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Abstract

Viral vectors are a leading method of gene transfer for the delivery of genetic material in
gene therapy applicatian Although there are a number of different viral vector systems
utilised for such applications, in 2020 over 35% of ongoing gene therapy clinical trials utilised
recombinant adeneassociated virus (rAAV) vectors for gene transfer. rAAV is particularly
attractive for gene therapy applications as there are a humber of serotypes which can be
used to target different tissues, it does not integrate into the genome and is regarded as safe.
Gene therapy treatments utilisingAAV vectors typically require around'? vectors per
treatment and are expensive, in the range of hundreds of thousands of pounds or more per
treatment. One of the major contributors to the cost is inefficient production processes with
the genome packaging during production of rAAV vectorsnobeing low resulting in the
F2NXIFGA2Y 2F aSyLlieée 2N ASy2YS tFO1Ay3 GANIf
the transient cetransfection of three plasmids, a packaging plasmid containing theRefV

and Capgenes, a helper plasmid containing the adenoviral helper genes and the transgene
plasmid, whereby the therapeutic gene of interest is flanked by inverted terminal repeats,
into a Ela expressing cell line such as HEK293T. There are four Rep proteinsRBe@3 8
Rep52 and Rep40, involved in the replication of the virus and three cap proteins, VP1, VP2
and VP3, the structural proteins which form the viral capsid. Assembly activating protein
(AAP) is a protein deriddrom the Capgene too and promotes stdlly and the interactions
between AAV viral proteinst is essential for the production of AAV capsids from a number

of serotypes including serotype 2. The aim of the work in this thesis was to investigate
engineering of a HEK293T host cell line to staiid constitutively expressAAV viral
proteins and determine the impact on the production and genome packaging of rAAV. Initial
investigations looked to generate HEK293T cell pools stably expressiRgpaad/or Cap

genes such that these did not have Ibe transiently transfected during production. It was

not possible to isolate cell pools expressing eiflwrboth, of these genes and proteins,
presumably due to the toxic nature of some of the viral proteins. Subsequently, the work
describes the genetn and characterisation of HEK293T cell pools and clonal cell lines
stably expressing AAP and the impact on the production of r&axining aGFRgenome

using a triple cdransfection method. Engineed expression of AAP did not impact the
growth pherotype of HEK293T cell pools or clones compared to the original host cell line and
immunofluorescence analysis showed the AAP localised in the nucleolus. Use of an ATG
translation start codon instead of the native CTG resulted in isolation of pools asdwlitie
greater recombinant AAP expressitman from the CTG codorSubsequent packaging of
rAAV2with a modelGFPgenomein the HEK293T AAP expressing cells compared to the
original host was then analysed after production by ELISA and qPCR to determaine tot
particles and viral genome titres, respectively. Of the eight clonal AAP expressing HEK293T
cell lines isolated, three that generally had higher AAP expression than the others produced
viral vector numbers with similar particle titres to the control hdmsit with statistically
significanty increased genome packaging efficiency compared to the HEK293T host control
cell line. Transduction assays confirmed the functionality of the particles derived from these
cell lines was equivalent to those from the ginal host, ultimately showing that these
particles were able to transduce cells to the same capacity as those generated by the
HEK293T cell line. In conclusion, the data presented here shows that the engineering of
HEK293T cells to constitutively exprégs? from AAV serotype 2 can result in the generation

of host cells with enhanced ability to genome package rAAV particles resulting in increased
yields of functional rAAV than from the original host cell line.



Acknowledgements

I would first like to give a massive thank you to Prof. Mark Smalésdapportunity to work
toward myPhD withn the Smales groud would like to thank him for his constant help,
guidance,encouragementand support over the last few years. | have lkgaalued and
enjoyed my time in the Smales lab and gained valuable experienae moject | have
thoroughly enjoyed! would also like to thank Dr. Vera Lukashchulafidrer input, help and
support during my PhD and for all her time given to proofdieg not only my thesis but
every piece of written work to date. It was greatly appreciated. | would also like to thank Dr.
Darrell Sleep and Prof. Dan Smith for all the guidance and supervision throughout my PhD;
to Cobra Biologics and the University ehKfor funding me and hosting me.

To Mr. lan Brown, Dr. James Budge, Dr. Emma Hargreaves Dr. Cat Hogwood, Dr. Tanya
Knight, Dr. Matt Lee, and Ms. Joanna Roobol at the University of Kent for all their help and
advice with immunofluorescence, confocal neiscopy, electron microscopy, qPCR,
molecular cloning. Without their help and guidance this work would not have been possible.

| would like to thank all members, past and present, of the Smales Lab and the School of
Bioscience for their support and friendph throughout my PhD, it has been a pleasure
working with you all. I would especially like to thank Laura Dyball, Dr. Emma Hargreaves Dr.
/G 123622RX 5N ¢tFyel YYAIKIZI tK2S060S [SS:
w220a¢é w220 2 fNatalie Yabot; frhayk-ybut ak for yaudkindness and support
throughout. Thank you for injecting some fun and nonsense into the days in the lab, into the
early morning starts and for continuing to support me and my caffeine addiction. You all
made the toudp times a little better and the good times great. Thank you for the good times
both in the lab and away from the lab. | would also like to thank Liam McCarthy and Louis
Darton, we started our PhD journeys together, thank you for joining me on the jountky a

for the friendship and support through the ups and downs.

| believe my family need a massive shout out here, to Keith, Martina, Amy, Bethan and Steve,
for their unconditional love, support and encouragement throughout, | could not have done
this withoutyou. Thank you for putting up with the phone calls and too few trips home, for

all the care packages and tea bags sent. To Sarah Bowring, Laura Collins and Madeleine
Lawler for all the kindness, support and friendship throughout. A massive thank yomto Sa
Todd, for all the love, care, patience, and encouragement throughout, thank you for being
there for me. You have been a rock! | would also like to thank Lynne and David Todd for
welcoming me into their home during the first Covid lockdown and for alstipport. Thank

you all!

In an odd fashion, | would like to thank the coronavirus pandemic, it made the last year and
a halfof my PhD one of the most stressful experiences to date but | have finished stronger
despite it

This thesis was brought to you byusands of cups of Lyons Tea supplied by Martina and
Keith Martin, Amy Martin and Sam Todd.



Table of Contents

D =TodF= 1= 11T o 1SR 2
Y 013 1 = Lo S PRI 3
ACKNOWIEAGEMENTS ...cei it e e s s rrr e e e e e e s st et e e e e e s s antbeeeameeeeesessntaneeaeenannns 4
LI o] (o)l @e] ) (=] o £ USROS 5
List Of ADDIeVIAtIoNS. ... e e 10
IS o) T [ 1= U 13
S Ao IF= ] [T OO PP TSP OPPPPPPPRPPPN 17
Chapter 1 INTrOQUCTION. ..ottt et e et e e e bt e e e be e e s bneee e 19
11 GENE THEIAMY. ...eeeei ettt et e et e e e e et e e e e nanaeas 19

O I VY o o A SR 1= TSR I =T =T o) S 19
1.1.2 Types Of GENE THEIAPY. ..cciiuuiiiieiiiiiie ettt ee e 24
1.1.3 Current Gene Therapy StrategifS........uuviiiiiuriiieiaiiiee e 28

1.2 Viral Vectors for Gene Delivery and Gene Therapy...........ccooeevveveeveeveiviinininiin 32
1.2.1 AdencAssociated Viral VECIOIS........ccuuuiiiiiiiieeeie et 34
1.2.2  Adenoviral (Ad) VECIOIS.......ccoiiiiiiie ettt 36
1.2.3  Herpes ViruS (HSV) VECIOIS ....ccoiiiiiiiiiiiiiieee ettt 39
1.2.4 Retroviral VECIOIS......ccccuuuiiiiiiiiieee et eeiiiieeeeeen e e e sininesneeeeeee . A0

1.3 Adero-Associated Virus and Recombinant AAV (TAAV) .......cccoieeiiniiiieceniiinnnn 42
1.3.1 The Life CYCIE OFf AAV ...t e e e 43
1.3.2 The Genome and Structure Of AAV.......cooi it 44

1.4 The Manufacturing of rAAV and Challenges Involved................ovvveeiiiiiiiiieeeeeen. 50
1.4.1 Engineering of rAAV Transgene CasSetteS......cccoiiuiiiiiiiiiiiiee i 50
1.4.2 Manufacturing Of FAAV.......ueiiicee et e e e e e 51
1.4.3 Industrial Manufacture of FAAV VECIALS...........uuiiiiiiiiiiiiiiaiiiiiieee e 54
1.4.4 AAV Analysis Methods and LImitations............cccccevviiiinieiiiiiee e 4 65

15 AIMS OF thiS STUAY.....eeeiiiiiiiie e a e 71
Chapter 2Materials & MEthOAS............uuiiiiie e e e s 72
2.1 GENEIAl MEINOUS....coiiiiieei et e e e e e e e e e 72



2.2
221
2.2.2
223
224

2.3
231
2.3.2
2.3.3
234
235
2.3.6
2.3.7

2.4

2.5
251
2.5.2
253
254

2.6
26.1
2.6.2
2.6.3
264
2.6.5

2.7
2.7.1

2.8
281
2.8.2
283
284

2.9
29.1
292

MammMmalian Cell CURUIE. ... ettt e e e e e e s e eeaas 72

ReVIVAl Of Cell LINES....coiiiiiiiiiieiee e 72
Routine Subculture of Cell LINES........cooiiiiiieiiee e 72
Cryopreservation of Cell LINES..........coouiiiiiiiiiiieii e 2
PEI TransfeClONS......c.vveiieiiiiie ettt e e sneneee e ] 3
(0] L=ToT W] F= T =1 To] [ o | U 73
Cloning of DNA Sequences in Plasmid DNA..........coooiiiiiiiiiieeieeee e 73
Preparation of Ca/ 2 Y LIS (1 S yEGCOS. L.l 73
Purification of Plasmids frofB.COlI............cooiiiiiiieiee e 74
Amplification of Target Genes by Polymerase Chain Reaction..................cc...... 74
Restriction DIgests Of DNA......coo ittt 77
Dephosphorylation of Backbone and Ligation............ccoccuveeveiiiiiieienniiiieee e 77
CNI yaF2NXYIGA2Y 2F tf | aYEREL.AY... L.L.L.OATAZY
Transient EXpression EXPErMENES. .......coiiviii it 18
Protein Analysis and Characterisation..............ccccceoiiieiei i, 79
Determination of Protein Concentration via Bradf@kgsay..............ccccoeeeeeeveveeennnns 79
Protein Separation via SIPRAGE...........cccooiiiiiiiiii e 79
WESEEIN BIOTHNG ...ttt e e e e 80
COOMASSIE STAN.....eeeeeeiiieeiie it e e e s e e s anreee e e e e 81
Generaton of Cell Pools Expressing Assembly Activating Protein.(AAR)............... 82
MOIECUIAE CIONING.....etiiiiiiiii e e e 82
Trarsient Transfection of Plasmid DNA to Confirm AAP Expression.................. 82
Determination of Hygromycin Selection Concentration (Kill CdoredEK293T Cel&2
Linearisation of DNA and DNA Precipitation...........ccoovvveiiiiiiiieeeniiiece e, 83
Stable Cell POOI Set URD.......coooiiiiiiieiiiiieee et 83
Generation of Clonal AAP Cell Lines by Limiting Dilutian...............cooovvvviiiiiiinnnnd 33
Single Cell Cloning by Serial DilUtIQNS.............uvuviiiiiiiriiie e 83
Generation of Cell Pools Expressing Replicase Proteins..........coocovceveviiiieeeeennnen. 84
MOIECUIAE CIONING. ...ttt e e 84
Transient Transfection to Test for RRmtein EXPression.........cccuvvvvvvvvveviceniennnn. 85
Linearisation of DNA and DNA Precipitation...........cooovveeiieiiiiieeesiiieee e, 86
Stable Cell POOI Set UD.......coooiiiiiiieeiiiieie et 86
Generation of Cell Podixpressing Replicase Proteins and Capsid Proteins.......... 386
MOIECUIAT CIONING.....ceiiiieeiie ittt e e e e e e e e e e e e e aaaes 86

Transient transfection to test for expression of Replicase and Capsid Proteins.87

/ 2 YLIS



2.10 Viral Genome Quantification (QPCR).......c.uuiiiiiiiiiea e 38

2.10.1  Extraction of AAV PartiCIeS.........c.uuiiiiiiiiiiii i 88
2.10.2  Extraction of AAV VECtOr GENOMIE..........ceueiiiiiieeeiiiiieeeessitreeeesstieeeessnsrraeeeeans 88
2.10.3  ReaTIME PCR......oiiii ittt e et eea e e e e 89
2.11  Viral Capsid Quantification (ELISA) .......ccuueiiiiiiiiieee it 90
2.12  AAV Particle PUfICAtION.........ccuuiiiiiiiiiiec e 90
2.12.1  Extraction of AAV PartiCleS.........ooiiiiiiiiiiiiieee et 90
2.12.2  Purification and Concentration of AAV ParticleS.........cccccovviiiiiiiiiiiiieiieieeennnn 91
2.12.3  Determination of Purity of the Purified Virus Solution..........ccccccceeeiviviiiiinnns 91
2.13 Immunofluorescence and Confocal MiCrOSCOPRY...........covvcvrriirirereeeeeeeeieeecinieeeeeens 91
2.13.1  Adhering, Fixing and Permeabilising Cells on Coverslips.........ccccecvvieernnnnnn. 91
2.13.2  Antibody Staining of CellS..........ccoiiiiiiiii e 92
2.13.3 Imaging Cells on the Confocal MiCrOSCQRE..........ccceviiiiiiiieeeiie 92
2,14 INTECHVIEY ASSAY..ttttieiiitiieee ittt ettt e bt e e s st e e e et r e e s et e e e e e e snebee e e e e nenes 92
2141 TranSAUCHON ASSAY.......uueiieiiiiiiieiiititeeee sttt e e s st e e s aebre e e e s anbbe e e s e anbeeaesannees 92
A S [0 1V A O3 Y/ (o 1= 1 Y USRS 93
2.14.3  FlOreSCent MICIOSCOMY......ccceitiiiiieieeeeeieituneesss s e seseaeeeeeaeaeeeeereseseernrernrnnnn s 93
2.15  EIECIION MICTOSCOPY .. i iutteeeeeiaitieee et ittt ee e e ettt e e sttt e e s sabe e e e sebe e e e e s sabeeeeessnbeneeeaaas 93

Chapter 3 Establishment of AAV HEK293T Expression Systems and the Generation of Molecular

Constructs for Rep and RepCap Expressing Cell POQIS...........cccoeeveiiic e 94
3.1 Introduction to the Work Described in this Chapter.........ccoccveiiiiiiiiine e, 94
3.2 AIMS OF thiS ChaPLEE....ei it 97
3.3 Establishment of a HEK293T rAAV2 Production SyStem.............coovvvvvieiiiiiniiiinnnn! 97

3.3.1 Establishment of the growth profile of the host HEK293T cellline...................... 97
3.3.2 Establishment of a System for the Production of rAAV2 Capsids.................... 100

3.4 Generation of (dlEK293T Cell Pool Engineered to Stably Express the AAV Rep. Geéke

35 Generation of HEK293T Cell Pools Stably Expressing thedR€ép@mGenes.............. 108
3.5.1 Generation of Rep Cap EXpressing CONSLIUCES.........oocuuviieriiieeiiieiniiieee i 108
3.5.2 Initial Experiments to Investigate Transient Expression of Proteins from the RepCap

(=T 1S =1 (=0 M OT0] 4 1) (18 (1 £ 111

3.6 [T E ol U1 o] n PP 111

Chapter 4 Generatin of Molecular Constructs and Assembly Activating Protein (AAP) HEK293T
EXPIrESSING CeIIS...ceeeiiieee ettt e e e e e e e e e enb e ee e e as 117



4.1 Introduction to the WorlDescribed in this Chapter.............ceeeeee, 117

4.2 AIMS OF thiS Chaptel......ccoi i e 118
4.3 Generation of Recombinant AAP Expressing Cell RPaals...........cccccoeveeiiiiiiiinnnnn. 119
4.3.1 Generation of AAP EXPressing CONSIIUCES.........oouviieiiiiireeee i 119

4.3.2 Evaluation of Transient Expression of Exogenous AAP from the AAP Construt?6

4.3.3 Generation of HEK293T Cell Pools Stably Expressing the AAP Protein.......... 128
4.4 Characterisation of AAP expressing HEK293T cell. pooIs.........occcvveiiiiiiiiieinine, 129
4.4.1 Growth Profiles of HEK293T Cell Pools Stably Expressing AAP Cutideedatch

1070 o 1110 o PP PRRRPPPRPN 129

4.4.2 Analysis of AAR'5 Expression in Stable Cell Pools via Western Blot Analysis..132

4.4.3 Immunofluorescence analysis of AXB expressing cell pools..........ccccccoviveeen. 134
4.5 Assessing the Production of AAV2 in the HEK293T AAP Expressing Cell.Rools.135

4.6 [ TEYod U 1YY o] N 137

Chapter 5 Generatin and Characterisation of Clonal HEK293T Cells Stably Expressing Assembly

Activating Protein (AAP) to Produce and Package Recombinant AAV2 Capsids................. 142
51 Introduction to the Work Described in this Chapter.........cccovvvviviiiiiiiiiieeeeee, 142
5.2 AIMS Of the Chapter..........cooo i e 144

5.3 Generation and Characterisation of Recombinant HEK293T AAP Expressing Monoclonal

Cell Lines via Limiting Dilution CIONING.........cccooiiiiiiiii s e e e e e e e e e e ee e eeananes 146
5.3.1 Generation of Recombinant AAP Expressing HEK293T Monoclonal Cell Lines and
Characterisation of their AAVS5 Protein EXPreSSiQn.........covveieeiiiiiieee et 146
5.3.2 Growth Characteristics of Clonal AXB Expressing Cell Lines Cultured Under Batch
CUIUIE CONAITIONS. ... tteeee ettt e e st e e e et e e s s e e e e e s anrreeeen e 149
5.3.3 Production and Characterisation of Recombinant AAV2 in Clonal AAP Expressing Cell
Lines 153

5.3.4 Immunofluorescence Analysis of Selected AAFEXpressing Clonal Cell Lines...159

54 Assessing and comparing the functionality of recombinant AAV2 derived from selected

AARV5 expressing cell pools and clonal cell INES..........coooiiiiiiiiiie e, 161
5.4.1 Production of rAAV Capsids in Key AAP Expressing Clonal Cell Lines............ 161
5.4.2 Purificaton of rAAV Generated in Different HEK293T Cell Lines...................... 163
5.4.3 Imaging of Purified rAAV2 Capsids by Electron Microscopy.(EM)................... 163
5.4.4 Flow Cytometry Analysis of HEK2932T Cells Transduced with rAAV2 Particles Produced
N HEK293T CIIS ..ttt ettt ettt sttt e eneeesbeeeneeenneas 166



5.5 Assessment of the Functionality of rAAV Generated from KeyBAEK293T Engineered

(03[0 o T= T O =] | I I = PRSP PRP 168
5.5.1 Fluorescent Microscopy Analysis of HEK2932T Cells Transduced with Purified rAAV
Viral Particles at a Range of MQIS..........ooiiiiiiiii e 168
5.5.2 Flow Cytometry Analysis of HEK293T Cells Transduced with rAAV Viral Particles Derived
From Different Cell LINES.........ouiiiiiiiiie ittt e e sibaee e e snbreeeee e 170

5.6 [Tl LSS (o] PP URU PP 180

Chapter 6 GENEral DISCUSSION. .......ciuuutiiiiiite et et ee ettt e e st e bimr et e e ssbe e e e sbe e e e snbeeesanimnnees 186
6.1 OVETAll DISCUSSION......ciiiiiiiieiiiiieesitiiete st ee e sttt e st e e e ss bt ene e e ssbe e e s e bt e e snsbeeesnbenreeeanebeeeennes 186
8.2 FULUIEWWOIK ...ttt e e e et e e e e e e s m b e e e e e e s nnbneeeeas 193
LR X @o ]  [od 0153 (o o 1R 195
BiDlIOGraPNY....ccc e 198
Y o] o 1= T [ PR 224



List of Abbreviations

AAP
AAV
Ad
AEX
ALS
BEV
bP
BSA
CART
cDNA
CF
cFIX
CHO
CRISPR
DAPI
ddPCR
DMSO
DNA
DTT

E. coli
EDTA
ELISA
EMA
FDA
GFP
GOl
gRNA
hBG
HDR

Assembly Activating Protein
AdencAssociated virus
Adenovirus

Anion exchange

Amyotrophic Lateral Sclerosis
Baculovirus Expression System
Base Pairs

Bovine SerunAlbumen

Chimeric AntigefReceptorT cell
Complementary DNA

Cystic Fibrosis

Canine Factor 1X

Chinease Hamster Ovary
ClusteredRegularlyinterspacedshort PalindromicRepeats
4'.6-Diamidine2-Phenylindole
Dropet Digital PCR

Dimethyl sulfoxide
Deoxyribonucleic acid
Dithiothreitol

Escherichia coli
Bhylenediaminetetraacetic acid
Enzyme LinketinmunosorbentAssay
European Medicines Agency

US Food and Drug Administration
GreenFluorescenProtein

Gene of Interest

Guide RNA

Human Beta globin

Homology Directed Repair

10



HEK Human Embryonic Kidney

HelLa Henrietta Lacks

HRP Horseradish Peroxidase
HSC Hematopoieticstemcells

HSV Herpes Simplex Virus

IEX lon exchange

19G Immunoglobin G

ITR Inverted Terminal Repeats
kDa Kilo Daltons

LB Lysogeny Broth

LTR Long terminal repeats

Lv Lentivirus

MCS Multiple Cloning Site

MFDS Ministry of Food and Drug Safety
MLTF Major late transcription factor
MOl Multiplicity of Infection
MRNA Messenger RNA

NHEJ Non homologous engbining.
NLS Nuclear localisation signal
NoLS Nucleolar localisation signal
ORF Open Reading Frame

OoTC Ornithine Transcarbamylase
PAGE Polyacrylamide Gel Electrophoresis
PBS Phosphate Buffered Saline
PCR Polymerase Chain Reaction
pDNA Plasmid DNA

PDT Population doublingime.

