However, despite those
highly desirable characteristics, replication-competent AAV libraries have two major
drawbacks, which affect the fitness of selected variants: i) they require co-infection with an
Adenovirus, which restricts selection to cells that can be infected with an Adenovirus and does
not allow for selection in selected cells in a complex tissue; ii) as mentioned before the
platform inherently selects for the best virus, rather than for the best vector, and the attributes
constituting success for natural viral infections are distinct from those required for vectorology
applications, since viruses did not evolve for the latter.
PCR-recovery of AAV cap genes following selection round is the other widely used
methodology for recovering AAVs that were successful at transducing target cells or tissues
during the directed evolution selection. This strategy has also been used successfully for
isolating enhanced AAV variants in a number of in vitro and in vivo selection studies [153]
[154], and it is particularly well-suited for selection procedures where the cell type of interest
is either not accessible or permissive to adenovirus infection. However, since this method relies
on the purification of total DNA from the target cell, there is an inherent risk of amplifying
AAV genomes that have transduced the cells (physical transduction) but have not completed
the journey into the nucleus and thus were unable to functionally transduce the cells.
It is for that reason that we developed a new method for AAV directed evolution, where the
selection pressure is based on functional transduction (i.e. AAV mediated transduction and
transgene expression). Based on this property, we refer to this new selection platform as
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Functional Transduction (FT) platform. As proof of concept and to optimise and validate this
new platform, we performed a competition experiment between AAV2 and AAV-DJ (section
3.2.3) and selections in T-cells and CD34+ cells (section 3.2.4). Finally, we also present FTselection of AAV vectors for human hepatocytes (Chapter 5).
3.2.2 Functional transduction platform design
The only essential AAV elements required for any directed evolution process are the cis acting
ITRs and the cap library that undergoes the selection process. For reasons discussed above, we
decided to remove AAV’s ability to self-replicate in the presence of a helper virus by removing
the rep gene and substituting it with a marker of functional transduction: a promoter driving
the expression of eGFP followed by a polyA. We generated three versions of the platform with
various promoters to allow optimal eGFP expression in various cell types (Fig. 3-9-B).
Conceptually, a round of selection of this method would consist of packaging the capsid library
with the rep gene provided in trans, transduction of the target cells at range of MOIs, sorting
the GFP+ 72h post-transduction, recovery of the capsid library via PCR and re-cloning of the
library into the FT backbone in order to perform the subsequent round of selection. Details on
FT selection scheme are described on Methods Section 2.13.

Fig. 3-8. Comparison of AAV directed evolution screening platforms. (A) Replication competent platform. The capsid library
is cloned downstream of rep ORF in place of the cap ORF. (B) Functional transduction platform. The cap library is cloned
downstream of AAV p40 promoter. The rep ORF is substituted by a functional transduction marker consisting of a promoter
(LSP/EFS/SFFV) driving eGFP and stabilized by a SV40 polyA.

- 89 -

In order to test the packaging efficiency of the FT construct, we first cloned in cap sequence
of AAV-DJ as a proxy of a complex capsid library and tested its packaging efficiency by
providing the rep gene on a separated plasmid in trans. Therefore, we co-transfected HEK293T
cells with our FT platform encoding the ITRs and AAV-DJ cap (ITR-LSP-GFP-DJ-ITR), the
rep plasmid (pRep2-PolyA) and the plasmid providing the Adenovirus helper functions (pAd5)
(See Methods Section 2.1 for details). Importantly, we observed no difference in titre when
compared to the canonical recombinant AAV production (Fig. 3-10). Encouraged by these
results we initiated the proofs of concept (Section 3.2.3) and the functional selection on CD34+
and T-cells (Section 3.2.4).

Fig. 3-9. Titre comparison between recombinant AAV and functional transduction platform encoding AAV-DJ capsid. No
significant difference (unpaired t-test, p > 0.05, n.s) was observed between the packaging capacity of the canonical AAV-DJ
rep/cap helper when compared to the yield obtained with the Functional Transduction platform encoding AAV-DJ as a
surrogate for the capsid libraries, (n=5, mean ± SD).

3.2.3 Effect of library platform on selection
The principal objective in any directed evolution selection is to identify the most functional
candidates in a given library within the fewest number of rounds of selection. As mentioned in
the introduction, AAV-DJ is the first described synthetic serotype identified through a process
of iterative selection of an AAV library build via DNA-family shuffling. AAV-DJ is very
efficient at functionally transducing HuH7 cells, as well as many other cell lines [9]. As shown
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in Fig. 3-11, even though AAV2 transduces HuH7 efficiently at high MOIs, AAV-DJ clearly
outperforms AAV2 at lower titres. Thus we decided to take advantage of these two AAV
variants to test the ability of our FT platform by performing FT-based selection between AAV2
and AAV-DJ, knowing that if our hypothesis was correct and FT was capable of selecting the
most functional variant, it would lead to selection of AAV-DJ over AAV2.

Fig. 3-10. Functional comparison between recombinant AAV2 and AAV-DJ. HuH7 cells were transduced at the same MOIs
(5,000, black bars; 500, grey bars) with vectors encoding eGFP reporter under the control of a liver specific promoter (LSP).
FACS analysis of eGFP expression was performed 72h after transduction, n = 4 ± SD. Statistically significant differences
(****, p < 0.001) were observed (paired t-test) for both tested MOIs.

In order to study the impact of the library platform on the kinetics of selection, we cloned the
cap genes from wild-type AAV2 and AAV-DJ into our two selection platforms, the canonical
platform based on replication competent virions (RC-AAV2 and RC-DJ) and the novel
functional transduction platform (FT-AAV2 and FT-DJ). We then packaged the four constructs
independently and mixed the AAV2/DJ pairs (RC and FT) equimolarly based on qPCR titre
data (Fig. 3-12). Once we generated the two ‘mini’ libraries (RC-Li-AAV2/DJ, FT-LiAAV2/DJ), we performed selections of each “mini” library on HuH7 cells, as described in
detail in Methods Section 2.14/2.21 and outlined in Fig. 3-12. The aim of this study was to
determine which selection platform would allow for faster (within fewer rounds) selection of
AAV-DJ.
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Fig. 3-11. Comparison of selection kinetics between AAV library selection platforms. Two libraries encoding only AAV2
and AAV-DJ were selected on HuH7 cells following the Replication Competent (RC) and the Functional Transduction (FT)
protocols (Material and Methods Section 2.21 and 2.14). Vectors were individually packaged and mixed at 1:1 ratio prior to
the selection process. Library composition was analysed after each round of selection using NGS and normalized to the
composition of the input library.

We first optimised the functional transduction selection by transducing HuH7 cells with
different MOIs of FT-Li-AAV2/DJ. The fact that this system encodes for a transduction marker
provides us with a convenient way to test various doses of the library and choose the one that
gives us an optimal balance between stringency and practicability, or in other words, low but
sufficient percentage of GFP to allow for sorting a sufficient number of cells to perform PCR
capsid recovery. We found that for the tested mini-library, MOI of 50 for the FT-Li-AAV2/DJ
gave us 2.6% of GFP positive cells 72h after transduction. In order to be able to compare the
platforms, we then infected HuH7 cells at the same MOI with the replication competent RCLi-AAV2/DJ library and allowed the virus to replicate by providing Adenovirus 5.
In order to facilitate tracking of the selection process, we chose a capsid region that was unique
to each of the capsids but was flanked by homologous sequences, which allowed PCR
amplification using a single pair of oligonucleotides. This 206bp region served as a barcode
and enabled tracking the selection process using high-throughput next generation sequencing
(NGS) (Fig. 3-12). Specifically, we PCR amplified this region from each library mix before
selection (initial mix) and after the first round of selection and studied their composition after
Illumina NGS, using the differences in DNA sequences to identify reads originating from
AAV2 and AAV-DJ.
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Fig. 3-12. DNA alignment of AAV2 and AAV-DJ. Primers were designed to bind homologous regions between AAV2 and
AAV-DJ cap but flanking a divergent region, used as a barcode for Illumina sequencing (NGS).

As shown in Fig. 3-14, after just one round of selection, the population shifted towards AAVDJ in the Functional Transduction library (AAV2: 44.73 – AAV-DJ: 55.27) and remained
stable and even shifted a little towards AAV2 (53.67 - 46.33) in the Replication Competent
library. We then proceeded with a subsequent round of selection for both libraries, which is
still being sequenced and will be included in this report if received before submission.

Fig. 3-13. Population shift upon selection of Functional Transduction and Replication Competent libraries on HuH7 cells.
After one round of selection, next generation sequencing (NGS) analysis revealed that the replication competent population
(RC) shifted towards AAV2, whereas the population of the Functional Transduction selection (FT) shifted towards AAV-DJ.

The preliminary data presented above and obtained after just one round of library selection
supports our hypothesis that when the selective pressure is based on the ability to functionally
transduce target cells, as expected based on their transduction profiles (Fig. 3-11), AAV-DJ
outperforms AAV2. While this experiment is still ongoing, and it is too early to reach the final
conclusions, it is possible that AAV2 could replicate more efficiently than AAV-DJ in HuH7
cells in the context of replication competent selection platform. Specifically, replication
competent platform contains ITRs and Rep from AAV2, and thus RC-AAV2 construct contains
the same elements as wtAAV2 (ITR2-Rep2-Cap2-ITR2) while DJ capsid is a synthetic capsid
and could be not fully compatible with ITR2 and Rep2 elements. This fact could bias the
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replication competent selection towards AAV2. If such bias is confirmed, it would indicate that
properties other than functional transduction, such as replication, packaging efficiency or cell
escape, are contributing to the selection pressure. In fact, and as discussed in detail in Chapter
5 – Section 2, AAV-DJ was selected in the presence of human intravenous immunoglobulins
(IVIGs), providing an extra selective pressure that could bias the process not only towards a
vector able to escape neutralization by human antibodies (which was the main purpose of
utilising IVIGs) but could also unintentionally bias the selection towards variants with the
fastest transduction kinetics [9].
3.2.4 Functional transduction selection on CD34+ and T-cells
Simultaneously to the proofs of concept studies described in the previous section, we also
performed two rounds of selection, using our functional transduction platform, on human
hematopoietic stem cells (CD34+) and on human T-cells. We generated a new AAV shuffled
library following the protocol later described on Fig. 4-1 and in Materials and Methods Section
2.18/2.19, but in this case including the majority of the wild-type AAV serotypes (AAV1-12),
and performing the last cloning step into our Functional Transduction platform, harbouring the
Spleen Focus Forming Virus (SFFV) promoter (FT-SFFV-Lib-1/12).
The main aim of this study was to validate our novel selection strategy on primary cells and to
select for novel variants with improved transduction potential for CD34+ and T-cells when
compared to AAV6. Importantly, and as mentioned in the previous section, we had previously
attempted to perform a selection of a replication-competent library on T-cells but were unable
to identify a suitable adenoviral helper that would infect T-cell and support AAV replication.
Because our novel selection platform does not rely on the helper functions of an adenovirus,
this gave us the opportunity to perform library selection process on human T-cells.
To perform selection on human CD34+ cells, we transduced human CD34+ cells isolated from
mobilized peripheral blood with different volumes (effectively different MOIs) of the shuffled
library, FT-SFFV-Lib-1/12, in order to determine the right amount of the library that would
translate into low but sufficient percentage of GFP+ cells, allowing fluorescent activating cell
sorting (FACS) and posterior DNA recovery. For that, we transduced 2 million CD34+ cells
5

and found 1 ´ 10 vector genomes per cell to be a good starting point for the library selection,
since this was the lowest dose of the library that resulted in detectable GFP signal (Fig. 3-15).
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Fig. 3-14. FACS profile of CD34+ cells transduced with Functional Transduction SFFV Library 1/12, Round 1. CD34+
cells were transduced with FT-SFFV-Lib1/12 encoding GFP under SFFV promoter and were FACS sorted based on GFP
signal 72h after transduction. FACS profile and gates used to sort the GFP population are shown. GFP positive sorted cells
are shown as blue dots.

Following sorting of the GFP+ population, we recovered the total DNA as described in detail
in Materials and Methods Section 2.14. We then recovered the cap region using PCR and
cloned it back into the FT-SFFV backbone in order to proceed with the second round of
selection. In parallel, we also obtained sequences of twenty individual clones and analysed
their amino acid composition in comparison to AAV6. Interestingly, as shown in Fig. 3-16, 18
of the 20 analysed clones harboured the region implicated in the attachment of AAV6 to
cellular receptors, which is mediated by AAV6’s Arg576, Lys493, Lys459 and Lys531 [155].
This preliminary data suggested a vital role of these amino acids in the ability of selected clones
to transduce CD34+ cells and confirmed that, as expected, the library screening process was
selecting for AAV6-like characteristics.
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Fig. 3-15. Protein sequence alignment of vectors isolated after the first round of selection of FT-SFFV-Lib-1/12. The four
vertical green lines represent the four amino acids believed to be responsible for AAV6 attachment, in order from left: K459,
K493, K531, R576. Black regions represent homology to AAV6 and white lines represent nucleotide variations.

Pooled capsids from the first round of selection were then used to generate and package a
secondary functional transduction library. Surprisingly, when the cells were transduced at
MOIs of 1 ´ 105 and 1 ´ 104 vector genomes / cell, we observed significant cell death within
24h after transduction. Importantly, and as discussed in greater detail in the discussion section,
AAV toxicity has been reported when transducing other types of stem cells [156] and was
associated with ITR activation of the p53-dependent response. We concluded that our
preselected library was already very efficient at transducing CD34+ cells and thus the MOIs
used were too high and led to toxicity. Based on this assumption, we decided to reduce the
library dose to 1 ´ 103 vgs/cell and in this case, even though the cell viability was still reduced
to 55%, we were able to sort the GFP+ population and proceed with the capsid recovery.
Importantly, this effective MOI was 100 times lower than the one required during the previous
round to obtain a similar percentage of GFP+, suggesting an enrichment of the library in vectors
with higher fitness for CD34+ cells.
Following the second round of selection and recovery of capsid sequences by PCR we
sequenced 40 random AAV clones. Sequence analysis confirmed that all the sequenced clones
but one (AAV-CD20) harboured the previously mentioned four amino acids associated with
AAV6 cellular attachment. We did not observe any further selection in the more variable 5’
cap region (Fig. 3-16) and postulated a neutral role for that region. Based on this assumption,
we vectorised the seven top-candidates. We decided to include the AAV-CD20 variant in the
clones selected for functional testing, as it could serve as a negative control in order to further
validate our hypothesis of the importance of the mentioned four AAV6 amino acids for HSC
transduction. Alternatively, it was also possible that this clone could have been able to
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transduce CD34+ based on interactions with a new receptor, which would have been of
significant scientific interest. We used the selected cap variants to generate AAV packaging
constructs and used them to package an scAAV cassette expressing eGFP under the control of
CAG promoter (pAAV-scCAG-eGFP). All vectors were tittered and used to test their
transduction efficiency on CD34+ cells using AAV6 as a reference / control (shown in the next
section together with results from library screen on T-cell).
Simultaneously, we also performed library selection on a mixed population of primary human
pre-activated T-cells isolated from peripheral blood mononuclear cells (PBMCs) (See Methods
2.14 for detailed protocol). The overall selection process was identical to the one described for
CD34+ cells. Importantly, during the FACS sorting step we separated total T-cells into CD4+
and CD8+ populations using antiCD4 and antiCD8 antibodies, illustrating another powerful
feature of FT platform – the ability to simultaneously perform independent selections in
multiple cell types present in the target tissue (Fig. 3-17). Even though in this case the capsids
that we isolated from each population did not present any striking difference, this method will
be useful specially when working with heterogeneous populations, as discussed in detail later.

Fig. 3-16. FACS of CD4-PE and CD8-PerCP populations untransduced (A) and transduced with FT-SFFV-Li-1/12 (B).
As expected, none of the untransduced T-cells expressed GFP (A), whereas cells transduced with FT_SFFV-Li1/12 expressed
GFP in both CD4+ and CD8+ T-cell populations (B).

After two rounds selection on of T-cell selection, we sequenced 28 variants (14 from each
CD4/8 population) and detailed sequence analysis confirmed that, similarly to what was
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observed for clones identified during selection on CD34+ cells, all clones harboured the four
key amino acids implicated in AAV6 cellular attachment [155].
In order to perform a more detailed analysis of the variants selected on CD34+ and T-cells, we
took advantage of ReX, a computational tool published in 2016, which reveals the patterns of
recombination of the shuffled clones [2]. Briefly, the software aligns the input shuffled
sequence with the parental serotypes and depicts the most likely parental donor for each
specific nucleotide. As illustrated using clones AAV-TC02 and AAV-TC26 as examples (Fig.
3-18), but consistent for all the studied clones, we observed the highest pressure for CD34+
and T-cell transduction on the middle to the 3’ region of the capsid sequence, where only two
parental serotypes contributed to the shuffling, AAV1 and AAV6. More variation was observed
on the 5’ region of the selected clones, suggesting less selective pressure at this zone.
Importantly, AAV1 and AAV6 differ only in six amino acids, and thus are highly similar at
the DNA level. Therefore, a high level of shuffling between those serotypes is expected as
discussed in more detail on Chapter 4. Interestingly, only one of those amino acid changes
(AAV1 – E531K AAV6) correlates with one of the four essential amino acids that provide
AAV6 the capacity to bind heparin sulfate proteoglycan in addition to the common binding
ability that AAV1 and AAV6 share for sialic acid [157]. Even though, as shown in Fig. 3-18,
the 3’ end consists of AAV1/AAV6 shuffled regions, all the isolated variants harboured
AAV6’s K531, suggesting a key role of this amino acid for CD34+ and T-cell transduction,
since AAV6 (with only 6 amino acid differences) is significantly more efficient than AAV1 at
transducing these cell types.

Fig. 3-17. Sequence composition of AAV-TC02 and AAV-TC26. Crossover mapping analysis of two of the AAV capsids
identified upon AAV library selection on T-cells. The solid black line for each variant represents the most likely parental
serotype contributing to the given region [2].
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Two quantitative measures have been described when analysing shuffled variants. Levenshtein
Distance and the Effective Mutation allow us to gain insight into the similarity between the
synthetic variant selected and parental serotypes used to generate the library. Levenshtein
distance measures the number of differences (in this case nucleotides) between shuffled
variants and parental serotypes (Table 3-1). The shortest Levenshtein distance is known as the
Effective Mutation, and it reflects the minimum point mutations required to revert a mutant to
its closest parent. As observed, AAV6 was the closest variant to the majority of the selected
clones, indicating that the selection process favoured AAV6-like features, which is not
surprising given the high efficiency of AAV6 to functionally transduce CD34+ and T cells.
Table 3-1. Measurement of Levenshtein Distance and Effective mutation on the novel CD/T AAV variants. Levenshtein
Distances are displayed for each novel shuffled capsid in respect to parental variants used to generate the library, and the
Effective mutation is underlined.

3.2.5 Transduction assessment in CD34+ and T-cells
Due to the similarity between vectors isolated from CD34+ cells and T-cells, we decided to
test all clones on both cell types. To do so, we packaged the same transgene (scAAV-CAGeGFP) into the isolated variants and AAV6 (as a positive control) and tested their performance
on CD34+ (at UCL) and T-cells (at UCL and at CMRI). Unfortunately, the MOIs used in this
case – despite being 20 times lower than in the first test (Fig. 3-8) – were too high and lead to
signal saturation, making it difficult to correctly compare the tested vectors (Fig. 3-19-A).
Despite the technical limitations of the mentioned study and the need to repeat comparison
using lower MOIs, which is currently undergoing, some of the vectors achieved levels of
transduction equivalent to AAV6 (CD12/15/16, T24/26/33/36). To maximise the information
learned from this study, we decided to compare the mean fluorescent intensity (MFI) of the
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GFP signal for the top performers. Unfortunately, as shown in Fig. 3-19-B, the MFI of all the
newly isolated AAV variants were lower than that observed for AAV6, suggesting that none
of the isolated variants were more efficient at functionally transducing CD34+ than the parental
AAV6. Nonetheless, variants CD15, CD16 and T26 were still very efficient at transducing
CD34+ cells and thus confirmed that the FT was able to select for highly functional candidates.

Fig. 3-18. Functional comparison between AAV variants selected on CD34+ cells. (A) Percentage of CD34+ cells
functionally transduced (GFP+) with each of the individual variants at MOIs indicated. Dashed line set at the levels of
transduction of AAV6 for comparison. Since n = 1, no inferential statistics are presented. Variants descriptively similar to
AAV6 (CD12, CD15, CD16, T24, T26, T33, T36) were also analysed based on mean fluorescent intensities (MFI) (panel B)
and were shown to be less efficient at functional transduction of CD34+ cell than AAV6.

Interestingly, and as observed during the course of selection of the FT-SFFV library, we
observed significant CD34+ cell death upon transduction with some AAV serotypes. In fact,
this cell death appears to be correlated to the transduction levels, as shown in Fig. 3-20.
Importantly, the fact that no cell death was observed with the vectors that did not transduce the
cells (when compared to the negative control sample) strongly suggests that the toxicity was
not caused by contaminants present in the vector preparations, which for this experiment were
purified upon iodixanol gradient (Methods Section 2.15).
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Fig. 3-19. Correlation between CD34+ cell death and AAV transduction. Percentage of viable cells plotted against mean
fluorescent intensity (MFI). Dot size represents percentage of GFP transduction as per legend. MOI = 1´104. As observed,
there is a negative correlation between viability and mean fluorescent intensity, suggesting that vectors that transduce CD34+
cells more efficiently, are more prone to activate apoptotic cellular mechanisms. Importantly, untransduced CD34+ cells
(Untrans), clustered with vectors that performed poorly (CD23, CD20, T16), confirming that loss in viability is related to
vector transduction.

We subsequently tested the newly isolated vectors on four different donors of pre-activated Tcells at two different MOIs, 1 ´ 105 and 1 ´ 104 vgs / cell. As shown in Fig. 3-21, the
transduction performance vectors indicated with **NS were not significantly different that the
one obtained with AAV6.
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Fig. 3-20. Functional comparison between AAV variants selected on pre-activated T-cells. Cells were transduced with
indicated AAV variants, and AAV6, at MOIs indicated: 1´105 (A) and 1´104 (B). Statistically significant differences between
groups were observed upon analysis of variance (ANOVA). CD15, CD16, T01, T03, T04 and T33 were found to transduce Tcells with efficiency similar to AAV6 at both MOIs, when tested using the Tukey’s range test. n = 4 independent T-cell donors,
black line represents mean ± SD

One of the key features of any vector, besides the ability to transduce a determined cell type,
is its packaging yield in terms of viral titre, a key characteristic that enables vector
manufacturing and thus translational development. Given the fact that none of the selected
vectors were significantly better than AAV6, we decided to study their packaging efficiency.
This is especially important given that AAV6 is known to give lower vector yields (Chapter 4,
Fig. 4-12). To do so, we performed independent crude productions of 5 dishes for each vector
(Methods Section 2.1), tittered each novel vector and analysed the total vector genomes yield
(final volume = 1 mL). Interestingly, most of the vectors, with the exception of AAV T08,
showed yields similar to AAV6 (Fig. 3-22), potentially indicating that capsid featured related
to CD34+ and T-cell transduction may also be directly influencing efficiency of vector
packaging.
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Fig. 3-21. Vector yield comparison between variants selected on CD34+ and T-cell. Cells were transfected with three
plasmids as per standard packaging protocol and crude vector titers were determined at harvest, 72hrs post transfection.
Statistically significant differences between groups were observed upon analysis of variance (ANOVA). Ten of the novel
variants selected showed similar vector yield to AAV6 (n.s.), while nine novel variants showed significantly lower yield, when
tested with a Tukey multiple comparison of means (95% family-wise confidence level.) N = 5 per vector. For each vector, the
black bar represents mean ± SD.

As mentioned before, even though AAV1 differs from AAV6 in only six amino acids (Table
3-2), its packaging capacity is usually one log higher than AAV6 (~1012 vg/mL order), but at
the same time its fitness in CD34+ ant T-cells is significantly reduced.
The fact that both AAV1 and AAV6 were part of the parental serotypes used for the library
construction provides us with a perfect reverse-genetic tool for studying AAV biology, since
those amino acids that are essential for CD34+ selection should be enriched in our selected
clones. In fact, when analysing the amino acid composition of the selected variants that
achieved >50% of the functional transduction observed for AAV6 on CD34/T-cell cells, we
observed an essential requirement for K531, which as mentioned before is one of the four
essential amino acids that provides heparin binding capacity to AAV6 (Table 3-2) [157].
Therefore, we hypothesise that an essential step for AAV mediated CD34+/T-cell transduction
could be related to cell binding, either to heparan sulfate or to another currently unidentified
glycan, mediated by K531. Importantly, AAV6’s K531 is unique among all the other identified
serotypes, and it introduces a positively charged residue where the rest of canonical AAVs
harbour a negatively charged glutamate (547-HKDDEEK-533).
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Table 3-2. Amino acid differences between AAV1 and AAV6. Percentage (%) of selected CD/T AAV variants that carried
either AAV1 or AAV6 amino acids at each specific position are displayed. All the clones that transduced efficiently CD34+
cells carried K531.
129

418

531

584

598

642

AAV1
Clones (%)

L
69.57

E
13.04

E
0.00

F
26.09

A
21.74

N
17.39

AAV6
Clones (%)

F
30.43

D
86.96

K
100.00

L
73.91

V
78.26

H
82.61

Due to the replication defective nature of this selection platform, the major pressure during the
selection process is based on the transduction rather than on the vector ability to package. The
fact that all the isolated variants had similar vector yields to AAV6, lead us to hypothesize that
the key amino acids allowing AAV mediated CD34+ transduction could be, at the same time,
hampering the packaging capacity of these vectors.
In order to test this hypothesis, we generated an AAV6 mutant harbouring the glutamate acid
from AAV1 at position 531 (AAV6_K531E) and we compared its packaging capacity to that
of wild-type AAV1 and wild-type AAV6. Data shown in Fig. 3-23 indicates that introduction
of the AAV1’s equivalent amino acid into AAV6 resulted in 10-fold increase of vector yield.
However, this outcome was not observed on AAV3b, suggesting that this effect could be
dependent on shared AAV1/6 three-dimensional features.