PEI Polyethylenimine

pl Isoelectric point

PTM Posttranslationamodifications

gPCR qualitative Polymerase Chain Reaction



rAAV
RBE
rcf
RNAI
rpm
SCID
SDS
SEC
Sf9
SiRNA
SOB
SOC
ss
TALENS
TC
TEM
TGFB1
TP
TRS
TSAP
VA RNA
VC
VCC
VG
VIP
ZFN

Recombinant AAV

Rep Binding Element

Relative centrifugal force

RNA Interface

Revolutions per minute

Severe Combined Immunodeficiency
Sodium Dodecyl sulfate

Size Exclusion Gimatography
Spodoptera frugiperda

Short Interfering RNA

Super Optimal Broth

Super Optimal Broth with Catabolite Repression
Single Stranded

Transcription activator like effector nucleases
Total Cells

Transmission|Ectron Microscopy
Transforming growth factor Beth
Total Particles

Terminal Resolution site
Thermosensitive alkaline phosphate
Viral Associated RNAs

Viable Cells

Viable cell concentration

Viral Genome

Vectored immuneprophylaxis

Zinc Finger Nucleases

12



List of Figures

Figure 1.1Number of gene therapy trials yearly up until 2017
Figure 1.2Schematic of AdenAssociated Virus Genome.

Figure 1.3Schematic of Adenovirus Genome.

Figure 1.4Schematicofi KS L¢w NBIA2yas AyOfdzZRAy3a GKS w. 9

site (trs) in the AAV genome.

Figure 1.5Schematic of the Titosahedral capsid symmetry.

Figure 2.1Serial dilutions for single cell cloning

Figure 3.1Growth profiles for HEK293T hasdl line

Figure 3.2AAV2 Titre Analysis 72 h post transfection

Figure 3.3Schematic showing the construction of the Rep Hygromycin vector

Figure 3.4Schematic showing the additional nucleotide region (MCS1) for the replacement
of the CMV region

Figure 3.5Construction of rep vectors and expression of rep prateins
Figure 3.6Schematic showing the construction of the RepCap hygromycin vector

Figure 3.7Construction of Rep Cap expression vectors and expression of Rep and Cap

proteins

Figure4.1 Shematic showing the construction of the GAGPV5 tagged vector (pcDNA 3.1
CTGAAP V5)

Figure 4.2 Schematic showing the construction of the @WAP vector lacking a tag
(pcDNA3.1 CFGAP STOP)

Figure4.3Generation of CTBAP vector constructs wiind without a V5 tag

Figure4.4 Schematic showing the construction of the ATG V5 tagged vector (pcDNA3.1 ATG
AAP V5)

Figure4.5 Schematic showing the construction of the ANAP untagged vector (pcDNA3.1
ATGAAP STOP)

Figure4.6 Generation oATGAAP vector constructs with and without a tag

13



Figure4.7 Validation of AT&AAP and CTHBAP vector constructs ability to express AP
tagged protein

Figure 4.8Analysis of the generation of AF&AP and CTHBAP expressing cell pools with and
without aV5 tag

Figure 4.9Viable cell concentration and culture viability of AAP expressing cell pools over a

15-day batch culture time course
Figure 4.10AARV5 expression analysis across different culture days by western blot

Figure 4.11mmunofluorescence atysis of AAR/5 expression and localisation in AAP V5

expressing cell pools as analysed by confocal microscopy.
Figure 4.1ZAAV titre analysis 72 h post transfection
Figure 5.1AARV5 expression of HEK293T cell lines stably expressingsAAP

Figure 5.2Viable cell concentration and culture viability profiles of AdRexpressing clonal

cell lines and control cell lines over ada batch culture

Figure 5.3rAAV2 particle and genome titre analysis from HEK293T and AAP engineered cell

pools and lines

Figure 5.4AARV5 expression analysis of HEK293T cell lines stably expressiigb AAP

compared to the percentage of genome packaged capsids

Figure 5.5Immunoflugescence analysis of AAMB expression and localisation in AP

expressing clonal cell lines ATG04, ATG33 and ATG66 as analysed by confocal microscopy
Figure 5.&@AAV2 titre analysis from selected HEK293T cell lines
Figure 5.7Comparison of HEK293T dedwAAV genome titres prand post purification

Figure 5.8Electron microscope images of purified rAAV2 particles derived from the ATGV5
cell pool and the clonal cell lines HEK293T, ATG04, ATG33 and ATG66

Figure 5.9Flow cytometry analysis of HEK293TIsclansduced with HEK293T derived
rAAV2.GFP particles

Figure 5.10Fluorescent microscope analysis of HEK293T cell lines transduced with either

HEK293T, ATGV5, ATG04, ATG33 and ATG66 derived rAAV2.GFP particles

14



Figure 5.11Flow cytometry analysis of HEKZ9&ells transduced with rAAV2.GFP particles
derived from HEK293T, ATGV5, ATG04, ATG33 and ATG66 cell lines 72 h post transduction at
an MOI of either 1000, 2000 or 5000

Figure 5.12Flow cytometry analysis of HEK293T cells transduced with rAAV2.GFPsparticle
derived from HEK293T, ATGV5, ATG04, ATG33 or ATG66 cell lines 72 h

Appendix Figure $chematic showing the vector map for the cloning vector pcDNA3.1 Hygro.

Appendix Figure IBchematishowing the vector map for the cloning vector pcDNA Hygro (+)
V5His

Appendix Figure lIBchematic showing the vector map for the cloning vector fR@Kan.
Appendix Figure N&chematic showing the vector map for the cloning vector pARRKan.
Appendix Figure \Bchematic showing the vector map for the cloning vectedgdtKan.
Appendix Figure VBchematic showing the vector map for the cloning vector pIEAAR

Appendix Figure Vischematic showing the vector map for the cloning vguBETI0LTG
AAPR

Appendix Figure VIiEchematic showing the vector map for ttlening vector pcDNA3.1
ReHyCMV.

Appendix Figure IXSchematic showing the vector map for the cloning vector pcDNA3.1
ReHyMCS.

Appendix Figure XSchematic showing the vector map for the cloning vector pcDNA3.1
ReCHyCMV

Appendix Figure XSchematic showinghe vector map for the cloning vector pcDNA3.1
ReCHyMCS.

Appendix Figure XISchematic showing the vector map for the cloning vector pcDNA3.1
CTGVS.

Appendix Figure XliBchematic showing the vector map for the cloning vector pcDNA3.1
CTGSTOP.

Appendix Figre XIVSchematic showing the vector map for the cloning vector pcDNA3.1
ATGVS.

15



Appendix Figure X\Bchematic showing the vector map for the cloning vector pcDNA3.1
ATGSTOP.

Appendix Figure XV9 f SOGNRY YAONRA&AO2LR 2F LlzNRaFA SR 4 ¢

transgene.

16



Table 1.11

Tablel.1-2

Table 1.13

Table 1.14

Tablel.1-5

Table 1.16

Table 22-1

Table 22-2

Table 22-3

Table 22-4

Table 2.25

Table 2.26

Table 2.27

Table 2.28

Table 2.29

Table 2.210

Table 2.211

Table 2.212

Table 2.213

Table 2.214

Table 2.215

Table4.3-1

List of Tables

Approved cell and gene therapies.

Comparison of gene editing platforms ZFN, TALEN and CRISPR.
Viral vectors used in gene therapy

AAV serotype and tissue tropisms.

Adenovirus serotypes and associated infections.

Process and Product Related Impurities in rAAV Production

Primers designed for the amplification of target genes and restriction sites

used

Reaction components usetdth Phusion HFidelity DNA polymerase
Conditions for PCR reactions with Phusioifridelity DNA Polymerase
Oligos ordered for additional sequences

Reaction components used with GoT&p Flexi DNA Polymerase
PCR conditions for GoT4@2 Flexi DNA Polymerase

Components for resolving gels for SBSGE

Components for stacking gels for SRSGE

Primary antibodies and appropriate secondantibodiesfor Western Blot
Secondary antibodies used for western blot

DNase Treatment of AAV particles

Preparation of 50X primer mix

Reaction mixtures foreattime PCR

Real time PCR set up

Antibody dilutions for immunofluorescence

Test restriction digest expected DNA bands sizes (bp)

17



Table4.3-2 List of plasmids used to generate AAP expressing cell pools and

correspording cell poal

Table 53-1 Population doubling time for AAP expressing cell lines compared to HEK293T

control cell line

Table5.4-1 Total particle yield for AAP expressing cell lines

Table5.4-2 Viral genome titre for AAP expressing cell lines

Table5.4-3 Percentage of packaged patrticles for AAP expressing cell lines

Table 5.61 Particle and genome titre comparing the AAP expressing cell lines and

ATGVS5 pool to the HEK293T cell.line

Table 5.62 Percentage of GFP positive cells across gates MPLand M3 following
transduction with HEK293T derived rAAV2.GFP patrticles. (n=3)

Table 5.63 Percentage of GFP positive cells across gates M1, M2 and M3 following
transduction with ATGV5 derived rAAV2.GFP particles.(n=3)

Table 5.64 Percentage of GFP gitive cells across gates M1, M2 and M3 following
transduction with ATGO04 derived rAAV2.GFP particles (n=3)

Table 5.65 Percentage of GFP positive cells across gates M1, M2 and M3 following
transduction with ATG33 derived rAAV2.GFP particles (n=3)

Table5.6-6 Percentage of GFP positive cells across gates M1, M2 and M3 following
transduction with ATG66 derived rAAV2.GFP particles (n=3)

Table 5.67 Percentage of GFP positive cells and mean fluorescence across gates M1, M2

and M3 following transduction witATG66 derived AAV2.GFP particles at an MOI.1000

Table 5.68 Percentage of GFP positive cells and mean fluorescence across gates M1, M2
and M3 following transduction with ATG66 derived AAV2.GFP particles at an MOI 2000

Table 5.69 Percentage of GFP pds# cells and mean fluorescence across gates M1, M2
and M3 following transduction with ATG66 derived AAV2.GFP particles at an MOI 5000

18



Chapter 1

Introduction

1.1 GeneTherapy
1.1.1 What is Gene Therapy?

Gene therapy is the introduction @xogenougyenetic material or repair of endogenous
genetic maerial,to treat or cure genetic disordefgnguela & High, 2019; Goncalves & Melo
Alves Paiva, 2017Jhis can involve a variety of replacement or repair targeted methods such

as replacing a diseasmusing gene (usually a mutated/defective gene) with a-tisease

causing copy, inactivating a diseas®using gengeor introducing a new functional gene to

the body to help treat a diseag®laldini, 2015)This is not atraightforwardconcept due to

the fact that the gene transfer method must overcome cellular defence mechanisms and
barriers all the while not disrupting othedza dzl t Q@ OSf f dzf I NJ 3Sy S SE LN
that have a regulatory role. The therapeutic must also correct enough cells to reverse the
condition and evade an immune response while eliciting a-teng benefit tothe patient.

The gene should also bertgeted to be delivered to those tissues or cells where the gene
defect needs correcting. In general, gene therapyised for the treatment of genetic
disorders caused by a faulty or missing gene(s) where the introduction of fully functional
copies of an gogenous gene replas¢he defective gene. It can be used to introduce nucleic
acids, typically DNA and RNA, or other nucleic acid species such as siRNAs to knockdown the
effects of overexpressed genefC. Li & Samulski, 202@xamples of diseases thatrge

therapy could/can providepotential treatmens for include, but are not limited to, cystic

fibrosis, muscular dystrophy, haemophilia, combined immudediciency syndromes and a

number of cancergCotrim & Baum, 2008)

The definition of a gene therapy therapeutiaries For examplgthe European Medicines

Agency (EMA) defas gene therapies asl biological medicinal product that either (a)

contains an active substance which contains/consists of a recombinant nucleic acid used in
humans with the aim to regulate, repair, replace, add or delete a genetic sequence, or (b)

that its therapeutic effect relates directly to the recombinant nucleic acid sequence it contains

or the product of its genetic expression of the sequ@maew9 D] [ ! ¢Lhb 069/ 0 b2
OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL of 13 November 2007 on advanced
therapy medicinal products and amending Directive 2001/83/EC and Regulation (EC) No
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THCKHAANNZEé HANT THeRtdall 2K IOnthe-dtderdail, the US Fool and

5NHz2 ! RYAYA &GN GA 2\Es ppodusts that R&IEtR yhEid effeGtk ByY W
transcriptional or translation of transferred genetic material and/or by integrating into the

host genome and that are administered ascleic acids, viruses or genetically engineered
microorganism& & | dzYly DSy S ¢ KSNFD#A RFI2yND Sv I TNBSNJ 5LAyaRSdzaa
aw9 D] [! ¢L h394/2007 OB THE ZUROPEAN PARLIAMENT AND OF THE COUNCIL of
13 November 2007 on advanced therapy medicinal products and amending Directive
HANMKYOK9/ |yR wS3dzAGA2y 69/ 0 b2 THcKHAANNZIE

Current gene therapy strategies are generally considered eitheivoor ex vivostrategies.

In vivomethods introduce the genetic material directly to the patient target tissu&)ivo

strategies involve the harvest of a patients target cells, thés @rethen modified prior to

being reintroduced to the patienfC. Li & Samulski, 202@egardless of which strategy is

utilised, gene therapy requires knowledge of both the gene or genes responsible for causing

GKS RAaASIFAS yR 27F | GKSNJI LIS dzithe®pradéc&dlandi K& ¢ 3
delivered to a patient. This can be achieved by direct delivery or, most widely, using viral
vectorbasedvector delivery systemsDirect delivery or nowiral gene delivery systems

include the use of electroporation, ballistic gene gyrsonoporation and injection. Viral

based methods involve the use of viral vecttRemamoorth & Narvekar, 2015; Sung & Kim,

2019)

There are two cell types that gene therapy applications need to condalimery ta Somatic

and Germ line. The difference between these ultimately comes dowvhtetherthe Gene

of Interest (GOI) is required to be passed on to future offspring (i.e., is heritable). In germ

line gene therapy, a GOl is introduced to the patient germ cells so it is passed on to the next
generation whereas in somatic gene therapy a GOl is inserted indmgattcell, but the
OKIy3aS A& y2G LI aasSR 2y (2 GKS LI GASYydiaQ 277
it is only somatic gene therapy that has been legislated for and so no country has yet to
legislate for germline gene therapiéBoggio, Knoppers, Almgvist, & Romano, 2019; Mourby

& Morrison, 2020)

1.1.1.1 History of Gene Therapy

The concept of gene therapy had been circulating for decades prior to any clinical trials using

gene therapy. It is thought that the first discussi@meund what has since become known
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as gene therapy was in 1967 by Marshall Nirenberg when he wrote a paper on the possibility
2T LINRBPINI YYAy3I OStfa
Nirenberg, 196 LG 61 ay Qi

f2y3

GoAlGK (JOK Gy etCal., £2018; a &y i f

F FGSNI GKA &

0K G NBa

human gene transfer was carried out in 198®berts, 1989)In 1990, the first research

involving gene tansfer was published. This study involved the use of a retroviral vector to

introduce a neomycin resistance gene into lymphocytes that infiltrate tumours. The study

involved five metastatic melanoma patients and ultimately showed the feasibility and safety

of gene transfer using retroviral vectgi@otrim & Baum, 2008; Rosenberg et al., 1990)
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Figure 1.1A) Number of gene therapy clinical trials yearly up urilLl7, adapted from
Ginnet al.,2018 B) Distribution of AAV clinical trials between 1976 and 2019, adaf

from Pei et al., 2019.

In the last 2630 years, there has been a rapid increase in the number of gene therapy related

clinical trial{Figure 11A)looking at inherited diseases, cancers and chronic infecfiGim,

Amaya, Alexander, Edelstein, & Abedi, 2018; Pei, Han, & Zhang, 128&8)ophilia has been

a particularly well investigated disease (Figure 1.HBwever, early trials oftenhewed a

lack of therapeutic benefit with patients also experiencing a number of adverse reactions.

Such reactions were met with scepticism. One of the major issues in early developments was

that the delivery vehicles being used were inefficient, failingxtbibit long term expression

(Thomas, Ehrhardt, & Kay, 200®)uring this time there was thus an interest in further

developing gene therapy research, wiarge investments into its potential and an increase
AY NBASIFNDK | OGlAQAGE D

' YF2NIdzyF §Stex GKS 2L

the application of gene therapies was badly damaged.

One of the major setbacks to the field of gene therapggurred in 1998 when an 38ar

old patient, Jesse Gelsinger, suffering from a mild form of ornithine transcarbamylase (OTC)
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He had mutations in this gensppartook in a clinical trial to test the safety of an adenovirus

serotype Svector designedtR St A SNJ G KS h¢/ 3T RE@redag, 2008 S LI G A
The patient involved in #htrial received the highest dosage of the therapy receiving 3.8x10

vector particles. Unfortunately, shortly after receiving the gene therapy treatmbat
aGFNISR SELSNASYOAYy3a | ROSNAS STFSOioman NBa&dz
failure within four days of treatment. It was shown post mortem that thealy of the viral

vectors had trigged a major inflammatory respor(@homas et al., 2003)This case was

widely publicised and resulted in the FDA and congress holding hearings oal digme

therapy trials with a stop being placed on all adenoviral clinical trials. This stop has since been

lifted as more of the biology around the use of such vectors, and their consequences, was

discovered and led to more stringent regulations on liical trials(Cotrim & Baum, 2008)

Reseach did however, persisted in the area due to the potential benefits and less than a

year after the death of Jesse Gelsinger, the results of a successful gene theraperteial w
published by Cawaana/ | f @2 Q&4 3IANRdzLJd ¢ KA a &l dzRedt oAy @2t @€
children suffering from Xinked Severe Combined Immunodeficiency (SKIByndrome,

with the children developing a functioningimune system. The study involved the transfer

of the gene c cytokine receptor subunitising a retroviral vectointo § KS OKAf RNBY
lymphocytes ex vivoand once amplified these cells were returned to the patients
(Cavazzan&alvo, 2000; Cotrim & Baum, 2008; Thomas et al., 2008fortunately,
subsequently a number of patients involved in the trial developed a leukaemia like disorder
probably caused by the integratioof the vector into the LM02 gene in a noandom
manner(Cotrim & Baum, 2008; Thomas et al., 2003)ese very unfortunate incidents have

resulted in extensive research into the use of viral vectors as gene therapy agents and how

suchresponses can beliminated,and risk reduced. This is discussed further in Section 1.2.