Fig. 3-22. rAAV yield comparison between K531E variants. Cells were transfected as per standard packaging protocol and
crude vector titres were determined at harvest. Significant differences were found between AAV6 and AAV6_K531E
production (**, t-test, p <0.05), whereas no statistically significant differences were observed between AAV3B and
AAV3B_E531K (t-test, n.s). N = 3, mean ± SD.
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3.2.6 Discussion
In this section we have presented a novel platform that allows us to screen large AAV libraries
based on the ability of individual variants to functionally transduce (transgene expression) the
target cells. This offers an alternative to the commonly used replication-competent screening
approach, where the overall pressure is put on viral – not vector – performance, since the
variants have to carry out a complete lytic viral cycle as part of the selection process. It seems
plausible that this requirement could bias the selection output towards viruses that are better at
replicating their genomes, as exemplified by the selection comparison of a minimal library
consisting of AAV2 and AAV-DJ in both platforms (Fig. 3-14). This, of course, would lead to
identification of suboptimal vector candidates, since the AAV vectors used in gene therapy are
‘gutless’ and thus lack both the rep and cap genes and are unable to replicate. Another
important key benefit of the FT approach is the capacity to take advantage of FACS for
identifying and sorting out cell subtypes within a heterogeneous population, as exemplified in
Fig. 3-17 with the sorting of CD4+ and CD8+ T-cell subpopulations. This could be of great
interest when working with CD34+ cells, for example, where it is of vital importance to gene
edit the primitive CD34+/CD133+/CD90+ population, since it is that subpopulation of
primitive CD34+ that has been shown to engraft and repopulate in primary and secondary
immunodeficient mice [158]. Another direct application of the functional transduction
screening platform is when the selection process is performed in cells differentiated from
human induced pluripotent stem cells (hiPSCs), since these cultures have been described to be
highly heterogeneous and contaminated with undifferentiated or partially differentiated cells.
One of the important observations made during the selection and during the testing of
candidates isolated on CD34+ cells was the substantial cell death in some of the conditions.
This clearly appeared to be linked to the levels of AAV transduction, since we observed no cell
death in populations transduced with less functional variants (Fig. 3-20). Interestingly, this
AAV-associated cell death appeared to be more acute during the library selection (encoding
for a single-stranded DNA genome) than during the vector testing (where we used a selfcomplementary construct). This would be in line with observations published in 2011 by Hirsch
et al., who reported p53-dependent cell death triggered by rAAV transduction in pluripotent
human embryonic stem cells (hESCs) [159]. Notably, based on a series of ITR-DNA
microinjections the authors implicated the G-rich single-stranded A/A’ region of AAV ITR’s
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(which encompasses putative p53 binding sites) as the apoptotic trigger, whereas transduction
of hESCs with AAV capsids lacking DNA resulted in no loss of cell viability [159].
Importantly, similar AAV-mediated toxicity was observed recently on undifferentiated human
induced pluripotent stem cells (hiPSCs), linked to the activation of genes involved in cell cycle
arrest and apoptosis. However, no such cell death was observed when same set of vectors was
used to transduce cardiomyocytes derived from the hiPSCs, suggesting that ITR toxicity could
be related to DNA damage responses to single-stranded DNA in stem cells but not
differentiated cells [160].
In a review article published recently by the Hirsch lab, an AAV directed evolution selection
in hESCs was discussed, where the selected variants transduced less efficiently hESCs than
parental serotypes [156]. This was also the case for all the vectors that we selected in
hematopoietic stem cells, which show similar but not superior levels of transduction than
AAV6 (Fig. 3-19). According to Hirsch, this could be related to the toxicity induced by AAVtransduction during selection on those cells, which would push the selective pressure towards
those vectors that are not better at transducing but slower at inducing apoptosis [156].
Nevertheless, numerous examples of successful AAV-mediated gene transfer and gene editing
have been described, as reviewed in the introductory section to this chapter. Fundamentally,
the mechanisms of the observed discrepancies are unknown, but could be related to the
different protocols used when harvesting and culturing the cells, which could lead to
unintentional partial differentiations. In fact, the sources of CD34+ cells vary considerably
between published studies, as reviewed in [156]. Furthermore, current isolation protocols do
not guarantee pure populations of stem cells and thus variable percentages of progenitor cells
are usually found in individual cultures, which could contribute to the reported differences in
cell viability [156]. To this end, a recent paper from the Porteus’ lab describes studies of the
global transcriptional response to CRISPR/Cas9-AAV6 based genome editing in CD34+
HSPCs [161]. In this work, the authors used a cDNA microarray analysis (from the total RNA
sample) to understand the immediate transcriptional response caused by the genome editing
procedure. Importantly, data from cells treated with the individual components of the editing
machinery, including AAV6 transduction, was also presented. Surprisingly, no significant antiviral or interferon responses were observed in CD34+ cells transduced with AAV6, but an
upregulation of apoptotic pathways was detected [161], consistent with our observations.
Unexpectedly, this upregulation of apoptosis was not related to DNA-damage response. In
fact, the authors found that other components of the genome editing machinery also triggered
apoptosis and offered this as a possible explanation of the differences in cell viability reported
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in the literature following genome editing procedures. Based on their findings, the authors
proposed and demonstrated the benefit of using apoptotic inhibitors to enhance the editing
process [161].
The library selection in T-cell differed from selection in CD34+ cells as no cell death was
detected either during the selection process nor during the candidate screening, suggesting that
the DNA damage responses that trigger apoptosis in the CD34+ stem cells may be lost upon
differentiation, similar to what was reported for hiPSC derived cardiomyocytes [160].
Nevertheless, while a number of selected variants performed at levels similar to AAV6, none
were more efficient at functionally transducing CD34+ and T cells than AAV6. This could be
related to the lack of a successful variant within the library or the inability of the selection
platform to select for those variants. However, the fact that all isolated candidates were highly
homologous to AAV6 and contained the key residues implicated in binding to the target cells
suggests that the selection process was carried out correctly. As mentioned before, even though
the selection pressure was strong towards the amino acids responsible for AAV6 attachment
and cell entry (specially K531), more variability was observed in the other regions of the cap
gene, particularly within the N-terminal region. This could suggest that the strongest pressure
for CD34+ and T-cell transduction is at the cell entry level. Nevertheless, the fact that variants
harbouring the AAV6 attachment signature fail to transduce the cells more efficiently than
AAV6 (Fig. 3-21), suggests that other capsid regions could play an important role and
contribute to the overall fitness of AAV6. It is also possible that GFP+ cells sorted using FACS,
in addition to functional variants that led to GFP expression, were also transduced with variants
that failed after cellular entry (“passenger” variants). As explored in more detail in the
following chapter, our data suggests that the functional transduction system allows enrichment
of cells that have been transduced with a higher number of vectors per cell, but the overall
composition of those variants may be the same as in the negative population (Chapter 5.3).
Therefore, based on our better understanding of the selection system, we are currently
designing novel approaches to increase the stringency of the functional transduction selection.
Specifically, we are exploring ways to recover and select for variants that underwent
transcription, rather than focusing on translation or physical cell entry. Shifting the selection
focus towards transgene expression at the RNA level (and the matched capsid sequence) could
– in principle – avoid some of the carry-over capsids that transduce the cells but fail to undergo
transcription and subsequent translation.
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Importantly, data from the functional selection on T-cells and CD34+ cells increased our
interest in AAV6’s lysine 531. In fact, selection of replication competent libraries on CD34+
cells, which resulted in the isolation of AAV-SYD variants (Fig. 3-8), was also associated with
the enrichment for K531. Interestingly, the three vectors with inferior transduction fitness
(SYD02/04/07) corresponded to those lacking AAV6’s K531.
Regarding the unexpected high transduction efficiency observed in CD34+ cells even at low
MOIs with AAV6 and the variants identified from FT-library screen (Fig. 3-19), it is worth
mentioning that in a recent work published by the Srivastava lab, it was reported that
transduction of these cells at high cell density substantially increases the transduction
efficiency of AAV6, presumably due to the increased probability of more effective vector
attachment to the cell receptors or co-receptors at high cell density [162]. Even though the cell
density used in our experiments would be considered low compared to densities published by
Srivastava’s lab (1 ´ 106 cell / mL), we used V-shaped 96-well plates, which could have
increased local cell density after cells settled at the bottom of the well.
The fact that AAV1 and AAV6, which differ by 6 out of 736 amino acids, present different
transduction and immunogenicity profiles has been studied in great detail [163]. Both AAV1
and AAV6 crystal structures have been published by the Agbandje-McKenna lab [164], [157].
Out of the six amino acid that differ between those two serotypes, five are situated on the VP3
common region and one (residue 129) at the VP1 region that is not present in VP2 and VP3.
Importantly, the five mentioned residues are situated on the icosahedral 3-fold axis of the
capsid, which is associated with receptor attachment. AAV1 and AAV6 share the capacity to
bind sialic acid (SIA), as the residues implicated in SIA binding are identical between those
two serotypes. However, K531 has been identified as the residue that gives AAV6 the unique
(when compared to AAV1) ability to bind heparan sulfate (HS), which dictates its liver tropism
[157]. In a more recent report, the same group determined the structure of AAV6 bound to the
fragment antigen-binding (Fab) region of ADK6, a monoclonal antibody that recognises AAV6
but not AAV1. Through a sequence of reciprocal mutant complementation assays, Bennet et
al. were able to identify K531 as the key amino acid that is recognised by ADK6 [165].
Importantly, the authors reported no effect on titre or functional transduction of the AAV6
K531E variant. This is in striking contrast to what we observed regarding the packaging
capacity of our selected vectors harbouring K531 and the mutant AAV6_K531E variant that
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we generated (Fig. 3-23), an observation that could be related to the usage of different
packaging plasmids and/or the packaging protocol in HEK293T cells. Regarding transduction
efficacy, the authors reported transduction of HEK293T cells, which membrane glycosylation
profile might vary considerably from that CD34+ and T-cells. It is possible that thanks to the
dual sialic acid / heparin sulfate binding capacity of AAV6, AAV6_K531E (defective in
heparin binding) could still attach to the cells via sialic acid interactions (such as AAV1) and
thus transduce efficiently HEK293T. The strong selection of AAV6 region harbouring the
K531 in our library screens indicates that this would not be the case for CD34+ and T-cells,
where the interaction of this amino acid with either heparan sulfate or another currently
unidentified co-receptor would be essential.
Interestingly, papers by the Büning and Srivastava groups point towards the same conclusion.
In the first publication, which reported the first evaluation of different human AAV serotypes
(AAV2, AAV3 and AAV5) in human CD34+ cells, the authors observed an ablation of AAV2based CD34+ transduction when performing a heparin competition assay [151], suggesting an
essential role of the heparan binding domain for transduction of those cells. The second work
presented a comparative analysis of the transduction profile of AAV vectors 1 through 10 in
human CD34+ cells. In this case, AAV6 was found to be the top transducer, but AAV2 and
AAV3 were also reported to transduce CD34+ cells at detectable level, together with AAV1.
Notably, the authors explored in this case the capacity of AAV6 to transduce K562 cells when
incubated with heparin and found that transduction was not affected, suggesting that AAV6
either does not use HSPG as a receptor or HSPG is not the only receptor used by this serotype
for a functional transduction of K562 cells. Even though K562 are believed to be good
surrogate for CD34+ studies, we still think it would be interesting to perform a similar CD34+
heparin competition assays for AAV6. Moreover, by blocking the cell surface N-linked
glycoprotein synthesis the authors showed a marked reduction in AAV6’s transduction
efficiency. Thus, it is possible that K531 interacts with a currently unidentified co-receptor for
CD34+ and T-cell transduction and that this interaction is essential for a cell entry [142].
In summary, even though both reported selection strategies failed to elucidate a vector with
improved transduction of CD34+ and T-cells when compared to AAV6, the performed
selection allowed us to identify a region encompassing AAV6 K531 as essential for CD34+
transduction. At the same time, we presented the hypothesis that this very same amino acid
could be detrimental for AAV packaging. Altogether, these studies allowed us to set the bases
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of the novel functional transduction selection, which in our opinion offers important
advantages over the canonical replication-based approach, especially the possibility to work
with heterogeneous systems (thanks to cell sorting) and its independence from helper viruses.
The latter property allows one to avoid the selection bias towards vectors that are more fit for
replication, rather than transduction. Nevertheless, further improvements to the selection
platform will be required to allow a more stringent selection. To this end and as mentioned
before, we are currently exploring the possibility to recover the variants that have carried out
transcription, thus avoiding the recovery of those clones that have contributed to the physical
transduction only.
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Chapter 4 : AAV Library Engineering:
increasing the complexity and size of
libraries
4.1 Library Construction: New optimal protocol
4.1.1 Introduction
The generation of highly complex libraries is one of the vital elements of the directed evolution
process. In general, and as described in detail in [119], the size of the library is one of the key
factors when determining its usefulness, since larger libraries offer increased chances of
containing a variant with desired traits, and, as we like to say, a library is as good as its best
candidate after a process of selection. However, as discussed later, it is also important to
mention that quality, or fitness of the library, which relates to the type of modifications present
in each individual clone within the library, is equally important of a determinant of the overall
success of the selection process [119].
When it comes to AAV libraries, a technical limitation is the prerequisite of building a plasmid
capsid library prior to viral production. This sets the upper complexity limit of the library to
the number of individual colonies obtained after plasmid transformation of competent
Escherichia coli cells, currently quoted to be in the 107-108 scale [166], [119]. It would be
anticipated that only a fraction of the capsid variants present within the plasmid library would
encode viable protein that will allow for assembly of functional AAV capsids, due to the
restraints determined by the virus biology. Therefore, the size of the viral library will always
be smaller than size of the respective plasmid library [119].
Even though it is true that one should not ultimately evaluate the quality of a library only by
its size [167], the protocol for library construction utilized at our laboratory at the time of my
arrival, which was based on previous papers published by the Kay lab, was time consuming
and labour intensive, with many suboptimal steps that affected the overall yield (and potentially
complexity) of the library (see Fig. 3-2 in the previous chapter). Based on the number of
bacterial colonies at the end of library cloning process, the estimated variability of our AAV
libraries was in the order of 105 variants. Briefly, the library generation process involved the
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direct cloning of the shuffled PCR-reassembled product into a TOPO PCR cloning kit, the
release of cap genes via flanking restriction sites (SwaI/NsiI) and the ligation of shuffled capsid
genes downstream of rep gene in the final plasmid encoding ITRs. Using this protocol,
achieving the mentioned yield of ~105 variants required upscaling the individual steps, each of
which was not well controlled and could easily introduce a bottleneck into the overall library
generation process. Specifically, the protocol required large ligation reaction and multiple
transformations (up to 40 independent transformation reactions), followed by plating on 100x
15cm LB + Ampicillin agar plates, scraping of antibiotic resistant colonies and final expansion
in liquid LB + Amp culture, in order to purify required amounts of plasmid DNA.
The following section briefly describes the implemented improvements that we introduced in
order to decrease the workload while increasing the library size. A direct comparison of the old
and the new protocol, as well as estimated turnaround time of library building can be found on
Fig. 4-1.
4.1.2 Plasmid Size Reduction, Trimethoprim, Gibson Assembly and Electroporation: a
combined strategy to improve library size and reduce assembly time.
The first important change introduced to all the library cloning elements described in Fig. 4-1B was the replacement of the b-lactamase gene, conferring resistance to Ampicillin antibiotic
with the Bacillus cereus dihydrofolate reductase gene (bcDHFR), which confers resistance to
the trimethoprim (TMP). Ampicillin is metabolized by the bacteria, leading to a decrease in
the Amp concentration and selection pressure, which increases the risk of survival of
untransformed bacteria on agar plates (satellite colonies). Furthermore, b-lactamase is secreted
into the culture LB media, which can lead to a loss of selection pressure and consequently to a
loss of the AAV capsid plasmid encoding Ampicillin [168]. In contrast, trimethoprim is not
degraded by the transformants, ensuring constant selection pressure and optimal plasmid
propagation even at high cell densities [169].
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Fig. 4-1. Comparison of library construction protocols. All the parental capsids used for shuffling/error prone PCR were
cloned into the p-min-DR plasmid through Gibson Assembly, harbouring resistance to trimethoprim. For library construction,
capsids are first excised from the p-min-DR via either SphI/NdeI digestion or using PCR. After mutagenesis, variants are
recovered via PCR with Forward/Reverse Shuffling Recovery primers, which confer at the same time homology to the p-minRec plasmid. The latter is PCR and DpnI treated. PCR products (capsid insert/ backbone) are then assembled using Gibson
Assembly.

v Step 1: Parental Capsid Excision, DNA-family shuffling and Capsid library cloning
An important change introduced in the shuffling protocol was the standardization of the
parental capsid serotype donor plasmids (i.e. the plasmids used for capsid excision prior to
DNaseI digestion). To do so, we generated a new plasmid, referred to as p-minDonor/Recipient (p-min-DR, Fig. 4-1-B, Step-I), with a minimal bacterial backbone and
universal cloning sites (5’ – SphI, SwaI and 3’ NsiI, NdeI). All wild-type parental capsids were
subsequently amplified and cloned into p-min-DR.
The mentioned unique sites (SphI/NdeI) at both ends facilitate capsid excision for subsequent
DNA-family shuffling (Fig. 4-1-B, Step 1). The shuffling process was already optimised, and
thus no further optimisation was required. Details can be found in the previous Chapter (Fig.
3-2) and in the Methods section (2.3). Since the last step of DNA-family shuffling relies on a
PCR amplification of fully reassembled capsids, we sought to take advantage of this fact by
including specific DNA sequences at each ends to allow cloning into the parental plasmid based
on highly efficient Gibson Assembly (GA), therefore converting it into a parental Donor and
library Recipient plasmid (Fig. 4-1-B, Step 2). This was in striking contrast with the previous
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protocol, where more expensive, time consuming, and most importantly - less efficient, cloning
into TOPO TA cloning vectors was used.
To achieve this, a version of the p-min-DR containing a 1kb DNA stuffer sequence between
SwaI/NsiI sites was opened using PCR with linearizing primers (Fig. 4-1-B, Step 2). The
inclusion of the 1kb stuffer reduces the risk of library contamination with remnants of cap gene
sequences encoding for a wild-type serotype, and at the same time, simplifies the screening of
the shuffled clones by enzymatic digestion with SwaI/NsiI (1 kb stuffer vs 2.2 kb correct capsid
insert). Before Gibson Assembly, the PCR amplified backbone is digested with DpnI, which
targets only methylated DNA sequences and therefore cleaves plasmid DNA template but not
the PCR-amplified DNA [170], further reducing the background contamination. Details of the
Gibson Assembly protocol can be found at the Materials and Methods Section 2.19.
Importantly, the introduced changes reduced the size of the backbone by 1832 bp when
compared to the commercial TOPO TA vectors, which is important because the transformation
of E.coli declines linearly with increasing size of the transformed plasmid [171], [172].
v Step 2: Electroporation, liquid culture and DNA Extraction
The use of bcDHFR/TMP allowed us to skip the inefficient and labour-intensive initial
selection on LB/agar plates and thus perform the selection and expansion steps simultaneously
by growing transformed cells in LB + TMP media overnight (Fig. 4-1, Steps 3 and 4). The
Gibson assembly reaction was then desalted (if final volume < 30 µl, Methods 2.20) or ethanol
precipitated, re-suspended in 30 µl of PCR quality ddH20 and used for electroporation based
transformation of competent E.coli (Methods 2.23). This part of the protocol was also
optimised. Specifically, single electroporation of 750 ng into highly efficient electro-competent
SS320 cells replaced the previously used 40x chemical transformations. While this change
significantly decreased the time and work required to complete this step, the use of ultracompetent electroporation cells rendered libraries with transformation efficiencies ranging
from 1-5 ´ 108 cfu/ µg DNA, and therefore library sizes (total number of individual
transformants) ranging from 5 ´ 107 to 2.5 ´ 108 variants. Finally, the selection process did not
require plating on LB-agar plates, but rather the transformations were inoculated directly into
500 mL of liquid LB + TMP, further reducing the workload and time required to generate
plasmid required for final AAV library cloning. After overnight culture, DNA was extracted
using commercially available DNA-extraction kits (Materials and Methods Section).
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v Step 3: Shuffled-capsids excision and final cloning
Once the capsid library is assembled, the last step involves digestion of the capsid region with
SwaI/NsiI endonucleases, which are compatible with all the selection platforms used in our
laboratory, namely Replication Competent and Functional Transduction library recipient
constructs (Materials and Methods Section 2.19).
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Disclaimer: Part of the Information and Figures that appear in this Chapter have also been
included, with minor modifications, in our recent publication:
Cabanes-Creus M, Ginn SL, Amaya AK, Liao SHY, Westhaus A, Hallwirth CV, Wilmott P,
Ward J, Dilworth KL, Santilli G, Rybicki A, Nakai H, Thrasher AJ, Filip AC, Alexander IE,
Lisowski L, Novel codon-optimization of wild-type adeno-associated virus capsid sequences
enhances DNA family shuffling while conserving functionality, Molecular Therapy: Methods
& Clinical Development (2018)

4.2 Local Codon Optimisation for DNA-family shuffling enhancement
4.2.1 Introduction
As discussed in the previous section, generation of AAV libraries via DNA-family shuffling
starts with enzymatic fragmentation of the parental genes, followed by PCR-based reassembly
of individual fragments to create novel full-length shuffled variants. Because shuffling
efficiency is directly proportional to the level of sequence identity between parental genes at
the DNA level [173], parental variants with higher sequence identities could potentially be
more efficient shuffling substrates and thus could be overrepresented in the final library. More
importantly, phylogenetically distant variants with lower homologies to the remaining variants
would be predicted to anneal less efficiently and, therefore, be underrepresented in the final
libraries.
This chapter section describes the studies we performed in order to better understand the
influence of DNA homology on the efficiency of DNA-family shuffling, as well as
development of novel codon-optimisation approach aiming improve shuffling efficiency by
increasing the sequence identity between parental capsid serotypes while increasing the
probability of retaining functionality.
4.2.2 A close look to AAV DNA-family shuffling
In order to gain insight into the homology-dependent likelihood of input parental capsids
contributing sequences to individual clones within the highly complex library, we generated a
shuffled capsid library following the previously described protocol (Fig. 3-2). Specifically, we
used equimolar quantities of capsid genes of the twelve natural AAV isolates (AAV1 to 12)
and two phylogenetically distant (mAAV1 and mAAV-EVE1) as input to generate shuffled
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library referred to as Library_1-12+EM. mAAV1 is a contemporary AAV isolated from
Australian marsupials while mAAV-EVE1 is an ancient AAV-derived endogenous viral
element found within the genome of multiple marsupial species [174]. The level of sequence
identity of the capsid genes between the fourteen parental AAV isolates varies significantly, as
shown in the identity matrix (Fig. 4-2), with AAV1 and AAV6 having the highest pairwisehomology (97.1%) and AAV11/AAV12 and mAAV-EVE the lowest (55.0%). We
hypothesized that such wide range of pair-wise homologies at the DNA level could directly
influence the efficiency of shuffling of the individual input sequences and could bias the final
library, leading to overrepresentation of sequences contributed by closely related donor AAVs.

Fig. 4-2. Identity Matrix between fourteen wild-type serotypes. Percentages show sequence identity at DNA level. On the
lower panel, average sequence similarity of each serotype among the others is colour coded according to the Average
Homology legend.

To gain insight into the composition of individual clones within the shuffled library, we
performed sequence analysis of forty (n=40) individual clones from the Library_1-12+EM and
analysed the parental contribution and the crossover distribution among the cap gene.
To facilitate this analysis, we developed a parental sequence contribution analysis plugin for
the commercially available Geneious® Software, which we named Sequence Origin Depiction
(SOD) (see Methods Section 2.26). The graphical output for SOD depicts horizontal lines
corresponding to parental sequences augmented with bars representing proportional likelihood
of a nucleotide coming from a given sequence and a polygonal line depicting the most likely
donor of individual fragments in the resulting sequence, as exemplified with the following
clone isolated from the library (Fig. 4-3). In contrast to the previously described ReX tool [2]
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(http://qpmf.rx.umaryland.edu/xover.html), the SOD allows us to zoom in on the output
sequence to perform detailed analysis of each crossover at the nucleotide level.

Fig. 4-3. SOD output for the Library1-12+EM Clone 4. Black line represents the most likely donor capsid, in this case AAV2
followed by a fragment of AAV4 and a final crossover to AAV9.

For each capsid, we defined its shuffling index (SI) as a percentage of individual clones from
a determined library that contain at least one fragment of such donor:

𝑆ℎ𝑢𝑓𝑓𝑙𝑖𝑛𝑔 𝐼𝑛𝑑𝑒𝑥 = 100 ∗

𝑐𝑙𝑜𝑛𝑒𝑠 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑖𝑛𝑔 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑐𝑎𝑝 𝑑𝑜𝑛𝑜𝑟
𝑡𝑜𝑡𝑎𝑙 𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒 𝑐𝑙𝑜𝑛𝑒𝑠

In order to evaluate the relationship between sequence identity and shuffling, we then
calculated the shuffling index for each of the fourteen wild-type variants and plotted them
against their sequence identity (Fig. 4-4). The graph clearly shows a strong positive correlation
between sequence identity of individual serotypes and their representation in the library (SI),
confirming our original hypothesis that phylogenetically distant serotypes might be
underrepresented in shuffled libraries. This clearly affects distant serotypes such as AAV5 and
the marsupial isolates (Fig. 4-4) and ameliorates accordingly to the level of average sequence
identity of individual capsids.
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Fig. 4-4. Correlation between sequence identity and shuffling index at the DNA level. Plot represents the relation between
average sequence identity (Homology.Wt) of individual capsid genes and the likeliness of being incorporated in a shuffled
capsid library (Sh.Index.Wt). A positive correlation between sequence identity and library incorporation is observed.

To better understand the correlation between sequence similarity of individual parental variants
and frequency of DNA shuffling, we performed detailed analysis of the forty individual clones
isolated form the AAV1-12+EM library.
Specifically, knowing that AAV genomes contain highly conserved regions (higher
microhomology between variants) as well as hypervariable regions (regions of lower
microhomology), we hypothesized that the effect of sequence identity on shuffling efficiency
could not only bias the contribution of parental variants but could also lead to local bias within
individual shuffled sequences.
To perform this analysis, we took advantage of the Sequence Origin Depiction software, which
allows us to map the crossovers to the specific nucleotides. For each analysed clone, we
mapped and quantified the number of crossovers occurring within 200bp blocks of the capsid
gene. In support of our hypothesis, and as shown in Fig. 4-5, there was a clear positive
correlation between number of crossovers and local identity between parental variants.
Accordingly, fewer crossovers occurred in hypervariable regions located between nucleotides
1300 and 1700, which encode exposed capsid loops, than in the evolutionarily conserved 5’
and mid-capsid regions.
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Fig. 4-5. Correlation between frequency of crossover and average capsid identity. The height of homology bars represents
local conservation among the fourteen parental serotypes used for library generation, with green indicating 100%
conservation, yellow/green representing 20-99% and red representing not conserved regions (<20% identity). Number of
crossovers was calculated for 200bp intervals and it is shown as a percentage of the total number of crossovers (%
Crossovers).

Having understood the effect of microhomologies between capsid genes and frequency of
crossovers, we next wanted to investigate the fate of the phylogenetically distant serotypes. To
simplify the analysis, we created library based on smaller number of parental inputs.
Specifically, we generated a shuffling library (AAVLib256) using only three parental capsid
genes from wild-type AAV serotypes, AAV2 (Clade-B), AAV6 (Clade-A) [175] and a distant
clonal isolate (AAV5). Table 4-1 shows the percent identity between these three capsids.
Table 4-1. Sequence identity between AAV2, AAV5 and AAV6.

wtAAV2

wtAAV5

wtAAV2

ID

wtAAV5

61.40%

ID

wtAAV6

79.50%

60.20%

wtAAV6

ID

Analysis of individual clones (n = 36) from the final plasmid shuffled AAVLib256 library
revealed that the overall library diversity (number of unique clones within the pool) as well as
the clonal diversity (level of sequence shuffling within individual clones) was low.
Furthermore, the analysis confirmed our hypothesis that more distant AAV donors, such as
AAV5, did not shuffle efficiently with other variants, and thus contributed poorly to
reassembled clones (see clones 256_1, 256_2 in Fig. 4-6). Interestingly, and to our initial
surprise, the final library contained a considerable percentage of clones (25%), that were 100%
identical to wtAAV5 and a large percentage of clones (36%) that were over 80% homologous
to AAV5 (for example, clones 256_3 and 256_4 in Fig. 4-6). These data not only provide
further evidence of inefficient shuffling of less homologous parental variants but also indicate
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that the distant variants are more prone to annealing and reassembling with themselves. This
is a very important limitation of the current shuffling methods, as it indicates that shuffled
libraries may be contaminated with reassembled full-length wild-type sequences.

Fig. 4-6 Parental sequence contribution analysis of sample clones isolated from AAVLib256. Parental sequences are
represented by red (AAV2), green (AAV5) and blue (AAV6) lines. Size of vertical bars represents probability that individual
residue was contributed by given parental vector. Black line represents the most probably composition of individual shuffled
clones based on the longest sequence of identity to parental variants in a 5’ to 3’ direction.

4.2.3 Standard codon optimisation of wild-type AAV serotypes affects capsid functionality

To address the above discussed limitations of canonical DNA shuffling, particularly when
working with phylogenetically distant AAV serotypes, we attempted to increase the relative
sequence identity between individual parental variants using a conventional codon
optimisation strategy (see Methods Section 2.27). As standard AAV packaging protocols
utilize human HEK293T cells, we decided to codon-optimise the cap genes of AAV2, AAV5
and AAV6 using human codon-usage data [176]. Optimised variants will subsequently be
referred to as human-codon optimised AAVs “hcoAAV”.
To preserve proper cap gene expression, we elected not to optimise AAV functional elements,
and thus rep gene major splice acceptor site and start codons of VP2 and the assembly
activating protein (AAP) were preserved in their wild-type form. This modification increased
the average DNA sequence identity between individual variants by 12.6%, as summarized in
Table 4-2. Based on the fact that capsids with sequence identity over 70% did shuffle
efficiently in previously generated libraries, we hypothesized that this increase in similarity
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between individual input sequences would be sufficient to increase the efficiency of shuffling
in more distant variants, such as AAV5.

Table 4-2. Increase in sequence identity upon standard codon optimisation (hco).

AAV2 to AAV5
AAV2 to AAV6
AAV5 to AAV6

wild-type
60.70%
79.50%
59.80%

hco
73.40%
91.10%
73.30%

Because the quality and functionality of the library and variants selected is directly linked to
the functionality of the input variants, we first validated functionality of the input hcoAAVs
sequences. In order to do so, we tested the efficiency of the three hcoAAV cap genes to support
vector packaging. We generated pAAV packaging constructs containing the AAV2 rep gene
and each of the individual hcoAAV cap genes and used the three packaging constructs to
package an AAV cassette expressing enhanced green fluorescent protein (eGFP) under the
control of liver specific promoter (LSP) (AAV-LSP-eGFP) in three parallel single-dish
productions (n = 3) per capsid, using the wild-type counterparts (pAAV2, pAAV5 and pAAV6)
as controls.
As codon-optimisation of the 1st open reading frame (ORF) affects sequences of individual
AAV-assembly protein (AAP) [53] genes encoded on the 2nd reading frame, it was not
surprising that sequence optimisation had a dramatic negative effect on all individual variants
leading to significantly lower vector yields (Fig. 4-7-A). Because AAP is known to play an
important accessory role in packaging of some AAV capsids [55], we examined whether
packaging of the hcoAAVs could be rescued by providing serotype-specific AAPs in trans
during vector packaging. Interestingly, AAP complementation failed to significantly improve
packaging efficiency of tested variants (Fig. 4-7-B), suggesting that standard codonoptimisation likely compromised other important, and currently unknown, AAV capsid
elements or sequences.
To test if the observed decrease in packaging efficiency after codon-optimisation was a more
universal phenomenon that also affected also other AAVs, we generated and evaluated
hcoAAV8 using the same approach. The results indicated that the observed negative effect on
packaging efficiency was not unique to AAV2, AAV5 and AAV6 cap genes (Fig. 4-7).
Collectively, these data support the conclusion that conventional codon-optimisation of cap
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gene sequences is an inadequate methodology for increasing sequence similarity between input
AAV sequences for DNA-family shuffling applications.

Fig. 4-7. Yield comparison between wild-type and codon optimised vectors. Packaged vector yields when using plasmids
encoding wild-type cap genes (wt, in blue) and corresponding hcoAAVs (hco, in yellow) in the absence (A) or presence (B) of
serotype-specific AAP provided in trans. Values shown as mean ±SD (n=3). Statistically significant differences (** = p <
0.01, * = p <0.05) were found when comparing the mean values of wild-type and codon optimised vectors (t-test), with the
exception of AAV6 supplied with wtAAP6 protein.

4.2.4 Novel localized codon-optimisation tool: local codon optimisation
In light of the dramatic loss of vector packaging efficiency after conventional codonoptimisation, we aimed to develop an alternative method of codon optimisation that would
allow us to increase sequence identity between parental AAV sequences, while preserving
function of individual variants.
We hypothesized that one method to preserve currently unknown functional elements of the
cap genes would be to restrict the optimisation process to only utilise codons used by input
variants at each individual optimised position. To achieve this, we generated and optimised a
Localized Codon-Optimisation (LCO) algorithm.
The algorithm first performs a specific multiple sequence alignment (MSA) on the parental
cap sequences using ClustalW2 [177]. In order to preserve the amino acid sequence of each
variant, the algorithm uses the translation multiple sequence alignment, where capsid
nucleotide sequences are first translated to amino acid sequences. Those are then aligned
and converted back to nucleotide sequences by keeping the positional references. Using the
nucleotide multiple sequence alignment as input, the algorithm then identifies individual
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codons, translates them and identifies positions with 100% amino acid conservation. For those
positions (conserved amino acid), the algorithm creates a local codon-usage table, selects the
most used common codon in all the variants in the alignment and substitutes it on the locally
codon optimised (lco) capsids (Fig. 4-8), thus minimizing the arbitrary changes that
conventional codon optimisation approaches introduce to the sequence. Importantly, those
positions with amino acid variation remain unaltered (Fig. 4-8).
In the case when two codons are used with equal frequency (50:50) to encode the same amino
acid, the position is arbitrarily assigned to the codon of the first capsid used in the alignment.
In regions that contain gaps, the algorithm ignores the sequences that have a gap and performs
local codon optimisation using the remaining sequences as inputs.

Fig. 4-8. Schematic representation of localized codon-optimisation (LCO). The upper panel represents schematic of wtAAV
donors and sample alignment of cap sequences from wtAAV2, wtAAV5 and wtAAV6. Vertical lines indicate positions with
same residues, while * represents mismatches at the DNA level. DNA residues modified using LCO algorithm are shown in
purple in the lower panel.

4.2.5 Local codon optimisation retains capsid function
To test the LCO algorithm, we first performed localized codon-optimisation of capsid genes
from AAV2, AAV5 and AAV6 (subsequently referred to as lcoAAV2, lcoAAV5 and
lcoAAV6). This modification increased the average sequence identity between the three
parental AAV caps by 10.03% when compared to wtAAV cap sequences (Table 4-3).
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Table 4-3.Increase in sequence identity upon local codon optimisation.

AAV2 to AAV5
AAV2 to AAV6
AAV5 to AAV6

wild-type
60.70%
79.50%
59.80%

lco
70.80%
90.20%
70.20%

In silico analysis of lcoAAVs confirmed that the essential and therefore highly homologous
regions of the AAV genomes, such as the splice acceptor site, the VP2 and VP3 start codons
and the AAP start codon were preserved. An important aspect was to confirm whether
optimising the VP proteins, encoded in the 1st ORF, would have negative effect on AAP ORF
encoded in the 2nd reading frame. Detailed analysis of lcoAAV2 revealed that codon
optimisation introduced an early stop codon in the AAP2 ORF leading to loss of two amino
acids at the C terminus. Of the remaining 202 amino acids, 165 (81.68%) were fully conserved,
7 were conservative substitutions (3.47%), 5 semi-conservative (2.48%) and the remainder
(25aa, 12.37%) non-conservative (Fig. 4-9-A). Importantly, none of these non-conservative
mutations were found on the two essential domains that have been recently described to be
essential for AAP functionality, the hydrophobic region and the conserved core [56]. Optimised
cap genes were synthesized de novo at Genewiz® (Methods Section 2.25). Western blot
analysis revealed that in contrast to hcoAAV2, steady state level of VP proteins from lcoAAV2
were indistinguishable from levels detected for wtAAV2 control (Fig. 4-9-B).

Fig. 4-9. (A) Alignment of wtAAV2 and lcoAAV2 cap gene region encoding AAP. Alignment performed using Clustal Omega
tool. Asterisk “*” indicates positions with conserved residue. Colon “:” indicates conservation between groups of strongly
similar properties - scoring > 0.5 in the Gonnet PAM 250 matrix. Period “.” Indicates conservation between groups of weakly
similar properties – scoring =< 0.5 in the Gonnet PAM 250 matrix. Colour coding reflects physicochemical properties: Red
– small (small + hydrophobic (inc. aromatic – Y); Blue – acidic; Magenta – Basic –H; Green – Hydroxyl + sulfhydryl + amine
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+ G. (B) Western blot analysis of VP and Rep expression from wtAAV2, hcoAAV2 and lcoAAV2. Steady state levels of
capsid proteins (VP1, VP2 and VP3) as well as replicase (Rep78, Rep68, Rep52 and Rep40) in 293T packaging cells
transfected with AAV-LSP-GFP, pAd5 and either pR2-C2 (packaging plasmid encoding wild-type AAV2 Rep and Cap, first
lane: wtAAV2), pR2-hco2 (packaging plasmid encoding AAV2 Rep and cap2 optimised using conventional codon-optimisation
method, second lane: hcoAAV2) or pR2-lco2 (packaging plasmid encoding AAV2 Rep and cap2 optimised using local codonoptimisation method, third lane: lcoAAV2).

In order to test functionality of the newly locally optimised AAVs (lcoAAVs) we generated
packaging plasmids encoding capsid sequences of lcoAAV2, lcoAAV5 and lcoAAV6. We
subsequently packaged the AAV-LSP-GFP cassette in three independent transfections per
capsid (n = 3), using the corresponding wild-type packaging constructs as controls. In marked
contrast to the results obtained with hcoAAVs (Fig. 4-7), the yields of lcoAAVs were not
significantly different from corresponding wild-type controls (Fig. 4-10-A). Furthermore,
functional analysis on HuH7 cells confirmed that lcoAAV capsids were functional and
indistinguishable from wtAAV counterparts (Fig. 4-10-B). These data suggest also that
sequence optimisation using our LCO algorithm allows to preserve functional elements and
structures presumably present in AAV cap gene.

Fig. 4-10. Yield comparison between wild-type and codon optimised vectors. (A) rAAV yield comparison using helper
plasmids encoding optimised capsids (lcoAAV2, lcoAAV5 and lcoAAV6) (LCO, yellow dots). Packaging constructs encoding
wild-type cap genes (wtAAV2, wtAAV5, wtAAV6) served as controls (WT, blue dots), n = 5, mean ±SD. Non-significant (n.s)
differences were observed between groups (mean comparison, t-test). (B) Functional comparison between recombinant AAV2,
AAV5 and AAV6 (WT, blue dots) and lcoAAV2, lcoAAV5, lcoAAV6 (LCO, yellow dots). HuH7 cells were transduced at a MOI
= 5.0 ´ 103 for AAV2 and AAV6 variant and at MOI = 5.0 ´ 104 for the AAV5 variant, with vectors encoding eGFP reporter
under the control of liver specific promoter (LSP). FACS analysis of eGFP was performed 72h after transduction. Values
shown as mean ± SD (n = 3, non-significant differences (n.s) were found between means of wt/lco AAVs performance.

Sequence analysis of lcoAAVs revealed that local codon-optimisation introduced a premature
STOP codon in the gene X of lcoAAV2. This gene product has been connected to AAV2 DNA
replication and mutations affecting gene X expression have been shown to cause a decrease in
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AAV replication and yield [178]. However, our data show that truncation of the C terminus of
protein X in lcoAAV2 had no effect on vector yield, suggesting that truncation did not affect
protein X function or that protein X is dispensable for AAV2 packaging.

4.2.6 Increase in AAV sequence identity improves DNA shuffling of distant serotypes
Having validated the functionality of lcoAAVs, we wanted to evaluate the effect of sequence
optimisation on the efficiency of capsid shuffling. Codon-optimised capsid genes (lcoAAV2,
lcoAAV5 and lcoAAV6) were used as input sequences to create a shuffled library
(AAVLiblco256). Random clones (n = 42) from the final plasmid library were fully sequenced
to evaluate the presence of reassembled parental capsids and level of capsid shuffling. Detailed
analysis of the sequenced clones revealed a marked increase in complexity at the level of
individual variants within the library (Fig. 4-11) when compared to the clones isolated from
standard shuffled library generated using the wild-type cap counterparts (Fig. 4-6).

Fig. 4-11. Sequence analysis of representative clones from AAVLiblco256. Parental sequences are represented by red (AAV2),
green (AAV5) and blue (AAV6) lines. Size of vertical bars represents probability that individual residue was contributed by
given parental vector. Black line represents the most probably composition of individual shuffled clones based on the longest
sequence of identity to parental variants in a 5’ to 3’ direction.

Chimeric variants in the new library contained on average 17.3 ± 3.70 individual fragments
from parental donors. In contrast, the library generated using capsid sequences from wtAAV2,
wtAAV5 and wtAAV6 averaged 4.37 ± 2.68 fragments per clone (Fig. 4-12-A). Moreover, the
average size of each donor sequence segment decreased from 407 bp in AAVLib256 to 120 bp
in AAVLiblco256 (Fig. 4-12-B). Increase in crossovers and reduction in fragment size are
consistent with improved shuffling efficiency as a direct consequence of increased sequence
identity at the DNA level between input sequences. Furthermore, in contrast to the library based
on wtAAVs, none of the randomly selected clones was highly similar to AAV5, suggesting
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that the use of lcoAAVs in shuffling protocol lowered the frequency of full AAV5 capsid
reassembly.

Fig. 4-12. Comparison of shuffling efficiency between standard and codon-optimised capsid genes. (A) Number of
individual parental segments contributing to clones from shuffled AAV library based on capsids from wtAAV2, 5 and 6
(AAVLib256) (4.37 ± 0.53, mean ± SEM) and library generated using capsids optimised using localized codon-optimisation
(LCO) algorithm (AAVLiblco256)(17.31 ± 0.56, mean ± SEM). (B) Size distribution and mean (red line) size of parental
fragments contributing to clones (n = 145) from AAVLib256 (407.2 ± 44.91, mean ± SEM) and AAVLiblco256(129.5 ± 11.6, mean

± SEM). **** p <0.0001.

To test the functionality of our novel library based on lcoAAVs, we cloned the AAVLiblco256
shuffled library into a replication competent recipient construct containing ITRs and the Rep
gene (ITR2-Rep2-Caplibrary-ITR2). Standard transfection and iodixanol purification of the
library yielded 4´1010 vector genomes per mL, or 2.4 ´ 1010 total vgs.
We subsequently used this library to perform a selection on HuH7 cells in the presence of
wtAd5 virus to facilitate replication (see Methods section for details). After round 6 of selection
a dominant AAV variant, clone 12 designated HuH-R6C12, represented 40% of the analysed
pool of clones examined clones. Sequence analysis of AAV-HuH-R6C12 revealed that this
novel variant was composed of sequences contributed by parental lcoAAV2, 5 and 6 (Fig. 413), providing a direct confirmation that lcoAAVs allow generation of a new set of shuffled
functional clones that would be difficult to obtain using standard, unoptimised, AAV capsid
sequences.

Fig. 4-13. Sequence composition of clone HuH-R6C12. Parental sequences are represented by red (AAV2), green (AAV5)
and blue (AAV6) lines. Size of vertical bars represents probability that individual residue was contributed by given parental
vector. Black line represents the most probably composition of individual shuffled clones based on the longest sequence of
identity to parental variants in a 5’ to 3’ direction.
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To evaluate the transduction potential of the selected HuH-R6C12 clone on HuH7 cells, the
HuH-R6C12 cap gene was recovered using PCR, cloned into a standard AAV-helper construct
containing the rep2 gene and used to package the AAV-LSP-GFP construct. Packaging
constructs expressing wild-type and lcoAAVs (pAAV2, pAAV5, pAAV6 and pAAVlcoAAV2, pAAV-lcoAAV5, pAAV-lcoAAV6, respectively) were used in parallel to package
the same AAV cassette and served as controls. The AAV-HuH-R6C12 vector functionally
transduced 48.4% of HuH7 cells at MOI 500 (Fig. 4-14).

Fig. 4-14. Functional analysis of HuH-R6C12 clone. HuH7 cells were transduced with iodixanol preparations of rAAVHuH-R6C12 and control lcoAAV2 vector at MOIs indicated. FACS analysis of eGFP was performed 72hrs after transduction.
Values shown as mean ± SD (n = 3). Non-significant differences between HuH-R6C12 and lcoAAV2 performance was found
(t-test) at both MOIs tested.

Once we confirmed the functionality of the local codon optimised AAV2,5 and 6 we sought to
validate the strategy by generating shuffled libraries using a larger number of input AAV cap
sequences. To achieve this, we first used the LCO algorithm to optimise sequences of 12
parental wtAAVs (AAV1 through 12) and two previously described marsupial clonal isolates,
mAAV1 and mAAV-EVE1. As expected, localized codon-optimisation increased sequence
similarity between individual variants by up to 11.5% when compared to wild-type sequences
(Fig. 4-15), with the identity range between variants increasing from 55-75% to 65-85%.
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Fig. 4-15. Relative increase in percentage sequence identity between wtAAV cap genes and cap genes optimised using the
LCO algorithm.

LCO cap sequences were then synthesized de novo at the Genewiz® Facility (Materials and
Methods 2.25). Since the wild-type marsupial isolates had not been vectorised at the time of
these experiments, we decided to exclude them from the vector yield comparison. Packaging
tests performed in parallel with constructs encoding wtAAV1-12 cap sequences in independent
packaging reactions (n = 3) revealed that the majority of optimised capsids retained full
packaging ability (Fig. 4-16-A). From the AAV panel tested, only lcoAAV12 showed a
substantial decrease to 5.06% of the yield observed for control wtAAV12, which was partially
rescued to 29.08% of wtAAV12 by providing AAP12 in trans (Fig. 4-16-B).

Fig. 4-16. Yield comparison between wild-type and codon optimised vectors. (A) Evaluation of lcoAAVs cap genes based on
packaging efficiency compared to their wild-type counterparts. Non-significant differences in vector yield (vg/mL) were found
between the wild-type and the lco vectors 1 to 11 (n.s., t-test). A significant drop in titre was observed for lcoAAV2 when
compared to its wild-type counterpart (t-test, * p < 0.05). (B) Evaluation of the effect of AAP12 on packaging efficiency of
lcoAAV12. A significant increase in titre was observed (t-test, ** p < 0.01) when supplying AAP12 in trans for the lcoAAV12
production, suggesting that the process of optimisation of AAV12 hampered its endogenous AAP. All values shown as mean

± SD (n=3).
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More importantly, functional analysis on HuH7 cells (Fig. 4-17) revealed that codon
optimisation did not affect function of individual vectors when compared to wtAAV controls.
Next, we used lcoAAV1 through 12, lco-mAAV1 and lco-mAAV-EVE1 to generate a capsid
shuffling library, following the exact procedure as described before for the wild-type library
using the fourteen capsid variants. The effects of using lcoAAV in capsid shuffling protocols
became clear when we analysed the shuffling index of individual capsids (Fig 4-18)

Fig. 4-17. Functional assessment of rAAV vectors produced using lcoAAV and wtAAV cap genes for their ability to
transduce HuH7 cells. No significant differences between the transduction efficiency of the wild-type variants and their lco
counterpart were observed (paired t-test, n.s.). Values shown as mean ±SD (n=3).

The most visible effect was on the shuffling index of the serotypes with the lowest initial
identity (AAV5, mAAV1 and mAAV_EVE1), for which the shuffling efficiency increased
from 13.33%, 13.33% and 6.67% to 60.00%, 63.33% and 53.33% respectively, clear evidence
that locally optimised distant variants incorporate more efficiently into the shuffled library than
their wild-type counterparts. Increase in sequence identity also improved the shuffling
efficiency of AAV4, AAV11 and AAV12 to levels comparable to those observed for variants
within the group with the highest similarity. Interestingly, the global increase also triggered a
mild decrease in the shuffling index of those variants with the highest identity (green in Fig.
4-18), probably due to the competition in recombination caused by the incorporation of the
lower sequence identity variants.
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Fig. 4-18. Correlation between increase in average sequence identity between capsids and the Shuffling Index. Plot
represents the correlation between the sequence identity of individual capsid genes and the likeliness of being incorporated in
a shuffled capsid library. Size of the individual dots represents average sequence identity. Wild-type values are kept for
reference and represented in blue while optimised counterparts are represented in red.

Overall, our data further support the hypothesis that the novel system allows for generation of
libraries containing distantly related family members and functionally validates sequences
optimised using LCO as a powerful tool for AAV shuffling application.
Importantly, the shuffling efficiency studies described above were performed by analysing the
composition of shuffled plasmid library. Since, as mentioned earlier, not all clones within the
plasmid library will encode functional capsids, we sought to analyse the contribution of each
parental capsid to clones within packaged libraries. To do that, we packaged library based on
wild-type capsids and LCO capsids in HEK293T cells and purified assembled capsids using
iodixanol gradient purification protocol (Materials and Methods Section 2.15). Following PCR
amplification of the capsid genome from the packaged clones we performed a clone
composition analysis as discussed earlier. As shown in Fig. 4-19, the increase in the shuffling
index observed for the LCO library on the plasmid level (Fig. 4-18) was retained at the vector
level. The increase was more notable for the variants that were most phylogenetically distant
(mAAV, mAAV_EVE and AAV5), and confirmed that local codon optimization was a valid
approach to generate novel combinations that would be difficult, or impossible, to obtain
through shuffling of wild-type parental serotypes.
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Fig. 4-19. Correlation between increase in average sequence identity between capsids and the Shuffling Index. Plot
represents correlation between the average sequence identity of individual capsid genes and the likeliness of being
incorporated in a shuffled capsid library. Size of the individual dots represents average sequence identity. Wild-type values
are kept for reference and represented in blue while optimised counterparts are represented in red.

4.2.8 Discussion
In this section we described studies that demonstrate that a low degree of sequence identity
between parental AAV variants could limit library quality and complexity. Our initial
hypothesis was that phylogenetically distant serotypes would be underrepresented within a set
of shuffled clones, whereas parental serotypes with higher degree of sequence similarity would
be overrepresented, leading to unintentional bias in library composition.
Our hypothesis was correct in the context of a library built on the basis of 14 parental wildtype AAV variants: wild-type AAV serotypes 1-12 and two marsupial isolates (Fig. 4-4),
where AAV5 and the two marsupial isolates were substantially underrepresented. More
importantly, we observed an unexpectedly strong bias in the 3’ half of the genome for variants
harbouring shuffled combinations of AAV1 and AAV6 (79% of analysed clones, n = 24). As
mentioned previously (Fig. 4-2), AAV1 and AAV6 are the serotypes with the highest sequence
identity, with 97.1% of pair-wise sequence similarity. Effectively, since as depicted in Fig. 45 the similarity between other variants is significantly lower in the 3’ region of the cap genes,
the net frequency of recombination between highly homologous AAV1 and AAV6 is further
increased in that region. As equimolar quantities of parental input sequences are mixed during
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the shuffling protocol, it is plausible that the observed bias towards AAV1 and AAV6 when
mixing wild-type serotypes could be partially avoided by decreasing the amount of both vectors
used in the final shuffling mix. Similar approach/calculation could be applied to other input
capsids to “offset” their enhanced shuffling based on the sequence identity levels.
In the context of a library based on serotypes 2, 5 and 6 only, the most distant variant, AAV5,
was either underrepresented in individual shuffled clones or was a major contributor, with high
percentage of screened clones representing fully reassembled AAV5 capsid (Fig. 4-6).
Counteractively, we hypothesise that this phenomenon could be driven by the lower similarity
between fragments of AAV5 and other DNA fragments present during the PCR reassembly
step. Specifically, it is possible that as a consequence of the lower levels of identity of AAV5
with AAV2 and AAV6-derived DNA fragments, fragments of AAV5 cap preferentially anneal
to each other, leading to the generation of large fragments or full-length AAV5 cap genes. This
observation suggests that capsid libraries based on DNA-family shuffling could potentially be
contaminated with full-length wild-type variants, especially when the number of AAV parental
donors is low, adversely affecting the quality of the final library. This could be especially
problematic when attempting to create more diverse libraries with novel, often evolutionary
distant, variants such as Anc80 [123] or mAAV-EVE1 [174].
The fact that we did not observe this bias in the library based on 14 parental variants could be
due to insufficient depth of clonal analysis (i.e. bias existed but we did not detect it), or could
indicate that such larger libraries are not subject to this reassembly-bias. Specifically, it is
possible that the inclusion of a larger number of parental serotypes increases the microhomology space with which distant serotypes can interact and thus limits the self-reassembly
of distant serotypes.
Another important property which can potentially affect the quality of the shuffled libraries is
the fact that, as shown in Fig. 4-5, crossovers between parental serotypes tend to occur more
efficiently within capsid regions with higher micro-homology. This suggests that the shuffling
process may be suboptimal at generating variability within the AAV hypervariable regions,
which has been shown to determine the key features of the capsids such as immunogenicity
and tropism [42].
In order to reduce the mentioned biases introduced by sequence identity between individual
parental capsids, we performed a conventional codon optimisation (i.e. utilization of a single
codon for each amino acid throughout the sequence) of serotypes 2, 5 and 6. This approach
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failed to preserve capsid functionality, since a dramatic decrease in capsid assembly was
observed, even when the assembly activating protein was supplemented in trans (Fig. 4-7).
This fact could suggest that AAV capsids could encode additional currently unknown factors
or contain motifs that are essential during capsid expression and/or capsid assembly.
Irrespective of the mechanisms, which are currently unknown and will be further investigated,
the fact that conventional codon optimisation led to significant decrease in capsid assembly
made this approach less attractive, even though it allowed us to increase the similarity between
individual cap genes.
To overcome this limitation, we developed a novel codon-optimisation tool that allowed us to
increase sequence similarity between serotypes while preserving their functionality. By
generating a multiple sequence alignment of parental genes and limiting the codon optimisation
to triplet codons present in the input variants (Fig. 4-8), we were able to increase the average
sequence identity between serotypes by 11.3%. This sequence manipulation allowed to retain
capsid function for all the tested variants except AAV12, which was partially rescued with
AAP12 provided in trans. This could thus indicate that, in contrast to other serotypes, AAV12
is unique and requires additional factors for optimal assembly.
Importantly, functional analysis on HuH7 cells confirmed that optimised capsids were
indistinguishable from their wild-type counterparts (Fig. 4-17). Thus, our data validates
localised-codon optimisation as an improved and more appropriate method for AAV cap gene
sequence optimisation. Using this approach, we produced libraries based on DNA-family
shuffling, and we observed a clear and consistent increase on the presence of phylogenetically
distant serotypes (Fig. 4-18), as well as a reduction in the regional crossover bias that was
previously observed when working with a smaller number of serotypes (Fig. 4-11).
Importantly, when working with the fourteen locally optimised capsids, no bias was observed
towards serotypes AAV1 and AAV6 it the 3’ half of the region. This is an important advantage
in comparison to the previously studied wild-type library. As hypothesised before, the global
increase in sequence identity between serotypes opened an entire new space of possible
combinations for AAV1 and AAV6 regions to interact with, which did not exist when using
wild-type serotypes as substrates. It is thus plausible that this space of combinations indirectly
caused the reduction of the shuffling bias between AAV1 and AAV6.
However, it is important to highlight that we do not consider this approach as a substitution but
rather a complimentary method to the conventional DNA-family shuffling. The properties of
selected variants depend on both the input library and the selection method, and the shuffling
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of locally optimised serotypes simply offers a more efficient way to generate libraries
containing contributions from distant serotypes which otherwise would have an extremely low
probability to exist due to the mentioned technical problems related to sequence identity. This
could be important, for example, for generating shuffled variants harbouring distant motifs that
could allow enhanced evasion of antibody neutralization – thanks to lower structural crossreactivity - or even novel transduction profiles, when combined with canonical wild-type
serotypes.
It is important to mention that we cannot predict the effect of the inclusion of distant serotypes
on the overall fitness of the capsid library. Specifically, the efficiency of capsid shuffling is not
functionally restricted at the DNA-level (i.e. a plasmid encoding a non-functional capsid
protein is as viable as a plasmid encoding a functional one). Therefore, it is reasonable to
assume that the library complexities at the plasmid level surpasses library complexity following
packaging. For this reason, we decided to also study the capsid contribution to genomes that
underwent successful packaging. Importantly, the increase in capsid variability observed at the
plasmid level was also observed in the packaged vectors, providing further evidence that this
system allows the generation of novel functional variants that would be difficult to achieve
using the wild-type variants as a substrate.
In summary, AAV capsid shuffling based on lcoAAVs can be used to enhance currently
utilized AAV shuffling strategies thereby providing a powerful addition to the AAV
engineering toolbox. Furthermore, based on the functional data obtained with lcoAAV capsids,
the localized codon-optimisation algorithm could be applied more generically to DNA
shuffling of other genes to increase the sequence identity of input parental sequences while
minimising the risk of loss of function. Importantly, this new technology can enhance other
techniques based on homologous recombination, such as staggered extension process (StEP),
random chimeragenesis on transient templates (RACHITT), and nucleotide exchange and
excision technology (NExT), making localised codon-optimisation a new tool with potential
applicability and significant impact on the broader field of bioengineering.
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Chapter 5 : AAV vectors and human liver
5.1 Comparative Study of Liver models
5.1.1 Introduction
To date, most AAV-based vectors used in human liver clinical trials studies have been naturally
occurring variants, such as AAV2, AAV5 and AAV8. Accumulating data suggests that many
of the currently utilized wtAAV serotypes are less efficient at functionally transducing primary
human cells than would be predicted from in vitro and in vivo preclinical models, also
indicating that the preclinical models currently used are suboptimal at predicting clinical
outcome [179].
AAV2, the most extensively studied natural variant, was the first serotype used in a liverdirected AAV clinical trial, targeting haemophilia B. Unfortunately, and due to mild liver
toxicity and lower than expected level of transgene expression (human factor IX), the trial did
not progress beyond Phase 1 [180].
A subsequent clinical study carried out by Nathwani et al. for treatment of haemophilia B, via
delivery of a codon-optimised human factor IX cDNA with AAV8, provides another example
of the lack of correlation between preclinical models and human outcome [181]. In this study,
the clinical vector cassette (scAAV2/8-LP1-hFIXco) was tested at the same dose of
2×1012vg/kg in humans and non-human primates (NHP). While administration in NHP led to
transduction of 96-99% of the hepatocytes with an average 88-142 provector copies per cell
and peak hFIX levels between 399±58 and 580±34 percent of normal [182], in human subjects
only a moderate level of transgene expression was observed, with FIX peak activity at 10-12%
of physiological levels. It is important to mention also that the same serotype, AAV8, has been
shown to transduce virtually 100% of murine hepatocytes in vivo at similar doses
(1.2×1010vg/mouse, equivalent of 6×1011vg/kg) [183].
More recently, and as reviewed in [184], the first-in-human clinical trial using AAV5 for
treatment of acute intermittent porphyria (AIP) was found to be safe but inefficient, when
administering 1.8×1013 vg/kg [185]. Similarly to what was observed in the AAV8-FIX study,
equivalent dose of AAV5 was sufficient to achieve correction of the murine phenotype while
2.7× higher dose (5×1013 vg/kg) achieved supra-physiological enzymatic activity in NHP
[184].
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Of note, the first synthetic AAV variant, AAV-LK03, selected using a directed evolution
strategy for the ability to transduce primary human hepatocytes, has recently reached the clinic
in the context of a gene therapy trial using AAV vector encoding FVIII for hemophilia A.
Based on the level of FVIII activity achieved, it is reasonable to estimate that the transduction
efficiency achieved with the AAV-LK03 capsid is almost certainly higher than with any other
vector tested in a clinical setting at the same dose [186].
This lack of correlation between commonly utilised in vitro and in vivo models of human liver
prompted the group of Prof. Wilson at University of Pennsylvania (UPenn) to perform a direct
comparison of AAV-LK03, AAV3b and AAVr10 against the clinically tested AAV8 and
AAV2, in HuH7 cells, non-human primates, C57BL/6 mice and immune-deficient mice
partially repopulated with human hepatocytes (Fah-/-/Rag2-/-/Il2rg-/- (FRG) model, described in
detail in section 5.1.3) [179]. Results of their findings are summarized in Table 5-1, together
with the results described by Lisowski et al. [10].
Table 5-1. Functional transduction comparison of AAV serotypes in hepatic models. All the summarized data corresponds
to Prof. Wilson work [179], except for the column marked as Lisowski [10].

Model
FRG (Wilson)
HuH7

C57BL/6

Human

FRG (Lisowski )

Mouse

Human

Rhesus Macaque

Vector serotype

RLU/s

% Transduction

AAV3b

5.00E+06

0.1

23.0 ± 2.94

7.3 ± 1.88

18.82

25.0 ± 0.6

AAV-LK03

5.00E+06

3.9

29.5 ± 1.65

13.0 ± 3.39

43.3

12.3 ± 6.08

AAV8

5.00E+04

84

46.5 ± 14.5

35.0 ± 7.0

3.6

21.8 ± 1.25

AAVrh10

5.00E+04

81

40.5 ± 17.5

10.5 ± 3.5

/

15.2 ± 0.65

AAV2

/

/

/

/

/

1.6 ± 1.8

As observed, Clade B-like vectors (AAV3b and AAV-LK03) show remarkably higher
transduction on the human hepatoma cell line HuH7 when compared to Clade E vectors (AAV8
and AAVrh10), which at the same time transduced mouse hepatocytes at a very high efficiency
when compared with the Clade B vectors (C57BL/6). Discrepancies between both papers are
mainly related to data obtained in the immune-deficient mice partially repopulated with human
hepatocytes, where the Wilson group found Clade B vectors to be superior at transduction of
human hepatocytes, whereas Lisowski et al. described opposing results, with AAV-LK03
being the more functional vector. The studies in rhesus macaque (NHP), showed that the Clade
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B vector AAV3b was the most functional variant, followed by AAV8, AAVrh10, AAV-LK03
and AAV2 [179].
Earlier this year, three new highly human liver tropic serotypes (NP40, NP59 and NP84) were
identified from an AAV library screen performed in the FRG model by the Kay lab at Stanford
University. The new vectors were benchmarked against AAV-LK03 in two independent labs;
at the Oregon Health & Science University (OHSU) and at the Children’s Medical Research
Institute (CMRI). Data from both centres indicate that NP59 is the most liver trophic variant
among the evaluated vectors, capable of functionally transducing 36.1% and 94.5% human
hepatocytes (OSHU/CMRI) followed by NP40 (31.6% / 72.8 %), NP84 (30.2% / 27.7%) and
LK03 (16.7% / 32.6 %) [11].
In light of the variance observed in the described studies, we decided to perform a thorough
functional comparison of AAV vectors previously used in clinical studies (AAV2, AAV5,
AAV8 and AAV-LK03) in a number of preclinical models. We also included AAV3b for direct
comparison [179] and the recently described NP59, which we believe will be the next vector
to enter the clinical pipeline. To do so, we first studied the performance of the six vectors in
HuH7 cells and primary human hepatocytes in vitro. We then performed detailed analysis of
vector function using humanised FRG mouse model, a model that, based on available clinical
data is the most predictive of human outcome. We hypothesised that one of the potential
explanations for the differences observed in previously mentioned in vivo studies could be the
animal to animal variance, as well as the variance caused by independent injections (technical
variation). In order to overcome those two limitations, we co-injected the six tested vectors into
the same animals. For this reason, we designed transgene cassettes with unique barcodes, which
allowed us to study simultaneously in vivo distribution and expression of multiple vectors at
the DNA and RNA levels respectively. In addition to an already available and validated in the
lab liver model based on FRG animals repopulated with primary human hepatocytes, we
developed a novel FRG model: FRG mouse repopulated with primary hepatocytes from NHP
(rhesus monkey and cynomolgus monkey), which we hypothesize may with time replace or
minimise the use of NHP as a preclinical model for AAV studies targeting liver
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5.1.2 In vitro comparison

An AAV cassette, encoding GFP under the control of liver specific promoter and bovine
growth hormone pA (ssAAV-LSP1-GFP-WPRE-BGHpA) [187], was packaged in AAV2,
AAV3b, AAV5, AAV8, AAV-LK03 and AAV-NP59. The vectors were tittered using GFP
specific primers (Methods Section 2.9) and were used to transduce HuH7 at the same MOI
(Fig. 5-1).

Fig. 5-1. Functional comparison between recombinant AAV2, AAV3b, AAV5, AAV8, AAV-LK03 and AAV-NP59 on HuH7
cells. Values shown as mean ± SD (n = 3). To facilitate interpretation, same colours per capsid are kept throughout the study.

As previously described, vectors related to Clade B (AAV3b/LK03) transduced HuH7
efficiently, as they utilize the highly expressed human hepatocyte growth factor receptor for
cellular binding [188], whereas AAV5 and AAV8 transduced HuH7 poorly [179].
Interestingly, AAV2 transduced HuH7 more efficiently than NP59 (~20x) at both MOIs tested,
results that contradict the behaviour observed in the in vivo FRG model (summarized in Table
5-1).
In order to gain better insight into vector performance in the in vitro models, we also tested the
set of vectors in cultured primary human hepatocytes (PHH). It is known based on published
work that hepatocytes grown in conventional 2D monolayers cultures quickly lose their liverspecific functions and no cell polarity is established [189]. To ensure that our studies are
performed in healthy cells that retain their primary hepatocytes characteristics, we took
advantage of the ‘sandwich’ system, where cells are cultured in-between a layer of collagen
and a layer of matrigel and, more importantly, liver functions and polarity are established in
culture [190]. Briefly, cells were plated at 150,000 cells/well on collagen coated 24-well plates
and after six hours, cells were washed with PBS and cells were overlaid with the layer of
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matrigel to obtain the sandwich culture (for details see Methods Section 2.29). 24 hours later
the cells were transduced with the AAV vectors at the MOIs specified in Fig. 5-2 and analysed
for GFP expression 72 hours after transduction.

Fig. 5-2. Functional comparison between recombinant AAV2, AAV3b, AAV5, AAV8, AAV-LK03 and AAV-NP59 in
cultured primary human hepatocytes. Hepatocytes plated between two layers (collagen/matrigel) were transduced at MOIs
= 2.0 ´ 105, 2.0 ´ 104 and 2.0 ´ 103 with vectors encoding eGFP under the control of liver specific promoter (LSP). FACS
analysis of eGFP was performed 72h after transduction (n = 1). As n = 1, no inferential statistics are presented. Variants
appeared to consistently transduce primary human hepatocytes on the following fashion, from better to worse performant:
LK03 > AAV3b > AAV2 > NP59 > AAV5 > AAV8.

As shown in Fig. 5-2, while similarly to what was observed for HuH7 cells, LK03 was the
most efficient vector among variants tested, AAV3b was more efficient than AAV2 and NP59
was more efficient than AAV5 and AAV8 (LK03 > AAV3b > AAV2 > NP59 > AAV5 >
AAV8). When compared with HuH7, primary human hepatocytes seem more resistant to AAV
transduction, since a MOI 100´ higher is required to achieve similar levels of GFP (AAV3b)
or still lower levels (AAV2 and AAV-LK03) to those observed in HuH7.
Even though ‘sandwich’ cultures overcome some of the major limitations of the 2D hepatocyte
culture, they still fail to model the complex and rich liver scaffold and environment and, most
importantly, none of the available protocols allow human hepatocytes expansion in vitro [191].
For these reasons, in vivo animal models, which can provide more physiological cellular
environment, would be expected to be more biologically predictive and provide a superior
testing system to evaluate function of AAV vectors prior to clinical studies.
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As mentioned before, we aimed to study the performance of the same set of six vectors in the
FRG chimeric liver model [192], repopulated with human and nonhuman primate hepatocytes.
Due to the importance of this model in our work, a brief review is presented below.
5.1.3 The FRG Model
The Fah-/-/Rag2-/-/Il2rg-/- (FRG) triple knock-out mouse model developed by the Grompe Lab
at the Oregon Health & Science University (OHSU) [192] was an important new tool validated
and adopted by many groups studying human liver biology and liver targeted gene therapy.
This model offered number of advantages when compared to the best alternative model of
humanized liver available at that time, the uroplasminogen-activator (uPA) transgenic mouse
[193]. The latter were based on immunodeficient transgenic mice that harboured an albumin
promoter expressing the uPA, which rendered mouse hepatotoxicity and facilitated human
hepatocyte engraftment and expansion upon transplantation. Several drawbacks were
associated with this model, including renal dysfunctionality, a limited window for
transplantation and lower breeding efficiency [193].
The FRG model takes advantage of a pre-existing immunodeficient mouse model to facilitate
xenoengraftment, the Rag2-/-/Il2rg-/- (RG) strain, traditionally used for the generation of human
hematopoietic xenografts based on their complete lack of T cells, B cells and natural killer
(NK) cells [194]. The OHSU group crossed the RG animals with a fumarylacetoacetate
hydrolase (Fah) deficient mice strain, a previously described model of hereditary tyrosinaemia
type I, generating the triple knock-out (FRG). Mice homozygous for fah gene disruption
present a dysfunctional tyrosine catabolic pathway with accumulation of toxic
fumarylacetoacetate, which leads to kidney and liver dysfunction and a neonatal lethal
phenotype.

The

water-soluble

drug

2-(2-nitro-4-trifluoro-methylbenzyol)-1,3-

cyclohexanedione (NTBC), corrects liver function and abolishes neonatal lethality by blocking
the tyrosine degradation pathway upstream of the Fah, preventing accumulation of the toxic
fumarylacetoacetate hydrolase substrate, as schematized in Fig. 5-3 [195].
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Fig. 5-3. Tyrosine degradation pathway. Fumarylacetoacetate hydrolase (Fah) breaks down Fumarylacetoacetate (highly
toxic) into fumarate and acetoacetate, as part of the Tyrosine Catabolic Pathway. Animals lacking functional Fah accumulate
fumarylacetoacetate, leading to kidney and liver dysfunction and a neonatal lethal phenotype.

NTBC (2-(2-nitro-4-

trifluoromethylbenzoyl)-1,3-cyclohexanedione) is a potent inhibitor of 4-hydroxyphenylpyruvate dioxygenase and has been
shown to block the tyrosine degradation pathway upstream of fumarylacetoacetate, preventing its accumulation. Adapted from
[195].