It was not until 2012, when the first gene therapy product, Glybera, was approved for use in
Europe. Glybera was a gene therapy product which utilised Adesociatd Virus (AAV) as

a method of gene delivery. Glybera was approved for the treatment of Lipoprotein lipase
deficiency but has since been withdrawn from the market in 2017. Since Glybera, there have
been twenty cell and gene therapies approved for treatmeatidwide up until 2019Table

1.1-1) (Shahryari et al., 2019)
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Table 1.11 Approved cell and gene therapies. Adapted from (Shahryari et al., 2019)

Product name Type of Developer Approval | Approval
Authority | Year
Therapy
Fomivirsen (Vitravene) CMV Retinitis Isis Pharmaceuticall USA FDA | 1998
with Novartis
Opthalmics EMEA | 1999
Gendicine Head and neck Shenzhen China FDA| 2003
squamous cell SiBionoGeneTech
carcinoma
Pegaptanib (Macugen) Neovascular age Eyetech USA FDA | 2004
related macular Pharmaceuticals
degeneration and Pfizer
H101 (Oncorine) Nasopharyngal Shanghai Sunway| China FDA| 2005
carcinoma Biotech
RexinG Metastatic solid Epeius Philippine | 2007
tumours (pancreatic| Biotechnologies FDA
andbreast cancer, 2010
Osteosarcoma) USA FDA
Neovasculgen Atherosclerotic Human Stem Cells] Russian | 2012
peripheral arterial Institute Ministry of
(PHEGF165) disease Healthcare
Alipogenetiparvovec Familal LPDL Amsterdam European | 2012
Molecular commission
(Glybera) Therapeutics 2013
USA FDA
Mipomersen Homozygous familial| ISIS Pharmaceuticay USA FDA| 2013
hypercholesterolemig
(Kynamro)
Imlygic Melanoma, Amgen USA FDA | 2016
pancreatic cancer
Eteplirsen Duchenne muscular Sarepta USA FDA | 2016
dystrophy Therapeutics
(Exondys 51)
Spinrazgnusinersen) Spinal muscular Biogen lonis USA FDA | 2016
atrophy Pharmaceuticals ing
EMA 2016
Defibrotide (defibrotide Hepatic vene Jazz USA FDA | 2017
sodium) occlusive disease, Pharmaceuticals
sinusoidal EMA 2018
obstruction
syndrome
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Luxturna (Voretigene| Inherited retinol Novartis USA FDA | 2017
Neparvovecrzyl dystrophies
P % ySHop EMA 2018
Patisiran(Onpattro) Familial amyloid Alnylam USA FDA | 2018
polyneuropathy | Pharmaceuticals Ing
EMA 2018
Zolgensma Spinal muscular AveXis/ Novartis USA FDA | 2019
(Onasemnogene atrophy
abepavovecxioi)
Strimvelif GSK2696273 Adenosine GlaxoSmithKline EMA 2016
deaminase deficiency
Severe combined
immunodeficiency
Zalmoxis Hematopoietic stem MolMed SPAA EMA 2016
cell transplantation
Kymriah B-cell precursor acutg Novaritis USA FDA | 2017
(Tisagenlecleucel lymphoblastic
CTLO19) leukemia
Yescarta Non-Hodgkin Kite Pharma Inc. USA FDA | 2017
(Axicabtageneciloleuce| lymphoma, Bcell
lymphoma
INVOSSA (TissueGene| KellgrenLawrence TissueGene South 2017
C/Tonogenchoncdl) Grade 3 knee _ Y2 NS
osteoarthritis KolonTissueGene | Ministry of
Food and
Drug Safety
(MFDS)

1.1.2 Types ofGene Therapy

1.1.2.1 GeneReplacementTherapy

Gene replacement therapy is perhaps currently the most widely studied and utilised

approach to gene therapy. This involves the replacement of a faulty gene with that of a

functional copy of the gene in questidGoncalves & Paiva, 2017his method usually

involves the use of a viral vectas a method of introducing the gene of interest into the
body and specific cellitissueThe most commonly used viral vectors used in gene
replacement theapies are Adenovirus, Adesfgssociated virus and retrovirus, such as
lentivirus(Shirley, de Jong, TerhorstHerzog, 2020Although viral vectors are widely used,

gene deliverycanbe carried out using nowiral vectored methods. The method utilised for
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a given gene therapy needs to consider how to target the correct tissue/cell type, efficient
delivery/release of the gene of interest, evasion of the immune system and the ability to

produce the therapy at a scale that can meet the market need. Gene replacement therapy

I fa2 NBIldZANBE GKS NBLX I OSR 3ISyS (2 o08h FTdzy O A
these treatments are expensive, in theory they can provide ditife cure and thus prevent

expensive hospital or clinic visits or-going replacement therapy recombinant proteins

(e.g., blood clotting factors such as Factor 1X, Factor VIII) thaxgensive in themselves

and usually required for a lifetime.

As explained earlier in this chapter, gene replacement therapies can deliver the therapeutic
gene eitherin vivoor ex vivo In vivomethods utilise the direct delivery of a gene, usually via

a \ral vector, specifically systemic delivery or a local delivery. As outlined above, in 2012 the
European Medicines Agency approved its first gene replacement therapy, Alipogene
tiparvovec (Glybera), a replacement gene therapy utilised for the treatmefipaprotein

lipase deficiency. This was the first ever gene therapy to gain appiBuaiett & Hooper,

2009; L. J. Scott, 2015; Stroes et al., 2008) due to the high cost of Glybera and the low
demand it never received FDA appal and EMA approval was not renewed for this therapy
which was withdrawn from the markdéSenior, 2017)Iin 2017, the FDA approved its finst

Vivo gene replacement therapy Voretigene nepavec (Luxturna). Luxturna is1 aAAV2
vectoredgene replacement therapy to treat retinal dystrophy used to replace REGS
gene(S. Russell et al2017; Smalley, 2017 x vivogene therapy involves the harvest of a

LI ASyGQa OSfftas GKS OStfta NS GKSy Odz (dz2NBR
The cells containing the gene of interest are then transplanted backhetpatient. Ex vivo

gene replacement therapies are of interest as they can target the eye and brain specifically

(GregoryEvans, M.AEmran Bashar, & Tan, 2012)
1.1.2.2 GeneSlencing orknockdownTherapy

Gene silencing is described as the suppression of gene expression at either a transcriptional
or translational level. Gene silencing can be used on a therapeutic level against cancers,
neurodegenerative diseases or infectious diseases. One method of gene silencing or
knockdown is RNA interference (RNAI), this is the -pasislational silencing of gene
expression as a result of double stranded RNA (dsRNA) recognising the complementary
sequence on an mRNA and either silencing it or targeting it for degradéfiomet al., 1998;
Mocellin & Provenzano, 2004xNAivas initially identified irCaenorhabditis elegatmut has

been shown to be an evolutionarily conserved prod@srton & Medzhitov, 2002; Fire et
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al., 1998) During the process of RNAI, an immature dsRNA is cleaved intdZarleotide
length sequence known as a short interfering RNA (siRNA), in an ATP dependent manner
(Zamore, Tuschl, Sharp, & Bartel, 20@83ne silencing therapies have the potential as highly

personalised therapies specific for mutations or sequences in individual patients.

Currentmethodsinvolved ingene silencing via siRNA involve the use of viral vecors
nanoparticles The use ofnanoparticles andviral vectors, such as Adenovirus, Adeno
Associated Virus or Retrovirus vectors, circumnavigates the high production costs of
synthetic siRNAs and the low or variable transfection efficiency of tsieategies(Babu et

al., 2016; Barton & Medzhitov, 2002; Shen, Buck, Liu, Winkler, & Reske, 2003; Tomar, Matta,
& Chaudhary, 2003)

1.1.2.3 GeneHliting Therapy

Initial gene therapy strategies focused on replacement and silencing therapies. In recent
years gene editing techniques have advanced greatly. Gene editing therapy involves the
insertion, removal or replacement of specific regions in DNA restiftingherapeutic effect
(Maeder & Gersbach, 2016)he discovery that targeted DNA double strand breaks could be
used to stimulate cellular repair had a major impantthe fieldof gene editing. Breaks in
DNA can be repaired by either homology directed repair (HDR) or through nonhomologous
end joining (NHE{JMaeder & Gersbach, 2016; Takata et al., 1998)ile there are a number

of methods of gene editing, the most widely used are Zinc Fingetedigs (ZFNs),
transcription activatoilike effector nucleases (TALENs) and the clustered regularly

interspaced short palindromic repeats (CRISPR)/Cas sybadiie 1.12) (H. Li et al., 2020)
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Table 1.1:2 Comparison of gene editing platforms ZFN, TALEN and CRISPR

ZFN TALEN CRISPR
Recognition Zincfinger proteins Tandem repeats of Single stranded
site TALE proteins gRNA
Nuclease Fok1l Fok1l Cas9
Specificity Tolerates a small no.| Tolerates a small no.| Tolerates multiple
positional mismatch | positional mismatch consecutive
mismatch

Size (kB) 1 kB 3 kB 4.2 kB

Disadvantageg

Time consuming,
Highly Expensive,
Low success rate,
Difficulty targeting

non-G rich regions

Timeconsuming,
Relatively Expensive
pQ NHS( §
be T for each TALEN

al

monomer

Target site must
precede a PAM

sequence

Regardless of the method of gene editing used, the nucleases and/or gRNA must be
introduced into the patient in a safe bafficient manner. One of the major methods for this

is the introduction of the nucleases or gRNA through the transfection of plasmid DNA which
cariiesthe expression cassettes required, however as with other gene therapies, transfection
of plasmid DNA isat ideal due to low transfection efficiency and DNA related cytotoxicity.
One method o&x vivagene therapy is the electroporation of nuclease/gRNA encoded mRNA
into primary cells such as T cells or hematopoietic stem cells (HSCs). However, viral vectors
are still considered the most efficient method for nuclease or gRNA delivergxfaivo
delivery. One such approach is the use of lentiviral vectors (see section 1.2 below for detail
on different viral vector systems), capable of efficient transductiaret such as T cells and
HSCs. However, lentiviral vectors have been known to integrate into the genome and so
integrase deficient lentiviral vectors have also been generated for use in gene editing therapy
(Lombardo et al., 2007)Adenoviral vectors have also been utilised for nuclease or gRNA
delivery and achieved highansient expression leve(slolkers et al., 2014, 2013; Lombardo

et al, 2007)

In vivogene editing has a number of outstanding challenges. It requires tissue specific
targeting and distribution of the vectors, furthermore there is the potential for immunogenic

responses to the vectors. Adeno Associated Viral (AAVQngeas a delivery vessel fiorvivo
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gene editing therapies can help overcome the targeting as AAV has at least 12 naturally
occurring serotypes which can target different tissue types such as the livemey®us
system, skeletal and cardiac tissu&sllay et al., 2017)Due to the number of serotyse
which can target different tissues, AAV is considered a good vehicle for the delivery and
transfer of nucleases for gene editiysolan, Schaffer, & Jude Samulski, 20BAV vectors

are also good candidates for gene editing therapy due to their ability to stimulate
homologous recombination. AAviediated gene targeting can enhance the efficiency of
homologous replication by inducintargeted double stranded break&Gaj, Epstein, &
Schaffer, 2016)

1.1.3 Current Gene Therapy Strategies

As outlined above, generallggre are two main strategies for the introduction of a génte

a cell, using either a viral vector or a nreinal vectorbased approach. The vectors used to
deliver genetic material can vary depending on the target tissue and the size of the gene to
be celivered (Ramamoorth & Narvekar, 2015J0 date most of the research into gene
therapy applications utilise a viral vector approach. This is due to their high transduction
efficiency and ability to target specific tissues or cells (dependingrahvector approach).

In early developments the viral aspexdthese posed potential safety concerns, however the
generation of 29, 39 and 4" generation vectors lacking essential viral replication
genes/proteins and removal of other higlsk compments have dramatically reduced the
risk. Nonviral vectors are generally considered to have less of a risk than viral véctdrsn

& Baum, 2008)Vectors ultimately function to traffic the gene of interest (GOI) into the
required cells, tissues and organs throughout the body, acting as theedeliehicle of the

target nucleic acid.
1.1.3.1 Non-Viral Vectors

Nonviral vectors have been shown to have low pathogenicity in comparison to those of viral
vectors, are less costly and easier to produce. Gene therapy is typically an expensive therapy,
this is evident with the viral vector therapy Glybera, which was taken off the market in part
due to its high cost, $1.2 million per patie(8hahryari et al., 2019)While there are a
number ofadvantages in using neriral vectors there are also a number of challenges with
their use. Nowviral vectors have been shown to have poor efficiency and low expression of
transgenes, these drawbacks have long over shadowed their low pathoger@itver,

Lipps, & Jans, 2005; Ramamoorth & Narvekar, 20lgre are a number of methods which

can be utilised for nucleic acid transfer. These include geeaf naked DNA, particle based
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and chemicabased methodsNaked DNA typically refers to plasmid DNA in which the target
gene has been inserted. Typically these recombinant plasmids are then introduced into
target tissue via direct injectiofMali, 2013) Most often non-viral vectors are used in the
transfer of small synthetic DNA, plasmid DNA and RNAs (siRNA, shRNA and hidRis)
Pichon, Yaouanc, & Jaffres, 2009)

1.1.3.1.1 Physical Methods

Physical methods facilitate gene transfer by use of force to cross cell membranes. Physical
methods of gene transfer for gene therapy include microinjection, ballistiee glelivery,
sonoporation, electroporation and laser irradiation. Most methods of cell entry for nucleic
acids utilise endocytosience inside the cells the nucleic acids must avoid degradation while
moving through the cytoplasitKhalil, Kogure, Akita, & Harashima, 2006; Mellott, Forrest, &
Detamore, 2013) Physical methods of gene deliveryvhabeen shown to effectively
transfect in vivo, ex vivoand in vitro primary cells, stem cells and progenitor cells.
Unfortunately, physical methods of gene transfer are extremely traumatic to the cells as they
force the nucleic acids through the cell merabe and into the cytoplasm, this can result in

cell death, via apoptosis.

Microinjection of nucleic acids is a method whereby nucleic acids are injected directly into
the nucleus of cells. This is one of the most direct methods of physical entry intelhe
Microinjection via microneedles have been used for drug delivery and can be utilised for
gene therapy(Dean,2006; Mellott et al., 2013; Prausnitz, 2004; Prausnitz & Langer, 2008;
Valsalakumari et al., 2013}licroinjection is highly inefficient, transfection of cells on a large
scale format would require more than physically possible via microinjeddespie this,
thereare currently a number of therapeutic targets being studied for the treatment giftsi

loss. One such treatment involves microinjection of sgRNA for the correction of the Pde6b

gene in mouse retin@l. H. Lee et al., 2019; Z. Wu et al., 2015)

Ballistic gene delivery involves the nucleic acid been projectiled into the nucleus of the cell
dza Ay 3 I a3 Sppréactidakzgrigidallytdésaribedy Sanforcet aland is a needle

less method of physical gene delivery initially used for the transfection of plant cells using
DNA coated metal particles at a velocity of about 12000 ft/sec(Sanford, John, Klein,
Wolf, & Allen, 1987)This method has been refined over the years and been commercialised
for use in delivering DNA or RNA to mammalian d®lisS. Yang, Burkholder, Roberts,
Martinell, & McCabe, 1990%enetic material is delivered directly to cells out of a pressurised

ballistic device (Gene Gun). In a study by Udverrdil. gold particles coated in a plasmid

29



expressing the LacZ reporter gene were transported via a gene gun into skin cells such as
keratinocytes and single cells in the dermiBxpression was detected 48 h post
bombardment. Furthermore, the use of gene gun delivery of nucleic acids sgtstiephin

to skeletal musclef vivohas been describefZelenin et al., 1997)¢eleninet al. coated
gold/tungsten particles with 26g of plasmidDystrophinand projected these into # cells

from 10 cm distance.Dystrophin was detected 60 days post bombardment via
immunohistochemistry. While there is great potential for the use of gene guns in the delivery
of genetic material, it also has limitations. Ballistic delivery can only dejemetic material

to a limited tissue depth. Bombardment with particles can also cause damage to tissues along
with inflammation(Sohn et al., 2001)nlike other method, the use of a gene gun to deliver
nucleic acids is unspecific and cells, other than the target cells, can be transfected with the
gene of interest. Ballistic guns can also only transfect limited quantities of genes and thus
several treatments would be cgiired (Mellott et al., 2013) Finally, it has been shown that
while delivery of DNA produces transient expression of the gene of interest in cisligetie

delivery method is extremely variab{gendall, Rishworth, Carter, & Mitchell, 2004)

Electroporation is one of the most commonly used ndral delivey methods in gene
therapy. It utilises electrgpermeabilization to open pores in the cell membrane allowing
nucleic acids to enter. Pores are formed when an electrical field is formed across cells. It was
first used to transfect mouse lyoma cells withheit linear or circular plasmid DNA. Electrical
impulses of 8 kV/cm for 5 microseconds were shown to increase uptake of DNA into cells
(Neumann, SchaefdRidder, Wang, & Hofschneider, 1982)he first incidences of
electroporationin vivowere published in 1989 describing the use of electrical pulses for the
fusion of Hela cells to rabbit corneal célBrasso, Heller, Cooley, & Haller, 1983ince then,
electroporation has been used vivoto deliver nucleic acids to a variety of tissues, including
skin, skeletal muscle, tumour cells and liver céihara & Miyazaki, 1998; Bier, Hammer,
Canaday, & Lee, 1999; Denet, Vanbever, & Préat, 2004he of the first studies into the
potential for electroporatio for gene deliveryin vivg expression of b6 was induced in
tibialis anterior muscles of mice via electroporationvivo(Aihara & Miyazaki, 1998)As a
method, electroporation has the ability to transfect both non dividing and dividing cell. One
other advantage of electroporation over othenethods such as the gene gun is that
electroporation carbe used totransfect larger numbeyof cells. Electroporation has also
been shown to induce expression in progenitor and stem cells. As with othewiran
methods of gene delivery, there are limitons including the impact on viability of

electroporated cells. Furthermor@ vivoelectroporation can result in inflammation due to
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cell death. Finallyelectroporation can beelatively costly and is an invasive procedure
(Mellott et al., 2013)

Sonoporation is similar to electroporation in that it creates pores in the cell membrane
allowing nucleic acid® enter the cell. Ultrasonic waves cause microbubbles to form, expand
and collapse creating pores which drugs and nucleic acids can enter the cell through.
Sonoporation has become a promising method of gene delivery for cancer herapies
(AFBataineh, Jenne, & Huber, 2012; Frenkel & Li, 2006; Yoon & Park, ROH&3 been
shown that once the pores have been opened, the length of time they are open for can vary
and be controlled. Sonoporation has been shown to be tesumatic to cells than that of
electroporation. One of the drawbacks to this method of gene delivery is its inability to
control the localisation of the poreBurthermore, it is not possible to control the uniformity

of the pores or the entry of nucleiacids through the porgdehierhumbert & Guy, 2005)
Large amounts of plasmid DNA needs to be transfected via sonoporation to achieve

appropriate delivery and gene expressidmang, Tang, & Halliwell, 2010)
1.1.3.1.2 ChemicaMethods

Chemical methodfave been a focus for gene transfer. Such methods can allow for gene
transfer bothin vivoandin vitroby way of methods such as cationic polymers, lipid polymers,
nanoparticlesand exosomesThese chemical methods can be used to overcome a number
of the drawbacks associated with the physical methods described in Section 1.1.3.1.1.
Chemical transfection vipolymers have been widely studied since the 1960s and research
has focused on improving the efficiency of gene transfer while reducing toxicity associated

with these methodgJin, Zeng, Liu, Deng, & He, 2014)

Lipids and polymers are used for gene transfer due to their ability to form complexes with
plasmid DNA allowing them paisso the cell through the cell membrane. Calcium phosphate
precipitation is avell-establishednethod of gene transfethat is cost effective and easy to
use (Jin et al.,, 2014)Calcium phosphate nanoparticles haalso been developed, this
nanoparticle method has been shown to have a significantly higher transduction efficiency
than that of traditional calcium phosphate precipitation methqdau et al., 2011)Xu and
colleagues developed a method of gene transfet involved the use of calcium phosphate
plasmid DNA nanoparticles encapsulating the transforming growth factor beta ¥ )GF
Ultimately, the team detemined that the use of calcium phosphate nanoparticles were an
effective, efficient method of gene transfer while exhibiting low cytotoxicity in mesenchymal
stem cell{Xu et al., 2011)
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Liposomes aranotherextremely common method of gene transfer. Liposomes are capable

of forming complexes with plasmid DNA. These lipid nanoparticles have been shown to have
a number of propertieshat make them an deal candilate for gene transfer, including low
immune responses, easy to manufacture/produce with large payloads. This is a common
method used in gene therapy for the knockdown of genes using siRNAs. One such therapy
using lipid nanoparticles which hasostm success to date is these of SiRNAs to treat
transthyretin induced amyloidosis by Alnylam® Pharmaceuticals receiving approval from the
FDA in 2018CDER), 2019; Kulkarni, Cullis, & van der Meel, 2018)

Exosomes havalso been identified as gotential method of gene transfer. These are
extracellular microvesicles whidan be engineered for the delivery of therapeutic nucleic
acids. Exosomes are an ideal method of transfer due to their tissue trapiskability to
pass through biologic barriefkuan et al., 2017; SanciAdbero, MedelMartinez, & Martin
Duque, 202Q) For example, xosomes have been studied for their potential to treat
£ T KSAYSNRA RA & fverst 6f siBNASIBdzAeK knotkio®n d® BACE1 via

exosomes to dendritic cells by Alvaiemviti and colleague@lvarezErviti et al., 2011)
1.2 Viral Vectors forGene Delivery andGene Therapy

Viral vectors can be utilised for the transfer of genetic material for use in vaccines, cancer
therapeutics and as a method of gene transfer for gene therapy. One of the main advantages
of viral vectors is the natural ability of the virus to infect célisal vectors have a high
efficiency of cell transduction, they are highly specific and can deliver genes to target cells
and can elicit a robust immune responééra, Okuda, & Shimada, 201¥)ral vectotbased
vaccines have the ability to enhance immunogenicity and illicit an intense cytotoxic T
lymphocyte immune response to infected cells. To date several viral vectors have been
utilised in vaccine production, this includes viral vectogsivied from viruses such as
Adenoviruses, Adenfssociated Viruses, Retroviruses, and Lentivir(ses et al., 2014)in
response to the SARSov2 2019 pandemic there was mass research globally into the
development and pryduction of vaccines against SAR®¢2 including vaccine development
using viral vectors which utilised Adenovirus (Ad) and Ad&sepciated Virus (AAV) among
others. These vectored vaccines are replication deficient viral vectors that deliver nucleic
acds that encode for the SARDV2 Spike protein, including the approved Oxford
AstraZeneca vaccine AZD12¢®manat & Krammer, 2020; S. P. Graham et al., 2020;
Krammer, 2020; Mercado et al., 2020; Poland, Ovsyannikova, Crooke, & Kennedy, 2020;
Voysey et al., 2020; Zhu et al., 2020)
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Cancer gene therapy, using viral vectors, is a rapidly evolving apdordbk treatment and
therapeutic intervention of cancer. There are a number of advantages and disadvantages of
each virus type utilised for cancer gene therapies. For example, Adenoviruses (Ad) have been
shown to have potential to deliver tumour suppressor suicide gene therapy, facilitating
delivery and expression of the target transgene at high amounts with a broad tropism.
Adenoviral infection is dependent on the presence of Ad receptors on target cells which are
not expressed on all cancer cellgjiting their potential application in this fieldLarocca &
Schlom 2011; Sharma, Tandon, Bangari, & Mittal, 208@8rpes Simplex Virus (HSV) is also

a commonly studied viral vector for cancer therapies. As with Ad vectors, it has a broad
tropism and can target cells such as dendritic cells. Furthermore, HSV vhatgrsthe
capacity to package large transgenes. Indeed, HSV is a known oncolytic vector due to its
ability to infect and propagate preferentially in tumour cells. However, transgene expression
is limited due to lysis of the target cellkarocca & Schlom, 2011; Lou, 2003; Varghese &
Rablin, 2002)

The use of viruses in gene therapy as a method of gene transfer has now been extensive, yet
still much of the biology and how this impacts their manufacturing and use in the clinic
remains to be elucidated. There are 5 main classes of \dcabrs, these are grouped based

on either their ability to integrate into the host genome or their ability to persist in the
nucleus as extrachromosomal episomgsindstrom, 2018)The five main types of viral
vectors ingene therapy are retrovirus, lentivirus, adenovirus, adaseociated virus and
herpes virus. Virus selection for therapeutic use considers a number of criteria, including,
efficiency and targeting of transgene expression, ease of production, safety xnitytoand
stability. As shown in Table 112 viruses can be either DNA or RNA genome based viruses,
single stranded (ss) or double stranded (ds), and enveloped oeneeloped(Walther &
Stein, 2000) The major viral vectors under development and used in gene therapy are
discussed below, with a focus on ademssociated viral vectors, the produatiand genome

packaging of which are investigated during the studies described in this thesis.
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Table 1.13 Viral vectors used in gene therapy.

Genome| Enveloped/ | Capacity| Advantages Disadvantages
Non-enveloped (kb)
Adeno ssDNA | NonEnveloped| 5Kkb Low toxicity, | Difficult to produce,
Associated Virug long term Low packaging
(AAV) expression capacity
Adenovirus (Ad) | dsDNA | NonEnveloped| >8 kb Clinical phase Elicits Strong
immune response
Herpes Simpley dsDNA Enveloped >30 kb Efficient No expression
Virus (HSV) expression in during latent
multiple cell expression
types
Retroviruses RNA Enveloped <8 kb Effective Insertional
integration into mutagenesis
target cells
Lentivirus RNA Enveloped 8-10 kb Efficiently Insertional
transducenon- mutagenesis
dividing cells

1.2.1 Adeno-Associated Viral Vectors

Adencassociated virus (AAV) is one of the most extensively researched viral vector
platforms for gene therapy applications to date. As of March 2021, there were 149 clinical
trials in process using AAV vectors to a range of indicafimamin et al., 2021PAV vectors

are therefore one of the major delivery vehiclegdsnin vivogene therapy application<.

Li & Samulski, 2020MAV is a small ngmathogenic, norenveloped parvovirus, consisting

of a linear single stranded DNA (ssDNA) genome approximately 4.8 kilobases long and being
approximately 25 nm in siz®aso, Tomkowicz, Perry, & Strohl, 2017; D. Wang, Tai, & Gao,
2019) The genome is flanked by inverted terminal repeats (ITRs) at either end which are 145
nucleotides in length (see Figur@L.AAV is a dependovirus which means it relies on a helper
virus for replication to occur. A helper virus supplies a number of genes essential for
replication. The genes required for AAV replication are the E1A, E1B, E2A, E4 and VA RNA.
Without these helper genes, AAV will integrate into Chromosome 19 of the(bBegta &

Berns, 2008) One of the major benefits in using Ad%/a viral vector for gene delivery is its
ability to transduce both dividing and natividing cells(Berry & Asokan, 2016; Ghosh,
Brown, Jenkins, & Campbell, 202@urthermore, AAV provides efficient, long term
transgene expression in a variety of targele tissues such as the retina, liver, muscle and
CNS. There are a number of serotypes of AAV which can be used to target different tissues
(see Table 1:3 below)(Domenge& Grimm, 2019; Mietzsch et al., 202Thewild type AAV

genome does not integrate into the host genomic DNA but is maintained as
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extrachromosomal episomes in the nucleus. Ardépth description of AAV is provided

below in section 1.3.
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Figure 1.2Schematic of Adendéssociated Virus genom&he ITRs flank the genome whi
consist of wo genefRERand CAP. Rep transcripts are derived from two promoters (p5
p19) and alternative splicing whilst VP capsid transcripts are driven by the p40 promate
alternative start codons.

As described previously, recombinant AAV (rAAV) has become a leading viral vector system
for gene therapy. Glybera, discussed in sectloh2.] was a rAAV based treatment for
lipoprotein lipase deficiency and the first gene therapy approved for use 12 29 the
European Medicines Agency (EMB) Wang et al., 2019; Ykerttuala, 2012) It was not

until 2017 when the FDA approved its first AAV gene therapy, Luxturna, used for the
treatment of retinal dystrophy. Glybera was an AAV1 bdsetjene replacement therapy

while Luxturna is an AAV2 bas®PE65ene replacement therapy. Glybera delivered a
hyperactive, Ser(447)X variant of Lipoprotein lipase for the treatment of LPL deficiency
(Burnett & Hooper, 2009; S. Russell et al., 2017)

In addition to gene replacement, AAV can be used to deliver gene silencing agents. As
described previously, gene silencing therapies can be used torreabgenetic diseases
caused by gain of toxicity mutations. One of the most widely utilised methods to achieve this
is RNA interference (RNAI). Unlike gene replacement therapies, the size limitations of rAAV
pose less of a limitation with RNAI strategies tlaese typically utilise small gene cassettes
(Borel, Kay, & Mueller, 2014; Borel & Mueller, 20IRaditionally retroviral vectors have

been used for transferring siRNAs to a patient, this method requires cells to be actively
dividing. Due to their ability to infect both dividing and rdwidingcells, AAV vectors have

been designed for the transfer of p53 siRNAs and shown to transfer and efficiently transduce
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cells with minimal toxicityTomar et al., 2003Most AAvbased RNAI strategies are still at a
preclinical phas€Borel et al., 2014}his is due to a toxicity caused by high levels of shRNAs
which can overwhelm endogenousiRNA biogenesis pathwayBirk Grimm et al., 2006)
AAV mediated RNAI strategies have shown great potential for the treatment of disorders
such as Amyotrophic Lateral sclerosis (ARBY vectors aralso advantageousver other
vectorsdue to their capacity to target different tissues including neuronal. AAV9 vectors
have been shown to deliver RNAi against S@kas showrto bepossible to reduce mutant
SOD1 synthesis, thus delaying the onset of disemnd increasing the lifespan of a S&Ef1
mouse model by 39%Cappella, Ciotti, Cohefannoudji, & Biferi, 2019; lannitti et al., 2018)

While both gene replacement therapiesnd gene silencing therapies are utilised for
monogenetic diseases, it is possible to utilise viral vectors such as AAV to address more
complex genetic diseases, via gene addition therapy. AAV vectors can be used to introduce
the genes for recombinant atodies which can treat viral infections. One such example of
antibody gene transfer involves the transfer of genes encoding antibodies which neutralise
HIV. This approach has become known as vectonedune prophylaxigVIP). Mice studies

have shown thathis method of treatment can result in the lifelong expression of antibodies
against HIV strains. This approach has so far only been investigated in phase | clinical trials

(Balazs et al., 2012; Balazs & West, 2013; Priddy et al., 2019; Sanders & Ponzio, 2017)

Table 1.14 AAV Serotype and tissue tropisms(Srivastava, 2016; Zincarelli, Soltys, Rengo, & Rabinowitz, 2008)

AAVSerotype Target Tissue Type
1 Neuronal, Skeletal
2 Broad
3 Brain, Liver
4 Brain
5 Neuronal, Retinal pigmented epithelial,
Photoreceptors
6 Skeletal, Lung
8 Liver, Skeletal, Pancreas, Heart
9 Liver, Skeletal, Lung

1.2.2 Adenoviral (Ad) Vectors
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Adenovirus (Ad) is a class of renveloped virus which has a linear-88 kb double stranded
DNA (dsDNA) genonf&hosh et al., 2020yhich encodes 35 proteins, 20 proteins involved
in regulatory and replicatory functions, the remainder are structural protéiMeld & Toth,
2013) It is the largest noenveloped virus known and is about-200 nm in size with more
than 50 serotypes that cause a range of diseases and infections (TaB)Glbremedhin,
2014; Muruve, 2004)Adenovirus infects cells through endocytosis. Once within the cell the
capsid is destroyed and the viral genome is releaséd tine cytoplasm and enters the
nucleug(Takahashi & Suzuki, 2018k for AAV, the adenovirus genome is flanked by two ITR
regons, one at each end (Figure8}L.Another similarity between the Ad and AAV genomes
is that they do not integrate into the host genome but remain as an extrachromosomal
episome in the nucleu@Ghosh et al., 2020here are 57 known serotypes of adenovirus,
Ad1-57. Most peoplehave been infected with a number of Ad serotypes, most commonly

Adl, 2, 5 and 6, and will have developed a lifelong immiMuyruve, 2004)

Table 1.15 Adenovirus serotypes and associated infiecs.

Adenovirus| Serotype Infection type

subgroup

A 12, 18, 31 Gastrointestinal, Respiratory, urinary
B 3,7,11, 14, 16, 21, 34 35 | Keratoconjunctivitis, gastrointestinal,

respiratory, urinary

C 1,2,5,6 Gastrointestinal, respiratory, hepatitis,
urinary
D 8-10, 13, 15,17, 19, 20, R0, | Keratoconjunctivitis, gastrointestinal

32, 33, 3639, 4249

E 4 Keratoconjunctivitis, Respiratory
40, 41 Gastrointestinal
G 52 Gastrointestinal
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Figure 1.3Schematic of Adenovirugenome. (E= Early genes, L=Late genes

Adenovirus vectors have been a major research target with regards to gene therapy and
vaccine developmer{iWold & Toth, 2013; C. Zhang & Zhou, 200krently, Ad based gene
therapies account for 50% of gene thpy trials worldwidgBulcha, Wang, Ma, Tai, & Gao,
2021) While most of these trials focus on cancer gene therapies, there is also a large number
of vaccinebasedtherapies under development whereby the vector contains a transgene for
an antigenic protein. One of the most well publicised Ad vector approaches in the vaccine
developed in the UK, ChAdOx1 n€&l®/vaccine (known as AZD1222), developed by
AstraZeneca and Oxford University, and approved for use in the UK and other countries
against theSARE0V2 virus. This vaccine is a chimp Ad serotype 5 vector vaeategatti

et al., 2020; van Doremalen et al., 2020; Voysey et al., 20885t Ad vectors in use or under
development have been generated from serotypes 2 and 5 as these are not associated with
severe diseasdates in humangWalther & Stein, 2000)

Ad vectors are either replicatietiefective or replicabn-competent. Replicatiowmlefective
vectors are utilised largely for vaccine production and have had the esset#and E1B

genes removed and a promoter e.g., CMV promoter inserted to replace these genes. The E1A
protein is essential for efficient virahcapsulation. To accommodate for the removal of E1A
from the genome, host cells such as the human embryonic kidney cell line 293 (HEK293) has
been modified to stably express the E1A prot@i. C. Russell, Graha®@miley, & Nairn,

1977) and are commonly used in the production of Ad vectors. A further advantage
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associated with this cell line is its ability to produce and package high titres of vectors
(Walther & Stein, 2000; Wold & Toth, 2013)

There are several other advantages to using Ad vectors as gene delivery agents.
Adenoviruses have been shin to have genetic stability, shown to be safe and well tolerated

in clinical trials, and it is relatively easy (compared to some other viral vector systems) to
undertake large scale production. Adenoviruses are larger viruses than AAV and thus are
more slited to larger genes of interest than AAV can accommodate, with the ability to
package genomes over 30 kb. Nevertheless, although manufacturing can be scaled, the
manufacture of high titres of highly efficiently packaged vectors remains a major challenge
in Ad vector productior(C. S. Lee et al., 201 Another potential issue that needs to be
considered with Adenoviral vectors is that these vectors elicit an inflammatory response to
the E2protein, thus limiting its use for repeated applications of gene theraffiesS. Lee et
Ff®dX HAMTT | SAZ aAlGiSNBRSNE ¢Fy3d>x hQ{dA f AQDIl Yy

Replication defective and replication competent Ad vectors are commonly used as anti
cancer agents due to their ability to deliver immune related genes to tumour cells which will
induce an anttumoral immune response. Initial research into Ad vectors asethod of
cancer gene therapy focused on replication defective vectors but research has moved into
the potential for conditionally replicative Ad vectors. These have the ability to infect and
replicate specifically in cancer cells and spread to other eracells, while leaving normal
host cells untouche(imball et al., 2010; LI et al., 2015; Matthews, Alvarez, & Curiel,.2009)
One of the methods utilised for this is the deletion, or partial deletion, of either the E1A
genome or the E1B genoméhis prevents the replication of the vector in meal cells but
allows replication in tumour cells which have genetic defects which complement the Ela or

E1lb genome allowing replication to ocdiatthews etal., 2009)
1.2.3 HerpesVirus (HSV)ectors

Herpes simplex virus (HSV) is a double stranded enveloped DNA virus with a 150 kb genome
encoding 80 genedhis large virus results in vectors with the capacity for packaging genes

of interest between 40 and 5kb (Marconi, Fraefel, & Epstein, 2015)SV infection is both

lytic and latent in nature, the resulting infections are lifelong latent infections of theame)

thus they provide great potential for long term expression of transgenes in gene therapy
(Lundstrom, 2018; Marconi et al., 201%) general, HSY infection d most cell types results

in cell death, however deletion of 40 genes not essential for replication of HSV has resulted

in the development of nopathogenic HSX vectors which can be used for gene transfer
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(Fraefel, Marcai, & Epstein, 2011; Marconi, Argnani, Epstein, & Manservigi, 260BY is

an appealing method for gene therapy in cases where large amounts of genetic material
need to be delivered due to its large genome capacity allowing for the transfer of traasgen
up to 50 kB into the nucleus of target cells alongside its ability to infect a number of cell
types, both quiescent and proliferating, such as neuronal (Efistein, Marconi, Argnani, &
Manservigi, 2005; Marconi et al., 201%jurthermore, HSV can be used for the selective
destruction of cancer cells and immunotherapy against oncolytic @édsconi et al., 2008;
Todo, 2002)

Unfortunately, due to the fact that a high percentage of people have been previously
exposed to the herpes simplex virus, many potential patients have an immune response in
reaction to these vectors. This pexisting immune response is responsible for the
inactivation and elimination of HSV vectors. It should be noted that HSV vectors also have
the opportunity of recombining with latent HSV infected cells, posing a safet{Mistconi

et al., 20@; Vannucci, Lai, Chiuppesi, Ceccheigiii, & Pistello, 2013)

1.2.4 Retroviral Vectors

Retroviruses are enveloped single stranded RNA viruses of approximately 100 nm size, with
a genome of 711 kB in size, with each virion containing two identical sisgknded RNA
genomes. The viral genome is flanked by two L&mgninal Repeats (LTR). The LTRs flank
three open reading framegag, polandeny, these encode the capsid (matrix protein, capsid
protein and nucleocapsid protein) and replication proteing] éme envelope glycoproteins.
Retroviral vectors have a packaging capacity of approximately 8 kB. Interest in retroviruses
as a gene transfer method stems from their ability to integrate into the genome of the host
cell. The integration igpermanent, which can be random, posing a safety issue, but that can
be overcome using vectors that have targeted integration ability. Unlike other viral vectors,
retrovirus vectors, with the exception of lentivirus, cannot infect nondividing esltsfor

this reason research has tended to focus more on developing lentiviral vétiardstrom,

2018; Vannucci et al., 2013)

Successful production of retroviral vectors initially relied on the transfection ofiplelt
plasmid vectors; a packaging construct which containsgégand pol genes, a transgene
vector and a plasmid vector expressing #e/genes. In the transgene plasmid vector, the
therapeutic gene is flanked by the LTR regions. While this triple mldasmnsfection method
successfully produces retroviral vectors #@vplasmid vector poses a safety risk due to its

ability to recombine producing replication competent particles. To combat this, the

40



production of such viral vectors has evolved to usadpicer cell lines which express taev
genes and hence a plasmid with these is not required for their produ¢tfannucci et al.,

2013)

Mason and colleagues have shown that it is possible to utilise retroviral vectors to deliver
and expess human bone morphogenic protein 7 (BW)Rn periosteal cells under the control

of a CMV promoter and enhancer. Unfortunately, due to the high expression from the CMV
promoter, the expression was toxic to the periosteal cells. Replacement of the CNbnhreg
with a weaker promoter and enhancer resulted in the successful expression o7 Boife

of the first studies showing the feasibility of using retroviral vectors for gene th¢Mpgon

et al., 1998)

1.2.4.1 Lentiviral Vectors

Lentiviral vectors, such as Human immunodeficiency virus ,(Hég)been shown to have
great potential as geamdelivery vectors. They can integrate into host genomes and there is
thus prolonged gene expression. Lentiviruses are a part oR#teoviridaefamily; despite

being retroviruses, these viruses can infect both dividing anddiaiding cells. HAL has a
genome of 910 kB in size that encodes for tgag, polandenvgenes as with all retroviruses
described in Section 1.2.4. The HI\denome also encodes for the Tat and Rev regulatory
proteins along with four accessory proteins (vif, vpr, vpu and nefjtiiieal vectors have

been developed or considered as gene delivery vehicles since 1989, when Terwilliger
developed a replication competent HIV vector to express chloramphenicol

acetyltransferaséTerwilliger, Godin, Sodroski, & Haseltine, 1989)

Since 1989 there have been at least three generations of lentiviral vectors developed. First
generation vectors consisted afmajor portion of the HIV genome including tjegandpol

genes along with accessory and regulatory proteins. The envelope gene of another virus was
also included instead of thenvgene of the HIM virus. The second generation of lentiviral
vectors wee designed without the accessory virulence gemifs {pr, vpuandnef),removal

of these genes did not negatively impact delivery of the genes to the host cells. These second
generation vectors were safer than the first generation vecfdesnucci et al., 2013)hird
generation vectors initially described by Dull and colleagues (1998) separated the HIV
genome across different plasmids, tlgag and pol genes were encoded on a separate

plasmid to that of theeevandenvgenes(Dull et al., 1998)
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An example of lentiviral vectors in gene therapy is the development of these for the
treatment and prevention of cystic fibrosis (CF) lung disease. Primary studies using human
CF airway epithelia cells and in animal models have shown that delivery @figene via
lentiviral vectors can correct cystic fibrosis phenotypes long term with low immunogenicity
(Stocker et al., 20095tocker et al showed that lentiviral vectors containing the gene for
CFTRroduced in HEK293T cells, when targeted to respiratory epithelial cells, can effectively
treat CF demonstiting the feasibility and potential for lentiviral vectors for the treatment of
CF(Marquez Loza, Yuen, & McCray, 2019; Stocker et al., 2808 treatments are yet

however, to be successfully used in the clinic.