Upon continuous administration of NTBC in drinking water, the triple mutants grow well and
are fertile, but upon NTBC withdrawal death occurs within 4-8 weeks due to gradual
hepatocellular and renal injury [192]. This inducible control on hepatocellular damage makes
FRG mice convenient hosts for human hepatocyte transplantation and repopulation upon
controlled cycling of NTBC, thanks to the competitive advantage of human cells (Fah+/+) in
absence of NTBC, which allows selective expansion. Details of the complete protocol for
human repopulation can be found in the Methods Section 2.30.
The hepatocytic function and structure of the human repopulating cells was thoroughly studied
by Grompe’s lab and described in the initial report. Briefly, the human hepatocytes were found
to express mature hepatocyte-specific genes by RT-PCR and enzymatic assays and, most
importantly, appeared incorporated into the hepatic structure of the recipient mice [192].
The FRG model presents several advantages when compared to previous models, in addition
to the mentioned inducible control of primary human hepatocytes expansion by NTBC cycling.
An important feature is the fact that the Fah-deficiency is caused by a gene deletion and
therefore cannot undergo random reversion, which would lead to presence of “corrected”
mouse hepatocytes that would compete with human Fah+ cells. Another important advantage
of the FRG model is the ability to use it to expand primary human cells, calculated to be of at
least 150-fold per round of transplantation [192], providing a convenient source of high-quality
primary human hepatocytes. Combined with the possibility of serial transplantation of human
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cells this allows for generation of large cohorts of animals repopulated with the same primary
human cells.
Since its publication in 2007, the model has been widely used by the scientific community for
various purposes, such as parasitology studies [196], pharmacokinetics analyses of drugs [197],
metabolic studies [198], and virology studies [199], leading to accumulation of high-quality
data confirming the strengths and the overall value of the FRG model.
Despite the clear advantages of the FRG model over other available models of human liver, it
is important to keep in mind that some groups have also reported several limitations of the
human liver xenograft, such as the perturbation of the normal hepatic architecture by the
nodular outgrowth of human cells, the abnormal localization and density of nonparenchymal
cells and the fact that human hepatocytes appear to be much smaller than the surrounding
mouse hepatocytes [179]. According to the authors, these differences, which are highly
variable from animal to animal and could also be related to different sources of donor
hepatocytes, could have an impact when studying, for example, the transduction profiles of the
different AAVs.

5.1.6 In vivo comparison of the clinical vectors mix

Back in 2013, the Nakai Lab at OHSU developed a novel tool in AAV research, termed AAV
Barcode-Seq, which allowed the authors to characterize the in vivo performance of hundreds
of individual AAV serotypes in a high-throughput manner. Briefly, they linked known
barcodes to each AAV vector to be studied, mixed barcoded vectors at an approximate
equimolar quantity, co-injected them into in vivo models and studied the transduction
efficiency of each serotype using Illumina barcode sequencing [200]. In a more recent report,
Marsic et al. studied the biodistribution of different AAV variants in mice following a similar
approach [201].
In order to overcome the problems associated with animal-to-animal variation when using the
humanised FRG animals (hFRG), we wanted to adopt the AAV Barcode-Seq system developed
by Nakai’s lab. To do so, we generated twenty barcoded variants of the ssAAV-LSP1-GFPWPRE-BGHpA transfer vector by cloning individual six-nucleotide barcodes between the GFP
ORF and the WPRE element (summarized in Table 5-2, Methods Section 2.31/2.32).
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Table 5-2. 6-mer nucleotide barcodes cloned into ssAAV-LSP1-GFP-WPRE-BGHpA.

Variant

Barcode

Variant

Barcode

Variant

Barcode

Variant

Barcode

BC01

ATGCTG

BC06

AGAGTC

BC11

GACTAG

BC16

CGATAG

BC02

ATCGTC

BC07

GTCAGT

BC12

GAGTCT

BC17

CACTGT

BC03

AGTGAC

BC08

GAGAGT

BC13

CTGATC

BC18

CAGTAC

BC04

ACACTG

BC09

GCTATC

BC14

CTCAGT

BC19

CATTGG

BC05

AGTCTC

BC10

GCATGT

BC15

CGTACT

BC20

TGGATC

We packaged individual barcoded transgenes in the set of six capsids, studied throughout this
section - AAV2, AAV3b, AAV5, AAV8, AAV-LK03 and AAV-NP59. We titrated the
preparations by qPCR targeting the GFP gene and used this information to prepare an
approximately equimolar mixture of the six capsid variants. In order to validate the input and
be able to later normalize the results, we recovered the ssDNA from the viral prep, PCR
amplified the 150 bp flanking the barcode and submitted the amplicon for 150 base paired end
Illumina sequencing (Genewiz, see Methods Section 2.33 for details). I then wrote a simple
Python script (‘BC_Counter.py’) that allows the analysis of the next generation sequencing
data generated by the Illumina platform (*.fastq files) (the script is available for download at
https://github.com/Martison/phdscripts). Briefly, the script reads through the fastq file and for
each valid forward read, it first separates and then quantifies the total number of reads
containing each specific barcode. Finally, it matches the barcode to the corresponding AAV,
taking advantage of a tabular list that the user provides. Fig. 5-4 summarizes the results
obtained upon sequencing of the pre-injection mix.

Fig. 5-4. NGS analysis of pre-injection mix. Barcode regions was PCR amplified from the pre-injection mix and sent for NGS
analysis. Illumina Reads were analysed for presence of one of the six barcodes and the numbers of individual reads were used
to calculate percentage of reads with each of the six barcodes.

In the perfect scenario where each vector was mixed in an exact equimolar fashion, we would
expect each to account for 16.66% of the total number of reads. As observed in Fig. 5-4,
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AAV3b (23.72%) and AAV5 (20.73%) were slightly overrepresented and AAV2 (11.08%) and
NP59 (12.41%) slightly underrepresented.
Having validated the vector-mix, we injected the mix intraperitoneally (i.p.) at either 2.5 ´ 1011
(4.17 ´ 1010 vg/capsid) or 5.0 ´ 1010 (8.33 ´ 109 vg/capsid) total vector genomes per FRG
mouse repopulated with either rhesus macaque hepatocytes (n = 2), cynomolgus hepatocytes
(n = 2) or human hepatocytes (n = 2). Levels of liver repopulation can be found on Annex
Table 4. One-week post injection, mice were culled and their livers perfused to recover the
mixed population of hepatocytes (for details, see Methods Section 2.34). In order to separate
murine and primate cells we incubated the hepatocytes with fluorophore conjugated antibodies
reacting with the species-specific major histocompability complex molecules (APC anti-mouse
H-2kb and HLA-ABC PE). This allowed fluorescence activated cell sorting (FACS) of
individual populations (Fig. 5-5-A) and posterior gating and sorting of each GFP+ population
(Fig. 5-5-B). Importantly, analysis of individual cell populations post-sort confirmed that each
population was highly pure (>99.0%) and contained mainly mouse, human or NHP cells (Fig.
5-5-C, Fig. 5-5-D).

Fig. 5-5. FACS setup. (A) Gates used for the sorting of murine (APC+) and primate (PE+) populations. Gates are stringent
in order to avoid cell doublets. (B) Gates used for sorting the GFP+ cells of the murine (left) and the primate (right)
populations. Cell population purity analysis on sorted murine cells (C) and human cells (D).
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We sorted a minimum of 200,000 cells for each population (mouse/human) and divided the
sample for DNA and RNA extraction and posterior cDNA synthesis (Methods Section
2.16/2.17 for DNA, 2.35 for RNA). Finally, we PCR amplified the barcoded region from each
population (murine DNA and cDNA when indicated and primate DNA/cDNA) and we
analysed the provector composition via Illumina barcode sequencing as mentioned earlier.
Results presented below were normalized to the composition of the input mix (Fig. 5-4). Total
number of analysed reads can be found in the Annex Table 5.
Two clear population patterns are distinguishable when analysing the AAV composition in
murine and nonhuman primate cells. For both vector doses in FRG mice repopulated with the
rhesus monkey hepatocytes, AAV8 was the dominating serotype at the DNA level in murine
cells (dose 1 = 69.27% / dose 2 = 84.61%). Similarly, RNA expressed from AAV8-encoded
cassette was also the major variant found in the RNA sample (96.86% / 98.33%, Fig. 5-6-A).
This is in concordance with the very strong tropism of this serotype for mouse liver [183].
When it comes to the rhesus monkey hepatocytes, AAV-NP59 appeared to be the top
transducer, encompassing 49.98% and 78.76% of the reads for both doses, followed by AAV8
(17.83% / 6.40%), AAV-LK03 (14.28% / 5.78%) and AAV3b (12.32% / 5.47%). AAV2 and
AAV5 transduced both murine and primate cells poorly (Fig.5-6).

Fig. 5-6. Vector distribution in rhesus monkey and murine hepatocytes in FRG xenograft model. Percentages are
normalized to the pre-injection mix (Fig. 5-4) and represent barcode read population at the DNA and RNA (cDNA) levels.
AAV8 was found to be the most abundant vector in murine cells and NP59 in Rhesus Monkey Hepatocytes for both doses
tested.
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We observed a similar pattern to the one described for FRG mice repopulated with rhesus
monkey cells from animals repopulated with cynomolgus hepatocytes (Fig. 5-7).
Unfortunately, we did not recover enough murine cells for RNA and DNA analysis and have
thus performed analysis only on the DNA murine population. Again, AAV8 was the most
efficient variant at transducing murine cells (dose 1 = 65.89% / dose 2 = 90.73%) whereas
AAV-NP59 was the main contributor in non-human primate cells (51.09% / 65.92%), followed
by AAV8 (23.16% / 17.48%).

Fig. 5-7. Vector distribution in cynomolgus monkey and murine hepatocytes. Percentages are normalized to the preinjection mix (Fig. 5-4) and represent barcode read population at the DNA and RNA (cDNA) levels. AAV8 was found to be
the most abundant vector in murine cells and NP59 in Cynomolgus Monkey Hepatocytes for both doses tested.
.

Interestingly, the percentage of reads for both dominating vectors (AAV8 for murine and NP59
for nonhuman primate) was consistently higher at the lower vector doses. This could be related
to the minimum threshold for each vector to transduce a determined cell type. In other words,
as the total vector dose is decreased, the effective dose of vectors that are less efficient at
transducing target cells falls below the functional threshold, making the vector most efficient
at transducing target cells (AAV8/NP59 in this example) more represented among NGS reads
and thus appear more efficient at transducing the cells. While competition for cellular receptors
and receptor saturation could also be a factor contributing to the observed differences between
high and low dose, it is more unlikely to play a significant role in this experimental setup due
to the fact that all vectors were delivered simultaneously and the relative ratios of vectors within
the mix were the same at both doses used.
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Finally, similarly to what was observed in murine cells from FRG mice repopulated with
primary hepatocytes from NHP, AAV8 was the most efficient at transducing murine cells in
FRG animal repopulated with human hepatocytes (80.16% of the reads on DNA and 97.87%
on RNA samples) (Fig. 5-8). Interestingly, analysis of DNA extracted from human cells
showed that NP59 was the most human hepatotropic serotype (50.07% reads), followed by the
Clade B serotypes, AAV-LK03 (21.12%) and AAV3b (14.33%), rather than AAV8 (10.76%)
as observed in the nonhuman primates samples, indicating that AAV8 is more efficient at
transducing NHP hepatocytes than human hepatocytes. In fact, these results are in good
agreement with published data (Fig. 5-8-A), which clearly shows that AAV8 efficiently
transduces mouse hepatocytes but not the cluster of human cells, whereas NP59 transduced
virtually all human cells.

Fig. 5-8. (A) Historical histological analysis of livers of FRG mice injected with the indicated vector serotype. (AAV2, AAV8
and LK03 [10], NP59 [11] (Data kindly provided by Prof Alexander’s lab at CMRI). (B, C) Vector distribution in human
and murine hepatocytes from animals injected with a total dose of 2.5 ´ 1011 or 5 ´ 1010 vgs. Percentages are normalized to
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the preinjection mix (Fig. 5-4) and represent barcode read population on DNA and RNA (cDNA) samples. AAV8 was found
to be the most abundant vector on murine cells and NP59 on Human Hepatocytes for both doses tested.
.

Another interesting fact was the difference between DNA and RNA populations. In all the cell
types (murine, nonhuman primate and human cells), the vector with overall better entry in
terms of cell internalization of DNA (physical transduction) (AAV8 in murine / NP59 in
primate cells) was also the one most abundant at the RNA level (functional transduction), but
the differences between tested serotypes were larger at the RNA level (cDNA) (Fig. 5-8,
AAV8: DNA 70.02% --> RNA 96.95%; AAV-NP59: DNA 55.17% --> RNA 77.23%). This
could be due to differences in the post-entry steps, which include endosomal escape, nuclear
transport and single to double-strand conversion [202], and it is of vital importance since, when
working with gene addition approaches we are ultimately interested in vectors’ ability to
express the transgene (functional transduction) and not their ability to enter the cells (physical
transduction). Since the packaged transgenes were identical between tested vectors, with the
exception of short, six-nucleotide barcode, it would be expected that the stability of vector
derived RNA was not affected and was identical between AAV variants tested. However, in
order to validate this assumption, we used each AAV serotype (described in the next section,
5.2, Fig. 5-14) to package two cassettes containing different barcodes, mixed vectors at 1:1:1
molar ratio and performed analysis in FRG mouse repopulated with human cells.
The difference between DNA and RNA populations could also be related to the disparity in the
stability of these molecules. As previously shown, the relationship between a transgene (DNA)
and its expression (mRNA) is not linear [203] and varies notably between different transgenes.
Taking into account DNA and RNA stability and the nonlinear DNA:RNA relation, we could
expect AAV variants that lead to more abundant vector genomes inside the cells to be even
more ‘abundant’ at the RNA level, hypothesis that is in concordance with our findings.
Two final concerns raised by the Wilson’s Lab are the hepatocyte donor to donor differences
and the competition between mouse and human hepatocytes for vector uptake, commonly
referred to as ‘sponge’ effect.
However, we hypothesize that injecting all the vectors into the same FRG mouse removes any
bias that could be introduced by the donor cells and/or by individual injections, a fact that
significantly strengthens the comparison. When it comes to uptake competition, it is postulated
that the presence of mouse hepatocytes can be a potential confounder of human hepatocyte
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transduction, since vectors differ in mouse transduction and, for example, AAV3b related
vectors, which transduce mouse cells poorly, would be less affected than AAV8, which
transduces mouse efficiently [179].
We agree that the “sponge effect” is an important limitation associated with this model that
needs to be considered when extrapolating results from xenograft models to human studies.
Furthermore, other differences, such as tissue environment and vector interactions with blood
proteins/elements could also contribute to differences observed in vector function between
murine and primate species and human subjects. However, keeping in mind all those potential
limitations of the murine xenograft model, based on data from our studies and also studies
published by others, the model is a good predictor of human outcome and the “sponge effect”
does not ultimately affect the final conclusions. Specifically, our data shows that while AAV8
is very efficient at transducing murine cells in animals repopulated with hepatocytes from
human and NHPs, the models still allow for the detection of differences when it comes to vector
transduction of non-human primate cells (AAV8 > LK03) versus human hepatocyte (LK03 >
AAV8, Fig. 5-9).

Fig. 5-9. Vector distribution in human, nonhuman primates and murine hepatocytes. Percentages are normalized to the
pre-injection mix (Fig. 5-4) and represent barcode read population in DNA samples for comparison of AAV8 and AAVLK03
only.

A final important observation, which led to a significant new direction of my project, is the
surprising fact that AAV-NP59, which transduces human cells with significantly higher
efficiency than AAV2, differs from AAV2 by eleven amino acids only. Therefore, combination
of those eleven residues (or subset of them) converts a poor human hepatocyte transducer into
a vector with astonishing tropism towards human and NHP hepatocytes (Fig. 5-10).
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Fig. 5-10. Vector distribution on human and nonhuman hepatocytes. Percentages are normalized to the pre-injection mix
(Fig. 5-4) and represent barcode read population in cDNA samples when comparing AAV2 and AAV-NP59 only.

The following section summarizes the efforts that we made in order to identify which of the
eleven amino acids are responsible for this enhanced liver tropism of AAV-NP59 when
compared to AAV2.

5.2 Study of the highly human liver tropic AAV-NP59
5.2.1 Introduction
Inclusion of AAV-NP59 in the vector comparison study discussed in the previous section led
to the confirmation that this recently published variant [11] is highly efficient at functionally
transducing primary human hepatocytes, but also to establish its ability to transduce nonhuman primate liver in the FRG model. The fact that NP59 differs from AAV2 in only eleven
amino acids became a focal point of the project as it provided us with a convenient genetic tool
to try to understand the effect of capsid sequence/structure on liver transduction.
In fact, NP59 diverges from AAV2 at 51 nucleotide positions, 37 of which are silent, indicating
that the remaining 14 nucleotides, which cause 11 amino acid mutations, listed in Table 5-3,
as responsible for the significant functional differences between these two AAV variants.
Table 5-3. Amino acid differences and their origin between AAV2 and AAV-NP59.

#

Position

AAV2

NP59

Probable

Structural

Mutation

in AAV2

Amino acid

Amino acid

Origin

Cluster

1

162

A

T

AAV1/AAV6

1

2

168

R

K

AAV1/AAV6

1

3

179

A

S

AAV1/AAV6

1

4

180

D

E

AAV1/AAV6

1

5

190

Q

E

AAV1/AAV6

1
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6

233

T

Q

AAV3

2

7

235

M

L

AAV3

2

8

310

R

K

AAV3

3

9

312

N

S

AAV3

3

10

503

T

A

Novel Mutation

4

11

596

N

D

Novel Mutation

4

Detailed analysis on DNA and protein level via our previously described Sequence Origin
Depiction tool (SOD, Fig. 4-3) revealed that as stated by Paulk and colleagues, the first five
amino acid mutations were probably shuffled in from a region of AAV1/6 and the following
four from a region of AAV3b (Fig. 5-11-A). Despite the fact that AAV5 shares the Alanine
residue at position 503 with AAV-NP59 (AAV2 positioning), we believe that such a small
region (3 nucleotides) is highly unlikely to shuffle in from such a phylogenetically distant
serotype, and therefore we hypothesize the origin of both T503A and N596D to be novel
mutations introduced during library construction and/or during library replication in the
presence of wtAd5 (Fig. 5-11-A and 5-11-B/C).

Fig. 5-11. Parental contribution analysis of AAV-NP59. (A) Crossover analysis of NP59, a vector selected from a DNAfamily shuffling library. Numbering on the top corresponds to accumulated differences between AAV2 and NP59. (B)
Magnification of the region flanking the 10th mutation in NP59 in respect to AAV2. (C) Magnification of the region flanking
the 11th mutation of NP59 in respect to AAV2.
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The eleven mutations between AAV2 and AAV-NP59 are grouped in four structural clusters:
the first cluster consists of five residues located within the VP1/2 overlapping region and not
in VP3 (A162T, R168K, A179S, D180E, Q190E); the next two mutations, corresponding to
cluster-2, are situated at the beta A strand region pointing into the capsid inner surface (T233Q,
M235L); two at the beta D strand region, also buried and with their side-chain pointing into
the capsid inner surface (R310K, N312S; cluster-3); finally, the last cluster consists of two
mutations that are situated on the surface loop of the Variable Region V (T503A) and on the
surface, at the base of the protrusions at the 3-fold axis (N596D). Importantly, residues N596D
and T503A are situated in a row together with a third residue (N594) on the capsid surface
(Fig. 5-12), and their effect could be synergistic, as discussed in detail later. Interestingly, out
of the 51 nucleotides that differ between AAV2 and NP59, 37 (72.5%) are situated within the
assembly activating protein coding frame, generating 33 amino acid differences between AAP2 and AAP-NP59. Nevertheless, these changes appear to be well tolerated since AAV-NP59
was able to package during the library selection process.

Fig. 5-12. Structural representation of wtAAV2. The 6th-11th mutations that differ between AAV2 and NP59 are marked in
red. The first five mutations lay in a region which structure has not been described, probably due to its great mobility. (Figure
kindly generated by Prof. Mavis Agbandje-McKenna)

In order to study in detail the contribution of each of the eleven amino acids to the superior
human liver tropism of rAAV-NP59 when compared to rAAV2, we wanted to ensure that the
observed differences were ultimately related to the phenotype (protein, 11 amino acid changes)
rather than the genotype (DNA, 51 nucleotide changes). To do so, we generated “clean” AAVNP59 (from now on referred to as AAV-modNP59) by introducing the 11 amino acid changes
onto AAV2 background. Changes in modNP59 also reduced the nucleotide and protein
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differences in the AAP ORF from 37 to 9 and from 33 to 6 respectively. Direct side-by-side
yield comparison studies revealed that these changes in AAP had no effect on the production
capacity of the DNA modified NP59 serotype in comparison to the originally described AAVNP59 (Fig. 5-13).

Fig. 5-13. rAAV yield comparison between AAV2 and NP59. Crude vector yield comparison using standard triple
transfection protocol. Significant differences were found (ANOVA). Tukey multiple comparisons of means was then run, and
significant differences (Tukey HSD, **** p < 0.0001) were found between both modNP59/NP59 and AAV2 yield. ns = nonsignificant differences. Values shown as mean and standard deviations (n=3).

In order to study the functionality of the AAV-modNP59, we used this capsid variant to
package the previously described single stranded AAV-LSP1-GFP-WPRE-BGHpA cassette
and to perform functional analysis in humanised FRG mice. To do so, hFRG mice were injected
with 2.0 ´ 1011 total vector genomes and analysed for GFP expression two weeks after
transduction, following standard protocol utilised in our laboratory. As shown in Fig. 5-14-A,
similarly to AAV-NP59, AAV-modNP59 had strong human tropism, with GFP expression
observed in large proportion of human cells. At the same time, we packaged two barcoded
versions of the defined AAV-LSP1-GFP variants (Table 5-2) in two independent vector
preparations of AAV2, AAV-NP59 and AAV-modNP59 and we co-injected them at a final
dose of 5 ´ 1010 vgs on hFRG as described before (3 variants ´ 2 BC/vector = 6 preparations).
One-week post-injection we sorted GFP+ murine and human cells and analysed the transgene
composition at the DNA and RNA levels and normalised the results to the input mix. Results
presented in Fig. 5-14-B show average read share (mean of the 2 barcodes). As observed,
modNP59 and AAV-NP59 presented similar transduction profiles, well differentiated from the
wild-type AAV2.
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Once the human tropism of AAV-modNP59 was confirmed, it became the starting point for
comparison studies presented below.

Fig. 5-14. Functional comparison between AAV2, NP59 and modNP59 in hFRG mice. (A) Representative
immunohistochemical images of liver cross sections from hFRG mice injected i.p. with 2 ´ 1011 vg of AAV-modNP59 carrying
ssAAV-LSP-GFP cassette. Human FAH (red), vector encoded GFP (green) and DAPI (blue). 20 ´ magnification. (B) Vector
distribution in human hepatocytes isolated from hFRG. Percentages are normalized to the pre-injection mix and represent
barcode read population at the DNA and cDNA levels when comparing AAV2, AAV-NP59 and modNP59, n=2 barcodes per
variant (total of 6 co-injected vectors). Bars represent mean ±SD. Since n = 2, no inferential statistics are presented. Variants
modNP59 and AAV-NP59 appeared to transduce primary human hepatocytes in the FRG model with similar efficiency, and
at ~20´ higher efficiencies than AAV2 (physical transduction, DNA) and ~125´ higher efficiencies than AAV2 (functional
transduction, cDNA).

5.2.2 Generation and in vivo selection of a AAV2 – NP59 binary library
In order to understand which of the 11 amino acids that differed between AAV and modNP59
were responsible for the observed functional differences between those two capsid variants, we
generated a permutational library (as summarized in Fig. 5-15-A) which contained variants
with all possible combinations of AAV2-specific or NP59-specific residues at the 11 positions
(Table 5-3, referred to as M1 to M11 from now). This small library (referred to as
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Library_AAV2-2048) contained 211 = 2048 variants, including one variant identical to AAV2
and one identical to AAV-modNP59. Analysis of n=27 random clones confirmed the binomial
distribution of accumulated mutations in the population (Fig. 5-15-B).

Fig. 5-15. AAV2/NP59 permutation library. (A) Construction of the Library AAV2_2048. Blue box at the top represents AAV2
ORF. Green vertical lines represent the distribution of the eleven amino acids that differ between AAV2 and NP59. In order
to build the library, we first generated four AAV2 backbone variants (wtAAV2, mut-10 Only, mut-11 Only and both mut-10
and 11 = ´4 variants). The DNA fragments englobing all the possible combinations corresponding to the first five 32 (25) and
following four 16 (24) mutations were custom synthesized. Fragments were individually PCR amplified with overlapping
primers and Gibson assembled. (B) For library validation, 27 individual clones were sequenced before selection and the
distribution of the accumulated mutations analysed. Out of the 2048 variants, we would expect a frequency of 1/2048 for AAV2
(0 mutations) and NP59 (11 mutations) with normal distribution for all other mutants (expected distribution shown with orange
dots). Green dots represent the actual values from the sequenced clones.

In order to further validate the final permutational library, we studied the composition (AAV2
vs modNP59) of each of the eleven positions (Fig. 5-16-A). Ideally, before selection we would
expect a frequency of 50% for residues from AAV2 and NP59 variants at each position (i.e. at
each of the 11 positions half of the variants would harbour the amino acid corresponding to
AAV2 and the other half NP59’s). As observed in Fig. 5-16, the observed distribution of the
sequenced variants (n=27) resembled closely the expected AAV2:NP59 frequency of 50:50,
with mutation #5 being the most biased towards NP59 (33.33 : 66.66). This bias could possibly
be due to a sampling problem, since analysis of the total AAV2:NP59 frequency (summing up
all the positions) was found to be 48.82:51.18. In order to confirm the library distribution, we
decided to analyse each position also by Illumina sequencing (Fig. 5-16-B) and concluded that
the bias previously observed for position #5 was due to a sampling problem as hypothesised,
since distribution within the NGS data appeared to be more uniform at all the positions. Based
on our data we concluded that the library contained all the 2048 variants, even if not at the
perfect 1:1:1 ratio.
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Fig. 5-16. Results of sequence analysis of the Library AAV2_2048 before selection. (A) AAV2/NP59 amino acid composition
of the Library AAV2_2048 before selection. Graph shows for each of the eleven mutations the frequency of the amino acid
coming from each vector (n=27). Total shows the global distribution (n = 27*11 = 297). (B) Library AAV2_2048 distribution
obtained via Illumina sequencing.

Library AAV2-2048 was subsequently cloned into our Functional Transduction platform
(described in detail in Chapter 3, Section 3.2) harbouring GFP reporter under the control of
Liver Specific Promoter (LSP). The packaged library was injected into humanised FRG mice
(5 ´ 1010 vector genomes per animal, i.p. injection) and one week later human GFP+
hepatocytes were isolated following optimised protocol available in our laboratory (as
discussed earlier in Section 5-1, and in Methods Section 2.34). Following cell sorting, the total
DNA was extracted and the cap coding region recovered by PCR and used to generate a
secondary library (Library_AAV2_2048_Round_2), which was used for subsequent rounds of
selection in hFRG mice.
In total, five rounds of selection were performed. For the final round of selection, we picked
and sequenced 30 individual colonies for a side-by-side analysis of the amino acid composition
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of each position when compared with the initial library before selection. We hypothesized that
during the selection process, the residues that enhance functional transduction of human cells
would be enriched towards NP59 composition, while ratio of AAV2:NP59 amino acids at
neutral positions (those that do not contribute to observed NP59 phenotype) would remain
unchanged. Finally, we also speculated that should some of the 11 residues have a negative
effect on capsid function (functional transduction of human cells), we would observe shift away
from the NP59 residues at the particular location(s). In such a case, we would identify residues
that could further enhance functionality of NP59 and thus this study could lead to identification
of more functional novel vector(s).
As shown in Fig. 5-17-A, residues at positions 1 to 9 either remained at 50:50 AAV2:NP59 or
shifted towards AAV2. Instead, the 10th (T503A) and 11th (N596D) residues shifted
substantially towards NP59 after selection (Mut_10 = 59.26% -> 75.86%, Mut_11 = 44.44% > 89.66%), suggesting that those 2 residues played an important role in the functional
transduction of human hepatocytes. This trend was also confirmed via Illumina sequencing of
each position at Rounds 3 and 5 of selection (Fig. 5-17-B). Interestingly, as mentioned earlier,
from all 11 amino acids studies, these two amino acids were the only ones exposed on the
capsid surface, suggesting a possible role in cell attachment and/or cell entry.

Fig. 5-17. Results of sequence analysis of the Library AAV2_2048 after selection. (A) AAV2/NP59 amino acid composition
of the Library AAV2_2048 after selection. Graph shows for each of the eleven mutations the frequency of the amino acid
coming from each vector (n=30). Total shows the global distribution (n = 27*11 = 297). (B) AAV2/NP59 amino acid
composition of positions 10 and 11 in Library AAV2_2048 at Rounds 3 and 5 of selection, analysed by Illumina sequencing
(Number of reads analysed can be found in Annex Table 5).

In order to now study the relation between the two enriched amino acids, we analysed these
two positions in the same set of described clones before (n=27) and after selection (n=30). In
the starting AAV2_2048 library we would expect a frequency of 25% for each of the initial
possibilities: either both amino acids from AAV2, Only_10, Only_11, or both from NP59
- 159 -

(10+11) (Fig. 5-18, left panel). As observed, after five rounds of selection, the clones
harbouring the double mutation were found to be strongly enriched (17.39% -> 72.41%),
suggesting a synergistic effect. Interestingly, variants with only Mut_10 (T503A) were clearly
selected against, whereas variants with only Mut_11 (N596D) remained more stable
throughout the selection, suggesting a higher fitness of the latter for human liver tropism when
compared with Mut_10.

Fig. 5-18. AAV2/NP59 amino acid composition of positions 10/11 of the Library AAV2_2048 before and after selection.
Before selection, the library was expected to contain 25% of clones carrying AAV2 T503 / N596, 25% carrying T503A, 25%
carrying N596D, and the final 25% carrying both mutations (T503A + N596D). After six rounds of in vivo selection, the
double mutant was enriched up to 72.41%, suggesting a key role of these combined mutations in liver transduction.

This was the first approach that pointed towards Mut_10 and Mut_11 as essential for the
improved tropism of NP59. The following section describes a parallel study that was carried
out in order to study the importance of the described clusters of mutations to NP59 function.
5.2.3 AAV2 – NP59 clustering
With the aim of studying in more detail the overall role of the previously described four
structural clusters (Table 5-3), we generated a total of sixteen (24) AAV variants, including
rAAV2 and rAAV-modNP59, where each individual clone harboured either a whole structural
cluster from AAV2 (referred to as 0) or the whole cluster from modNP59 (referred to as 1) as
detailed in Fig. 5-19. Following this nomenclature, for example AAV2_5, which consists of
the first three clusters from AAV2 and the last one (M10/M11) from modNP59, is coded as
{0-0-0-1}.
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Fig. 5-19. Distribution of the clustered mutations in the sixteen AAV2_NP59 variants. 0 indicates that the set of amino acids
belonging to a specific group is identical to AAV2, and 1 indicates that the amino acids are identical to NP59. Therefore,
AAV2 is described as {0-0-0-0}, NP59 as {1-1-1-1}.

Having cloned all 16 individual capsid variants, we generated recombinant vectors of each of
the sixteen clusters encoding for a barcoded version of the described AAV LSP-GFP-(BC)WPRE transfer vector (Table 5-2), mixed them at 1:1:1 ratio and i.p. injected into two hFRG
mice at a final total dose of 5´1010 vector genomes (3.19´1009 vg/cluster). One week postinjection, the human GFP+ cells were isolated as previously described and DNA and RNA
(converted into cDNA) recovered from the cells was used 1) to perform qPCR quantification
of vector provector copy number; and 2) next generation sequencing (NGS) analysis of the
barcoded region of the provector, normalizing the results to the distribution of the input mix
(Fig. 5-20). An average of 74.02 vector genomes was found per human GFP+ diploid
hepatocyte, whereas murine cells contained only 0.12 vg per hepatocyte, confirming the overall
strong human tropism of all the variants.
As observed (Fig. 5-20), two clear populations of vectors were observed: a) vectors that
efficiently transduced human cells and encompassed on average 11.56±0.73% of the DNA and
12.20±1.77% of the RNA populations per vector, or a global 92.56% and 97.64%, respectively
(Clusters 5/8/10/11/13/14/15/16), and b) vectors that transduced human hepatocytes less
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efficiently (accumulated percentage DNA = 7.44%, RNA = 2.36%) (Clusters 1/2/3/4/6/7/9/12).
Interestingly, all the vectors with apparent high human liver tropism carried the Cluster 4
(Mut_10 + Mut_11) from NP59, whereas all eight vectors with lower tropism contained AAV2
residues at those positions.

Fig. 5-20. Relative AAV2_Clusters transduction of human hepatocytes in vivo (FRG model). Orange dots represent the
contribution of each variant to the total provector pool as determined by NGS, while red squares represent the contribution
of each serotype to total transgene expression (cDNA), both normalized to AAV2 performance, which was arbitrarily assigned
to 1. Bars represent mean of reads associated with a specific AAV2_Cluster (Barcode) on two independent injections into n
= 2 hFRG mice. (Mean ± SD). Since n = 2, no inferential statistics are presented. Variants carrying T503A and N596D
mutations appeared to transduce primary human hepatocytes in the FRG model with similar efficiency, and at ~14´ higher
efficiencies than variants carrying the wild-type T503 and N596 (physical transduction, DNA).