Lentiviral vectorshave becomea key player irChimeric Antigen ReceptorCEll CART)

therapies CARAT therapy involves thex vivoediting of a patients -Eells to express a

chimeric antigen receptor that is specific for a tumour antigen. The edited cells are then re

infused back into the patient. Thex vivoediting of the patients Tells can occur through

both viral vectorbased methodsin particular lentiviraland nonviral vector methodgDo

Minh, Tran, & Kamen, 2020; Guy, McCloskey, Lye, Mitrophanous, & Mukhopadhyay, 2013;

Lana & Strauss, 2020; Miliotou & Papadopoulou, 2018; Moco, de Abreu Neto, Fantacini, &

PicangeCastro, 2020The FDA approved its fir@ART cell therapies in 2017, Novara Q a

GA&ar3Syt SOt SdzOS¢ FyR DAfSFRQa FEAOFoGEI3SY

lymphoblastic leukaemia and large B cell lymphoma respectively. Since 2020, the FDA have

I LILINR SR DAt SIFRQ& ONBEdzZOF oGl 3ASyS | dzil 1 SdzOSt
NAaG2f aeSNB {ljdAaooQa tAaz20lo00l3ISyS YINIfSd

(Mullard, 2021)

1.3 Adeno-Associated Virus and Recombinant AAV (rAAV)

As described in section 1.2.1, adeassociated virus, so called as it was initially identified in
the 1960s in adenovirus purified samples, is widely used as a gene therapy viral vector. It was
first identified by both the Atchison research group and the Rowe g(atghison, Casto, &
Hammon, 1965; Hoggan, Blacklow, & Rowe, 19@6)d was initially thought to be
contaminants of adenovirus preps. Both Atchison and Rowe showed via electron microscopy
that these contaminant virus like particles were approximagynm in diameter and were
found in both human and simian Ad serotyfeoggan et al., 1966AAV is a member of the
Parvoviridadamily, this family encompasses small, remveloped icosahedral viruses. AAV

is a small virus of approximately 26 nm in diameter which falls under the genus

DependovirugK. I. Berns & Giraud, 1998)ependovirusre so called due to their reliance,
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productively infect cells or replicate. It was the Rowe group that showed that AAV replication
was reliant on the presence of the Ad genetic functions and was cossideibe a defective
virus (Hoggan et al., 1966Yhe helper genes required are usually @igdl by adenovirus,
however are not limited to Ad and can be supplied by other viruses including the herpesvirus
simplex virus 1 and @tchison et al., 1965; Buller, Janik, Sebring, & Rose, 1981; Hoggan et
al., 1966) While initial studies suggested that AAV was a defective virus, it was later shown

that it can induce latent infectiom healthy cell§{Daya & Berns, 2008)

There have been 138/ serotypes (Table 13 identified from both humans and nonhuman
primates to date, AAV 1 to AAV 13, by sequencing and PCR dfMit¢zsch et al., 2021;
Schmidt et al., 2006)All AAV serotypes can be separated into faaates and five clades
(A-F), separated based on the VP1 (capsid protein) amino acid sequence. The serotypes have
a high structural similarity between 95% and 99%, and range in sequence similarity between
65% and 9% Despite the similarities in sequenand structurethe serotypes vary in their
tissue tropism and different serotypes can be used to target cardiac muscle, skeletal muscle
and liver tissues and certain serotypes can even target tissue in the CNS (see TBblel.3
(Guangping Gao et al., 200dhe natural ability of different serotypes to target different
tissue has resulted in great interest in AAV vectors for gene therapy asediffeerotypes

can be utilised for treating different genetic disorders at different tissue sites as long as the

limited genome capacity does not preclude this.
1.3.1 The Life Cycle of AAV

The AAV life cycle can be considered as consisting of two phases, theepiresence of a
helper virus and the other in the absence. In the presence of a helper virus, AAV replicates
productively. When Ad is einfected with AAV, the infection of Ad can occur prior or at the
same time as AAV infection. This is largely the egth herpes simplex virus; a number of
herpes simplex serotypes can have lytic effects on the cell and in order for AAV replication
to occur, the infection of these lytic serotypes needs to occur simultaneous to that of the

AAV infection(K. I. Berns & Giraud, 1996)

In the absence of the helper virus, AAV does not normally undergo infection and replication,
it can enter a cell and uooat its genome. Howevethe expression of the AAV regulatory

proteins is limited and the synthesis of AAV proteins is restricted, this results in the
integration of the viral genome into the genome of the host cell where it establishes a latent

infection (Handa, Shiroki, & Shimqjd977; Hernandez et al., 1999; Leonard & Berns, 1994)
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AAV is unique in that it integrates site specifically, into the g arm of chromosoniie I®

Kotin et al., 1990)
1.3.2 The Genome and Structure of AAV

All AAV serotypebave unique characteristics amoperties,and these are based on their

viral capsid structure. As previously described, AAV are smalemegloped icosahedral
viruses with a capsid diameter ranging between 20 nm and 26 nm (approximatek)260
AAV conains a single stranded DNA (ssDNA) genome that is approximately 4.8 kB in length.
This genome is comprised of two open reading frames (ORFs), these are flanked by two
inverted terminal repeats (ITRs) (one at each end) which are 145 base palindromic gsquenc
(Rolling & Samulski, 1999)he AAV genome encodes for tRep, Capnd AAPgenes (Figure

12), theRepORF encodes thRepgene, that results in the expression of four retnuctural
proteins, Rep78, Rep68, Rep52 and Rep40. &yegene encodes for three structural
proteins; VP1, B2 and VP3 that form the capsid structure of the virus 1:1:10 ratio
(Drouin & AgbandjdMcKenna, 2013; Leonard & Berns, 19%Rpression of thRepand Cap

ORFs is regulated by three promoters: p5, p19 and p40. The p5 and p19 praorhptessy

of alternative splicingare responsible for the expression of tiRRepORF generating the
Rep78, Rep68, Rep52 and Rep40 proteins, so named due to thaneapmolecular weight.

The p40 promoter is responsible for directing theession of theCapORF resulting in the
production of the three structural VP proteins; VP1, VP2 and VP3 via alternative splicing and

the use of an alternative ACG start codone(§gure 12).

The capsid structures of serotypes 1 to 9 have been determineeray arystallography or
cryo-electron microscopyDiMattia et al., 2012)Such stuts have shown that the VP3
region is conserved across serotypes, being composed of & dmmeel motif which consists
2F y FyOALI NIt Shelix. Zne NP3rBtéin alsydantains Svatiable fregions
which can be found on the capsid sudd®rouin & Agbandj@cKenna, 2013)

The structure of all AAV capsids is formed from the interaction of VP1:VP2:VP3 in a ratio of
1:1:10(Becerra, Koczot, Fabisch, & Rose, 1988yas believed for over 25 years that the
non-structural Rep and the capsid VP proteins were the only proteins expressed by AAV.
However, Sonntag all., in 2010, iéntified the expression of a protein termed assembly
activating protein (AAP). This study showed that the AAP protein was encoded by ORF2 of
the Capgene and that it was required for capsid assembly of AAV serotype 2. Furthermore,

it was shown that transtion of the mMRNA to generate the AAP protein was initiated at a
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non-conventional CUG start codon resulting in the production of the 23 kDa protein

(Sonntag, Schmidt, & Kleinschmidt, 2010)

AAV enters cells througderotype specific glycan receptors prior to endocytotic entry to the
cells(Meyer et al., 2019)Bartlett and colleagues described the method of AAV entry into
the cell through endocytosis in a receptor mediated manner, through the use of clathrin
coated pits, once within the cell AAV escapeseéhdosomes and enters the nucleus through
pores(Bartlett, Wilcher, & Samulski, 2000; Martini, Rocco, & Morales, 20hE) difference

in the capsid sequences of the different AAV sgres influences the transduction abilities

of the serotypes in a tissue specific mann&AV2 binds to heparan sulfate proteoglycans
while Serotype 9 has been shown to have a galactose binding domain and it is thought that
the preferential galactose binalg of AAV9 gives rise to its ability to cross the blood brain
barrier and infect the central nervous system (CNEBIl, Gurda, Van Vliet, Agbandje
McKenna, & Wilson, 2012; Merkel et al., 2017; Meyer et al., 2019; Hongwei Zhang et al.,
2011) Pillay and colleagues recentlgentified, through genome screening, the cellular
protein AAVR, this has been identified as a key receptor for a number of AAV serotypes
including AAV2 and AA\{Bleyer et al., 2019; Pillay et al., 2017)

It is not yet fully undrstood how the virus capsid is assembled and genome inserted, but it
has been shown through radioactive pulse chase labelling experiments that the capsid is
rapidly assembled first and the ssDNA genome is then introduced into the empty capsid
(Myers & Carter, 1980; Sonntag et al., 2010)

1.3.2.1 Inverted Terminal Repeats

As mentioned in sectioh.2.1 andL.3.2, the wild type AAV genome is flanked by two inverted
terminal repeat (ITR) regions, these are 145 bp palindromic sequences which dodédap

a TFshapehairpin structure(Figure 14) (Kenneth |. Bern£020; Rolling & Samulski, 1995)
arAAVvectorthe genome is also flanked by these ITR regidie ITR regiorsave been
shown to be responsible for the replication and packaging of the AAV gefidfitmott,
LisowskiAlexander, & Logan, 201%urthermore, AAV ITRs have been shown to stimulate
gene editing(Hirsch, 2015)There is a high percentage §2%) of homology amongst the
ITRs of the AAV sdypes 19, the exception to this is serotype 5 (58% similality) Bec et

al., 2008) Along with the hairpin structure the ITR regions contain a terminal resolution site
(trs) and the Rep binding elements (REBEpure 14). The RBE region binds to the p5
promoter Rep proteins Rep78 anRep68(Pereira, McCarty, & Muzyczka, 1997; Young &
Samulski, 2001)
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ITRpresence is essential for the replication and packaging of viral genomes, however, it has

been shown that it is possible to produce recombinant AAV with shorter ITR regions of 137

bp. Furthermore, it was shown that AAV genome replication and packaging is possible in the
absence of one hairpin structuf®ichard J. Samulski, Srivastava, Berns, & Muzyczka, 1983;

X. S. Wang, Ponnazhagan, & Srivastava, 1986)productivity of rAAV is impacted by the

ITR regionsThe ITR region contains 3 palindromic sequenéés Q> Q. I-/y@QR /a aKz2gy
in Figure 1.4Zhou and colleagues generated truncated ITRs, wherethedC I-.y®R @& S NS
deleted removing the hairpin structureThis was shown to reduce rAAV pradivity but

couldincrease the transgene expressi@. Zlou et al., 2017)

It is possible to cross packaged the AAV2 genome, containing the ITRs from AAV2, into the
capsids of other serotypes. Chao showed that it was possible to package an AAV2 plasmid
containing either eGFP or canine Factor IX (¢RIXJAAV vectors from serotypes 1, 2, 3 and

4. This study showed that it was possible to transddEd293 cells with these particlethe

AAV?2 particles showed the highest percentage of transduced cells while AAV4 was extremely
inefficient at transducindiuman derivedHER93 cells(Chao et al., 2000; Wilmott et al.,
2019) In a study carried out by Yan and colleagues, AAV hybrid ITR vectors were generated
containing an AAVETR on one end of the viral genome and an AR flanking the other

end. It was shown that it was possible to package the hybrid ITR genome into the capsids

from both serotype 5 and @ran, Zak, Zhang, & Engelhardt, 2005)

46



RBE’

D,

8 RBE
_A_
A’
ccC
trs

Figure 1.4{f OKSYI A0 2F (GKS L¢w NBIA2yaz A
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make the hairpin loop.

1.3.2.2 The Rep Proteins

As described in the previous section, the AAV genome encodes for the Rep proteins Rep78,
Rep68, Rep52 and Rep40 and these are essential for viral replication, integration and
assembly. The p5 and pl1l9 promoters are responsible for directing the synthetie of
transcripts that are then translated to generate the respective proteins. The presence of
adenoviral helper genes direct p5 and p19 promoter activity. The p5 promoter is induced by
the adenovirus E1A gene. Ela activates the p5 promoter via interagtiith the Major Late
Transcription Factor (MLTF) and Y(€bang, Shi, & Shenk, 1989; C A Laughlin, Jones, &
Carter, 1982) The p5 promoter initiates the production of the transcripts Rep78and
Rep68while the p19 promoter is responsible for the production of the smadRep52and
Rep40 transcripts. Rep68 and Rep40 are translated from spliced mRNAcher,
Kleinschmidt, & Burkle, 1995Rep78 and Rep68 are involved in the regulation of viral

transcription, via binding to the ITRs stimulating replication. These two Rep proteins possess
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helicase and endarclease activity required for AAV replicatiohshktorab & Srivastava,
1989; Chiorini et al., 1996; Kydstio et al., 199¢p78 and Rep68 prote can also site
specifically nick the ITR at the terminal resolution sites)((Figure M) allowing the
replication of the ITR hairpin structu(em & Muzyczka, 1990The smaller Rep52 and Rep40
proteins are involved in the accumulation of sSSDNA for packagitieWoth Rep78 and
Rep68 expression alone has been shown to be sufficient for AAV DNA replication to occur,
the smaller Rep proteins (Rep52 and Rep40) are necessary for efficient accumulation and
packaging of AAfDaya & Berns, 2008; Holscher et al., 1995)

Rep expression is toxic to host cells and negatively impacts the growth phenotype of both
insect and mammalian cells. Rep protein expression sl@Vgwwth and can trigger cell
death. Schmidt et al showed that Repediated cytotoxicity can be triggered by expression

of Rep78 alone. Rep78 causes activation of caspadavolved in p53 independent
apoptosis, resulting in apoptosis in the G1 and &sphof the cell cycléBatchu, Shammas,
Wang, & Munshi, 1999; Hermonat, 1989; Schmidt, Afione, & Kotin, 2000)

1.3.2.3 The Cap Proteins

As descbed above, the AAV genome encodes for two ORFREmORF and th€apORF.
TheCapgene encodes for the structural proteins VP1, VP2 and VP3 of molecular weight 87,
72 and 63 kDa, respectively. VP expression is under the control of the p40 promotés. VP3
the most efficiently translated of the capsitRNAglue to the presence of a Kozak sequence

at the translation start site, VP2 is expressed less than VP3 due to usingAUGNACG,
start codon and finally VPL1 is the least efficiently expressed capsi€in as it is translated

from a minor spliced mRNA specidsie three VP proteins all have the saméefninal
sequence, differing at the #rminal sequencgBecerra et al., 1988; Van Vliet, Blouin,
Brument, AgbandjgcKenna, & Snyder, 2008Jhe mature AAV structure is composed of
capsid proteins in a ratio of 1:1:10/R1:VP2:V® resulting in a 60 subunit capsid
approximately 25 nm in diameter.h@ capsid proteins are arranged in T=1 icosahedral
symmetry. VP3 proteins make up approximately 50 out of 60 of the capsid monomers, while
it is possible to form capsids from VP3 proteins dBgcerra et al., 1988; Le, Radukic, &
Mdller, 2019; Venkatakrishnaet al., 2013)
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Figure 1.5Schematic of T1 icosahedral capsid symmetry (taken from ViralZone).

1.3.2.4 Assembly Activating Protein (AAP)

As described in sectioh.3.2 &ove, in 2010 Sonntag et al. identified a new AAV protein
encoded by theCapORF from an alternative reading fran(®onntag et al., 2010)This
protein has become known as the assembly activating protein (AAP) and was shown to be
involved in the formation of capsid for some serotyp8enntag et al., 2011AAP expression

is initiated at an unconventional CTG start codon. This unconventional staadn cisd
preceded by a weak ACG start codon for VP2, it also contains the ATG start codon of the VP3
protein. The initial study to describe AAP expression was undertaken using AAV serotype 2
and showed that AAP was not just involved in the formation of capsid for serotype 2,

was essential for formation of capsids. AAP is a small protein of approximately 22.6 kDa that
initiates the transport of VP proteins to the nucleolus. AAP was shown to rapidly chaperone
capsid assembly and this chaperoning prevenesdhgradation of the unassembled capsid
proteins (Grosse et al., 2¥; Sonntag et al., 2011, 201®AP contains two hydrophobic
domains in the Nerminal region of the protein and it is suggested that it is thegdeminal

regions that are integral to its assembly promoting actidgumer et al., 2012)

Sonntag et al. also showed that AAP, in the absence of VP1 and VP2, can facilitate formation
of capsids comprised sy of VP3 proteins. In the absence of AAP, VP3 only serotype 2
capsids cannot be formed. AAP from serotype 2 was also shown to stimulate capsid assembly
for a number of other AAV serotypes. As with serotype 2, all AAV serotypes rely on AAP
expression fomssembly to occur, with the exception of serotype$ 4nd 11 which do not

rely on AAP for capsid assem{Barley et al., 2017; Grosse et al., 2017; Sonntag et al.,.2011)
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It was also demonstrated that AAP is requiredtfar production of recombinant AAV (rAAV)

in mammalian cells and insect cdlrosse et al., 2017)
1.3.2.5 The Role of Aenoviral Helper Genes

Helper genes are essential for efficient AAV replication and propagation, and although these
can come from several sourgebey are usually from adenovirus. The adenoviral genes
required for the production of AAV akelA, E1B, E2B4and VA RNA. Ela plays a major role

in the activation of the p5 promoter which is responsible for the synthesis of the Rep proteins
as described in section 1.2.1. Ela also drives the host cell-At@a$&e of the cell cycle for
viral DNA replicatioiChang et al., 1989; C A Laughlin et al., 1982; Matsushita et al., 2004,
Tratschin, West, Sandbank, & Carter, 19&)a expression also stabilises p53, leading to
apoptosis of cells. Utilising the adenoviral genes, E1b and E4 protects againsisapapyt
forming a complex with p53 triggering ubiquitin mediated proteolysmwve, Rley, Jacks, &
Housman, 1993; Steegenga, Riteco, Jochemsen, Fallaux, & Bos,BlH98nd E4 are also
responsible for preferential export of AAV from the nucl@@gder, Moore, Logan, & Shenk,
1986) E2Aencodes a DNA binding protein that is involved in viral DNAcedfuln, processing

of viral mRNAs and regulation of AAV promoters. Viral associated (VA) RNA inhibits the
kinase PKR that phosphorylates-2¢5 preventing the cell from blocking translation of viral
mRNAgMatsushita et al.2004)

1.4 The Manufacturing of rAAV and Challenges Involved

When determining what AAV serotype is appropriate to use for the intended gene therapy
it is important to consider several criteria: (1) The cell or tissue type to be targeted, (2) the
safety ofthe gene of interest, (3) tissue specific or constitutively active promoters, and (4)
systemic or local delivery. Production or engineering of rAAV capsids has been a particularly
challenging aspect of rAAV vector generation. Methods of production havela®=d over

the years and variations in the rAAV vector production methods are discussed in this section,
focusing on the cell lines used to generate the vectors, the number of plasmid vectors
transfected, and the transfection methods usélthere are a nmber of challenges in the
manufacturing of rAAV that contribute to the high cost of these therapies and make
manufacturing processes inefficient. This section also considers the advantages and

disadvantages of each production method.

1.4.1 Engineering of AAV Transgene Cassettes
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When producing viral vectors for gene therapy, it is important to consider the genome
packaging size. In the case of rAAV, there is limited packaging capacity of approximately 5 kB
(Naso et al., 2017)The gene of interest (transgene) to be packaged must be flanked by two
ITR regions, and this must lbensidered within the 5 kB packaging capacity of rAAIE.

worth noting that in the case of setbmplementary AAV the packaging capacity is reduced

to around 2.4 kBJ. Wu et B, 2007) To overcome this size limitation research into the
development of a split AAV approach which allows for the packaging of larger transgenes
and its regulatory cassettdsas been undertake(Akil et al., 2019; Nitzahn et al., 2020

AAV serotype 2 is the most widely studied AAV serotype and was the first to be characterised,
the ITR sequence from serotype 2 is the most oftead ITR sequence in rAAV work to date.
Along with the transgene, the ITR regions also flank mammalian promoters such as the strong
CMV promoter and enhancer (Figurer)l.Use of a strong constitutively active promoter
results in high expression levelstbé gene of interest. Other strong promoters utilised are

the EFla, SV40, and CAG promoters which, along with the CMV promoter, can deliver high
expression levels of the transge@owell, Riverd&oto, & Gray2015) To avoid unwanted
expression in particular tissue types it is also possible to use promoters specific to the tissue
of interest such as the muscle creatine kinase for high expression in skeletal musele or
myosin for high expression in cardiawscle. For high levels of neuronal expression the

neuron specific enolase promoter can be ugbPashkoff et al., 2016; B. Wang et al., 2008)

ITR Gene of Interest - ITR
~ 5kB

Figure 17 Schematic of the components of a packaging cassette for rAMAV is Adeno
Associated Virus, ITR is Inverted terminal repeats

Research has also been carried out over the last two decades studying the link between
codon usage in the transcript of the transgene, that partially determines elongation speeds

during mRNA translation, and protein expression levels. Codon engineeribgé@ashown

to impact mammalian expression and in a tissue specific nature. It is therefore important to

understand the implications of codon optimisation of the transgene gene as this impacts the

expression of the transgene at the protein le¢@hrton et al., 2007)

1.4.2 Manufacturing of rAAV

51



As with many other biotherapeutics, AAV vectors must be producediing lsystems and
production of rAAV vectors is expensive. TraditionaAV production was carried out in
adherently grown cells. Despite larger scale adherent production methods being developed,
including cell stacks or roller bottles, production yietdsaround 16* genome copies (GC)

per litre are obtainedR. M. Kotin, 2011; Strobel et al., 2018)ch yields are suitable for
generating enough material for earytage clincal trials but may not be suitable to meet
larger scale markets. Furthermore, this platform is aasilyscalable and thus suspension
cultured cell production systems have received much attentiBoth adherent and

suspension systems adéscussedn more detail in sections 1.4.3.1.2 and 1.4.3.1.3
1.4.2.1 Methods for Transfection of rAAV Plasmid DNA

One of the most commomethodsof rAAV vector production utilises a twor three-plasmid
transient transfection of a HEK cell liffe. Jude &nulski & Muzyczka, 2014pne plasmid is

the transgene plasmid, containing the therapeutic gene of interest which is flanked by AAV
ITRs at each end. The second plasmid transfected contains thR&paxWdCapgenes. These

two plasmids are ctransfeced into a cell line. To produce the vectors, the two plasmids
must either be ceanfected with a helper virus, such as adenovirus, or ba@esfected with

I GKANR GKSELISNE LXFAYARS® ¢KS KSHBIEEWKE | & YAF
VA1 RNA. i coinfection with Ad is used, after production the adenovirus can be heat
inactivated at 56°C during rAAV purificatibfenenbaum, Lehtonen, & Monahan, 2003)
However, ceainfection with ahelpervirus plasmichow tendsto be favoured, negating the

need for ceinfection with a helper virus. Xiao et al developed a triple transient transfection
method, using the Rep Cap plasmid, the transgene plasmid and a helper plasmid containing
the genes E2a, E4 and VA RNA, utilisiegHEla expressing HEK293 cell (M=o, Li, &
Samulski, 1998)This triple transient ctransfection method removes the need to coinfect
with a virus and thus is considered a safer method of production. There has also been
research into the development of rAAV production systems @& not reliant on the
transfection of plasmid DNAs, this is because nrpiismid transfections are rather
inefficient due to the need to ensure multiple plasmids enter each cell and there is no control
over the copy number that enters a given cell. Fartht requires large amounts of plasmid
DNA rAAV vectors and is difficult to adapt the transient transfection method for large scale

manufacturing.

One further aspect that has been studied is the ratio of the plasmid DNA transfected. As

mentioned previosly, one of the most common methods of rAAV production is the co

52



transfection of three plasmids, a plasmid containing tiee and cap genes, a plasmid
containing the ITR regions flanking a GOI and a plasmid containing the helper genes.
However,the ratio & which these plasmids gdtansfected,and the number of plasmids
transfected can vary across studies. Xiao and colleagues have studied the effect of altering
the transgene/packaging plasmid ratios in their helper free system across a number of
packagingplasmids and determined the optimal ratio required to generate a high titre
system(Xiao et al., 1998More recently, Zhao and colleagues used a Desligixperiment
approach to determine the optimal transgene, packaging and helper plasmid ratios to
achieve yields of 3x¥fvector genomes (VG)/L in a suspengitatform, this was carried out

by lowering the transgene plasmid concentration with a higher packaging pldZimd et

al., 2020)

Another system has been developed for the productioh AV vectors which
circumnavigates the challenges associated with scalability of AAV prod(bigcussed in

section 1.4.3.1.4)In 2002, Kotin and colleagues established the Baculovirus Expression
System (BEXQr AAV productiorby live baculovirusnfection ofSpodoptera frugiperdésf9

cells. Three recombinant baculoviruses are used to infect Sf9 cellslzaRelpvirus, a VP

baculovirus and an AAMR baculovirus. Furthermore, the rAAV particles generated in the
baculovirus systems have the sameygpical and biological properties as those produced in
YEYYFEAlLY OSttad Y2UiAyQa SFectosdemBeslpes $fE (2 3
cell(Urabe, Ding, & Kotin, 2002)

Work has also been egoing to develop systems that negate the need for transient
transfection. For example, the generation of cell lines that have copies of théRapahnd
Capgenes integrated into the cells has been reported. More specificallytlalireported

on the development of a system which delivers the rAAV genome to a packaging cell line
without the need for plasmid transfection. They utilised a HelLa cell line a@d2&ngineered

this to be under inducible control for the expression of the AAV Rep and Cap proteins when
infected with Adenovirus. In this system the rAAV genome is embedded in the E1 region of
a replication deficient rAd virus. The HelLa cells are tlmanstluced with the rAd virus
resulting in the production of infectious rAAV vect@ifs Reed Clark, Voulgaropoulou, Fraley,

& Johnson, 1995; X. L. Liu, Clark, & Johnson, 1999)
1.4.2.1.1 Calcium Phosphate Precipitation Method of Transfection

Calcium phosphate precipitation is one of the most common methods imsddansfection

of plasmid DNA, including for rAAV production and has been used for transfection of plasmid
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DNA catransfected into HEK293 or HEK293T cell I{Adlay et al., 2011; Zolotukhin et al.,
1999) Calcium phosphate garecipitation has been shown to efficiently transfer DKo

90% of transfected HEK293 cells. The method works via the formation of a calcium
phosphateDNA precipitate, with the calcium phosphate facilitating binding of DNA to the
cell surface and entering the cell by endocytdsié / | f OA dzYemédigtediradkféctins

2T Sdzl I NE 2 (. H@veverSdal€ium3pBosphate predipitation for the production of
rAAV usually requires serum, this is not recommended for alinge Furthermore calcium
phosphate precipitation is not easily scalab®AV production using calcium phosphate
mediated transfection has been shown to generate 100,000 vector genomes per cell in
HE293 cell§). Fraser Wright, 2009)

1.4.2.1.2 Polyethylenimine (PEI) Coprecipitation Transfection

Polyethylenimine (PEI) mediated plasmid DNA transfection into cells was first described in
1995 by Bouskand colleague¢Boussif et al., 1995PEI forms ionic interactions with DNA
resulting in the formation of a polyplex which can enter the cellsuigh endosomes. PEI is
favourable over calcium phosphate coprecipitation due to the fact that cells can be grown in
serum free media and is more efficient at delivering plasmid DNA. PEI is moderately cytotoxic
and is norbiodegradable but nevertheless reggents a preferred method of transfectionh
plasmid DNA and can be used in suspension cultures easily. Durocher et al. (2007) reported
production of AAV2 vectors of ¥vector genomes per 3.5 L bioreactor culture under serum
free conditions and PEI metka transfection(Durocher et al., 2007Huang and colleagues,
generated AAV2 vectors utilising a triple plasmidramsfection, using PEI garecipitation

in HEK293T cell lines, reporting titre yields ranging from 2xidctor genomes (VG)/ml to
2x10°® VG/ml (Huang et al., 2013)PEI transfection offers a cesftfective method of
producing high titre AAV vectors in both adbat and suspension cultur@Reed, Staley,
Mayginnes, Pintel, & Tullis, 2006; J. Fraser Wright, 2008ahal and colleagues utilised
HEK293Eccells grown in serum free suspension to produce AAVs of serotgasidg a PEI
transfection reagent. This production method generated yields df YG/L cell culture
(Chahal, Schulze, Tran, Montes, & Kamen, 2014)

1.4.3 Industrial Manufacture of rAAV Vectors

Production of biologics can be broken dowtoiupstream and downstream processing. AAV
manufacturing involves the upstream processes of cell line development, cell culture and

harvest of AAV, while the downstream processes consist of purification, formulation and fill
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finish. Successful manufactng of rAAV results in a consistent high titre pure product that

meets the safety and efficacy that is required for regula(i@ooij et al., 2019)
1.4.3.1 Upstream Processing

Upstream processing is the first step in the production of biomolecules and generally refers
to the entire cell culture process from cell expansion to the harvest of the culture. The main
steps of upstream processirage dependent on both the product and the cell line used. All
upstream steps can vary and be process and target specific, includimgsting which as
described earlier for the case of rAAV may require recovery of material from within the cell
or from the supernatan{Lindskog, 2018Production of rAAV at scale to meet the demands

is a catinuing challenge with gene therapy vector production. Generallgrder to produce
clinical grade rAAV for trial, cultures of between 10 and 200 litres are regiWe@Qu, Wang,

Wu, & Xu, 2015)Upstream processing specifically focuses on the hdst tecansfection,
production of the virus (including culturing conditions, feeding/media) and the virus harvest.
The host cell refers to the thawing and expansion of the master cell bank, there can be
variability associated with this step, from the cealkliused to the media. Furthermore, the

cell concentration and growth phase of the cell can also cause variability during this phase.
During rAAV upstream processing, transfection methods (as described in skdtidr) can

vary from the reagenused, the plasmid size, number of plasmids transfected and the
plasmid ratio. Virus production can vary due to time cultured, exchange of media and the
temperature the cultures are grown at. If produced in suspension in bioreatt@gontrol

of these aml other parameters can be much more stringent than in other systems. The final
stage in rAAV upstream processing is particle harbest, this isachievedandthe time post

transfection can varfrom process to process
1.4.3.1.1 CellLines

Production ofprotein therapeutic substances, such as recombinant proteins, monoclonal
antibodies (mAbs) and viral vectors can be produced using a variety of methodologies and
expression systems. This includes meammalian systems, such as bacterial, insect, yeast
andplant cell systems, or by using mammalian cell expression production platforms (human

and norhuman mammalian cell ling®umont, Euwart, Mei, Estes, & Kshirsagar, 20L6¢

choice of production system can vary based on the protein or target biologic to be expressed.
Mammalian cell lines are a preferred method for @i production in the
OAZ2LIKENXYIF OSdziAOFf AYyRdzaGNE G2 YI1S NBO2YoAY!l

to produce, fold and assemble complex proteins with human like -passlational
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modifications (PTMs) such as glycosylation patterns sirdléinose produced in humans
(Ghaderi, Taylor, Padi¢taravani, daz, & Varki, 201050ome of the most common cell lines

used for biotherapeutic protein production includes the use of the-haman cell lines
Chinese Hamster Ovary (CHO) and baby hamster kidney (BHK21) cells among others. The
human mammalian cell lireused include, but are not limited to, Human Embryonic Kidney
(HEK) and HelLa (after Henrietta Lacks from which the original biopsy of cells was taken) cells.
The human cell lines generally produce recombinant proteins most like those synthesised
naturally in humans, with their postranslational Nglycansin particular being similar in
structure, number and location which plays a role in the biologic activity, stability and
immunogenicity of therapeutic proteinumont et al., 2016; Swiech, &ngoCastro, &
Covas, 2012However, CHO cells in particular are indeed the commercial go to cell line for
production of human like recombinant proteins as these can produce htlikaPTMs at

higher yields and are more robust than other cell line opsi. Despite this, for commercial

viral vector production, human cell lines such as HEK293 and HelLa are of particular interest

and HEK cells in particular are the favoured platform at present.
HelLa Cells

HeLa cells were the firgt vitro continuously culired human cell line, established in 1953.
These cells were derived from a cervical epidermoid carcinoma from Henrietta Lacks
(Scherer, Syverton, & Gey, 1953)nfortunately, these cells were harvested without
knowledge or consent, and this has led to much debate on medical ethics and controversy
surrounding this cell line. Despitedttontroversy, HelLa cells are one of the major cell lines
used in general cell biology study across the world and has been investigated and used for
the production of recombinant AAV vectors. Historically AAV production using a HelLa cell
line was carried ot using a two plasmid transfection system where the cells were co
transfected with a transgene plasmid and a+&gp containing plasmid and the HelLa cells
were coinfected with wild type Adenovirus (wtA@jlerten, GenyFiamma, &Douar, 2005)

Liu and colleagues have reported the development of a HelLa cell line for high titre AAV
production using the coinfection of Ad. This method of AAV production is an advantageous
system for large scale production as AAV production in Hells @ecurs in suspension,
furthermore, this research showed thaiicreasing theAd moito greater than 10 viruses
caused a 10 fold increase in the particle tifke Liu, Voulgaropoulou, Chen, Johnson, & Clark,
2000)
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Research into the development and use of HelLa cell producer cell lines for AAV production
has been extensive and a number of HeLa derived cell lines have been generated for the
production of high titres of rAAV. One method for the production of rAAV patrticles reported
involves the use of cell lines stably expressing Repand Capgenes, for example the
HeLaRC32 cell line. The parental cell lines of these rep/cap expressing cells are typically HeLa
cells and generally require the coinfection of Ad for the production of &Zadeuf et al.,

2000; GP. Gao et al.,, 1998; Salvetti et al., 1998; Q Yang, Chen, & Trempe, .1994b)
Unfortunately, due to the potential for Ad viral genome contaminants in the rAAV stocks
produced rAAV production has largely moved away from therdection of cells with wild

type Ad due to safety concerns.
HEK293 cells

Human Embryonic Kidney (HEK) cells, like HeLa cells, are an immortalised cell line. The cell
line was originally derived frommeaborted female foetus in the 1970s and immortalised by

the transfection of the cells with Ad5 DNA containing EfleAand E1Bgenes(W. C. Russell

et al., 1977) There have been a number of soéll lines derived from the HEK293 cell line
including the HEK293T amtEK293F cell lines. The HEK293T cell line contains the large T
antigen of the SV40 viry8ae et al., 2020; DuBridge et al., 198EK cells are frequently

used in the production of rAAV at the heh and commercial scale and are currently the cell

line of choice for AAV production.

As with HeLa cells, rAAV was initially produced from HEK293 cells byittieatmn of cells

with wtAD, this posed the same safety risks of Ad contamin@iesten et al., 2005)Futher
developments moved from use of wtAd to a replication defective Ad which was missing the
Elgenes. HEK cells were a natural choice for the production of AAV using E1 deleted Ad due
to the expression of Ad5 E1 genes in the HEK @dbsten et al., 2005)The most wdely

used method of rAAV production currently is the triple transient transfection approach using

a transgene plasmid, Rep/Capplasmid and a Ad Helper virus suppling the helper g&zes

E4 and VA RNA. Using the helper plasmid negates the risk of Adaoainants in AAV
products(Nguyen et al 2021)

Typical rAAV production using HEK cells is still undertaken in adherent culture mode; this
method is typically a time consuming and challenging production method with a major issue
being scalability of adherent HEK293 based rAAV productidmileVWhere has been

improvement in the scale up of adherent culture systems, such as the development of

technologies such as the iCellis systtrobel et al., 201%here is still a limitation upon
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production using this approach. Nevertheless, Stéiadind colleagues utilised high density
frozen cell stocks by seeding directly into CELLdiscs for the upscale of HEK 293 cell line
derived rAAV production yielding rAAV Serotype 2 post purification titres Bfve@tor
genomes per batch in the presencekBIStrobel et al., 2019)

The limitationsof adherent culture means inevitably research has moved towards the
development of suspension based HEK cell lines for the production of AAV. Process
development advances have yielded titres of up to 2%1Q/L of culture post purification
(Blessing et al., 2019; Grieger, Soltys, & Samulski, 2016; Nguyen et al.,282dije the
advances in the suspension cells, much improvement is needed tevachigh genome

packaged rAAYV yields for the treatment of disorders.
A549 cells

One further human cell line which has been utilised for AAV cell line production is the A549
cell line; this is an adenocarcinomic human alveolar basal epithelial celeledoged in the

early 19704Giard et al., 1973)This cell line is typically used in the study of lung cancer or
for the development of drug thrapies for the treatment of lung candétan Zhang, Feng,
Gong, & Ma, 2018)However, this cell line has been used in research to develop rAAV
producer cell lines. Gao and colleagues developed an A549 producer cell line stably
expressingep/cap, named K209. A549 cells were transézttwith an AAV serotype 2 p5
rep/capcassette. Upon adenoviral infection the K209 producer cell line amplifiegiieap
genes, resulting in a high level of AAV produdi&umangping Gao etl., 2002) Farson and
colleagues also reported development of an A549 producer cell line stably expresping R
and Capgenes capable of generating *18AV particles per ce(Farson et al., 2004)
Unfortunately, in order for AAV production to occur these cells must be coinfected with Ad

virus for Rep/Cap expression to occur
CHO cells

The Chinese hamster ovary (CHO) cell system grown ibafiett suspension is the
expression system of choice for complex biopharmaceutical production, however it is not
currently used for rAAV production. The CHO cell system has been hightgcetor the
production of high titres of recombinant biotherapeutic proteins and therefore an
opportunity might exist for this system to be explored to determine if it is able to support
high titre and packaging production of rAAV. The advantage to ghilsait high efficient

bioprocess conditions and scale approaches have been developed for CHO cells that could
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be directly applied to rAAV production if this cell system can support rAAV production in

suspension at appropriate titres and packaging efficies.