Strikingly, AAV2_Cluster_5 {0-0-0-1}, which corresponds to AAV2 with T503A and N596D
only, showed similar transduction profile to rAAV-modNP59 (AAV2_Cluster_16 {1-1-1-1}).
Furthermore, in support of our hypothesis that residues 10 and 11 were the main determinants
of human tropism, AAV2_Cluster_12 {1-1-1-0}, which contains the first nine NP59 mutations
but lacks the Mut_10/Mut_11, behaved like rAAV2 (Fig. 5-20). These two facts together
suggest again a key role for amino acids at position 10 and 11 for human tropism of the NP59
variant and are in agreement with the results obtained from selection of the
AAV2_Library_2048 described earlier.
There are two main steps in AAV transduction that can contribute to improved tropism: 1) cell
attachment/entry and 2) post-entry steps that lead to functional transduction, including
endosome escape, nuclei penetration, single to double-strand conversion and finally transgene
expression. Data shown in Fig. 5-20 indicates that the major difference between
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AAV2_Clusters showing good and poor transduction is at the DNA level, suggesting that the
key difference between these set of vectors could be related to cell attachment or entry. If
instead the observed differences between tested variants were related to post-entry steps, we
would have expected similar levels of contribution to the DNA population for all the Clusters,
but a significant difference at the transgene expression level (RNA population).
This hypothesis is further supported by the fact that the mentioned Mut_10 and Mut_11 are the
only amino acids that are exposed on the capsid surface, and therefore could play a role in
receptor interaction. Even though we cannot rule out the fact that some internal amino acids
might influence transgene expression, the observed differences between vector genome copies
and transgene expression (Fig. 5-20) cannot be attributed to any of the amino acid Clusters
presented in Fig. 5-19.
To further test our hypothesis, we studied the vector genome composition in GFP negative
human hepatocytes, which would include cells that were not transduced (physical transduction,
cell entry) and/or contained vectors inside the cells but the physical transduction did not lead
to detectable functional transduction (GFP expression). Surprisingly, we could still detect an
average of 19.52 vgs per diploid cell in the GFP- population. We then PCR amplified the
barcoded region (DNA population) and obtained the barcode composition from Illumina
sequencing as described before. We found no difference in the composition of barcoded
genomes at the DNA level between the GFP+ and the GFP- populations suggesting that the
reason we observed GFP+ and GFP- populations of human cells was most probably due to the
differences in average vector copies per cell in both populations (74.02 vs 19.52 provector
copies per diploid genome), which leads to GFP detection. The fact that we could still detect
19.52 vector genomes in GFP- cells was quite unexpected and further studies will be required
to fully understand this phenomenon. We hypothesize, however, that this could be due to the
long processing time (~3 hours) in-between liver harvesting and cell sorting, which could lead
to GFP bleaching and contamination of GFP- fraction with cells that were GFP+ and thus
contain provector. It is also possible that a fraction of entering vectors remain within
endosomes or other cellular compartments, and while they do not contribute to transgene
expression, they can be detected by qPCR and serve as NGS templates.
To broaden the study of the in vivo effect of the last cluster (Mut_10/Mut_11), we decided to
reduce the complexity of injected vector mix to include only four clusters: AAV2 {0-0-0-0}
(negative control), modNP59 {1-1-1-1} (positive control), AAV2_Cluster_5 {0-0-0-1} (AAV2
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+ Mut 10 + Mut 11) and AAV2_Cluster_12 {1-1-1-0} (AAV2 + Mut 1-9) as per the
nomenclature described before. Our hypothesis was that AAV2_Cluster_5 should behave like
modNP59, whereas AAV2_Cluster_12 (lacking the key residues) should behave like AAV2.
To exclude the possibility that specific barcodes contributed to the observed differences at the
DNA and RNA levels, we packaged each vector with two different barcodes (Table 5-2),
which served as internal controls, or duplicates. Therefore, a total of eight vectors were coinjected via i.p. into a humanised FRG mouse at a final dose of 5.0´1010 vector genomes and
cells harvested 7 days later were processed as described before. Analysis of the barcodes
present in the human GFP+ population confirmed our hypothesis with AAV2_Cluster_5 and
modNP59 transducing human hepatocytes ~50´ times more efficiently than wtAAV2, and
AAV2_Cluster_12 behaving similarly to AAV2 (~1.05x) (Fig. 5-21).

Fig. 5-21. Relative transduction of human hepatic with AAV2_Cluster_5, Cluster_12 and mod-NP59. Vector distribution
in GFP+ hepatocytes isolated from hFRG. Read counts are normalized to the pre-injection mix and represent barcode read
population in DNA and cDNA samples when comparing AAV2, AAV2_C5, AAV2_C12 and AAV2_C16 (modNP59), with n=2
barcodes per variant (total of 8 co-injected vectors). Both read populations (DNA and RNA/cDNA) were normalized to AAV2
performance, which was arbitrarily assigned to 1. Bars represent mean ±SD. Since n = 2, no inferential statistics are
presented. Variants carrying T503A and N596D (AAV2_C6 and mod-NP59) mutations appeared to transduce primary human
hepatocytes in the FRG model with similar efficiency, and at ~50´ higher efficiencies than variants carrying the wild-type
T503 and N596 (physical transduction, DNA).

Interestingly, when we tested the same set of 16 clusters on the hepatocellular carcinoma cell
line HuH7, we could also clearly identify two distinguished groups as shown in Fig. 5-22.
However, in contrast to data obtained in hFRG mouse, the results were inverted, with the
variants carrying Mut_10 and Mut_11 from AAV2 being more efficient at transducing HuH7
cells. This fact is also in concordance with the previously described performance of AAV-
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NP59 in vitro (Fig. 5-1) and suggests an important role of both amino acids for HuH7
transduction.

Fig. 5-22. Functional comparison between the sixteen recombinant AAV2_Clusters. HuH7 cells were transduced at an
MOI = 5.0 ´ 103 with AAV2_cluster vectors carrying the Cluster 4 from AAV2 (green, Clusters 1-4, 6, 7, 9, 12) and vectors
carrying the Cluster 4 from NP59 (purple, Clusters 5, 8, 10, 11, 13-16), encoding eGFP reporter under the control of liver
specific promoter (LSP). FACS analysis of eGFP was performed 72h after transduction. Statistically significant differences
were observed between the transduction efficiency of both groups (paired t-test, **** - p < 0.0001, n = 8).

Another interesting observation related to the cluster study was the fact that on average, the
vectors packaged using capsids with the 4th cluster harbouring the 10th and 11th mutation from
NP59 yielded twelve times more packaged particles per mL, based on a direct vector yield side
by side comparison (4.09´1011 vg/mL vs 3.40´1010, Fig. 5-23). Even though further studies
need to be conducted to fully understand the effect of these capsid residues on vector yield, we
hypothesize that this phenomenon could be somehow related to the reduced ability of vectors
harbouring T503A and N596D to bind as strongly as AAV2 to the human heparan sulfate
proteoglycan (HSPG), as examined in detail in the discussion section.

Fig. 5-23. Comparison of vector yield of AAV clusters described in Fig. 5-19. The same AAV transgene (LSP-eGFP) was
packaged in AAV2 Clusters 1-16, following the crude production protocol (Methods Section 2.1), and qPCR analysis of vg /
mL was performed. Values are grouped according to T503/N596 amino acid origin, (green = AAV2 origin, Clusters 1-4, 6,

- 165 -

7, 9, 12) and (purple = NP59 origin, Clusters 5, 8, 10, 11, 13-16). Statistically significant differences were observed between
the vector yield of both groups (paired t-test, **** - p < 0.0001, n = 40).

We then sought to study if the observed differences in HuH7 transduction caused by the T503A
and N596D mutations were related to a change in affinity to the recently described essential
cellular receptor AAV-R (also known as KIAA0319L, [51]). For this purpose, we adopted a
virus overlay assay as described by Pillay et al. [3] and detailed in Methods Section 2.36, where
the authors used this assay to study AAV interactions with various domains of the AAV-R
cellular receptor. As shown in Fig. 5-24-A, the three variants tested (AAV2, AAV-NP59 and
AAV2_T503A_N596D (Cluster5)) seemed to bind to proteins of around 150-160kDa. In order
to investigate if AAV-R was involved in the binding process, the membranes were stripped
and AAV-R was detected using AAV-R specific antibody (Fig 5-24-B), at the expected 150160kDa band size. The co-localization suggested that all three vectors bound to AAV-R,
indicating that mutations 10 and 11 do not perturb the ability of T503A + N596D variants to
bind and use AAV-R as a primary cellular receptor for cell entry.

Fig. 5-24. Virus overlay assay. (A) Virus overlay assay of cell membrane fractions from HuH7 cells with purified rAAV2,
rAAV2_Cluster_5 and r-mod-NP59 particles. For details, see Methods Section 2.36 (B) Western blot analysis of the same cell
membrane fractions with anti-AAV-R antibody (Methods Section 2.7).

Another possible explanation for the reduced HuH7 tropism of the M10/M11 variants could be
an impaired attachment to the cell surface. As described in detail in the first chapter, AAV
serotypes often achieve cell attachment through electrostatic interactions with the exposed
negatively charged glycan and glycol-conjugates [50]. Heparan sulfate proteoglycan (HSPG)
is known to have an important role in AAV2 attachment, facilitating cell surface attachment
and posterior interaction with co-receptors. Specifically, a group of positively charged amino
acids in AAV2 (R484, R487, K532, R585 and R588) contribute to the binding ability of the
negative charge of the sulfate groups on the heparan chain, found in the proteoglycan core of
HSPG [204]. Interestingly, similarly to residues T503A (Mut_10) and N596D (Mut_11), all
these amino acids are situated at the threefold spike region of the capsid [205] depicted in Fig.
5-25.
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Fig. 5-25. Structural analysis of the relation between HSPG binding and functional residues in NP59. Structural
representation of wtAAV2 highlighting its HSPG binding domain (R484, R487, K532, R585, R588 marked in cyan) and the
10th and 11th mutation of NP59 (T503A = red, N596D = orange). Image generated with Edu PyMol v1.74.

Although the two mutations of interest (T503A and N596D) do not directly affect any of the
five residues involved in the interaction with HSPG, N596D is located in close proximity with
the two positively charged arginines, R585 and R588, essential for HSPG binding. In fact, in a
more recent report by O’Connel and colleagues [206], where AAV2 – HSPG interactions were
visualized by cryo-electro microscopy, T503 and N596 were included as residues which side
chains have unobstructed access to HSPG [206].
Therefore, we hypothesized that introduction of a negatively charged residue (Aspartic Acid,
N596D) in that region could impair the overall electrostatic interaction of the three-fold spike
with the negatively charged HSPG, which could be then responsible for the low transduction
of those AAV variants in HuH7 cells. When it comes to the Mut_10, T503A, the observed
synergistic effect could be due to changes in capsid structure caused by the substitution of a
polar amino acid with a smaller hydrophobic one (Alanine), or to an overall lower affinity to
HSPG due to loss of interactions.
In fact, a dramatic electrostatic change (from slightly positive to negative) is predicted when
comparing the surface charge of the AAV2_59 threefold spikes with that of AAV2, specially
on the inner valley that connects them (Fig. 5-26). This is due to the presence of N596D, since
T503A causes no change in surface charges. Importantly, this is the region where heparan
sulfate polymers bridge in between heparin binding domains [40].
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Fig. 5-26. (A) Surface electrostatic potential of AAV2 (left) compared to AAV2_59 (right). The molecular surface of the
threefold capsid spikes is coloured from negative (red) to positive (blue). Green arrows highlight the changes in electrostatic
potential introduced by N596D in AAV2_59, changing from a clear neutral patch (white) to a slightly negative patch (red).
Generated using the PDB2PQR Plugin [207] in PyMol. (B) Heparin affinity chromatography of AAV2 and AAV2_59.
AAV2 peak of elution was found at 250-300 mM NaCl, whereas AAV2_59 peak was found in elution fractions 3-5,
corresponding to NaCl concentration ranging from 100 to 200 mM, indicating a lower affinity of this variant to heparin.

Several studies have shown that AAV2 binding and transduction can be inhibited by soluble
polysaccharide glycosaminoglycans, especially heparin, an HS analogue, which acts as a
competitive inhibitor and hampers AAV attachment on the cell surface [47]. In order to study
the effect of soluble heparin on AAV variants harbouring Mut_10/Mut_11 from NP59, we
performed a heparin competition assay. Specifically, we compared HuH7 transduction of
rAAV2 (positive control), rAAV2_Cluster_5 {0-0-0-1} (harbouring T503A and N596D) and
rAAV-modNP59 with and without pre-incubation of the vectors with heparin. Our results (Fig.
5-27) showed that, as previously reported [47], transduction of rAAV2 was notably reduced by
pre-incubation with soluble heparin. In contrast, function of rAAV2_Cluster_5 and modNP59
remained unaltered under both conditions, indicating that the observed transduction could be
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independent of HSPG attachment, thus suggesting the presence of alternative attachment/entry
pathways. An alternative explanation, which is of my preference, could be a weaker interaction
of vectors carrying the T503A/N596D mutations with soluble heparin, making them unaffected
by heparin at this concentration, but still allowing them to bind HSPG although with lower
affinity than AAV2.

Fig. 5-27. Effect of soluble heparan sulfate on rAAV2, rAAV_Cluster_5 and mod-NP59 transduction. Vectors were
incubated with PBS or PBS + 50 µg/mL of heparan sulfate 1h at 37°C. HuH7 cells were then transduced at a MOI = 5.0 ´
105 and at MOI = 5.0 ´ 104 with vectors encoding eGFP under the control of liver specific promoter (LSP), n = 1.

5.2.4 AAV2 and AAVDJ single T503A/N596D variants
Based on the data discussed above, we wanted to further investigate the effect of Mut_10 and
Mut_11 (T503A and N596D) on vector function. Specifically, we tested the function of AAV2
capsid containing each of the individual mutations and the double mutant both in vitro and in
vivo. To this end, we packaged independent barcoded versions of the pAAV-LSP-GFP-(BC)WPRE cassette into AAV2, modNP59 (negative and positive controls respectively), AAV2
single mutants (T503A and N596D) and the double mutant (AAV2_Cluster_5) and analysed
their performance in HuH7 cells (Fig. 5-28-A) and in the human hepatocyte population of the
hFRG model (Fig. 5-28-B). Interestingly, both single and the double mutant showed reduced
in vitro transduction ability when compared to AAV2. However, as observed in Fig. 5-27-B,
using AAV2 as control (and thus assigned value = 1), AAV2 variants harbouring single
mutation failed to recapitulate the behaviour of mod-NP59 in vivo (even though Mut_11
performed better than AAV2 and Mut_10), whereas the double mutant transduced human
hepatocytes as efficiently as NP59. This reinforces the idea of synergy between both mutations,
discussed before.
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Fig. 5-28. Functional comparison of AAV2 single and double T503A/N596D variants in vitro (A) and in vivo (B). (A) FACS
analysis of eGFP reporter was performed 72h after transduction (n = 1). (B) Human hepatocyte transduction in FRG mouse.
Graphs represent distribution of barcode reads packaged in the different AAV2 variants in human hepatocytes, found in DNA
(black) and cDNA (grey) populations. All results are normalized to AAV2. Descriptively, AAV2 T503A+N596D presented a
similar transduction profile to that of mod-NP59, both of which were substantially different than the transduction profile of
AAV2 and the single mutation variants (Mut 10, Mut 11), reinforcing the hypothesis of synergy between T503A and N596D.

One of the major limitations of using the FRG model to study AAV function is related to vector
uptake (competition) by mouse hepatocytes. AAV2 and NP59 are not very efficient at
transducing murine hepatocytes (Fig. 5-8) making it difficult to study the effect of T503A and
N596D mutations on the transduction of mouse cells.
To overcome this difficulty, we decided to utilise AAV-DJ, a synthetic AAV capsid highly
homologous to AAV2 (92.7% identity at the DNA level) and known to transduce murine
hepatocytes with high efficiency [9], as a surrogate to study the competition effect of mouse
hepatocytes. Importantly, the AAV-DJ capsid region between amino acid 492 and 657, which
encompasses Mut_10 and Mut_11, is 100% identical to AAV2 sequence, allowing us to
introduce Mut_10 and Mut_11 onto AAV-DJ background (Fig. 5-29).
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Fig. 5-29. Crossover analysis of AAV-DJ, composed of regions from AAV2, AAV8 and AAV9. The sequence analysis
software presented in Chapter 4 was used to determine the crossover pattern of AAV-DJ, which contains the heparin binding
region from AAV2. T503 and N596 are marked as green vertical lines in the AAV2 reading frame.

Functional studies show that inclusion of both T503A and N596D in the AAV-DJ capsid had
a dramatic effect on its transduction performance in HuH7 cells (Fig. 5-30-A). This is in
concordance with AAV2_Cluster_5 {0-0-0-1}, showing poor transduction of HuH7 cells when
compared to AAV2 (Fig. 5-28), and could also be related to impaired heparan sulfate binding.
We next co-injected AAV-DJ, AAV-DJ single mutants (AAV_DJ + T503A and AAV_DJ +
N596D), AAV-DJ double mutant (AAV_DJ + T503A+ N596D), together with AAV2 and
modNP59 as controls, encoding barcoded AAV-LSP-GFP transgene cassettes into humanised
hFRG. One week after injection we perfused the liver and analysed the transgene levels in
mouse and human GFP+ hepatocytes by next generation sequencing (Fig. 5-30-B).
Intriguingly, N596D alone (Mut_11) decreased the ability of AAV-DJ to transduce murine
hepatocytes to levels similar to the double mutant, whereas T503A had a mild effect on mouse
transduction, suggesting that the electrostatic changes caused by the introduction of the
negatively charged Asp could have hampered the attachment of AAV-DJ to mouse
hepatocytes. AAV-DJ double mutant did not appear to have a major competitive advantage at
transducing human hepatocytes when compared to AAV-DJ (1.42x increase in number of
reads), which suggests that the effect these two mutations had in the context of AAV2
background (Fig. 5-28-B) probably related to lower affinity to HSPG, is complemented by
other capsid features present in AAV2 but not in AAV-DJ.
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Fig. 5-30. Functional comparison between recombinant AAV-DJ and AAV-DJ T503A + N596D. (A) HuH7 cells were
transduced at MOIs indicated with vectors encoding eGFP under the control of liver specific promoter (LSP). FACS analysis
of eGFP was performed 72h after transduction, n = 1. (B) Percentage of vector genomes corresponding to each co-injected
AAV-DJ variant. Blue = mouse hepatocytes, green = human hepatocytes.

5.2.5: Discussion
Two recent reports have taken advantage of AAV2 HSPG de-targeting in order to improve
transduction of mouse retina and brain [208] [209]. These studies built on the previous
observation that affinity of AAV2 for HSPGs impedes its diffusion in the brain following
intraparenchymal injection, possibly due to AAV2 binding to the HSPGs present in the brain
parenchyma extracellular matrix. In support of this hypothesis, the authors showed that coinjection of heparan sulfate (HS) with rAAV2 led to a higher and more homogeneous
distribution of the vector in the brain [210].
Specifically, in the first report by Mastakov et al. [208], the authors generated a rationally
engineered capsid (AAV2-HBKO) by mutating the two amino acids necessary for HSPG
binding (R585A and R588A). This variant demonstrated better photoreceptor transduction than
rAAV2 following subretinal delivery, and a widespread distribution throughout cortex and
striatum following intrastriatal injection. Importantly, AAV2-HBKO was found to be detargeted from the mouse liver following systemic injection.
In the second, more recent report by Tordo et al. [209], the authors generated a novel variant,
AAV-TT, by introducing 14 amino acid substitutions found to be conserved in natural AAV2
isolates from human paediatric tissues onto wild-type AAV2. Interestingly, the arginine
residues involved in heparan sulfate proteoglycan (HSPG) binding were substituted for serine
and threonine in AAV-TT (R585S and R588T). Not surprisingly, the vector was found to
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transduce cell lines less efficiently when compared to AAV2, and it was not affected by preincubation with heparin in a cell-based competition assay. Interestingly, AAV-TT also
presented an increased widespread transduction pattern in the brain following unilateral
intracerebroventricular injection when compared to AAV2, again suggesting again that HSPG
expression in the brain parenchyma could be responsible for limiting vector spread [209].
Worth mentioning is also a study published in 2005 by Chen and colleagues [211], where
analysis of 101 paediatric samples led to the isolation of nine serotype 2-like viruses, which all
failed to bind heparan sulfate due to mutations of the key arginines (R585S, R588T) and a
negative charge introduced in most of the variants at the threefold spike (G545D).
In our studies, we have also demonstrated that the T503A_N596D AAV2 variant shown
reduced ability to transduce cell lines when compared to wild-type AAV2 (Fig. 5-22) and that
its transduction was not affected by soluble heparin (Fig. 5-27) at the same extent that AAV2
was. It is worth mentioning that inclusion of only the T503A mutation on AAV2 background
also had a negative impact on the ability of this serotype to transduce HuH7 cells, as it has been
previously reported [42], even though this mutant was found to have an intact HS binding
capacity, suggesting a transduction block by an alternative mechanism.
Another important observation related to the AAV2 – NP59 cluster variants was the clear
positive effect of T503A and N596D on AAV2 titre. As shown in Fig. 5-23, the packaging
efficiency of variants harbouring these two mutations was on average one log higher than
variants harbouring wild-type AAV2 amino acids at same positions. Since such mutations are
placed on the exposed region of the viral capsid, it seems unlikely that they could directly or
indirectly affect AAV2 capsid stability. Further work needs to be conducted to fully understand
this matter, but our current working hypothesis is that the strong HSPG interaction of AAV2
could be detrimental for production, since part of the packaged variants could be lost upon
centrifugation of the HEK293T cell debris. Thus, the loss on HSPG affinity induced by T503A
and N596D could be translated to a weaker interaction with HEK293T cells surface and
therefore a reduction of the postulated loss of vectors. An important factor that could be
influencing our results is the fact that our crude preparation protocol (Methods Section 2.1),
used for titration comparison, relies on harvesting AAV vector particles from cell lysates only
(media containing particles is discarded). In fact, our findings would agree with data published
by the Wilson Lab, which found a heparin-binding ablated AAV2 variant to give higher yields
than the wild-type AAV2, thanks to its efficient release from cells. Conversely, addition of
heparin-binding domain on AAV8 particles was found to reduce its particle yield dramatically
[212].
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Given the fact that variants harbouring T503A and N596D mutations appear to bind AAV-R
(Fig. 5-24), it is likely that the observed differences in vitro are caused by HSPG modulation
that results of the introduction of a negative charge (N596D) in close proximity to the HSPG
binding domain (Fig. 5-26). Published studies reported that disruption of the HSPG binding
domain in AAV2 negatively impacts murine liver transduction following systemic vector
delivery [208] [213]. In agreement with published work, our data generated using AAV-DJ
harbouring the single mutant (N596D) as well as the double mutant (T503A_N596D)
dramatically affected the ability of AAV-DJ to transduce mouse hepatocytes (Fig. 5-30), but
had no major effect on its ability to transduce human hepatocytes in the hFRG mice, suggesting
that vector uptake by mouse hepatocytes (or the ‘sink effect’) was not the main cause for the
differences observed between AAV2 and NP59 in xenograft FRG model. As shown in Fig. 52, despite being less efficient than AAV2, AAV-NP59 was able to transduce human
hepatocytes in vitro, especially at higher MOIs, suggesting that in addition to HSPG, AAVNP59 may use an alternative co-receptor to bind human hepatocytes, or that NP59, and
AAV2_T503A/N596D did not completely lose the ability to utilise HSPG for cell
binding/entry.
Taken together, our data suggests that de-targeting from HSPG could improve vectors’ ability
to transduce human hepatocyte in vivo, at least in the hFRG model. We hypothesize that
Mut10+Mut11 in NP59 could decrease vector binding to the liver parenchyma extracellular
matrix, which is known to be rich in HSPGs [214], effectively allowing a larger fraction of
vector particles to reach the target cells, namely human hepatocytes, leading to observed higher
transduction. Studies to test this hypothesis are currently under way.
To finalise, it is our opinion that the presented data could help clarify one of the biggest
mysteries on the AAV field, specifically the poor performance of rAAV2 in the first AAV
clinical trial targeting human liver [180]. There are numerous evidences that point to the liver
as one of the key organs in the wild-type AAV2 life cycle, including the presence of four known
human hepatic transcription factors in the 3’UTR and existence of other closely related
serotypes with good liver transduction profile, including AAV3b [81]. The fact that none of
the AAV2-like sequences isolated from paediatric samples harboured the essential two arginine
residues for HSPG binding (R585, R588) could suggest that the conventional AAV2 sequence
is not the actual wtAAV2 but rather a tissue-culture adapted version of the natural isolates,
since avoiding the extra-cellular matrix was not a requirement in vitro. This would explain the
poor performance of AAV2 in vivo and, at the same time, the increase in functionality observed
with the AAV2_T503A/N596D variant. As suggested before the observed effect could be due
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to HSPG detachment, possibly mimicking the electrostatic properties of the natural AAV2
variants isolated from liver samples. Further work needs to be conducted to fully understand
this phenomenon.

5.3 Study of the highly human liver tropic AAV-NP40
5.3.1 Identification of a new point mutation variant with improved human in vivo properties
In light of the superior in vivo human tropism of AAV2-like vectors carrying only the T503A
and N596D mutations, we decided to expand our study to include the AAV-NP40 vector, also
described in the AAV-NP59 report [11]. AAV-NP40, which is 99.2% homologous to NP59 at
the DNA level, differs from NP59 by 6 amino acids only. Importantly, AAV-NP40 was shown
to be very efficient at transducing human hepatocytes in the hFRG model, with 31.6% and
72.8% transduction of human cells in the hFRG model at the Oregon Health & Science
University and at the Children’s Medical Research Institute respectively [11].
Surprisingly, as shown in Table 5-4, AAV-NP40 differs from AAV2 in only 11 amino acids,
but does not carry Mut_10 and Mut_11 present in AAV-NP59 (T503A and N596D). It shares
seven amino acid mutations with AAV-NP59, in respect to AAV2, and contains two extra
changes, T14N, from a region shuffled in from AAV9, and K532E, which we believe
originated from a random mutagenesis event during the library construction or natural AAV
library evolutions during selection in hFRG mice.
As discussed earlier, studies of the 11 amino acids that differed between AAV2 and NP59
allowed us to conclude that the last two mutations (T503A N596D) were essential to
functionally enhance AAV2 to the level observed with NP59 in hFRG mice, while mutations
1 through 9 were rather dispensable. Therefore, we speculated that mutations shared between
AAV-NP40 and AAV-NP59 that corresponded to the 9 dispensable mutations in NP59 were
probably not responsible for the ability of AAV-NP40 to functionally transduce human cells
in hFRG model. This left two amino acids that differed between NP40 and AAV2 that could
potentially be important for in vivo transduction. The first one, T14N, is present only at the
VP1 region, the structure of which has not yet been solved, as discussed earlier. Furthermore,
as this region lies inside the capsid, we speculated that it would have minimal, if any, effect on
vector transduction. On the other hand, the last mutation present in AAV-NP40 changes a basic
residue for an acidic one (K532E), which leads to significant changes of the surface charges.
Furthermore, similarly to T503A/N596D in NP59, K532E is located in the threefold spike
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region of the capsid. In fact, this mutation directly affects one of the five amino acids known
to mediate the heparan sulfate proteoglycan binging (R484, R487, K532, R585 and R588).
Table 5-4. Amino acid differences between AAV2 and AAV-NP40.

Mutation

Position

AAV2

NP40

Probable

Present

#

in AAV2

Amino acid

Amino acid

Origin

in NP59

1

14

T

N

AAV9

NO

2

162

A

T

AAV1/AAV6

YES

3

168

R

K

AAV1/AAV6

YES

4

179

A

S

AAV1/AAV6

YES

5

180

D

E

AAV1/AAV6

YES

6

190

Q

E

AAV3b

7

233

T

Q

AAV3b

YES

8

235

M

L

AAV3b

YES

9

310

R

K

AAV3b

YES

10

312

N

S

AAV3b

YES

11

532

K

E

Novel Mutation

NO

YES

Based on the previously introduced concept of transduction improvement through HSPG
detachment from the liver parenchyma, we hypothesized that inclusion of AAV-NP40 specific
mutation in AAV2 (K532E) would also de-target AAV2-K532E and would increase the ability
of this variant to transduce human hepatocytes in vivo at the same time, K532E would also
decrease AAV2’s ability to transduce HuH7 cells in vitro.
In order to test these hypotheses, we first transduced HuH7 with AAV2_K532E at a MOI =
5.0´105 in the presence or absence of soluble heparin. Even at this high MOI, the inclusion of
K532E in AAV2 had a drastic negative effect on its ability to transduce HuH7 cells (observed
decrease from 97.33% to 34.68% GFP positive cells). Remarkably, this residual transduction
again seemed independent of HSPG binding (or unaffected at this heparin concentration), since
incubation with heparin did not cause any further reduction in the transduction efficiency of
AAV2_K532E (- Heparin = 34.68%, + Heparin = 39.20%, Fig. 5-31-A).
We subsequently packaged independent barcoded versions of the pAAV-LSP-GFP cassette
into AAV2, AAV2_K532E (referred also as AAV2_40) and AAV2_T503A_N596D (referred
to as AAV2_59) and analysed their performance in human hepatocytes in the FRG model (Fig.
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5-31-B). As observed, using AAV2 as control (and thus assigned value =1), AAV2 variants
harbouring either the single AAV-NP40 or the double AAV-NP59 mutant showed remarkably
higher tropism for the human liver cells (AAV2_40 = 30.71x, AAV2_59 = 37.13x) when coinjected to the same hFRG mouse.

Fig. 5-31. Functional comparison of AAV2 and single- and double-mutants. (A) Effect of soluble heparin on rAAV2 and
AAV2_K532E transduction. Vectors were incubated with PBS or PBS + 50 µg/mL of heparin sulfate 1h at 37°C. HuH7 cells
were then transduced at a MOI = 5.0 ´ 105. FACS analysis of eGFP was performed 72h after transduction. Statistically
significant differences were observed for AAV2 transduction (n = 3, t-test, *** p < 0.0001), whereas no significant differences
were observed for AAV2_K532E, suggesting that this variant does not get blocked by soluble heparin at the concentration
tested. (B) Human hepatocyte transduction in hFRG mouse. Graphs represent relative transduction of the two AAV2 variants
normalized to wtAAV2, n = 2 barcodes per vector.

We speculate that the fact that a different mutation (K532E), with similar electrochemical
properties to T503A/N596D (i.e. introduction of negative charges on the threefold spike), led
to a similar substantial improvement in the in vivo performance of AAV2, supporting our
hypothesis of the importance of HSPG de-targeting for liver transduction. Based on these
results, we decided to generate and test the in vivo performance of other AAV serotypes with
impaired HSPG attachment.
5.3.2 Generation and study of AAV2, AAV3b, AAV8, AAV-DJ and AAV-LK03 single, double
and triple mutants
Founded on the observed increase in transduction of human hepatocytes in vivo of the single
(K532E) and the double (T503A/N596D) AAV2 mutants, we decided to further investigate 1)
the possible synergy between both groups of mutations and 2) the effect of translating those
mutations into structurally conserved amino acids from other AAV serotypes (AAV3b, AAV8,
AAV-DJ and AAV-LK03).
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To do so, we first generated a third AAV2 variant that harboured the three mutations, the one
derived from AAV-NP40 and the two from AAV-NP59. For convenience and following our
established nomenclature, we named this combinatorial variant AAV2_99 (T503A – K532E –
N596D). In order to study the effect of equivalent mutations on the other mentioned AAV
serotypes, we generated three variants for each vector (Methods Section 2.37), with
T503A/N596D (as in NP59), K532E (as in NP40) and with T503A/K532E/N596D (combined
mutations from NP40 and NP59), at the respective serotype positions. Keeping the same AAV2
nomenclature, variants carrying the K532E mutation were named AAV{Serotype}_40,
variants harbouring the T503A/N596D were named AAV{Serotype}_59, while those with all
three mutations were named AAV{Serotype}_99. Summary of all the mutants generated and
mutations they contained is presented in Table 5-5.