1.4.3.1.2 Producer Host Cell Line

New approaches are continually being investigated and developed to increase rAAV vyields
and quality while reducing costs. One of the major considerations when producing rAAV for
clinical use is the producer cell line used. Human production cell linesbemoeme a key
focus in the therapeutics industry, they act as expression systems for the production of
recombinant proteins and viral vectors allowing for human gesslational modifications
(Malm et al., 202Q)

To date rAAV research has largely focused on a number of mammalian cell lines including
HEK293 and HEK293T although other host systems including ingefcingi cells have also

been exploredNegrete & Kotin, 20070ne of the major advantages of using a HEK cell line,
such as HEK293 or HEK293T, is its expression of the adenoviraEgeaaes! E1b,these
genesbeingrequired forreplication of AAV to occur. HEK293 is one of the most commonly
researched and utilised cell lines in recombinant protein and viral vector research. The cell
line originated in 1973 from an aborted human embryo. The cell line was immortalised by
the introduction and integration of a portion of the Ad5 genome containinggtitdandE1B
genes, expression of E1a and E1b allows for the continuous culturing of the cells and inhibits
apoptosigW. C. Russell et al., 197Furthermore, Ela and E1b are essential helper proteins
for the production of AAV and therefore HEK293 and its derivatives have become key cell
lines used in rAAV production to da{€lémen & Grieger, 2016; Malm et al., 2020\
number of other cell lines have been derived from the HEK293 parental cell line with the aim
of improving the production of recombinant proteins in particular, the HEK293T and the
HEK293E cell lin¢kimura et al., 2019; Malm et al., 2020)

1.4.3.1.3 Adherent Culture Poduction of Viral Vectors

Production of rAAV has long used adherent HEK293 cells, however this method lacks
scalability. Scale up of adherent cell cultures involves using a larger number of flasks and the
increase in the surface area requir@€@ément & Grieger, 2@). While adherent cultures are

not ideal when it comes to scalability, they are still a wgtlidied and utilised method of
vector production. Allay and colleagues have shown that adherent cultures can be used to

generate titres suitable for the prodtion of AAV8 vectors for phase | and Il clinical trials for
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the treatment of haemophilia B. They used an adherent HEK293T cell line and a two plasmid
transfection method using CellSTACKS to sufficient post purification {Adliset al., 2011)
Microcarriersand the iCellis® systeane both used in the scale up andlture of adherent

cells for the production of AAV vectd@herian, Bhuvan, Meagher, & Heng, 2020; Lennaertz,
Knowles, Drugmand, & Castillo, 2013; Powers, Piras, Clark, Lockey, & Meaghel2816)
recent systems have investigatedake in suspension culture that can not only be scaled
more easily but allows more robust control of parameters during culture in bioreactors such

as pH, dissolved oxygen and feeding strategies.
1.4.3.1.4 Suspension Culture Production of Viral Vectors

To overcome thescalability issues associated with adherent cell lines, suspension cell lines
have been developed. HEK293 is traditionally an adherent cell line, however it has since been
adapted to suspension culture and for the safety and regulatory issues this mave ha
included a move away from serum containing culture media, and hence free from animal
components. Such cell lines include the industrially relevant HEK293F and HEG283H
Garnier, Massie, & Kamen, 1998; F. L. Graham, 1987; Schwarz et al.,@02§9r and
colleagues developed one of the first suspension cell lines successfully used in the production
of rAAV vectors. Their work adapted an adherent HEK293 cell line. The cells were adapted to
serum and animal component free media in both shake flasks and WAVE bioreactors. Using
the triple transient transfection method to produce AAV vectors, Griegat etere able to
generate vectors with a titre of 1x30VG/L of culture media 48 h post transfection for a
number of different AAV serotypes-@l 8 and 9). This method of rAAV production is one of
the most commonly used methods in the manufacture of GNMBse 1 clinical trial rAAV

material for a variety of serotypd&rieger et al., 2016)

A suspension HEK293T cell line was also used by Zhao and colleagues for the development
of a high yield AAV vector production system using a design of experiment approach (DOE).
DOE allows one to studyraultitude of variables at the same time. This study showed that

by lowering the concentration of the transgene plasmid while increasing the concentration

of the packaging plasmids it was possible to achievepprédication yields of approximately

3x10* VG/L of culture supplemented with 2% FBS and-§OnL G418 for 13 serotypes of

AAV, 48 h post transfectioizhao et al., 2020HEK293T cells are a human cell line derived
from HEK293 thagxpress the SV40 T antigen. Typically, this cell line is grown adherently but
has been adapted to grow in suspension in chemically defined, protein free fadaidge

et al., 1987)
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Blessing and colleagues have recently described the development of a scalable AAV
production system using the suspension HEKExpress cell line. The HEKExpress cell line is a
fully characterised and suspension adapted cell line that can be grown in serum free
conditions in orbitally shaking bioreactors. rAAV vectors were generated usingpdetsvoid

PEI transfection system and were harvested 72 h post transfection. This study showed that

it was possible to obtain similar yields of rAAV for a number of serotypes when grown in
suspension and in comparison to adherently grown cells, with posifigation yields

determined to be between 2.5x1Pand 1.5x18" vector genome¢Blessing et al., 2019)
1.4.3.1.5 BaculovirusProduction Systems

As mentioned in section 1.4.2.1atulovirus is another system used for theduction of
rAAV viral vectors. This systedmasbeen established for the manufacture of human and
animal vaccines anlduman therapeutics including the rAAdsed gene therapy, Glybera®.
The BEV systemas first used for rAAV productidiy Kotin and colleaguesdinvolves the
infection of Sf9 cells with three baculoviruses, a Rapulovirus, a \WBaculovirus and an
AAVITRbaculovirus to produce rAAV patrticles that are biologically similar to those produced
in mammalian cellsUnlike mammalian cell production, the BEV system does not require
addition ofany of the adenoviral helper gene®irk Grimm, Kern, Rittner, & Kleinschmidt,
1998; Urabe et al., 200Zyhis system is advantageous over other rAAV production systems

due to its fasfproduction and its scalable natu(Eelberbaum, 2015)

Mena and colleaguesvere able to produce yields of 1®vector genomes per litrdoy
infecting Sf9 cells at law multiplicity of infection (MOI)Usinga fed batch approacthey
were able to achieve a sevdaold increase in rAAV yields, furthermore, they were able to
show that production ira bioreactor resulted in a 25% increase what was achieved in
shake fhsks(Mena, Aucoin, Montes, Chahal, & Kamen, 2010)

Research continuginto the use of the BEV expression gystand Sf9 cellsAn important

aspect of this research is on the safety and efficacy of rAAV generated in the BEV system.
Rumachik and colleaguesrried out a comparative analysis of the vectors produced in
human cells compared to insect cells. This stigeytified differences at both the genomic

and proteomic levelsOne of the major differences between the use of insect cells and
mammalian cells is post translational modifications (PTM®) example insect cells are
cannot generate complex-bdlycans ¢ the same level as mammalian c€kost, Condreay,

& Jarvis, 2005PTMs are known to influence therapeutic proteins by rattg their stability,

functional activity and immunogenicity. Using mapsctrometry the study determined that
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there are in fact differences between the PTMs of rAAV8 vectors produced in mammalian
cells and insect cells, with the Sf9 produced rAAV8 dagsaving more PTMs than their

mammalian counterpartRumachik et al., 2020)
1.4.3.2 Harvesting of rAAV

Following the transfection of plasmids for rAAV production, it is important to harvest the
rAAV patrticles from the culture media, or in the case of a number of AAV serotypes, from the
producer cells themselves. This step in the production of AAV partialevary, from the
number of days between transfection of plasmids and the harvest, to how the rAAV particles
are harvested (from culture media to the cell lysate). With regards to the time between
transfection and harvest, there are a number of studiescltharvest the cells after 48 h

and others which harvest after 72(Blessing et al 2019; Grieger et al., 2016; Zhao et al.,
2020)f YR GKS WwWoSadQ GAYS Aa tA1Ste G2 0SS LINROS.
In situations where AAV particles are retained in the cells, this adds another challenge to the
production and purification of particles as delivargctors, as the cells need to be lysed
before the AAV particles can be collected and puriffegumber of AAV serotypes, including

the most commonly used AAV2, are retained inside the producer cell line. Vandenlegrghe
al.,showed that a mere 9% of AAyarticles were secreted into the culture media from the
HEK293 producer cell line, this is in stark comparison to that of serotypes such as AAVS8 in
which more than 85% of the total particles are secreted from the cells. The difference in the
secretory amouts of the serotypes is thought to be due to the serotype affinity for heparin.
Removal of AAV2s ability to bind to heparin increases the secretion of AAV into the culture
media, while increasing AAV8s ability to bind heparin results in an increasenartiieer of
retained particles in the cglBummerford & Samulski, 2@8; Vandenberghe et al., 2010; Xiao,
2010)

Harvest and purification of AAV particles from the cell begins with the cell lysis, this can be
either chemical lysis, through detergent containing lysis buffers, or mechanical lysis, via
freeze thaw or miarfluidization methods. Once freed, any residual viral or cellular nucleic
acids, host cell proteins, lipids or other impurities are removed by downstream purification.
Using HEK293T cells to produce AAV vectors in-laygd HYPERFlask®, Dias Florencio
deweloped a method of detergent cell lysis using Triton X to detach and lyse the adhered
cells. Their method showed that the HEK293T cells treated with 0.5% T+it08 #6r 1 h
resulted in the release of rAAV from the cells while maintaining structure aradifunality.

This method treats the producer cells and the supernatant at the same time, other traditional
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methods separate the cells from the supernatant before recombining together. The study
showed that treatment of producer cells with TritoAl&O resltedin an increased recovery

of AAV in comparison to traditional harvest methdéas Florencio et al., 201%)ne of the

most commonly used protocols for the removal of nucleic acids uses the endonuclease
Benzonaze to remove any endogenous DNA from the preparafiol&snent & Grieger,
2016)

AAV extraction from the producer cell lines can be achieved by a number of other methods.
Negrini et al developed a method of AAV vector extraction utilising chloroformmiEtisod
harvested AAV particles 6 days post transfection with the AAV particles being harvested and
purified in 46 h with titres between 1% and 133vector genomes per ml from two 175 ém
flasks (Negrini, Wang, Heuer, Bjorklund, & Davidsson, 2020; X. Wu et al.,.2001)

Unfortunately,this is not an operator safe method of AAV manufacture
1.4.3.3 Downstream Purification and Polishing of rAAV

Downstream processing the recovery and purification of the rAAV, the aim being to
separate the rAAV from impurities and to formulate for use in patients. In order for viral
vectors to be suitable to patient administration they must meet regulatory standards in
terms of theircritical quality attributes (CQAS) that define the quality of the product. In viral
vector production, downstream processing begins with the material harvested either from
the cell lysate or from the culture media. It is important and a requirement toorem
impurities as they can pose unknow risks to the patient, particular immunogenicity, can
impact stability, and can reduce transduction efficiency of the rAAV vectors. Removal of
impurities relies on approaches such as ultracentrifugation or chromatbgraypstems. One

of the key impurities to be removed from AAV products is empty/incorrectly packaged
OFLJAAR&AY GKFG IINB o0A2ft23A0Ftte WAYylFIOUABSQ
in downstream processing of rAAW. Qu et al., 2015)

1.4.3.3.1 Ultracentrifugation

Ultracentrifugation is used in the purification of rAAV, using differences in the density of
rAAV differing from other impurities. rAAV has an approximate density of 1.40°gfath
ultracentrifugation can be used to separate rAAV from cellular organelles, sqiutiieins
and nucleic acid. Furthermore, empty particles have a density of 1.32¢&mu et al.,
2007) this difference in densities allows for the separation of packaged particles from empty

particles. Density gradient ultracentrifugation is suitable for all AAV seroiypeQu et al.,
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2015) Caesium chloride ultracentrifugation reduces the number of immgitn the first
round of centrifugation, however, multiple rounds of ultracentrifugation results in a higher
level of purity. Following CsClltracentrifugation, the rAAV containing solution undergoes
dialysis, a step which ultimately reduces the infegtigitres. While there are advantages to
the use of ultracentrifugation it is a tirm@nsuming method of purification which takes
approximately 30 hours to undergo two rounds of ultracentrifugation. In addition to this it is

not currently an easily scalabmethod of purification.

lodixanol gradient ultracentrifugation is a preferable method of purification to 2CsCl
ultracentrifugation due to its ability to recover higher yields of material. The improved
ultracentrifugation method developed by Hermens étshowed a rapid and reproducible
method of rAAV purification and concentration. The method is based on the iodixanol
gradient described by Ford et al. (1994). Unlike £ &fclixanol gradient ultracentrifugation

purification and centrifugation can be carried out in less than 24drmens et al., 1999)
1.4.3.3.2 Size Exclusion Chromatography (SEC)

Size exclusion chromatography (SEC) is a method that can separate large biologics by size
and weight/shape in solution. The total massrARV has been estimated at over 600 kDa,

the packaged capsid is approximately 170 kDa heavier than its empty counterparts. If used it
is usually as a polishing step although ion exchange chromatography methods are now

generally preferred as chromatograptseparations for rAAV.
1.4.3.3.3 lon Exchange Chromatography (IEX)

rAAV particles can bind to ion exchangers, IEX is therefore a useful tool for purification that
has received much interest as a scalable approach, making it advantageous over
ultracentrifugation mettods. The isoelectric point of rAAV serotypes have been calculated
for serotypes 112. The overall net capsid pl does not vary greatly across the serotypes with
the serotypes having an isoelectric point around pl 6. The isoelectric points of the VP3
protein, the most abundant, remains constant across the serotypes. However, there is some
variance across the isoelectric point of VP1 and VP2. While most serotypes have a pl between
5 and 7, serotypes AAV2, AAV7, AAV8, AAV10 and AAV12 have a pl of appro&jmétely
10,10, and 8 respectivelpVenkatakrishnan et al., 2013Yenkatakrishnan and colleagues
also showed that empty capsids have a slightly higher isoelectric point than packaged
capsids, this knowledge gives rise to the use of anion exchange chromatography for the

separation of fulparticles from empty particles.
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There has thus been considerable focus on the use of anion exchange chromatography for
the purification of rAAV. In a study by Kaludov et al, it was shown that ion exchange
chromatography can purify AAV serotypes 2, 4 aimil& highly efficient and rapid manner,
effectively removing the empty AAV capsids with 90 % of purified particles containing the
gene of interest. This study utilised both weak AEX and strong AEX co{kalnslov,
Handelman, & Chiorini, 2002t was later shown in a study by Urabe that anion exchange
chromatography can separate package#\A capsids from empty capsids using the same
strong and weak AEX columns as the Kaludov study. Furthermore, this study determined that
upon removal of the empty capsids efficiency of AAV1 transduction incrébsable et al.,
2006)Dickerson, Argento, Pieracci, & Bakhshayeshi, 2020)

1.4.3.3.4 Affinity Chromatography

Affinity chromatography is a method of separating biomolecules from other contaminants
that utilisesthe specific binding interactions between the biomolecule and a ligand. Research
using mutant CH®&1 cell lines deficient in heparin sulfate has shown that AAV2 contains
binding sites specific to heparin sulfatéSummerford & Samulski, 1998Affinity
chromatography utilising Heparin has been used to successfully purify rAAV from the cell
lysate d large culture volumegAnderson, Macdonald, Corbett, Whiteway, & Prentice,
2000) Unfortunately, not all serotypes show affinity for heparin sulfated some AAV
serotypes show greater affinity to heparin sulfate than others, with AB®Bg the most
successfu{Nass et al., 2018a; W. Qu et al., 2048y thus this cannot be used as a generic

rAAV purification approach.

1.4.4 AAVAnalysis Methods and Limitations

A major issue with rAAV process development is the ability to scale up the process for large
scale production. All stages of rAAV production; upstream processing, downstream
processing and analytics must be suitable for large scale production of AAVnd@nédbses

in the clinic require accurate methods for titre analysis from genome titre to capsid/particle

titre.
1.4.4.1 Genome Titre Analysis

The key method of determining dosing of rAAV therapeutics in the clinic relies on accurately
determining vector genomeitte (vg per ml). This can be achieved using a number of

analytical methods including quantitative rethe PCR (qPCR) or digital droplet PCR. While
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gPCR is the most widely used method of genome quantification due to its simpleedind
establishedprotocol, there are a number of limitations to its use. DNA amplification
efficiency can be hindered by a number of factors, including poor primer design, presence of
inhibitors and the requirement of a standard curve. Currently there are only two reference
stardards available, for serotypes AAV2 and AAV8. gPCR relies on the use of calibration
curves from reference plasmid DNA5 Q/ 2 a G SéG | f ®X Howlier® 520y A
Snyder, 2008)Aurnhammer et al were one of the first groups to determine the genome titre

of AAV2 using gPCR. This group used gPCR and primers specific to the inverted terminal
repeats (ITRs) of the packaged genome/transgene. This was dmidted of quantifying

the genome titre of AAV2 particles due to its requirement in AAV2 packd@nmhammer

et al., 2012) However, the use of such &fR qPCR approach has been shown to produce

titres up to eightfold higher than when targeting other regions of the transgene and
packaged DNavhich could be overcome by linearisation of plasmids outside the ITR region
05Q/ 2ail .%hé apbrobatitasitheneforé modified lising plasmid standards that

had been linearised just outside the ITR region to give more accurate titre valbe®/ 2 8 G S
al., 2016) There are a number of other common sequence regions in the transgene plasmid

that are targeted inside a capsid for g°PCR analysis that allow@erelysis of genomes (as

opposed to target specific sequences for the transgene of interest). These include the CMV
promoter region, the poly A region and the human beta globin intron (hBG) region. For
example Rohr and colleagues utilised primers agairesCMV region to determine genome

titre (Rohr et al., 2005, 2002)Vang and colleagues also investigated regions away from the

ITR regions due tpotential issues with the palindromic sequences and over estimation,
designing primers which targeted tt@@ G 2 YS 3| f 2 @A NHza -a&iy gtdmyt® S Nk OK A
(CAG), the GFP transgene, a woodchuck hepatitis B virus posttranscriptional regulatory
element (WPE), and bovine growth hormone (BGH) polyA elenté€#G, EGFP, WPIRE and

pBGH, respectivelg. Wang, Cui, Wang, Xiao, & Xu, 2013)

A new method that is a variation on traditional gPCR for quantifying genome titres has been
developed utilising droplet digital PCR (ddPCRS. ira powerful technique that allows for
absolute quantification of AAV. ddPCR is an improved PCR method which can separate a
single PCR into approximately 20,000 droplets. ddPCR is advantageous to gPCR in that it does
not require a standard curve for qutification(FurutaHanawa, Yamaguchi, & Uchida, 2019;

Lock, Alvira, Chen, & Wilson, 2014; Mostrom et al., 2R83%earch by Furutdanawa and
colleagues showed that ddPCR is capable of producing reproducible genome titresasgard|

of the sequence targete(FurutaHanawa et al., 2019)

66



1.4.4.2 Capsid Particle Titre Aalysis

While rAAV dose is usually based on the number of genomes given to a patient it is important
to also understand the number of capsid particles present in a sample and how many of
these particles are packaged correctly (contain genome). Quantificaifoparticles is
generally carried out using enzyme linked immunosorbent assay (ELISA). There are a number
of commercial ELISA kits available for the quantification of AAV particles. These kits have
been designed to detect fully formed rAAV capsids aeddased on the work by Grimm and
colleagues. They developed a sandwich ELISA assay which utilised the monoclonal antibody,
A20 generated by Wistuba and colleagues, that has the ability to bind specifically to fully
formed capsids but not single VP protejmesent in the sampleéWVistuba, Kern, Weger,
Grimm, & Kleinschmidt, 1997Along with generating an easy to usethod of quantifying

AAV, this study also determined that rAAV2 preps they investigated contain approximately
80% empty capsid® Grimm et al., 1999%ince the development of the ELISA AAV2 assays,
development of antibodies against serotypes 1, 3, 4, 5 and 6 amedeen developedD

Grimm et al., 1999; Kuck, Kern, & Kleinschmidt, 2007; Wistuba et al.,.1997)

Total viral particles can also be seguiantified byseparating AAV samples by SBYSGE and
Coomassie Brilliant Blue staining. Once stained, the gels are subjected to scanning and
densitometry analysis. Coomassie Brilliant blue fluoresces in the infrared spectrum if bound
to proteins, this knowledge, alongitlv the availability of AAV reference standards led to the
development of a method to quantify viral particles while also determining purity of the
samples. This method is advantageous due to its low cost and sim{fiolybrenner et al.,

2012)

Optical density is a tried and tested method of quantifying Adenovirus, this has since been
used for the quantification oAAV. It has been shown to accurately quantify empty and fully
packaged capsids, however it is recommended that optical density should be used in
association with gPCR and ELISA assays to account for any variability when determining the
empty to full ratia Furthermore, this method has one major limitation, it requires high
concentrations of purified AAV particles in the rage of Ski@ctor genomes per ml or

higher for accurate measureme(®mmer et al., 2003)
1.4.4.3 Transduction Assay anéinalyss
As previously mentioned, rAAV can be used as a gene delivery vehicle with the potential to

target a number of tissue types. Due to the potential uses, it is vital to study rAAV
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transduction. StudiebBave been carried out to analyse the transduction efficiency of the

rAAV generated from different serotypéSchultz & Chamberlain, 200&)ne of the most
common methods to study AAV transduction is the use of a GFP transgene packaged inside
the rAAV patrticles. Due to thaufirescent nature of GFP, cells successfully transduced with

an AAV particle containing the GFP transgene can be visualised by fluorescent microscopy
and flow cytometry Unfortunately, this method is only suitable in research and would not

be commonly use¢h the clinic(RodriguezEstevez, Asokan, & Borras, 2020; Viredavell,

Poirier, Chesnut, Brantly, & Flotte, 2000)

1.4.4.4 Product Quality Attributes

Characterisation of the critical quality attributes of rAAV is important to confirm the
authenticity of the material produced. Critical quality attributes are measurements of the
product that confirm it is of the required standard for use, such as confiomeof the
genome sequence, confirmation of the VP proteins and that these are intact and any post
translational modifications that are considered important. For this, analytics are of high
importance when it comes to process development, characterisatamd GMP
manufacturing. Indeed, characterisation of viral vectors is of high importance in GMP
production and product release to ensure product quality and patient safety. Each batch
must be tested for identity, purity, safety and potency. Impurities camain following
purification and can be both process related or product related and can include host cell
proteins (HCPs), nucleases and other components as outlined in Tabl&kdcess related
impurities refer to impurities derived from the manufactogi process including cell culture
medium, HCPs, helper components (plasmid DNA and viruses), and purification related
process components, while product related impurities refers to the vector products
structurally related to the desired product e.g. Emggpsid vector§. Wright, 2014)The
complexity of rAAV, consisting of 3 capsid proteins and the encapsulated genome mean that
further analytic @velopments and standards are still required to establish a defined set of

critical quality attributes for rAAV preparations.