Table 5-5. AAV 40, 59 and 99 variants. Green background indicates wild-type amino acid and salmon background the
introduced modification at the specific position.
Position:

503

532

596

AAV2

T

K

N

AAV2_40

T

E

N

AAV2_59

A

K

D

AAV2_99

A

E

D

Position:

504

533

597

Position:

505

534

598

AAV3b

T

K

N

rAAVDJ

T

K

N

AAV3b_40

T

E

N

AAVDJ_40

T

E

N

AAV3b_59

A

K

D

AAVDJ_59

A

K

D

AAV3b_99

A

E

D

AAVDJ_99

A

E

D

Position:

506

535

599

Position:

504

533

597

AAV8

T

R

N

AAV-LK03

T

K

N

AAV8_40

T

E

N

AAV-LK03_40

T

E

N

AAV8_59

A

R

D

AAV-LK03_59

A

K

D

AAV8_99

A

E

D

AAV-LK03_99

A

E

D

We packaged independent barcoded versions of the pAAV-LSP-GFP cassette (Table 5-2) into
the twenty variants. Interestingly, inclusion of the mutations in the other serotypes appeared
not to have a detrimental effect on the yield of tested variants, based on the titres obtained from
a single iodixanol production (Fig. 5- 32). Further studies using n=5 independent transfections
will be needed to fully explore the effect of the individual mutations on vector titre.
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Fig. 5-32. rAAV yield comparison between AAV variants. Wild-type (wt), 40, 59 and 99 modifications are shown in Table
5-5. N = 1 iodixanol production.

We next tested all the variants for their ability to transduce HuH7 cells. Based on the results
obtained before with AAV2, we anticipated the performance of such variants to be rather low
on this cell type. Therefore, we increased the MOI to 500,000 in order to be able to elucidate
the effect of the different mutants. As shown in Fig. 5-33-A, in all the cases, the introduced
changes had a detrimental effect on the ability of all tested AAV serotypes to transduce HuH7
cells, with “99” variants being the most affected and “59” variants the least affected.

Fig. 5-33. Functional comparison between recombinant AAV2/3B/8/DJ/LK03 variants. Using AAV2 numbering, ‘40’
variant = K532E, ‘59’ variant = T503A + N596D, ‘99’ variant = triple mutant. (A) HuH7 cells were transduced at MOI =
5.0 ´ 105 with vectors encoding eGFP under the control of liver specific promoter (LSP). FACS analysis of eGFP was
performed 72h after transduction. (B) Effect of soluble heparin on the same variants. Vectors were incubated with PBS or
PBS + 50 µg/mL of heparin 1h at 37°C. HuH7 cells were subsequently transduced at an MOI = 5.0 ´ 105 and analysed for
eGFP by FACS 72h after transduction. AAV2 and AAVDJ were partly blocked by heparin at this concentration, whereas
AAV3B, AAV8 and LK03 transduced HuH7 at similar efficiency, suggesting that either they do not interact with heparin or
higher concentrations of heparin are needed to block their transduction.

As discussed in more detail below, the tested AAV serotypes have inherently different affinities
for heparan sulfate proteoglycan, with AAV8 being completely independent of HSPG
attachment for transduction and AAV3/AAV-LK03 presenting a significant lower affinity and
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dependence of HSPG for transduction than AAV2. As shown in Fig. 5-33-B, the addition of
soluble heparin did not appear to affect neither the transduction of the wild-type AAV3b,
AAV8 and AAV-LK03, nor the transduction of their mutated variants. Interestingly, we found
AAV2 and AAV-DJ to be affected by pre-incubation with soluble heparin at this concentration
as expected, but we found the transduction of the AAV2 and AAV-DJ ‘40’ and ‘59’ variants
to be unaffected by heparin (Fig. 5-33-B).
We subsequently mixed the 20 barcoded vectors at 1:1:1 ratio and co-injected them (i.p.) into
the same hFRG mouse at a total dose of 3.0´1011 vector genomes (1.5´1010 vg/variant).
Following the protocol described before, we recovered the GFP positive human and mouse
hepatocytes one week post-injection by fluorescent activated cell sorting and analysed the
barcode composition, normalizing the results to the results obtained for the input mix. A total
of 20% and 18% of the murine and human cells were GFP+, with a total vector copy number
of 67.43 and 55.43 per diploid cell, respectively.
To allow direct comparison of the transduction efficiency of individual variants, we first
present a global picture of the change in vector read composition observed in mouse and human
populations. We then discuss in detail some of the interesting intra-serotype observations.
Due to the inherent low efficiency of AAV2, AAV3b and AAV-LK03 wild-type serotypes at
transducing mouse hepatocytes, it is difficult to draw any meaningful conclusions regarding
the effect of the 40, 59 and 99 mutations on their ability to transduce mouse liver. Nevertheless,
and as discussed in detail later, AAV2_40 seemed to transduce murine hepatocytes better than
wild-type AAV2 (Fig. 5-34-A).
Focusing on the wild-type serotypes that naturally transduce well the murine hepatocytes
(AAV8 = 20.86% of the reads / AAV-DJ = 30.66%), we observed a clear decrease in
transduction efficiency for all three variants based on AAV8 (AAV8_59 = 2.63 % > AAV8_40
= 1.17 % > AAV8_99 = 0.25%). In regards to AAV-DJ, the ‘40’ variant (K532E) presented a
mild reduction in fitness (26.74% of the reads, compared to 30.66% for parental AAV-DJ),
whereas the effects of ‘59’ and the ‘99’ variants were more dramatic with the transduction
reduced to 3.73% and 2.65%, respectively (Fig. 5-34-A).
Interestingly, we observed a substantial difference at the levels of transgene expression (cDNA
reads) between AAV-DJ_40 and wild-type AAV-DJ, when compared to their individual levels
of physical transduction (DNA reads). Coming from similar levels of DNA reads (AAV-DJ =
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30.66% / AAV-DJ_40 = 26.74%), we found AAV-DJ_40 to share a significant bigger portion
of cDNA reads than its wild-type counterpart (AAV-DJ_40 = 40.18% vs AAV-DJ = 11.51%).

Fig. 5-34. In vivo analysis of recombinant AAV2/3B/8/DJ/LK03 variants in mouse hepatocytes, n = 1 barcoded transgene
/ capsid variant. (Note: Information about specific mutations carried by the variants can be found in Table 5-5) (A) Percentage
of vector genomes found in murine cells corresponding to each co-injected ‘40’, ‘59’, ‘99’ and wild-type variant. AAV-DJ and
AAV8 were found to be the best performants in murine liver (physical transduction). Introduction of ‘40’, ‘59’ and ‘99’ variants
was found to be detrimental for all the capsids but AAV2, where a mild increase in reads was observed. (B) Percentage of
transcripts corresponding to the same vectors. AA-DJ-40 appeared to perform better than AAV-DJ at the transcription level.

Regarding the human samples, we found AAV2_40 and AAV2_59 to be the dominant variants
at the DNA (physical transduction) and RNA (functional transduction) levels, with AAV2_40
encompassing 31.09% and 29.93% of the DNA and cDNA reads, respectively, and AAV2_59
accounting for 27.00% and 34.57% (Fig. 5-35-A). Importantly, combination of K532E with
T503A and N596D led to decrease of human cells transduction to levels below those observed
with wild-type AAV2 (AAV2_99 = 0.70% of DNA reads).
Unfortunately, the inclusion of the mutations (Table 5-5) in the other serotypes (AAV3b,
AAV8 and AAV-LK03) was found to be either neutral or to have a negative effect on in vivo
human transduction. From all the vectors tested, we observed modest improvement in the
transduction level in the context of AAV-DJ_40, which accounted for 5.57% of the DNA reads,
as compared to 3.74% for parental AAV-DJ. Interestingly and as observed in murine
hepatocyte fraction, this difference between DJ and DJ_40 increased further at the cDNA level,
where AAV-DJ_40 accounted for 8.89% of the reads whereas AAV-DJ for 3.75%.
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Fig. 5-35. In vivo analysis of recombinant AAV2/3B/8/DJ/LK03 variants in human hepatocytes, n = 1 barcoded transgene
/ capsid variant. (Note: Information about specific mutations carried by the variants can be found in Table 5-5). (A)
Percentage of vector genomes found in human cells corresponding to each co-injected ‘40’, ‘59’, ‘99’ and wild-type variants.
AAV2_40 and AAV2-59 were found to be the best performants in human hepatocytes. Introduction of ‘40’, ‘59’ and ‘99’
variants was found to be detrimental for AAV3B, AAV8 and LK03, and neutral for AAV-DJ. (B) Percentage of transcripts
corresponding to the same vectors.

5.3.3: Discussion
In this section we have described our efforts to translate the improvement in human hepatocyte
transduction in vivo caused by K532E (‘40’ variant) and T503A/N596D (‘59’ variant) in AAV2
to other serotypes, AAV3b, AAV8, AAV-DJ and AAV-LK03, as well as an attempt to generate
a novel serotype with improved tropism towards human hepatocytes by combining both
mutations (‘99’ variant). Due to the differences in receptor attachment of the different
serotypes, a plausible explanation of the observed results for each individual serotype is
presented below, together with a discussion of the data presented in this section.
As already discussed in section 5.2.5, the introduction of both T503A and N596D mutations
onto an AAV2 background improved its ability to transduce human hepatocytes in vivo, effect
that was not observed with the single mutants (Fig. 5-28). As shown in Fig. 5-26, these
mutations lay on the threefold spike region of the capsid, and thus we hypothesized that
introduction of negative charges by Aspartic Acid could impair the heparin sulfate
proteoglycan binding ability of AAV2, and thus affect cellular attachment. Others have
suggested that excessively tight binding to co-receptors might exert a negative selection
pressure in vivo, if viruses become trapped in heparinoid-rich connective tissue [214]. In fact,
we found that the ability of AAV2_T503A_N596D to bind AAV-R was not affected (Fig. 524), but we found its ability to transduce HuH7 cells to be significantly lower than its wild-
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type counterpart. Further studies will be required to fully understand the effects of the
individual mutations on cell binding affinities.
The dramatic change observed in the AAV2 in vivo transduction efficiency caused by these
two mutations directed us to study another highly tropic serotype, AAV-NP40, which does not
harbour T503A and N596D as AAV-NP59, but instead harbours a negatively charged residue
between T503A and N596D (K532E), which we speculated to be responsible for its increased
fitness. We decided to further test our hypothesis based on HSPG detachment by generating
and evaluating the performance of the single AAV2_K532E variant. As expected based on the
fact that K532 is one of the residues known to directly mediate interaction of AAV2 with
HSPG, we found the in vitro transduction of this variant in HuH7 cells to be even more limited
than the AAV2_59 (Fig. 5-31-A). Interestingly, AAV2_K532E also outperformed AAV2 in in
vivo human hepatocyte transduction and achieved efficiency similar to that observed for AAVNP59 (Fig. 5-31-B, Fig. 5-35-A). Thus, the introduction of a similar electrostatic change in the
threefold spike resulted in a similar change in the in vivo tropism of the AAV2 variant.
In light of these positive results we decided to combine the three mutations in a set of variants
that we called ‘99’ (the sum of ‘40’ and ’59’) with the aim of generating a vector with even
higher human tropism (Fig. 5-36). The triple mutant showed a complete impaired tropism for
HuH7 cells when compared to wild-type AAV2, even at a high MOI of 500,000, suggesting an
accumulative effect for HSPG / co-receptor de-targeting, even though in this case we still
cannot rule out a possible effect on AAV-R binding capacity of AAV2_99, which we plan to
investigate in follow up studies. Interestingly, the ability of this vector to transduce human
hepatocytes in vivo was also dramatically reduced when compared to the single and double
mutants, suggesting that a modulation, but not a complete ablation, of HSPG binding could be
necessary for the improved AAV2 tropism.
As discussed before, in order to further test the HSPG de-targeting hypothesis we are planning
to introduce similar negative charges on the other residues known to participate in HSPG
binding and test their ability to transduce the cells both in vivo and in vitro.
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Fig. 5-36. Structural representation of wtAAV2 highlighting its HSPG binding domain and the three AAV2_99 mutations.
As observed, mutations are exposed and fall in close proximity on the capsid surface domain of AAV2 known to bind HSPG
(R484, R487, K532, R585, R588). HSPG = cyan, T503A = red, K532E = magenta, N596D = orange. Image generated with
Edu PyMol v1.74.

Translation of the three set of mutants to the structurally equivalent residues of AAV3b and
AAV-LK03 (which share the entire VP3 sequence) not only did not improve the transduction
of human cell in vivo, but had a negative effect (wild-type > ‘59’ > ‘40’ > ‘99’).
AAV3b related vectors are also categorized as HSPG binders [214]. Structurally, the surface
topology of AAV3b is most similar to AAV2 among other serotypes. However, Lerch and
colleagues, who resolved the structure of AAV3b capsid back in 2010, found striking
differences between the electrostatic surface potential of the region known to interact with
HSPG [215], which could account for the differences observed in the binding affinity.
Strongest interaction of heparin with AAV2 is found on the most positively charged patch
generated by Arg585 and Arg588 [216], but interestingly, those residues are not conserved in
AAV3b (Ser586, Thr589), making the corresponding region more neutral and therefore
weakening its interaction with heparin. Instead, two positive patches generated by Arg447 and
Arg594 on AAV3b at the 3-fold axis compensate for the loss of Arg585/588, thus generating
enough positively charged surface topology for a favourable, but overall weaker, interaction
with the negatively charged heparan sulfate proteoglycan [215]. This leads to a higher
concentrations of soluble heparin needed to inhibit AAV3b cell entry in vitro [217].
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It is thus plausible that the concentration of soluble heparin (50µg/mL) used for the competition
assay (Fig. 5-33) was too low to affect the transduction ability of both AAV3b and AAVLK03. Therefore, further tests with increased concentration of soluble heparin will be required.
Importantly, introduction of the K533E (‘40’ variant), T504A – N596D (’59’ variant) or the
combination of both (’99’ variant) had a dramatic effect on the in vitro transduction ability of
both AAV3b and AAV-LK03 vectors. Since the cell attachment is already weaker for the wildtype serotypes, it is possible that introduction of the negatively charged patches in the HSPG
binding region caused a complete ablation of its binding capacity, rather than a modulation as
postulated for AAV2. In fact, it is reasonable to think that should the hypothesis be correct, the
superior human-liver tropism of AAV3b and AAV-LK03, in comparison to AAV2, in the
humanized FRG mouse could be partially related to weaker interactions with the heparanoidrich liver parenchyma. In order to study this hypothesis, it would be interesting to generate and
test in vivo in the hFRG model performance of AAV3b/AAV-LK03 variants harbouring the
two AAV2 arginines known to mediate its strong HS binding (S586R and T589R). Even
though impaired cell attachment is our main working hypothesis for the limited performance
of AAV3b/AAV-LK03 serotypes in vivo, we cannot rule out the possibility that the
introduction of these mutations caused impaired binding to their primary co-receptors or even
to AAV-R. Therefore, further studies will have to be conducted to address these questions.
In the context of AAV8, and similarly to what has been described for AAV3b, most of the
structural differences when compared to AAV2 are found in variable regions I, II and IV, with
the latter variable region falling within the three-fold spike [218]. Detailed analysis of AAV8’s
crystal structure revealed a clear reduction of basic amino acids (and therefore a loss of
positively charged patches) in the region responsible for HSPG binding in AAV2, which is
consistent with the inability of AAV8 to bind heparin [218]. Interestingly, and as we previously
suggested for AAV3b, inclusion of the two key residues of the AAV2 heparin binding domain
(R585, R588) onto AAV8 was reported to be disruptive for in vivo transduction of murine liver
[9]. Surprisingly, a primary attachment receptor for AAV8 has not been identified, even though
the residues that are responsible for the differences in mouse liver transduction between AAV2
and AAV8 are known to be located in a region between the 432nd and the 639th amino acid,
which forms the exposed 3-fold protrusions [219]. The complete ablation of the murine hepatic
transduction with discussed AAV8 mutants (Fig. 5-34) suggests the disruption of the key
capsid structure(s) responsible for AAV8 tropism. The fact that similar interference was also
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observed in the in vitro transduction could indicate that the disruption could also occur at an
early step in viral transduction, either cell attachment or entry.
Among all the variants studied, AAV-DJ was probably the most interesting one, since as
depicted in Fig. 5-29, AAV-DJ is a chimera of AAV2/AAV8/AAV9, and therefore offers the
possibility to map different phenotypical capsid properties to each serotype, confirming thus
DNA family shuffling as a powerful reverse-genetics tool when studying AAV biology, as
suggested by Grimm et al. [9].
The crystal structure of AAV-DJ has been resolved both alone [40] and, more recently, bound
by a heparinoid penta-saccharide [220]. Importantly, the structural core regions of AAV-DJ
were found to be highly conserved when compared to the three parental serotypes, with
differences limited to the surface loops. The authors reported that the tertiary loops from AAVDJ resemble those from the underlying parental serotype from which a specific loop originated.
Since those regions are mostly exposed and have inherently fewer intra-capsid contacts, such
structure is almost unaffected by contacts from neighbouring residues of different parental
background [220]. Equally important is the fact that the structural effects caused by sequence
shuffling were reported to be local, with no direct evidence of changes propagated away from
the site [220]. Therefore, we think it is logical to discuss the mutagenesis results observed in
AAV-DJ with the premise that its tropism properties arose from a combination of the parental
features and that de novo properties generated by the shuffling are either minimal or absent.
Following this logic, we hypothesize that the good tropism that AAV-DJ displays in vitro is
probably related to a region coming from AAV2 region, and at the same time, the good murine
hepatic profile of AAV-DJ is probably related to a region coming from either from AAV8 or
AAV9, since AAV2 shows relatively poor in vivo transduction profile in mice, when compared
to AAV8 and 9.
As mentioned before, AAV-DJ shares the heparin binding domain (HBD) with AAV2 and was
selected from a shuffled capsid library upon five passages of combined positive selection
(replication in HuH7 cells) combined with negative selection (virus escape from human
intravenous immunoglobulins or IVIG). Importantly, with only positive selection of the same
library, the authors observed substantial enrichment only of variants carrying the HBD from
AAV2, vital for in vitro transduction, but the library remained highly diverse. Inclusion of
IVIG in the media resulted in a more stringent selection, eliminating immunogenic residues
and favouring the selection of those capsids best able to perform a robust and rapid
transduction, thereby avoiding neutralization [9]. In fact, the surface electrostatic potential of
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the HBD of AAV-DJ is very similar to that of AAV2, with the aforementioned positive patches
on the inner surface of the threefold spikes, and only subtle differences that are likely
responsible for the lower affinity of AAV-DJ for heparin, when compared to AAV2 [40].
Therefore, we hypothesise that the weaker but still strong attachment to HSPG could provide
a partial explanation of the enhanced kinetics in the in vitro transduction of AAV-DJ.
Remarkably, when the two key arginines of the AAV-DJ heparin binding domain were
exchanged for analogue residues of AAV8 (a variant referred as AAVDJ/8), the infectivity of
such a variant in vitro was found to diminish by three logs, similar to the effects that we have
observed on AAV-DJ_59 (T505A - N598D, Fig. 5-30-A) [9].
When tested in the hFRG model, however, we found that inclusion of the NP59’s key mutations
failed to enhance the tropism of AAV-DJ for human cells (Fig. 5-30-B). This suggests that
additional features present in AAV2, but not in AAV-DJ, are required for the observed in vivo
human transduction. This data reinforces the idea that the enhanced tropism of AAV2_59 when
compared to AAV2 probably arises from a loss of function (HSPG de-targeting) rather than a
gain of function, since should the latter be correct a similar effect would be expected for AAVDJ. Interestingly, T505A and N598D had a negative effect on its murine transduction, fact that
could suggest that this serotype takes advantage of the heparin binding attachment of AAV2
for transducing mouse cells in vivo. This would indicate that AAV2 also has the ability to bind
to the murine liver cells, but not the ability to subsequently continue with the cell entry, since
we found striking differences in between the hepatic physical transduction (DNA copies) of
AAV2 and that of AAV-DJ (Fig. 5-34).
As described earlier, it was the inclusion of IVIG in the culture media that allowed Grimm and
colleagues to isolate AAV-DJ from the library pool. This negative pressure guided the directed
evolution towards faster transduction kinetics and, most importantly, towards antibody
evasion. Since human sera was used to exert selection pressure, it is reasonable to conclude
that the strongest selection was carried out against the immunogenic regions of AAV2, since a
larger fraction of human population has pre-existing antibodies against this human isolate in
comparison to Abs against AAV8 and AAV9 [221]. Unsurprisingly then, the regions where
AAV-DJ differs the most from AAV2 are the exposed loops known to be targeted by
neutralizing antibodies, coinciding with VR-I and VR-IV.
On VR-I (residues 262-270), AAV-DJ shares identity and conformation with AAV9, and
differs the most from AAV2 [40]. This distinct conformation hampers the conformational
binding of the AAV2 neutralizing antibody A20 with the AAV-DJ capsid. Since this antibody
neutralizes AAV2 infection at a post-binding step [222], we believe it is reasonable to think
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that this AAV2 region could be essential for the in vivo human transduction. Therefore, we
plan to study the performance of AAV-DJ when the VR-I region is reverted back to AAV2,
together with swapping mutants for the variable region IV (residues 451-470), where AAVDJ’s structure most closely resembles that of AAV-8 [220].
A surprising observation regarding the study of AAV-DJ variants, was that inclusion of the
K534E mutation did not specifically hamper murine physical transduction (AAV-DJ = 30.66%
/ AAV-DJ_40 = 26.74% of vector genomes, Fig. 5-34-A), but had a significant effect on its
functional transduction (AAV-DJ_40 = 40.18% vs AAV-DJ = 11.51%, share of reads). In fact,
this effect was similar to what was observed for AAV2 variants in murine cells, but to a lower
extent. Specifically, functional transduction of AAV2_40 (2.6% of total cDNA barcodes) was
28.9´ higher than that of AAV2 (0.09%), which was significantly larger than the 3.7´
difference in the physical transduction (4.34% and 1.17% of total vg, respectively). This opens
the door to a possible role of the K532E (or K534E for AAV-DJ) in the murine post-entry
steps, which will need further investigation.
Overall, even though translation of the T503A, N596D and K532E mutations from the AAV2
variants onto serotypes AAV3b, AAV8, AAV-DJ and AAV-LK03 did not lead to a substantial
increase in transduction, it still provided important insight into the superior human performance
of AAV2_40 and AAV2_59, which may be related to a lower HSPG binding combined with
the inherent transduction properties of AAV2.

5.4 Generation and selection of AAV2 K532 and T503/N596 sitesaturation libraries
An interesting question we wanted to pursue was whether the increase in the in vivo
transduction of human hepatocytes observed with AAV2_40 (K532E) and AAV2_59
(T503A/N596D) was caused by the specific amino acids, or was instead linked to the
electrochemical properties of those residues and thus could be mimicked by other similar
residues. To do so, we generated and performed an in vivo selection of two libraries containing
all 20 possible amino acids at position 532 (Library AAV2_40_SAT, n=20 variants) and at
positions 503 and 596 (Library AAV2_59_SAT, n=400 variants).
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Historically, site-directed mutagenesis was most commonly used to study the function of
specific amino acids in relation to the overall protein. Following this approach, specific amino
acids of interest are usually substituted by alanine and function of the mutants is then compared
to the naturally existing variant [223]. In fact, this method, also known as ‘alanine scanning’,
has been widely applied in the AAV field in order to study, for example, AAV2 tropism [224]
and Rep78 function [225].
A variant of this approach is site-saturation mutagenesis, where the amino acid in study is
substituted to any of the other available 19 naturally occurring amino acids. As a result, a ‘mini’
library is created, where each clone encodes for a different codon at the targeted positions,
allowing for a more comprehensive analysis of the effects of individual amino acids at given
positions.
To do so, we took advantage of the ‘Small-intelligent’ method, described in 2012 by Tang et
al. Details of the methods used for saturation libraries construction can be found on Materials
and Methods Section 2.38. Briefly, instead of using the conventional degenerate codon (NNN
/ NNK) at each position of interest, which leads to redundant codons and the introduction of
stop codons, this novel strategy is based on a primer mixture which contains only one codon
per amino acid [4].
Following this approach, we generated and validated (Annex Section 2.1) two libraries,
AAV2_40_SAT (saturation of AAV2 position 532, 20 variants) and AAV2_59_SAT
(saturation of AAV2 positions 503 and 596, 400 variants), presented below. We then cloned
those libraries into our Functional Transduction selection construct and performed one round
of selection in primary human hepatocytes in humanised FRG.
5.4.1 AAV2_40 (K532) Saturation Library
Once we had generated the AAV2_K532 saturation library we sought to determine the amino
acid composition in the packaged library, to ensure that all 20 variants were present. To do so,
we PCR amplified a 150bp region flanking the targeted amino acid position 532 in the vector
preparation and analysed its composition by Illumina sequencing. As shown in Fig. 5-37,
which depicts the read frequency for each amino acid, all twenty residues were present in both
the plasmid and the packaged AAV library. In the perfect scenario, we would expect each
variant to account for 5% (100% / 20) of the total population, marked with a dashed black line
on Fig. 5-37. As shown, some of the residues were overrepresented while others were
underrepresented. We hypothesised that some bias could be related to suboptimal packaging
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of variants with certain residues at position 532. We thus performed similar analysis on the
plasmid library used to package the vector library. The results confirmed that the frequency
bias was already present in the plasmid and frequency of most residues did not change
substantially during the packaging process. Interestingly, all the frequencies seemed to
correlate well between plasmid and packaged reads except for Cysteine, which dropped from
7.24% to 4.53%. This could suggest that this amino acid is not well tolerated at AAV2’s
position 532. While we do not understand the source of this irregularity, since all 20 residues
were accounted for in the library, we decided that this library was appropriate for further
studies. To account for the initial bias, the frequencies of individual amino acids in the initial
library were used for normalisation of the changes in population observed upon selection.

Fig. 5-37. Amino acid composition of AAV2_40 Saturation Library. Percentages of reads that could be assigned to each of
the twenty amino acids after Illumina sequencing of the plasmid constructs (blue bars) and the packaged vectors (green bars).
Black dashed line represents the theoretical 5% distribution (100/20) per amino acid. Total reads: Plasmid = 1.97 ´ 107,
Vector = 1.0 ´ 107.

Having validated the initial library, we injected the AAV2_40_SAT library i.p. into a
humanised FRG mouse at a total dose of 1.0´1011 vector genomes. One-week post-injection
the mouse was culled and the liver was perfused to recover the mixed hepatocyte population,
which was sorted for human GFP+ and mouse GFP+ subpopulations for further analysis, as
described in detail in Fig. 5-5. Only a minor proportion of both populations (0.95% human,
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0.14% murine) was found to be positive, suggesting that only small proportion of variants
present in the library was able to efficiently functionally transduce either population. Following
total DNA extraction from each cell population we investigated the shift in amino acid
frequency in provectors recovered from human and murine samples. The working hypothesis
was that we should observe an increase in the frequency of read for amino acids that provide
AAV higher fitness for murine or human transduction and, at the same time, we should observe
a decrease in the frequency of those amino acids that make AAV capsid less efficient at
transduction.
As observed in Fig. 5-38, K532 seems essential for murine transduction since it was the highest
selected amino acid among the 20 variants, with a 2.28-fold increase in the read frequency.
Interestingly, arginine was also highly enriched (1.69´) suggesting that the key property that
improves murine transduction could be the positive charge that both amino acids share.
Histidine, the 3rd positively amino acid, was also slightly enriched in mouse GFP+ cells, further
supporting our hypothesis.
In regard to the human population (Blue bars, Fig. 5-38), we observed the opposite effect (i.e.
variants harbouring lysine and arginine were strongly selected against). Unexpectedly, the
normalized number of reads present on the human population of the variant carrying a
glutamate (K532E) were also reduced when compared to the initial vector mix, albeit at lower
levels than the wild-type K532 variant. Interestingly, amino acids carrying uncharged side
chains (I, L, M, V, Q, N) appeared to transduce better human hepatocytes than the studied
AAV2_40 (K532E). Although further rounds of selection will have to be conducted to fully
understand the effect of position 532 on transduction, as discussed in detail below, these results
could have important implications for the fate of this project.
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Fig. 5-38. Read variation upon selection of K532 Saturation Library in hFRG. Bars represent the relative fold increase in
read share of each of the twenty variants in the determined population (orange = Murine Reads / Vector Reads; blue = Human
Reads / Vector Reads). Amino acids with positively charged side-chains (K/R) were found to be underrepresented in human
hepatocytes samples, whereas an increase in reads was observed in murine hepatocytes. Y axis displayed in log2 scale.

5.4.2 AAV2_59 (T503_N596) Saturation Library
As mentioned in the introduction to this section, we also generated and performed a similar
selection, a saturation library covering all the possible amino acid combinations at positions
503 and 596 of AAV2. In this case we were expecting a total of 20´20 = 400 variants in the
input library. In order to validate the plasmid library, we PCR amplified the region covering
both saturated positions and analysed it by pair-ended Illumina sequencing. Importantly, all
400 variants were present in the plasmid library. In order to simplify data interpretation, we
will refer to each variant as the amino acid they carry at the position 503 in AAV2 and the
respective amino acid in position 596 (e.g. the variant harbouring the wild-type
Threonine503_Aspargine596 will be referred as to T_N). Due to the power of saturation
mutagenesis, a large set of data is generated in a single experiment. Below, we present the
summary of the results that we found to be most relevant to our studies. However, we will also
include the total number of reads observed in each analysed population (plasmid, packaged
vector, human and murine populations, Annex Table 7), should the reader be interested in
reviewing the raw data.
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In the case of a perfect distribution, we would expect 8.7´106 / 400 = 21,750 reads per variant.
We found the T_A variant to have the lowest number of reads (n= 4,315), whereas V_N was
the most frequent variant in the tested population (n= 104,963). As shown in Fig. 5-39, for the
majority of the 400 variants we found between 10,000 and 40,000 reads, as expected.

Fig. 5-39. Frequency distribution of the 400 AAV2_SAT_59 variants. Each of the 400 variants from the SAT_59 library
would be expected to account for 0.25% of the reads, corresponding to 21,75 reads. As observed, the major part of the variants
harboured between 10,000 and 40,000 clones (330 out of 400, 82.5%). 1.5% of the initial library clones were underrepresented
and the rest overrepresented. This skewed values were taken into account for the analysis and normalization of the datasets
obtained in both murine and human hepatocytes in vivo.

In striking difference to the AAV2_K532 saturation library (Fig. 5-37), in the context of
AAV2_SAT_59 library, we observed significant differences between the plasmid and the
vector composition. For the AAV2_59_SAT library, 20 variants exist for each individual
amino acid position (e.g. 1 = A_A, 2 = A_C, 3 = A_D… 20 = A_Y). Fig. 5-40 displays the
relative fold variation of all twenty vectors carrying the stated amino acid at either position 503
(yellow) or position 596 (blue). As observed, cysteine, lysine, leucine, arginine and tryptophan
hampered AAV2 packaging when placed at position 503, whereas isoleucine, lysine, leucine,
proline, arginine and valine cause similar effect at position 596. Interestingly, we found the
natural N596 and also NP59’s D596 to be well tolerated, since their frequency in the library
increased upon packaging.

- 193 -

Fig. 5-40. Reads ratios between packaged and plasmid AAV2_59_SAT variants. Values close to ratio=1 indicate no variation
of reads upon AAV packaging, values below Ratio=1 indicate that the specific amino acid was detrimental at either AAV2
position (blue bars = 503, yellow bars = 596) and values above ratio = 1 indicate the opposite.

We injected 1.1´1011 total vector genomes into hFRG and performed similar selection as
described for the AAV2_40 library. On day 7, we harvested the cells and sorted the human and
mouse GFP+ populations and analysed the increase in frequency of read for each amino acid
pair (503_596) in each cell population. Similar to what was observed during selection of the
AAV-SAT_40, the total GFP+ population observed during cell sorting was also low (0.43%
human, 0.11% murine), suggesting that many of the variants were not very efficient at
functionally transducing the target cells. As shown in Fig. 5-41-A, which displays the variant
increase in the human cells, threonine, serine and alanine where the most enriched amino acids
at position 503, whereas the negatively charged Aspartate and Glutamate were the most
enriched at position 596. Interestingly, lysine, which changes the net charge of the capsid’s
three-fold spike to positive was selected against in human transduction at both positions 503
and 596 (Fig. 5-41-A). We then took a closer look at the eight most enriched variants within
the human cells (Fig. 5-41-B). Importantly, 90% of the top 20 clones enriched in human cells
carried either aspartate or glutamate on position 596.
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Fig. 5-41. AAV2_59 Saturation Library Analysis. (A) Read share ratio between AAV2_59_SAT variants that transduced the
human population and initial vector mix. Values close to one indicate no variation of variant reads upon AAV packaging,
values below one indicate that the specific amino acid was detrimental for human transduction at either AAV2 position (orange
bars = 503, blue bars = 596) and ratios above one indicate amino acid changes that were beneficial for human transduction.
(B) Top amino acid changes on position 503 and 596 with increased human hepatic tropism.

Interestingly, when we analysed the enriched clones in the murine population, we found that
the wild-type AAV2 T503_N596 was the top selected vector, accounting for a total of 55.55%
of the reads in that population, and therefore being the most enriched variant (87.88´ times in
regards the vector population, Fig. 5-42). In this case, 95% of the top twenty clones were
carrying threonine at position 503, suggesting that this amino acid is essential for murine
hepatic transduction.

Fig. 5-42. Top amino acid changes on position 503 and 596 with increased murine hepatic tropism. Value indicates ratio
between variant read share found on murine population and on the input library.
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5.4.3 Discussion
Saturation mutagenesis is a powerful tool for studying the effect of amino acid changes at
specific positions within a protein. Using this method, we generated two libraries encoding the
twenty natural amino acids at AAV2’s position 532 (Li_AAV2_40_SAT) and at positions 503
and 596 (Li_AAV2_59_SAT). The main goal of this study was to investigate if the increase in
in vivo transduction of human cells described in Sections 5.2 and 5.3, introduced by point
mutations at the studied positions, could be also achieved by other amino acid combinations or
were amino acid specific. For that, we independently performed one round of selection of both
saturation libraries in hFRG animals and have analysed the change in amino acid composition
in respect to the input vector library.
We had previously shown that the K532E mutation, present in the highly human hepatotropic
AAV-NP40 vector, was the main factor responsible for AAV-NP40 high transduction
efficiency of human cells (Fig. 5-35). Interestingly, we observed (Fig. 5-40) a dramatic
decrease in the frequency of the wild-type K532 in human cells and, at the same time, strong
enrichment within GFP+ murine cells. It is important to keep in mind that wild-type AAV2 is
still a poor transductor (for both human and murine hepatocytes) and therefore this increase in
frequency of reads in mouse cells should be always put in a relative context. Specifically, the
fact that K532 was enriched within transduced murine cells indicates that the other amino acids
at this position were less efficient than the natural K532 AAV2 variant. Unfortunately, we
could not perform the copy number analysis before the submission of this thesis, but it is an
essential factor to consider when analysing saturation studies, since it allows direct comparison
of vector performance at each organ or cell population.
Our working hypothesis was that the positive net charge on AAV2’s three-fold spike could
inhibit liver transduction due to strong interaction with HSPGs found on liver parenchyma. The
fact that arginine_532, with similar electrostatic properties to AAV2’s K532, was also reduced
within the human population supports our hypothesis. As mentioned earlier, the fact that these
variants were enriched in the murine cells does not invalidate our hypothesis, since our data
only indicates higher transduction of murine cells relative to other variants. An unexpected
observation was the fact that the introduction of net negative charges at this position (D532
and E532) lead to decreased transduction efficiency of human cells, even though the observed
decrease in frequency was smaller than that observed for K532 and R532 (Fig. 5-37). This
would suggest that variants carrying amino acids with uncharged side chains (I, L, M, V, Q,
and N) at AAV2’s position 532 could perform even better in vivo than K532E found in AAV- 196 -

NP40, a hypothesis that remains to be tested. Importantly, these modifications would also cause
a change in the surface net charge (loss of effective positive position) but the changes would
be milder than the negative charges introduced by K532E. It is possible that since our
hypothesis is based on a modulation of AAV2’s HSPG binding ability, these changes are better
tolerated, providing the required modulation and still allowing better surface attachment than
K532E. Although this is beyond the scope of the studies presented within this thesis, our next
step is to generate AAV2 variants carrying the mentioned uncharged amino acids at position
K532 and test their ability to transduce human and mouse cells in hFRG mice in vivo.
The AAV2_59_SAT library was inherently more complex than the K532 saturation library,
since in this case we saturated two positions and therefore a total of 400 variants were studied
simultaneously. Importantly, we found a remarkable difference between the composition of the
plasmid library and the vectorised counterpart, indicating that some amino acids were not well
tolerated at these specific positions (Fig. 5-40).
During the described studies we unexpectedly found the wild-type T503_N596 to be one of
the top enriched variants within functionally transduced human hepatocytes (Fig. 5-41-B). This
does not agree with the results presented in previous sections (5.1, 5.2), where we found
variants carrying T503A and N596D to perform substantially better than the wild-type AAV2
variant in human hepatocytes in vivo. Since the wild-type T503_N596 was the top variant
found on the murine population, accounting for more than 50% of the analysed reads, it is a
possibility that contamination of the human population with murine cells during cell sorting
caused an artificial increase in reads corresponding to this variant within the human population.
As mentioned before, both human and murine populations were found to be mainly GFP-,
indicating that most of the variants within both libraries were inefficient at transducing human
and mouse hepatocytes, and that a higher dose was probably required for this initial experiment.
Consequently, we plan to repeat this study using higher doses of each library.
Nevertheless, it is important to mention that out of the 20 top human transducers, 90% carried
a negatively charged amino acid at position 596, which is in concordance with results presented
throughout this thesis and suggests that the key factor responsible for in vivo human
transduction is the disruption of AAV2’s binding ability to HSPG. In striking contrast to what
we observed for position K532, it seems that introduction of the electrostatic change (N596D
or N596E) could be essential for this specific modulation. This could be due to the fact that
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N596 does not directly interact with heparin as K532 does (Table 5-6), and thus a more
dramatic change in net charge is required to induce similar effect.

5.5 Hepatic Functional Transduction Selection of Library 678
5.5.1 Introduction
As mentioned in the previous chapter, AAV-NP40 and AAV-NP59 were selected from a
replication competent library, throughout a process of directed evolution in hFRG mouse. The
authors claimed that since efficient replication inherently implies all the post-entry steps, this
method of selection was better than the non-replication screens, which only select for receptor
binding and uptake [11]. Even though we acknowledge the veracity of this statement, this
statement is not valid in the context of our Functional Transduction system described in
Chapter 3, since the selection scheme includes sorting of GFP+ cells, which can only arise
from a correct post-entry intra-hepatocellular trafficking and expression cascade.
One of the limitations of AAV directed evolution through replication competent libraries is the
struggle to separate good from better capsids, as described in detail in Chapter 3. In fact, seven
rounds of selection were required in the mentioned study in order to identify final AAV
candidates, five based on infection and replication in human hepatocytes and two subsequent
extra rounds of selection in vitro based on evasion of pooled human immunoglobulins (IVIG).
This stringent selection did not lead to substantial enrichment, since PacBio full-length capsid
sequencing of the library still yielded 1253 unique reads [11]. Interestingly, the number of
reads after one round of in vivo selection (2331) was described to be lower than the number of
unique reads after the fifth round of selection (4392) which could suggest library diversification
upon replication, a fact that if confirmed, would go against the principle of directed evolution,
or technical issue(s) encountered during the PacBio sequencing.
From the 1253 unique reads obtained after the final screen, the authors chose 100 variants for
additional immune evasion studies and, from that final pool, selected four capsids based on
packaging efficiency (NP30, NP40, NP59 and NP84) [11]. All the four variants presented the
C-terminal end of VP3 from AAV2, even though rAAV2 is known to be poor at functional
transduction of human hepatocytes. Paulk and colleagues vaguely suggested that this AAV2
region was selected for due to the presence of the heparan sulfate proteoglycan binding residues
[11], but our previous findings suggest that what makes these vectors good at human tropism
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is the AAV2 background combined with de novo mutations that introduce electrostatic changes
on the capsid surface.
In light of the superior human tropism of the NP-vectors, we decided to clone the capsid
libraries used by Paulk et al. into our new functional transduction selection platform in order
to test if selection in our platform would lead to identification of the same set of vectors or
additional ones.
5.5.2 Functional Transduction selection in hFRG mice.
Through collaboration with the Kay’s lab at Stanford, we received and cloned the shuffled
library used by Paulk et al. [11] into our Functional Transduction platform containing GFP
reported under the control of liver specific promoter (Fig. 5-43-A). This library, referred to as
FT_678, was built upon shuffling of 10 parental AAV serotypes, 1, 2, 3b, 4, 5, 6, 8, 9_hu14,
avian and bovine, but was found to be highly biased towards AAV2 and to contain only a minor
percentage of AAV8, AAV3b and AAV1 serotypes when analysed by PacBio sequencing [11].
We performed four rounds of selection in the humanized FRG mouse as summarized in Fig.
5-43-B. Briefly, we injected (i.p.) 5.0´1010 total vector genomes of the library into the first
hFRG and one week post-injection we harvested the liver and sorted out the human GFP+
population. Following total DNA extraction, we recovered the whole capsid by PCR
amplification and cloned it into the same functional transduction recipient construct (which we
consequently named FT_678_Round_1). We then performed three extra rounds of selection
following the same protocol. In light of what we learned studying AAV-NP59 and AAV-NP40,
i.e. the importance of point mutations on AAV2’s threefold spike, we decided to focus on the
evolution of this region rather than the complete capsid. With this aim, we PCR amplified and
Illumina sequenced (Paired-end, 300 base pair amplicons) the 434 bp region from Cys_482 to
Arg_609 (AAV2 positioning), before selection, on Round 2 and on Round 4 of selection.
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Fig. 5-43. Functional Transduction selection in hFRG mice. (A) Schematic of the AAV the Functional Translation selection
platform used in the study. The capsid library is driven by the intrinsic p40 promoter and the eGFP selection marker by a
Liver Specific Promoter composed of Apo-Enhancer, a Minimal-hAAT promoter and a SV40 intron. Positions of the
NGS_678F and R primers used for NGS analysis are show. (B) Functional transduction selection of FT_678 library in hFRG.

In order to detect mutants with increased human transduction fitness, I generated a simple
protein

scanning

script

(Counter_PRO678.py),

available

for

download

at

https://github.com/Martison/phdscripts. Quickly, we first merged and filtered the paired-end
reads using Geneious software (See Material and Methods 2.39). We then translated the DNA
reads to protein using the same software and exported them as a FASTA file, which we fed
into the script. Thus the user only has to provide a list of protein FASTA sequences and a
maximum number of reads to count. The script then quantifies the total number of reads at each
position corresponding to each amino acid.
We scanned a total of 5.1´105 reads per population and compared the read counts before and
after four rounds of selection.
Since we knew that the library was AAV2-biased [11], we decided to focus on this serotype.
Within the mentioned region (C482 – R609), we found six amino acid positions with a read
log difference (Round 4 – Input) greater than 2, indicating clear positive selection (Fig. 5-44).
Interestingly, we were able to recover both the mutations observed to increase the fitness in
AAV-NP59 (T503A and N596D) and in AAV-NP40 (K532E). For the latter, we also observed
a significant level of enrichment for a glutamine instead of the glutamic acid (K532Q). Apart
from these three mutations, we also detected a significant enrichment of C482S, N496D and
N582S (Fig 5-44).
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Fig. 5-44. Number of reads (log) corresponding to each FT-678 amino acid position before and after hFRG selection. Top
amino acid in the Input profile corresponds to wild-type AAV2 residue. Enriched amino acids at each position are shown in
Output profiles.

Out of the six enriched positions, five are exposed to the capsid surface (Fig. 5-45) and only
one (C482) is found on the interior of the capsid, but in close proximity to both N596 and
N582. Interestingly, the five exposed residues are known to directly contact heparin or to have
unobstructed access to it (Table 5-6).

Fig. 5-45. Structural representation of the threefold spike of wtAAV2 highlighting the five exposed residues identified upon
selection of FT_678 in hFRG. The great majority of the selected amino acid changes (5 out of 6) are exposed residues on the
AAV2 threefold spike, associated to the interaction of this variant to heparan sulfate. Image generated with Edu PyMol v1.74.
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Table 5-6.Amino acids at the AAV2 – heparin interface. Adapted from [206].

Direct

Neighbour

Direct

Neighbour

Direct

Q457

K527

E574

R484

D528

T581

R487

D529

N582

A493

E530

L583

D494

K532

R585

N496

F533

G586

N497

S498

N587

T503

W502

R588

K507

Q589

H509

A591

G512

T592

D514

Neighbour

A596
D594
N596
K706

When analysing the performance of AAV-NP59, we found that T503A and N596D mutations
were synergistic, as evident by the fact that in vivo transduction of the human cells was
significantly higher with the variant carrying both mutations, in comparison to the single
mutants (Fig. 5-28). Based on this knowledge, we decided to evaluate the evolution of the
single and double mutants for all the six mentioned positions. In all the cases, as exemplified
with three combinations in Fig. 5-46, we found the increase in reads of the double mutants to
be higher than their individual counterparts. Considering the fact that the double mutants were
underrepresented in the initial library, this strengthens further our observation of superior
fitness of such variants.
Of interest, analysis revealed that variants carrying combinations of more than 2 mutations at
the 6 positions were not frequently detected before or after selection, and the few we did detect
were not enriched during the selection process as efficiently as the double mutants.
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Fig. 5-46. Number of reads (log) corresponding to each FT-678 amino acid position (Pos1_Pos2) before (INP) and after
hFRG selection (OUT). Most frequent amino acid in the INP population corresponds to wild-type AAV2 natural residue.

In order to study the six enriched positions in more detail, we generated AAV2 variants
containing each of the 6 individual top enriched mutations (Fig. 5-44) and an AAV2 variant
containing all 6 mutations (AAV2_6M). We then packaged independent barcoded versions of
the pAAV-LSP-GFP cassette (Table 5-2) into the seven variants (6 individual + combination).
In this case we also included wild-type AAV2, AAV-modNP59 (AAV2 Cluster 16) as negative
and positive controls. As per standard protocol, one week after i.p. injection of total 1.1´1011
vector genomes, we sorted murine and human GFP+ populations (0.15% and 23.5%,
respectively) and analysed the barcode composition change in all the populations, normalised
to the pre-injection mix.
Fig. 5-47 shows the relative transduction to wild-type AAV2 of the 6 described mutants, the
combination (AAV2_6M) and AAV2 Cluster 16. Interestingly, the combination of all six
mutations resulted in a complete loss of the ability to transduce hepatocytes in vivo, consistent
with the low transduction we observed for variant AAV2_99 (Fig. 5-35), which harbours, as
AAV2_6M, the T503A, K532E and N596D mutations. This result was not unexpected in the
light of the aforementioned fact that vectors containing more than 2 mutations were not
frequent in the original library and did not undergo enrichment during the selection of library
FT-678.
Three out of the six individual AAV2 variants (N496D, the previously reported K532E
(AAV2_40) and N582S) were able to achieve similar or slightly higher levels of transduction
as modNP59, both at entry (DNA levels, Fig. 5-47-A) and at functional transduction (cDNA,
Fig. 5-47-B). Interestingly, and in agreement to data presented in Fig. 5-28, the mutations
responsible in combination for the superior tropism of AAV-NP59 (T503A + N596D)
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performed less efficiently alone, confirming again the synergy between these two mutations
for human in vivo transduction. Of note, we did not observe any improvement in transduction
for the variant AAV2_C482S, which as mentioned before is the only residue that does not lie
on the capsid surface.

Fig. 5-47. Functional comparison of AAV2 and novel variants. (A) Relative physical transduction (DNA barcodes) of AAV2
variants when compared to wild-type AAV2. AAV2 efficiency is displayed as 1, n = 1. (B) Relative functional transduction
(cDNA barcodes) of AAV2 variants when compared to wild-type AAV2. AAV2_16 displays AAV-modNP59. AAV2_6M
combines all the six individual described mutations.

5.5.3 Discussion
In this section we have described the in vivo selection of a large AAV shuffled capsid taking
advantage of the previously described Functional Transduction Selection Platform. We
performed four rounds of selection in the humanised FRG model and presented the analysis of
the selection process within AAV2 region ranging from cysteine 482 to arginine 609. This
region includes the key positions shown to be responsible for superior transduction potential
of AAV-NP40 and AAV-NP59, isolated from the same library using replication-competent
selection platform. We believe that the approach we established (FT selection + next generation
sequencing) provides an advantage compared to the original selection platform employed by
Paulk et al, which took advantage of a replication competent library and required seven rounds
of selection to identify the two mentioned AAV-NP vectors.
Interestingly, we detected the enrichment of three additional AAV2 point mutations in addition
to the ones already described in the original paper [11], two of them having direct contact with
heparin upon vector attachment (N496D and N582S). In fact, the three top individual mutants
(N496D, K532E and N582S) affected amino acids that interact directly with heparin (Table 56). This is in concordance with our previously suggested hypothesis that modulation of HSPG
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interaction combined with the natural AAV2 ability to transduce human hepatocytes could be
the main factor responsible for the improved in vivo transduction of these vectors.
One unexpected fact was the low performance of AAV2_C482S, which behaved as AAV2 in
vivo. Since this is the only enriched position that is exposed to the capsid interior, it is possible
that its enrichment was directly linked with the enrichment of other capsid regions that have
not been studied in this approach. Another possibility could be that, just as T503A, this amino
acid mutation offers a synergistic effect to the overall capsid performance of other mutants. To
study this we will work with the bioinformatics team at CMRI in order to generate a script that
allows direct quantification of the sequence global enrichment for the 434 bp studied region,
since the scanning script I generated lacks the capacity to offer a global picture of the capsid
evolution. Nevertheless, based on our knowledge related to the importance of de novo
mutations in this AAV2 region, this approach was still valid and showed to be able to identify
two novel capsids with potential to harbour equal or even superior transduction than AAVNP59 (Fig. 5-47).
Finally, it is important to remark that this was just the initial experiment of a series of
investigations that we want to pursue. The fact that combination of all six mutations did not
improve vector function, but resulted in a complete ablation of the ability of AAV2 to
efficiently transduce human hepatocytes in vivo, does not directly mean that other
combinations could not further improve the transduction ability of individual mutants. To this
end, we plan to generate and select a permutation library containing all the combinations of the
six described mutations and the wild-type AAV2 residues (26 = 64 variants). This will likely
set the theoretical bases of AAV2’s mutation incompatibility (such as the described T503A /
K532E / N596D, Fig. 5-35) and – eventually – allow us to select for the most optimal
combination to facilitate human tropism.
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5.6 AAV2 Error Prone PCR Library: Generation and Selection
Random mutagenesis has been shown to be a powerful tool for generating proteins with novel
desired properties. Importantly, this method does not rely on previous structural knowledge
since the generation of random libraries is coupled with posterior high-throughput screening
selection platforms [226]. Building high-quality libraries is one of the most important steps in
the process, as it is logically only possible to select for molecules that exist in the starting pool
[5]. Several different mutagenesis methods have been established, allowing the introduction of
genetic diversity into parental genes. Among them, and thanks to its simplicity, error-prone
PCR (EP-PCR) is the common choice when creating libraries based on a single gene [5]. In
light of the consistent increase in human in vivo tropism caused by amino acid changes in the
AAV2 threefold spike, we decided to utilise error prone PCR to generate and select an AAV2
mutagenesis library, with the aim to identify further positions that could potentially lead to the
same superior phenotype. Unfortunately, this project was not completed before the final thesis
submission, and results will not be discussed herein. Nevertheless, the library generation and
validation are described below.
5.6.1 AAV2-482-EP-609 Library: Generation and Validation
Error-prone PCR takes advantage of the fidelity modulation of Taq DNA polymerase under
different conditions, such as increased concentration of MgCl2 ions and dNTP substrates,
supplementation of MnCl2 ions and increased concentrations of the enzyme. A key
modification of the original protocol was introduced in 1992 by Cadwell and Joyce [118], who
used an unbalanced ratio of nucleotide substrates (dCTP & dTTP = 1 mM, dATP & dGTP =
0.2 mM) on the reaction in order to overcome the A -> G and T -> C mutation bias observed
in the original protocol. As described in details in the Materials and Methods Section 2.40, we
followed a protocol derived from the latter, where the authors included several serial dilution
steps that allowed us to control the level of mutagenesis of our library pool [5]. Briefly, in this
protocol, a portion of the reaction (~10%) is sequentially removed after every fourth
amplification cycle and used as starting material for a subsequent EP-PCR reaction. This way,
it is easier to generate pools of variants with increasing degrees of mutations and at the same
time avoiding the saturation of the PCR reaction by excessive amounts of DNA [5].
Based on our findings described in Section 5.5, we decided to restrict the mutagenesis process
to the region between Cys482 and Arg609 (see primers depicted in Fig. 5-48-A), which
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accounts for the surface of the inner and outer spikes of the threefold axis as depicted in Fig.
5-48-B.

Fig. 5-48. AAV2-482-EP-609 Library. (A) DNA Region amplified for the generation of the AAV2 mutagenesis library. (B)
Spatial representation of the threefold spikes of AAV2. Mutagenized regions of the three VP3 subunits contributing to the
threefold spikes is coloured in three different colours to facilitate interpretation. (C) Accumulated number of mutations
observed in AAV2-482-EP-609 library clones coming from increasing number of rounds of EP-mutagenesis.

Following the described protocol, we performed 16 rounds of sequential error-prone PCR and
analysed the number of both DNA/amino acid accumulated mutations in clones that went
through increasing number of rounds of EP-mutagenesis (Fig. 5-48-C). As expected, we
observed an accumulation of random mutations with each round of EP-PCR, higher at the DNA
level due to the degenerated nature of the genetic code. Importantly, this protocol allows one
to decide whether to create a library with low/medium/high level of mutagenesis by combining
the PCR products from different rounds of amplification. As we did not want to bias the
selection process, we generated a library that included all the rounds of selection.
However, it is worth mentioning that in light of the results mentioned in the previous sections,
in the near future we are also planning to generate and select libraries harbouring low levels of
mutagenesis.
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Chapter 6 : AAV-mediated Homologous
Recombination
6.0 Introduction
As previously introduced and reviewed in detail in Section 2.4, the use of rAAV genomes as
DNA templates for homology driven genome editing has been shown to enhance site-specific
recombination by up to 10,000-fold when compared with plasmid substrates, whose efficiency
of targeted gene editing is estimated to be around 1:1´106. First reports by David Russell’s lab
suggested a gene targeting frequency greater than 10-3 of the total cell population when
transducing HeLa cells at high multiplicity of infection (3.0´105) with AAV2 [95].
An important publication, which increased our interest in AAV-driven HR, reported for the
first time a discrepancy between the efficiency of AAV functional transduction and AAVmediated homologous recombination. In this work, different AAV capsids were screened for
both transduction and AAV-mediated homologous recombination in patient derived
keratinocytes harbouring a point mutation in LAMA3 gene. Unexpectedly, AAV-DJ was found
to be the most recombinogenic serotype even though its transduction was significantly lower
than AAV-2, AAV-6 and a newly identified serotype, AAVLK19, which was found to be nonrecombinogenic in this cell type [12].
In light of the observed discrepancies between AAV transduction and subsequent AAVmediated HR, we hypothesised that AAV capsid could play an active role in determining the
overall efficiency of AAV-mediated genome editing. Based on this hypothesis, we sought to
design and validate a directed evolution selection strategy that would allow for screening of
AAV capsid libraries for variants that could mediate higher frequency of AAV-mediated HR.
However, in order to develop such selection platform, two main issues had to be overcome.
The first issue comes from the requirement to include homology arms in the AAV genome in
order to facilitate HR. Wild-type replication competent AAV contains 4.7kb genome and does
not allow for inclusions of additional sequences that could serve as homology arms.
Therefore, in order to include homology arms within AAV genome, we decided to remove the
rep gene and provided it in trans during library packaging step, similarly to what we have
described, and validated, for the Functional Transduction library selection scheme (Chapter 3,
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Section 3.2). This allowed the inclusion of homology arms surrounding the cap gene, as
described in detail in the section below.
The second limitation was caused by the mentioned low frequency of AAV-driven HR. Even
though unpublished data from Kay and Oro labs (Annex Table 6) as well as published work
[227] indicate that in some cells, and at certain loci, the frequency of AAV-driven HR could
be quite high (even up to 12%), the initial library contains large number of variant, most of
which will be inefficient at mediating HR, diluting overall HR frequency driven by large AAV
library. Thus a very sensitive and reliable selection method needed to be created to capture the
cells that underwent AAV-mediated editing events.
The next two sections describe our original and subsequent improved approaches for selecting
new AAV capsids capable of enhanced endonuclease free homologous recombination. The
first, based on GFP disruption upon AAV integration, failed to give any reliable results but
served as the basis for the generation of the second approach, which showed promising results
in proof of concept studies in HuH7 cells.

6.1 AAV-mediated HR selection upon GFP disruption [GFP-off]
6.1.1 Selection scheme
The first platform we designed to facilitate directed evolution of capsid serotypes with
improved AAV-mediated homologous recombination (HR), consisted of two separated
elements, a lentiviral vector (LVV) carrying a gene trap cassette and matching AAV capsid
library cloned in between two homology arms homologous to the LVV capture cassette (LVVtrap). This design allowed for recovery of AAV genomes containing cap gene that underwent
on-target HR-mediated integration into the targeted locus (Fig. 6-1).
The lentiviral construct consisted of an EF1a promoter driving a GFP cassette followed by a
Woodchuck Posttranscriptional Regulatory Element (WPRE) (Fig. 6-1, top panel). The use of
lentiviral vector allowed for integration of the HR-capture cassette at random genomic loci in
the target cells (HuH7 cells in the first instance) and thus allowed us to remove potential bias
towards AAV variants that facilitate HR events preferentially at specific loci. Cells transduced
with LVV-trap were sorted based on GFP expression, to ensure that all cells that would be used
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in AAV-based targeting contained the LV-trap provirus. GFP+ cells were subsequently
transduced with AAV-HR library, which harboured homology arms to the gene-trap flanking
the endogenous cap promoter (p40) and the cap gene library (Fig. 6-1, lower panel), together
with a non-functional GFP cassette (frameshift point mutation right downstream of the initial
ATG codon). Upon integration, the GFP reporter would undergo inactivation and thus allow
us to sort GFP negative cells with potential AAV integrations.
To summarize, the selection process consisted of initial transduction with lentiviral vector
carrying the capture cassette, sorting and expansion of the GFP+ population, transduction with
the AAV-library, sorting of the GFP- negative population and recovery of the specific
integrated cap genes via PCR amplification.
The following sections describe the optimization of the reagents, the selection attempts and the
obstacles encountered during the process.

Fig. 6-1. Schematic representation of the Genome Trap Cassette. Each viral capsid contains the genome encoding capsid
flanked by two homology arms to the genome trap. Upon homologous recombination, cells are expected to lose GFP
expression, thanks to the introduction of a missense mutation right after the GFP start codon (marked with *).

6.1.2 AAV-HR Library
As stated above, in order to make space for homology arms within the AAV cassette we
removed the rep gene from the AAV-HR library and provided it in trans during the packaging
process. We first wanted to validate that this new design would not affect packaging efficiency.
To do so, we cloned the AAV2 cap gene in the AAV-HR construct and we tested vector yield
by performing three independent packaging reactions (providing rep2 in trans) and found no
difference when compared to the packaging of a single-stranded pAAV transgene using the
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regular rAAV2 packaging construct harbouring both rep and cap in cis (Fig. 6-2, for details
Materials and Methods section 2.1). Having validated the construct design, we subsequently
cloned one of our AAV shuffled libraries described in Chapter 2 (Li678, build based on AAV1
to AAV6, AAV8, AAV9 plus bovine and avian serotypes) and packaged the AAV-HR-678
library following our verified protocol Cesium Chloride Gradient protocol (Methods 2.10),
obtaining a yield of 2.0´1012 vector genomes per mL, or 6.0´1012 total vg.

Fig. 6-2. rAAV yield comparison between rAAV2 helper plasmid and HR-AAV2 construct supplemented with rep2 in trans.
Individual values plotted and shown as mean and standard deviations (n=3). Non-significant differences were observed
between two packaging systems (paired t-test, n.s.).

6.1.3 Lentiviral construct and gene trap cell line
HuH7 cells were transduced at various MOIs with lentiviral vectors carrying the HR capture
cassette (Fig. 6-1). The transduced cells were passaged for three weeks in order to ensure that
the cells contained stably integrated and expressing provectors before FACS based assessment
of the percentage of GFP+ cells (Fig. 6-3). Based on FACS results we selected two populations
with the lowest level of GFP (1.48% and 8.90% GFP+) in order to increase the probability that
GFP+ sorted cells contained on average one provector per cell. It was important to select the
population with average 1 copy as the selection system relied on the ability of the AAV-library
to inactivate GFP expression upon integration into the trap cassette, causing GFP+ cells to
become GFP-. Working with a cell population harbouring more than one provector could
decrease the efficiency of selection, since if multiple GFP expressing trap cassettes were
present, on-site integration and inactivation of one of the trap cassettes by AAV-mediated
homologous recombination would not convert the cells from GFP+ to GFP-.
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Fig. 6-3. FACS analysis of HuH7 cells transduced with a lentiviral vector carrying the Gene Trap.

We sorted the bulk GFP+ population, referred as HuH7_Low and we also single-cell sorted
and expanded 96 individual GFP+ clones. Although, as mentioned above, the use of cell
population allows us to address the possible locus-driven bias during AAV selection process,
we wanted to generate number of unique clones for use in subsequent studies, as discussed
below.
6.1.4 AAV-HR selection on bulk population
Once we had the gene-trap cell line ready, we started the selection process by transducing the
HuH7_Low cells with the AAV-HR library at two MOIs (high = 2.5 ´ 105, low = 2.5 ´ 104).
As a control, we also included a condition where no AAV library was added (mock).
We performed the initial selection on a six-well plate seeded at 50% confluency in order to
enable cell division and thus promote homology directed repair (HDR), which is required for
homologous recombination. Three days after transduction we moved the cells into a 10cm dish
and then 15-cm dish, and subsequently kept passaging them in 15-cm dishes until day 14 posttransduction, at which point we sorted the GFP negative population (Fig. 6-4).
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Fig. 6-4. Graphic representation of the AAV-HR selection process. HuH7 cells were transduced with Lentiviral vector
carrying the gene-trap described in Fig. 6-1, sorted, and then transduces with the AAV-HR library. Two weeks after
transduction GFP- cells were sorted and expanded. Finally, the genomic DNA was extracted and AAV provectors, containing
capsid genes, integrated in gene-trap were recovered by PCR.

The main problem that we encountered was the fact that even though there was a significant
fraction of GFP negative cells in the AAV-HR transduced HuH7 (MOI high = 4.05%, MOI
low = 4.09 %), the GFP negative fraction was also high in the untransduced population
(4.01%), presumably due to random silencing of the integrated provector in some of the clones
present in the population.
We decided to attempt to recover integrated AAVs from the genomic DNA extracted from the
sorted GFP negative populations, however, despite multiple attempts and optimisation of the
conditions, we were unable to obtain AAV specific signal. We subsequently tested multiple
transduction conditions, including higher MOI of AAV-HR library and different initial cell
densities, but we found that the high ratio of unspecific silencing was a common recurring
problem that made it impossible to identify true AAV-HR events (data not shown).
6.1.5 AAV-HR selection on single-cell sorted clones
In order to simplify the selection process, we decided to take advantage of the single-cell clones
that were sorted from GFP+ population. Once expanded, we analysed the number of provector
integrations per cell by qPCR in two clones (Clone_2 and Clone_8) and found them to be 1.26
and 1.01vg/diploid genome respectively, which we interpreted to indicate a single provector
per cell. We then followed the same scheme of selection as described above and outlined in
Fig. 6-4, in order to perform another round of AAV-HR selection. Even while both clones were
found to be more stable and we observed lower intrinsic frequencies of GFP silencing (clone
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2 = 0.30%; clone 8 = 0.45% for the untransduced population), we did not observe any
detectable difference in the AAV-HR transduced samples (clone 2, high MOI = 0.29%, low
MOI = 0.32%; clone 8, high MOI = 0.52%, low MOI = 0.25%). Based on this data we
anticipated that this level of spontaneous silencing would make it impossible to perform
efficiency selection of cells with AAV integration events. Despite this predicted difficulty, we
again decided to attempt to recover AAV integrants from GFP negative cells sorted from clone
2 and clone 8 transduced with AAV-HR library. This was based on the fact that while gene
silencing complicated the AAV recovery process it did not directly indicate that correct
homologous recombination did not take place, it only hampered the selection process.
Following total genomic DNA recovery, we performed PCR amplification of integrated AAV
following the scheme depicted in Fig. 6-5, with a forward primer binding only on a common
region of all the AAVs construct (p40) and a reverse primer binding only on the gene-trap
(WPRE). This way would in principle allow only for recovery of those variants that underwent
correct homologous recombination to the gene-trap.

Fig. 6-5. AAV-HR PCR recovery strategy. The forward primer bound to both the genome trap and the AAV-HR cassette,
whereas the reverse primer was designed to bind only to the genome trap, minimising thus the recovery of episomal AAV
transgenes.

Unexpectedly, we obtained a PCR amplicon of the estimated correct size (~3.5 kb, Fig. 6-6-A)
upon PCR amplification of the Clone 2 genomic DNA with the mentioned primers. We then
recovered, subcloned and sequenced n = 20 random clones, which all aligned to the in silico
map of gene-trap integrated AAV-HR library on Fig. 6-6-B. Unfortunately, even though we
recovered shuffled capsid sequences, we were unable to confirm that they originated from on
target genomic integration events, since as shown by the blue box in Fig. 6-6-B, none of the
clones contained the unique junction gene-trap / AAV sequences, which based on the primers
used should be present within the amplicon. This suggested that we artificially amplified either
AAV genomes that remained episomal or AAV genomes that integrated randomly in the
genome, invalidating thus the recovery approach.
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Fig. 6-6. Analysis of isolated AAV-HR clones. (A) Gel electrophoresis of HuH7 Clone 2/Clone 8 genomic samples amplified
with specific AAV/Gene-trap recovery primers. (B) Predicted AAV-Gene/Trap integration map with sequencing results from
Clone_2 amplicon aligned. Blue box remarks lack of genome-trap / AAV junction.

Taken together, we concluded that our selection was suboptimal and not efficient enough to
allow us to identify potential HR-prone AAV variants that could be present within the library.
To enhance the sensitivity of the selection process, we decided to change platform design from
GFP-off, affected by random transgene silencing, to a GFP-on approach, which was not
expected to be affected by spontaneous activation of the GFP reporter.

6.2 AAV-mediated HR selection upon GFP repair [GFP-on]
6.2.1 Selection scheme
With the aim of generating a more sensible selection model, we decided to change the objective
and design a strategy that led to turning a GFP reporter on upon targeted integration of AAVHR into the LVV-trap provector. Our hypothesis was that this would reduce to minimal
interference the intrinsic random activation of the GFP in the gene-trap cassette.
To this end, we decided first to concentrate on evaluating various truncations of the GFP
reporter in order to identify the minimal C-terminal deletion that would have a deleterious
effect on the fluorescent activity of GFP. Previous reports indicated that deletion of more than
12 amino acids on the C-terminal completely disrupted GFP fluorescence [228]. We generated
three GFP versions with increasing number of C-terminal amino acid deletions (D12, D15,
D20), and tested their performance in HuH7 cells upon plasmid transfection. In contrast to
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reported data, only the 20 amino acid truncation resulted in complete loss of GFP fluorescence.
Based on this result, we decided to incorporate this construct into our selection cassette.
The design of the new lentiviral capture construct is depicted in Fig. 6-7-A. The cassette
contained the low-affinity nerve growth factor receptor (LNGFR) gene driven by EF1a
promoter, in order to allow sorting of HuH7 cells with integrated LVV-trap provector, LNGFR
is connected with GFPD20 using the 2A self-cleaving peptide (P2A), which allows expression
of the truncated GFP from the common EF1a promoter. We also included WPRE as an
expression enhancer and finally a DNA stuffer in order to be able to generate the 3’ AAV-HR
homologous arms of similar size to the 5’ homology arm (Fig. 6-7-B, C). Although the goal of
this study was to identify AAV variants that facilitate high frequency HR events in the absence
of genomic DNA cleavage with endonucleases, we also included a short synthetic sequence
containing target sites for Streptococcus pyogenes Cas9 (SpCas9) specific gRNA to allow us
to utilise the same constructs for studies where CRISPR/Cas9 is used to enhance the HDR
frequency. In this platform design, the AAV-HR cassette brings in the functional copy of GFP
and upon on-target integration leads to GFP expression, allowing for selection of targeted cells
using FACS sort (Fig. 6-7-C). This allows then to expand the GFP+ population and to recover
the genomic DNA and PCR amplify the potential integrated AAV capsids (Fig. 6-7-D).
Importantly, the AAV-transgene carrying the complete GFP ORF contains a frame-shift
mutation right at the start that is only fixed, at the same time, upon correct homologous
recombination. This reduces the GFP conversion of cells carrying off-target AAV integrations.

Fig. 6-7. Schematics of AAV-HR GFP-on selection. (A) Lentiviral construct. (B) Zoom in of the lentiviral construct. (C)
AAV-HR GFP-ON construct. (D) Theoretical map upon AAV mediated homologous recombination.
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6.2.2 AAV-HR GFP-on: proof of concept
Following similar protocol as in the original approach, we produced the lentivirus vector
encoding the capture cassette and transduced HuH7 cells at a range of MOIs in order to select
for conditions that led to low LNGFR+ signal, in order to increase the probability of single
provector per transduced cell. It is important to mention that in contrast to the original design,
where it was vital to ensure that each cell contained only a single provector, this new selection
platform is less sensitive to this requirement, as even cells with multiple LVV-trap provectors
would become GFP+ after on-target HR event into a single LVV provector. Nonetheless, it
was important to avoid a situation where multiple LVV provectors would be present in a given
cell, with only some of them driving LNGFR expression, as the “inactive” provectors could
still be targeted by AAV-HR events and would not lead to GFP expression, and thus could lead
to loss of valuable AAV clones.
Once we sorted the LNGFR+ population we expanded it and analysed the average number of
integrations per cell by qPCR and found it to be 1.11 (Materials and Methods Section 2.28).
We cloned and packaged one of our new AAV shuffled libraries described in Chapter 4, build
of AAV serotypes 1 through 12 and two clonal marsupial isolates, in the AAV-HR selection
platform depicted in Fig. 6-7-C, yielding 1.34 ´ 1012 vector genomes / mL (8.4 ´ 1011 total
vgs), taking advantage of previously validated packaging protocol using AAV-Rep in trans.
We then plated the LNGFR+ HuH7 cells at 50% confluency in a six-well plate, transduced
them with the library at two MOIs (high = 5 ´ 105, low = 5 ´ 104) and proceeded with the
selection process as summarised in Fig. 6-8.
To promote constant replication and increase the likelihood of homologous recombination of
the AAV cassette, the cells were split before they reached confluency. In order to analyse the
average frequency of on-target integrations, we FACS analysed the overall population on Day
7 (Fig. 6-8 B). Importantly, we were able to observe double LNGFR GFP positive cells only
in the wells that were transduced with the AAV-HR library. Equally important was the lack of
GFP signal in gated LNGFR- population, suggesting that the observed positive events aroused
from correct homologous recombination into the LVV-trap. Naïve HuH7 transduced with the
AAV-HR library also remained GFP- (data not shown).
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Due to the low frequency of positive events, we decided to expand the population to four 15
cm dishes and cell sort the positive population on day 21 post transduction. Multiple passages
and thus cell divisions were also important to minimise potential contamination with episomal
vectors. Cell sorting of 200 million individual cells allowed for isolation of 984 GFP+ cells.

Fig. 6-8. Second generation AAV-HR scheme of selection. (A) HuH7 cells were first transduced with Lentiviral vector
carrying the gene-trap described in Fig. 6-7, sorted for LNGFR+, and then transduced with the AAV-HR library carrying a
corrected copy of GFP. Three weeks after transduction, GFP+ cells were sorted and expanded. Subsequently, the genomic
DNA was extracted and the gene-trap integrated AAV capsids were recovered by PCR. (B) On day 7 after transduction, GFP+
population was assessed in the LNGFR+ HuH7 cells transduced with AAV-HR and compared to LNGFR naïve population.
Green circle on the right panel signalises GFP+ events that probably aroused from GFP correction upon AAV-HR integration
on the gene-trap.

We subsequently recovered and expanded the GFP positive population for two weeks,
extracted the genomic DNA and performed the set of PCRs described on Fig. 6-10. In order to
avoid amplification from the unlikely episomal AAV DNA, the ideal primer pairs would
consist of one of them binding only on the AAV-HR transgene and the other binding on the
genome trap. As shown in Fig. 6-10, pairs #1 and #2 meet this characteristic. Nevertheless, we
also decided to perform the PCR amplification with an extra set of primer pair that would give
- 218 -

amplification also on the naïve genome trap (Pair #3), but that would generate a larger amplicon
in the event of a correct AAV-mediated homologous recombination (3788bp from empty trap
cassette or 6582bp after on-target AAV integration).

Fig. 6-9. AAV-HR recovery strategy. (A) Map depicts the expected homologous recombination of the AAV-HR library with
the lentiviral genome trap. Horizontal red line represents AAV transgene. The set of primers used on the described paired
reactions are coloured according to their presence solely on the lentiviral construct (blue), solely on the AAV construct (green)
or in a shared region (orange). (B) Matrix shows expected amplicons and product sizes for each PCR reaction. As observed,
none of the primer pairs amplifies AAV genomes, in order to avoid recovery from potential episomal vectors or, more
importantly, randomly integrated transgenes.

Following this approach, we were able to successfully recover AAV capsids that underwent
targeted integration with Pairs #2 and #3 (6582bp band). Full sequencing of 28 random clones
revealed three enriched variants representing 35.7% (Fig. 6-11, Green), 17.9% (Fig. 6-11,
Blue) and 14.2% (Fig. 6-11, Orange) of the population.

- 219 -

Fig. 6-10. Phylogenic relatedness of the 12 parental AAV serotypes (pink) and the clonal isolates upon homologous
recombination directed selection.

We then analysed the parental capsid composition of the three top variants, represented in Fig.
6-11-A. Both variants from the Green and the Orange groups were more homologous to AAV2
and harboured its three-fold spike, whereas variants from the Blue groups were more similar
to AAV1 in this region (Fig. 6-11-A). Besides this region, we found no specific enrichment of
any specific capsid motif shared between the top variants.
In order to test the performance of the capsid variants, we generated the packaging constructs
for each of the clones (Rep2/Cap). We plan to take advantage of a HR-screening pipeline
previously established in our laboratory, based on BFP to GFP switch as summarized in Fig.
6-11 B. Briefly, the system is based on a HuH7 cell line carrying one copy per cell of a genome
trap harbouring the LNGFR gene connected with the blue fluorescent protein (BFP) gene with
the 2A self-cleaving peptide (P2A), which allows expression of the BFP from the common
LSP promoter (Fig.6-11B, top panel). In order to test candidate AAVs for their ability to drive
HR, a transgene harbouring homologous arms to the gene trap is packaged in the capsids to be
test (Fig. 6-11B, lower panel). The HR cassette contains GFP gene that differs from BFP by
two nucleotides (marked with a red line) and thus allows the change of BFP to GFP upon ontarget homologous recombination. Furthermore, to ensure that GFP is not expressed following
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random AAV integration, the LNGFR gene in the AAV-HR cassette contains an additional
nucleotide right downstream of the ATG start codon, which causes frameshift mutation and
inactivates both LNGFR and GFP transgenes.
HuH7 cells harbouring LV-BFP acceptor will be seeded at 50% confluency and will be
transduced with candidate vectors harbouring the AAV-GFP HR construct at the same MOI.
In order to enhance HDR, cells will be split before reaching confluency and will be kept at subconfluent density for 14 days post transduction, at which point GFP expression will be analysed
using FACS (these studies are ongoing and will be included in the thesis if they are completed
by the date of submission).

Fig. 6-11. AAV-HR Validation. (A) Crossover analysis of the three top vectors selected upon AAV homologous recombination.
(B) Pipeline for AAV-HR screening. LSP1 = Liver specific promoter. BFP = Blue fluorescent protein. WPRE = Woodchuck
Posttranscriptional Regulatory Element. eGFP = Green Fluorescent Protein. The system is based on a nucleotide change
introduced on the AAV-HR construct that allows the conversion of BFP to GFP.

6.2.3 Discussion
The efficiency of AAV mediated HR is reported to be significantly lower than the frequencies
that can be achieved using mega-endonucleases, such as ZFN, TALEN or CRISPR/Cas9,
which promote a double strand DNA break around the target locus. However, studies by
multiple groups indicate that the frequency of AAV-driven HR is highly dependent on the cell
type and genomic locus being targeted and can lead to high-frequency of on-target events [227],
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clearly indicating utility of AAV-driven HR. This is especially the case when an on-target event
leads to a selective advantage and expansion of edited cells.
Furthermore, efficiency of AAV-HR is known to increase when targeting highly expressed
genes, which has been shown to allow for efficient integration and expression of therapeutic
genes in a process known as gene ride. Importantly, AAV-mediated HR offers a superior safety
profile when compared to HR events mediated by targeted DNA damage with the use of
endonucleases, such as zinc-finger nucleases (ZFN), TALENs or CRISPR/Cas9.
CRISPR/Cas9 has been shown to cause extensive damage to the cell genome [229], which is a
significant safety concern when contemplating the use of such technologies in human subjects.
AAV-mediated HR avoids the endonuclease-associated adverse effects, particularly the offtarget modifications and, more importantly, allow us to work with primer-less vectors, which
reduce the risk of insertional oncogenesis and thus increases the safety profile of genome
editing in clinical applications.
It is important to keep in mind that the mechanism of enhanced genome editing using AAV
vectors is currently unknown. A number of groups have suggested that AAV single-stranded
genome or the unique ITR element may facilitate HR-driven AAV integration [97]. The
contribution of the AAV capsid to the HR process is even less understood, but recent reports
point towards a direct involvement of capsid not only at the cell entry step (transduction) but
also during downstream processes leading to enhanced genome editing [230].
It is well documented that the AAV capsid directly determines the fate of the carried vector
genome inside the cell. Studies by Wu et. al, [224] showed that changes to the AAV capsid
could lower the vector’s ability to undergo single-stranded to double-strand DNA conversion,
despite the ability to physically transduce (enter) the cells being unaffected. Such changes to
the AAV, which would lower its utility as a tool to deliver expression cassettes, could be
beneficial for enhancing genome editing since AAV single stranded DNA genome has been
linked to activation of the DNA repair mechanisms [231] and thus the enhancement of HR
events. At the same time, and contradictory to the previously mentioned hypothesis, other
studies suggest that serotypes that are more efficient at transducing primary cells might actually
reduce the frequency of HR-based genome editing when used to deliver template DNA in the
context of CRISPR/Cas9 based editing (Personal communication, Prof. Alexander’s lab). This
could be due to the fact that the accumulation of single stranded genomes inside the cells leads
to cell cycle arrest and the inhibition of the DNA synthesis and repair pathways, which are
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essential for homologous recombination. Thus, novel HR-prone AAV vectors, which could
direct genome editing at high efficiency without the use of endonucleases are of major interest
and have the potential to revolutionise the future of biomedical research and applied gene
therapy. Based on the effect of AAV-induced cell cycle arrest on the frequency of HR, such
novel vectors would presumably need to be able to efficiently transduce target cells at low dose
(MOI), in order to avoid activation of cell cycle arrest.
In this section we have described the development of a novel AAV selection platform with the
aim of directing the selection pressure towards those capsids that promote AAV-mediated
homologous recombination. The difficulties encountered with our first HR selection platform
based on GFP inactivation led us to generate a new platform based on GFP-activation upon
AAV integration (Fig. 6-8).
As a proof of concept, we decided to optimise the selection platform on HuH7 cells, taking
advantage of AAV’s natural ability to efficiently transduce those cells. This was an important
proof-of-concept step before performing studies in more clinically relevant, but also more
complicated models, such as humanised FRG mouse or primary CD34+ cells or T cells. In
order to be “recombinogenic”, an AAV variant has to: i) be able to physically transduce the
cell type of interest to efficiently deliver the HR cassette to the target cells; ii) promote high
frequency of homologous recombination. Due to the random nature of the capsid library, a
small proportion of vectors within the starting pool is able to efficiently transduce the targeted
cell type and only fraction of those will be able to drive efficient editing reaction. Therefore,
we anticipated that working with a cell type highly permissive to AAV transduction would
increase the chances of success and would allow us to optimise the approach.
Precisely due to the low frequency of this event we decided to proceed the experiment with a
relatively high MOI of 5 ´ 105 vg per cell. As mentioned in the results section, we found 984
GFP positive cells in the sorted population of 200 million cells. Thus the efficiency of AAVHR was only 0.0005%, or 1 positive event every 200,000 cells, which is significantly lower
than the frequency previously reported by the Russell lab (1 positive event every 1000). This
fact is not surprising, since we are working with a library and only a fraction of the capsids
within the tested population would be expected to be able to 1) transduce the cell type of interest
and 2) undergo homologous recombination. In their studies, Russel’s lab transduced cells at
MOI of 3.0´105. Despite the fact that the library was used at a significantly higher MOI of 5 ´
105 vg per cell, each individual variant within the library accounted for a small fraction of the
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library pool and thus transduced cells as a significantly lower effective MOI. Thus, the effective
HR frequency for those serotypes is estimated to be significantly higher than the one reported
by Russell and colleagues.
The fact that only few clones were present after only one round of selection confirmed the high
levels of stringency of this approach, in the sense that due to the low frequency of the HR event,
the large AAV library is quickly reduced to few variants. Nevertheless, and as pointed out
throughout this thesis, a successful selection does not directly imply the higher fitness of the
selected capsids when compared to the wild-type counterparts. Thus, even though we are
excited that the proof of concept studies led to isolation of apparent HR-prone AAV variants,
each selected candidate must be tested in a stringent and unbiased HR-testing pipeline using
parental AAVs as controls in order to confirm their superior HR potential. Should this test
confirm that the selected variants are more efficient at driving HR without the use of
endonucleases, it will validate our selection platform and will allow us to perform similar
selection in other cell types of interest, such as CD34+ and T cells, as mentioned in Chapter 3.
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Annex
1. TABLES
Table 1: Primers
Sequencing
VG0106_F-Internal wt256 Seq

GAGTGGGCAATGCCTCGGGAGATTGGCATTG

VG0107_R-Internal wt256 Seq

CAGATGGGTCCTTGGAGGTACAC

VG0108_F-Internal wt256_6

ACAATGTCTGCGGGAGGTGGCG

VG0109_F-Internal Opt256 Seq

AAGGCGCCGACGGAGTGGGTAAT

VG0110_R-Internal Opt256 Seq

AAATGGGACCCTGCAGGTACACGTCTC

VG0314_External 5 Seq

TGTGGATTTGGATGACTGC

VG0315_External 3 Seq

GACCAAAGTTCAACTGAAACG

QPCR Related
QPCR_Rep2_F

AAGGATCACGTGGTTGAGGT

QPCR_Rep2_R

CCCACGTGACGAGAACATTT

QPCR_GFP_F

TTCTCGTTGGGGTCTTTGCT

QPCR_GFP_R

TCAAGATCCGCCACAACATC

Taqman_hAlb_F

TGAAACATACGTTCCCAAAGAGTTT

Taqman_hAlb_R

CTCTCCTTCTCAGAAAGTGTGCATAT

Taqman_GFP_F

TCACGAACTCCAGCAGGAC

Taqman_GFP_R

CTGCTGCCCGACAACCAC

Cloning
VG0094_SFFV F

GGCCCAACCCTCAGCAGTTTCTTAAG

VG0095_SFFV R

CTTAAGAAACTGCTGAGGGTTGGGCC

VG0111_SFFV_F_MluI

GACGCGTGTAACGCCATTTTGCAAGGCATGG

VG0112_SFF_R_NotI

GGCGGCCGCCGACTCAGTCTGTCGGAGGACTG

VG0076_Vector Rescue GAF

CGCATTGTCTGCAGGGAAACAGCATC

VG0077_Vector Rescue GAR

TTTCTTTCTTATCTAGTTTCCATATGCATGTAGATAAGTA

Forward Shuffling Rescue

ATTTAAATCAGGTATGGCTGCCG

Reverse Shuffling Rescue

ATGCATATGGAAACTAGATAAGAAAGAAATACG

Shuffling_Rescue-F

GACGTCGCATGCAACTAGTAT
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Shuffling_Rescue-R:

GACGTCGCATGCAACTAGTAT

CAP Rescue F

CCCTGCAGACAATGCGAGAGAATGAATCAGAATTCAAA

CAP Rescue R

ATGCATATGGAAACTAG ATAAGAAAGAAATACG

NGS Amplicons
VG0236_Forward NGS AAV2

TCTAGGAACTGGCTTCCTGGACCC

VG0237_Reverse NGS AAV2

CAGATGGGCCCCTGAAGGTACACATC

VG0229_Forward AAV2/DJ

CCTTTCCACAGCAGCTACGC

VG0230_Reverse AAV2/DJ

CGCTGCTGGCGGTAACAG

VG0316_NGS_40 F

ACCTCAATGGCAGAGACTCTCTGG

VG0317_NGS_40 R

TCATGACCTTTTCAATGTCCACATTTGTTTTCTCTGAG

VG0116_Barcode F

GCTGGAGTTCGTGACCGCCG

VG0117_Barcode R

CAACATAGTTAAGAATACCAGTCAATCTTTCAC

Barcode Construction
Pair 1A

ATCTTATAAGTATGCTGACA

Pair 1B

AGCTTGTCAGCATACTTATAAGAT

Pair 2A

ATCTTATAAGTATCGTCACA

Pair 2B

AGCTTGTGACGATACTTATAAGAT

Pair 3A

ATCTTATAAGTAGTGACACA

Pair 3B

AGCTTGTGTCACTACTTATAAGAT

Pair 4A

ATCTTATAAGTACACTGACA

Pair 4B

AGCTTGTCAGTGTACTTATAAGAT

Pair 5A

ATCTTATAAGTAGTCTCACA

Pair 5B

AGCTTGTGAGACTACTTATAAGAT

Pair 6A

ATCTTATAAGTAGAGTCACA

Pair 6B

AGCTTGTGACTCTACTTATAAGAT

Pair 7A

ATCTTATAAGTGTCAGTACA

Pair 7B

AGCTTGTACTGACACTTATAAGAT

Pair 8A

ATCTTATAAGTGAGAGTACA

Pair 8B

AGCTTGTACTCTCACTTATAAGAT

Pair 9A

ATCTTATAAGTGCTATCACA

Pair 9B

AGCTTGTGATAGCACTTATAAGAT

Pair 10A

ATCTTATAAGTGCATGTACA

Pair 10B

AGCTTGTACATGCACTTATAAGAT
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Pair 11A

ATCTTATAAGTGACTAGACA

Pair 11B

AGCTTGTCTAGTCACTTATAAGAT

Pair 12A

ATCTTATAAGTGAGTCTACA

Pair 12B

AGCTTGTAGACTCACTTATAAGAT

Pair 13A

ATCTTATAAGTCTGATCACA

Pair 13B

AGCTTGTGATCAGACTTATAAGAT

Pair 14A

ATCTTATAAGTCTCAGTACA

Pair 14B

AGCTTGTACTGAGACTTATAAGAT

Pair 15A

ATCTTATAAGTCGTACTACA

Pair 15B

AGCTTGTAGTACGACTTATAAGAT

Pair 16A

ATCTTATAAGTCGATAGACA

Pair 16B

AGCTTGTCTATCGACTTATAAGAT

Pair 17A

ATCTTATAAGTCACTGTACA

Pair 17B

AGCTTGTACAGTGACTTATAAGAT

Pair 18A

ATCTTATAAGTCAGTACACA

Pair 18B

AGCTTGTGTACTGACTTATAAGAT

Pair19A

ATCTTATAAGTCATTGGACA

Pair19B

AGCTTGTCCAATGACTTATAAGAT

Pair20A

ATCTTATAAGTTGGATCACA

Pair20B

AGCTTGTGATCCAACTTATAAGAT

Library 2048
VG0025_2048 CAP Recovery F

GGGAAAAAAGAGGCCGGTAGAGCACTCTCCTGTGG

VG0026_2048 CAP Recovery R

GGAATCTTTGCCCAGATGGGCCCCTGAAGG

VG0027_2048 BB Recovery R

CCGGCCTCTTTTTTCCCGGAGCCGTCTTAAC

VG0028_2048 BB Recovery F

ATCTGGGCAAAGATTCCACACACGGACGGACATTTTC

Saturation Libraries
BBR Mut Sat

CCACGAGTATTCACTGTTGTTGTTATCCGCAGATG

BBF Mut Sat

ACACAAGGCGTTCTTCCAGGCATGG

VG0262_F10_NDT

CAACAGTGAATACTCGTGGNDTGGAGCTACCAAGTACCACCTCAATGG

VG0263_F10_VHA

CAACAGTGAATACTCGTGGVHAGGAGCTACCAAGTACCACCTCAATGG

VG0264_F10_TGG

CAACAGTGAATACTCGTGGTGGGGAGCTACCAAGTACCACCTCAATGG

VG0265_F10_ATG

CAACAGTGAATACTCGTGGATGGGAGCTACCAAGTACCACCTCAATGG

VG0266_R11_NDT

AAGAACGCCTTGTGTAHNGACATCTGCGGTAGCTGC
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VG0267_R11_VHA

AAGAACGCCTTGTGTTDBGACATCTGCGGTAGCTGC

VG0268_R11_TGG

AAGAACGCCTTGTGTCCAGACATCTGCGGTAGCTGC

VG0269_R11_ATG

AAGAACGCCTTGTGTCATGACATCTGCGGTAGCTGC

VG0308_AAV2_40 Mut Sat R

AAGAACGCCTTGTGTGTTGACATCTGC

VG0309_BBR Mut AAV2 Sat

TTCTTCATCGTCCTTGTGGCTTGCCATGGC

VG0310_F_40_NDT

CACAAGGACGATGAAGAANDTTTTTTTCCTCAGAGCGGGG

VG0311_F_40_VHA

CACAAGGACGATGAAGAAVHATTTTTTCCTCAGAGCGGGG

VG0312_F_40_TGG

CACAAGGACGATGAAGAATGGTTTTTTCCTCAGAGCGGGG

VG0313_F_40_ATG

CACAAGGACGATGAAGAAATGTTTTTTCCTCAGAGCGGGG

Table 2:

Probes
Alb-HEX

5' Reporter Dye, Quencher
CCTGTCATGCCCACACAAATCTCT

PrimeTime®

CC

HEXTM/ZEN/3' IB®FQ

5'

PrimeTime® 5' FAM/ZEN/3'
GFP-FAM

CAGTCCGCCCTGAGCAAAG

IB®FQ

3. Statistics
See attached excel file, ‘Statistics_MCC.xlsx’.
Alternatively, statistics file will be deposited also at ‘https://github.com/Martison/phdscripts’.
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Table 4. FRG mice

Experiment

Figure

Injection

FRG ID

Albumin mg/mL

Rhesus Macaque 1

5_6

2.50E+11

FRG 176

2.505

Rhesus Macaque 2

5_6

5.00E+10

FRG 175

5.445

Cynomolgus 1

5_7

2.50E+11

FRG 354

12.99

Cynomolgus 2

5_7

5.00E+10

FRG 357

12.09

Human Clinical 1

5_8

2.50E+11

FRG 316

2.64

Human Clinical 2

5_8

5.00E+10

FRG 237

2.41

AAV2 - AAV-NP59 - mod-NP59

5_14

2.00E+11

FRG 203

4.545

FRG Clusters 1

5_20

5.00E+10

FRG 240

1.9056

FRG Clusters 2

5_20

5.00E+10

FRG 274

2.41

AAV2 - C5 - C12 - mod-NP59

5_21

5.00E+10

FRG 63

2.5614

AAV2 Single Mut10/11 Variants

5_28

5.00E+10

FRG 344

3.51

AAV_DJ Variants

5_30

5.00E+10

FRG 83

3.0975

AAV NP40 vs AAV2

5_31

5.00E+10

FRG 90

5.36

AAVs 40 / 59 / 99 / wt

5_34/5_35

3.00E+11

FRG 88

3.4815

Saturation Library 40

5_38

1.00E+11

FRG 158

2.3652

Saturation Library 59

5_41

1.00E+11

FRG 79

2.39625

AAV2 - Error Prone Library

/

1.00E+11

FRG 80

3.576

AAV2 - 6 mutations variants

5_47

5.00E+10

FRG 239

2.448

FRG-2048-R2

/

1.00E+11

FRG 38

7.8

FRG-2048-R3

5_17

1.00E+11

FRG58

6.45

FRG-2048-R4

/

1.00E+11

FRG 316

2.64

FRG-2048-R5

5_17

1.00E+11

FRG 235

6.72

678R2

/

1.00E+11

FRG57

8

678R3

/

1.00E+11

FRG 36

8.7

678R4

5_44

1.00E+11

FRG 234

8.55
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Table 5. Next Generation Sequencing. Analysed Reads.

Table 6. Homology recombination Frequency (Kay/Oro)
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Table 7. Read Number Saturation T503 / N596
Plasmid

Vector

Human

Mouse

A_A

4577

A_A

9460

A_A

6898

A_A

2445

A_C

8593

A_C

18172

A_C

17577

A_C

9112

A_D

10171

A_D

28138

A_D

219707

A_D

30503

A_E

4524

A_E

9039

A_E

46445

A_F

12560

A_F

24258

A_F

7919

A_F

3126

A_G

13486

A_G

29296

A_G

25916

A_H

11098

A_H

19060

A_H

15587

A_H

5912

A_I

11958

A_I

8345

A_K

5258

A_K

1948

A_L

12788

A_L

13355

A_M

9254

A_M

14435

A_M

6388

A_N

21504

A_N

66243

A_N

94305

A_N

73799

A_P

7097

A_P

7918

A_P

4178

A_P

5074

A_Q

7268

A_Q

13732

A_Q

8970

A_Q

9143

A_R

7238

A_R

6514

A_R

12954

A_S

7949

A_S

17976

A_S

17333

A_T

5745

A_T

12869

A_T

4558

A_T

2660

A_V

15510

A_V

15941

A_V

8383

A_V

2044

A_W

12255

A_W

19194

A_W

4229

A_W

4036

A_Y

8627

A_Y

19542

A_Y

5135

C_A

10864

C_A

1749

C_C

19889

C_C

3749

C_C

1634

C_D

23441

C_D

6584

C_D

15518

C_E

10823

C_E

1837

C_E

2661

C_F

29750

C_F

5155

C_G

31060

C_G

6266

C_G

2908

C_H

25827

C_H

4398

C_H

2444

C_I

28964

C_K

11930

C_L

32826

C_L

1621

C_L

2261
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C_M

21450

C_M

3337

C_N

53161

C_N

12599

C_P

18869

C_P

1670

C_Q

18362

C_Q

2780

C_R

21481

C_S

22585

C_S

4080

C_T

13790

C_T

2473

C_V

36222

C_W

4117

C_W

29402

C_Y

21108

C_Y

4024

D_A

8219

D_A

D_C

14924

D_D

C_N

9856

C_N

3519

16388

D_A

5736

D_A

2346

D_C

31380

D_C

13494

D_C

1595

17324

D_D

47979

D_D

101281

D_D

2928

D_E

7974

D_E

16244

D_E

20086

D_E

1769

D_F

21486

D_F

43704

D_F

6482

D_F

4689

D_G

23076

D_G

53133

D_G

24942

D_G

5868

D_H

18964

D_H

38382

D_H

9587

D_I

21222

D_I

16347

D_K

8680

D_K

4070

D_L

23633

D_L

26801

D_L

1667

D_L

4083

D_M

15695

D_M

28701

D_M

5387

D_M

2929

D_N

38766

D_N

102997

D_N

59859

D_N

36869

D_P

13833

D_P

12878

D_P

2742

D_Q

11967

D_Q

24248

D_Q

6849

D_Q

2030

D_R

15620

D_R

13980

D_R

7684

D_S

13513

D_S

37372

D_S

9085

D_T

9715

D_T

20483

D_T

5272

D_V

27597

D_V

29766

D_V

4895

D_W

21701

D_W

38758

D_W

4449

D_W

5001

D_Y

15030

D_Y

34195

D_Y

4106

E_A

5101

E_A

12250

E_A

3546

E_C

9307

E_C

20064

E_C

11597

E_C

5604

E_D

10844

E_D

28379

E_D

69362

E_D

1926

- 244 -

E_E

4856

E_E

9936

E_E

13884

E_F

13799

E_F

32746

E_F

7480

E_G

14357

E_G

32857

E_G

21522

E_G

5329

E_H

11763

E_H

21254

E_H

8859

E_H

2579

E_I

13416

E_I

9854

E_K

5865

E_K

2798

E_L

13922

E_L

15836

E_M

9715

E_M

17297

E_M

4491

E_N

22616

E_N

62529

E_N

48976

E_N

22760

E_P

7978

E_P

10170

E_P

2437

E_P

2630

E_Q

7506

E_Q

15131

E_Q

6010

E_S

3947

E_R

7576

E_R

8580

E_R

4216

E_T

2613

E_S

8590

E_S

21511

E_S

12105

E_T

6249

E_T

11460

E_T

2767

E_V

16978

E_V

18319

E_V

3885

E_W

12970

E_W

22294

E_W

3450

E_Y

9472

E_Y

21096

E_Y

4249

F_A

18292

F_A

21446

F_A

11766

F_A

2652

F_C

33980

F_C

43377

F_C

35512

F_C

4192

F_D

39428

F_D

65903

F_D

374711

F_D

34848

F_E

17890

F_E

19711

F_E

74878

F_E

2537

F_F

51132

F_F

57911

F_F

14692

F_F

5498

F_G

53264

F_G

72168

F_G

46868

F_G

9828

F_H

46088

F_H
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