HCPs are one of the major process contaminants and would be considered a critical quality
attribute (CQA). HCPs are of concern tluéheir potential to induce an immune response,
furthermore, HCPs can impact the quality, stability and activity of the drug
productBracewell, Francis, & Smales, 2015; Bracewell, Smith, Delahaye, & Smales, 2021)
Much research &s gone into developing methods for the analysis of host cell proteins

(HCPs), much of this research has been developed in the monoclonal antibody field but it is
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likely that much of this knowledge can be transferred to the viral vector and gene therapy
fields. There are a number of methods which can be used to assess HCPs including ELISA,
SDSPAGE, and MaSpectrometry (Table 1-8). CommercidELISA products are available to
detect and quantify HCPs in viral vectors produced in HEK, HelLa, BHK anid &@faamiell

et al., 2021; J. Wright, 2014pong and colleagues have published work describing the co
purification of 13 proteins with rAAV using @mbination of Gel LGS and 2D gel
electrophoresis(Dong et al., 2014)Satkunanathan and colleagues showed using an LC
MS/MS approach that 44 HCPs co purified with AB&tkunanathan, Whéer, Thorpe, &

Zhao, 2014)
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Table 1.16 Process and Product Related Impurities in rAAV Production.

Process Related Impuritie:

Methods of Analysis

Issues Associated

Residual Host Cell Prote
(HCPs)

ELISA

Mass Spectrometry

Immunotoxicity

(Nucleic acids and protein

Infectious titre of helper
virus

ELISA

Western blot

SDSPAGE
Residual Host Cell Nuclg¢ gPCR Genotoxicity
Acids
Residual Plasmid DNA gPCR Genotoxicity
Residual Helper Virus¢ gPCR Immunotoxicity,

Infectious Risk,

Genotoxicity

Product Related Impuritieg

Methods of Analysis

Issues Associated

Ultracentrifugation,

Empty Capsids Electron Microscopy, Immunotoxicity
IEX chromatography

Encapsidated host ceg gPCR Genotoxicity,

nucleic acids Immunotoxicity

Encapsidated helpe gPCR Genotoxicity,

components Immunotoxicity

Replication competent AA

Ad dependent amplification

Immunotoxicity

Aggregated, degraded an

oxidised AAV vectors

Exclusiol

DLS

Size

Chromatography,

Electrophoresis

Immunotoxicity
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1.5 Aims of this Study

During the production of AAV vectors, it has been widely reported that empty capsids form
first and the transgene is then packaged inside these. Unfortunately, rAAV packaging is not
efficient and so emty capsid particles remaifKleinschmidt, Wistuba, Steinbach, & Bock,
1997) Empty particles are a common trait across all AAV serotypes. These empty vectors
lack the transgene and thus have no therapeutic benefit. While AAV doedicibtiimajor
immune response, high doses of capsids have the potential to triggeicapsid T cell
responses(Federico Mingozzi & High, 200ifcreasing the innate or adaptive immune
response. Introduction of high empty to full particle ratio in a drug product has been shown
to reduce transduction efficiency and high doses of rAAV capsids are therefore required
(Dickerson et al., 2020; K. Gao et al., 20T4us, generally there is a need and drive to
increase the packaging efficiency of processes to reduce the number of empty capsids from
a process. It is noted that empty AAV vectors are not always undesirable and can in fact be
used as decoys. Neutralising antibodies to AAV are present in a numhamains, these
hinder rAAV ability to deliver the therapeutic and transduce. Mingozzi and colleagues
showed that in the presence of empty AAV particles the neutralising antibodies target the
empty particles instead of the transgene containing particlesaatig for the delivery of the
therapeutic geng(F. Mingozzi et al., 2013Nevertheless, reducing the number of empty

particles manufactured during the upstream culture remains a drive in the industry.

The work in this thesis therefore set out to address this issue by engineering of the HEK293T

host cell. Specifically, the aims of the work were to:

1. Establish a rAAV production system using the suspension adelii&@93T host cell
line.

2. Assess the feasibility of generatialEK293Tostcell line stably expressing the four
Rep proteins alongside the three VP proteins.

3. Generate and characterise HEK293T cell lines stably expressing Assembly Activating
Protein. Determine what impact, if any, this has on rAAV2.GFP packaging.

4. Generate and chracterise high, medium and low AAP expressing clonal cell lines,
determine the impact these cell lines have on AAP packaging. Assess the

functionality of the rAAV capsids.
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Chapter 2
Materials & Methods

2.1 General Methods
All materials used in this studyere of analytical grade or higher unless otherwise stated.

2.2 Mammalian Cell culture

2.2.1 Revival ofCell Lines

Cryovials containing 1 mL of cells were thawed in a water bath at 37°C before being aliquoted
Ayid2 | wmp Y[ TFlLfO2y (dz St S W[ho2 PEOKEBBIRY
(ThermoFisher Cat. No. 12338026) was then added dropwise to the falcon tube. The cells

were centrifuged at 200 g for 10 mins, the supernatant was then discarded, and the
remaining pellet was then resuspended in 10 mL of previitn DA 0 O2u CNBS{ (&t
Expression Medium (ThermoFisher Cat. No. 12338026). The cell concentration and viabilities

were determined using the ViCell XR (Beckman Coulter). The cells were then seeded at a
concentration of 3 X Fd/c/mL with a final cultureslume of 25 mL in a 125 mL Erlenmeyer

flask with a vented cap and incubated at 37°C in a shaking incubator girbdGith 5% CQ

2.2.2 RoutineQubculture of Cell Lines

Cell lines were sudzf G dZNBER Ay LINBEgIF N¥SR DA06O2u CNBS{
(Thermoksher Cat. No. 12338026). Routine subcultures were carried out evérgays.

Cells were counted using the ViCell (Beckman Coulter). Flasks were seeded at a concentration

of 2 X 18vc/mL with a final culture volume of 25 mL. The cells were returned to the shaking
incubator at 140pm at 37°C.

2.2.3 Cryopreservation ofcell Lines

Cells were cryopreserved at 1 X’ ¥8/mL. The cell numbers and viability were determined,

using these valugethe volume of cell culture required to bank down a number of vials was
calculated, and the culture was centrifuged at 2@far 10 mins. The supernatant was then
removed, and the pellet was resuspended in the required volume of 1X freeze mix
(10%DMSOhE: DAO6O2u CNBS{iliéeftSu Hpo 9ELINBaAaAZY
12338026))this was then aliquoted at 1 mL per cryovial. The cryovials were then placed in

a Mr Frosty containing the appropriate volume of isopropanol and store8GC for 2

prior to being stored long term in liquid nitrogen.
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2.2.4 PEI Transfections

24 h prior to transfections PEI transfections Corning® CellBIND® T25 flasks were seeded at
1.8x1C viable cells (vc) /ch On the day of transfection, the media was carefully removed

and replaced with fresh freestyle media. All transfections were carried out using PEIpro
(Polyplus transfections). A known number of DNA copies per cell was added to an Eppendorf
tube containing250 pL volume of freestyle media and a volume of PElpro equal to that of

the total mass of DNA to be transfected was added to an Eppendorf containingl250
freestyle media. Theedia: DNAnix was then added to the media:PEI mix and incubated at
room temperature for 10min prior to being added to the cells in the T25 flasks. Cells were

incubated in a static incubator at 37°C for either 48 or 72 h prior to harvesting cells.
2.2.4.1 PEl transfections for the production of rAAV particles

Recombinant AAV vectors veeproduced as per Methods section 2.2.4 above. A triple
transient transfection was carried out by transfecting 200,000 copies of the AAV plasmids,
pAAVRCGKan, pAAVGFPKan and pHelpeKan (All supplied by Cobra Biologics). rAAV
particles were harvestedZh post transfectiongpAAVRCGKan contains th&®epand Cap

genes, the pAAGFPKan plasmid contains the GFP transgene flanked by the ITR regions
and thepHelperKan plasmid contains the adenoviral helper geB2a, E4And VA RNA.

2.3 MolecularBiology
2.3.1 Clonnhg of DNA Sequences in Plasmid DNA

All DNA was diluted in either nuclease free water (Promega), EB buffer (From QIAprep Spin
Miniprep kit, Cat. No. 27104, Qiagen) or TB buffer (HiSpeed Plasmid Maxi Kit, Cat. No. 12662,
Qiagen). All restriction digests wemarried out using FastDigest enzymes, restriction
enzymes (both ThermoFisher) or Higidelity restriction enzymes (NEB) following
manufactures protocols. Both gel extracted and digested DNA was purified using the Wizard®
SV Gel and PCR Claam System ({@mega, Cat No. A9281) according to the manufacturers
protocol. Annealed oligos were purified using the QIAquick Nucleotide Removal Kit (Qiagen,
Cat. No. 28304). Plasmid DNA was prepped using Plasmid Miniprep or Maxiprep kits (Qiagen,
Cat No. 27106 and 182).

2.3.2 Preparation of C& Competent DH5 E. coli

5 mL of LB media was inoculated with a single colony ofDHE Y R Ay Odzo I G SR | 0

rpm overnight. 1 mL of overnight starter culture was used to inoculate 50 mL of SOB medium
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in a 500 mL conical flaskvhich was then grown to an A600 of @4&. Once athe
appropriate A600 nm measuremetthe culture was centrifuged in a pighilled falcon tube

at 3500rpm at 4°C for 15 min. The pellet was then resuspended in 10 mL filter sterilised 100
mM CaCland incubated on ice for 30 min. This was then centrifuged for a further 15 min at
35000rpm at 4°C. This pellet was then-seispended in 100nM CaCland 80% glycerol

before dispensing as 50 pL aliquots on dry ice prior to long term storagéd.
2.3.3 Puiification of Pasmidsfrom E. coli

5 mL DHb cultures were grown in LB overnight at 37°C at 200 rpm. Following incubation,

these cultures were pelleted by centrifugation at 404@@n for 15 min (4°C). Plasmids were

purified from the pellets using the QIAm® Spin Miniprep Kit (Qiagen) as per the
YIydzZFlF OGdzZNBENDa LINR(G202fa&a FyR StdziSR Ay bdzOf S
gla GKSY ljdzr yYGATASR dzaAy3 | bly2RNRL mannn {L
and stored at20°C. For Larger quanés of DNA, 250 mL cultures were grown and pelleted

in the same manner as above, followed by purification using the HispB&smid Maxi kit

(Qiagen) as per the manufactures protocol and quantified as above.
2.3.4 Amplification of Target Genes by PolymeraseaihReaction

Target genes were amplified from original plasmids supplied by Cobra Biologics using
PhusionHCA RSt A& 5b! t2f&@YSNI&aS 6¢KSNY2CAAKSNI {
oligos were designed based on the gene of interest sequence aatporated restriction

sites to facilitate cloning into expression vectors. These primers and oligos were synthesised

by Eurofins Genomic3#éble2.2-1 and Table2.2-4). Standard Phusion reaction components

and conditions are outlined ifable2.2-2 and Tale 2.2-3.
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Table2.2-1 Pimers designed for the amplification of target genes and restriction sites used.

Gene| Forward Primer Reverse Primer Restriction sites| Annealing | Insert size
(fwd/rev) Temp (C) | (kB)

ATG | TATGGTACCGGAAAG ATACTCGAGGGGTGA(Q Kpnl/Xhol 58 669

AAP | GGGCCAG ATCCATACTGTGGCAC

ATG | TATGGTACCGGAAAG ATACTCGAGTCAGGGT| Kpnl/Xhol 58 672

AAP | GGGCCAG GGTATCCATACTGTGG

STOPR

CTG | TATGGTACCCCTGGT| ATACTCGAGGGGTGAQ Kpnl/Xhol 58 751

AAP | GGAACCTGTTAAGAC| ATCCATACTGTGGCAC

CTG | TATGGTACCCCTGGT| ATACTCGAGTCAGGGT, Kpnl/Xhol 58 754

AAP | GGAACCTGTTAAGAC| GGTATCCATACTGTGG

STOPR

Rep | TATGCTAGCATGCCG| ATACTCGAGTTGTTCA/ Nhel/Xhol 57.7 1872

GTTTTAC ATGCAGTCATCC
Rep+| TATGCTAGCATGCCG| ATATCTAGACAGATTA( Nhel/Xbal 57.7 4988
Cap | GTTTTAC GTCAGGTATCTGGTG
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Table 2.22 Reaction components used with Phusion-Fidelity DNA Polymerase

Component

Volume (pL)

DNA Template

1 (10 ng DNA)

Nuclease free water

33.5

5X HF buffer 10
Forward Primer 2
Reverse Primer 2
10 mM dNTP mix 1
Phusion Polymerase 0.5
Total Volume 50

Table 2.23 Conditions for PCR reactions with Phusionidelity DNA Polymerase

Step Times (m:s)] Temperature
°C)
Initial Denaturation 0:30 98
Denaturation 0:10 98
Annealing 0:30 Primer Specifiq 30
(Table #) Cycles
Extension 1:00 /kb 72
Final Extension 10:00 72
Hold 4

Table 2.24 Oligos ordered for additional sequences

Forward Sequence

Reverse Sequence

Restriction Site

MCS1

TATACGCGTTTAATTAAGCGGCCA
GATAGCGCTGATATCTGGCCAGG
CCACCGGTCTTAAGGCTAGC

ATAGCTAGCCTTAAGACCGGTGG
CCTGGCCAGATATCAGCGCTATC
GGCCGCTTAATTAAACGCGT

Mlul/Nhel

MCS2

TATATTTAAATGCGGCCGCGCTA(Q
ATGTTAATTAAACGCGTTGGCCAG

CCAGCTGCCTCGAGGAGATCTTA

ATATACGTAAGATCTCCTCGAGG(
GGCTAGCTGGCCAACGCGTTTAA

ATATGGCTAGCGCGGCCGCATTT

Swal/SnaBlI
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2.3.5 Restriction Digests of DNA

Restriction digests for the cloning of the genaf interest were carried out using restriction

Syl @vySa adzlX ASR o6& ¢KSNXY2CA&AKSNI { OASYyiGATAO
GSNBE OF NNASR 2dzi F O0O2NRAYy3 (2 GKS YIydzZFIl Ol dz
by gel electrophoresisusinga19dF N2 aS ISt F2NIwm K G mnn = 67
OCKSNY2CAAKSENI {OASY(GATAOuUSE /10 b2® {ooMANHOC
light and the bands of DNA were excised from the agarose gel by a sterile razor blade. The

DNA (Digestedr PCR product) was purified from the agarose gel using Wizard® SV Gel and
PCRCleah L) 48 4G8SY o0t NRYSAIL 0T Ay | O02NRIYyOS sA0K

2.3.6 Dephosphorylation of Backbone and Ligation

Linearised pDNA backbone was dephosphorylated using thensitive alkaline
phosphatase (Promega) via incubation at 37°C for 20 min followed by heat inactivation at

74°C for 30 min. Once the backbones had been dephosphorylated, DNA ligations using T4
Ligase (Promega, Cat. No. M1801) using plasmid: insert rasfoh®, 1:1 and 1:3. These

NBI OliA2zya 6SNB AyOdzol GSR Fd nc/ 2OSHEYoKIKG vy

cells.
237 ¢NI yaT2NXYIGA2Yy 2F tfl aYARSI Ay /| f OAdzy

5b! O2yaidNHzOGa ¢ SNE. cdichlk. yie fighthdiseRor reogmbianp h
O2yaidNHzOGa sFa&a FRRSR G2 wmnn x[ 27F Ol f OAdzy O3
30 min, following this the cells underwent a heat shock at 42°C followed by a further 2 min

on ice. 900 pL of sterile SOC media was added to thée DHO St ft & | YR Ay Odz I G S|
incubator at 37°C for 1 h prior to plating out on a LB agar plate containing the appropriate

antibiotic selection (Ampicillin or Kanamycin).
1.2.2.8 Colony Screen foBuccessful Ligation dhsert into Backbone

One colmy was picked from an LB agar plate generated in Methods sec8dh this colony
was placed in 5 pL of nuclease free water. Standard GoTag polymerase reaction components
(Table2.2-5) were added to the colony mix and the PCR was set up according to the

conditions are outlined ifable 2.26.

77



Table 2.25 Reaction components used with GoTagq® G2 Flexi DNA Polymerase

Component pL
5X Buffer 4

MgCh 1.6
Fwd primer 0.8
RevPrimer 0.8
dNTPs 0.4

GoTag Polymerasg 0.1
H0O 7.3
TOTAL 15

Table0-1 PCR conditions for GoTaq G2 Flexi DNA Polymerase

Temperature {C) | Time
(h:min:sec)
94 0:05:00
94 0:00:30
55 0:00:30 30 cycles
72 0:01:00 /kb
72 0:07:00
4 hold

2.4 TransientExpressionExperiments

Transient expression was carried out using PEBpmansfection reagent (Polyplus
transfection®, Cat No. 14815). T25 flasks were seeded at 1.8x1€/cn? 24 h prior to
transfection and incubated at 37°C in a static incubator. Plasmid DNA was transfected at
100,000 copies/cell with theuL PEI reagent beg equal to themass of DNA being
transfected. The plasmid DNA to be transfected was added tpuR&0d this was then added

to a PEI: Media mix. This was then incubated at room temperature for 10 min prior to being

added dropwise to the cells.
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2.5 Protein Analysis and Characterisation

Cell pellets were lysed using 480 of lysis buffer pH 7.2 (HEPES, NaGlycerophosphate,
Triton-X). Prior to use, 506L NaF and 58L Nav were added to the lysis buffer along with 1
cOmpleté™ Mini Protease inhibitordblet (MERCK, Cat #:11836153001) per 10 mL of Lysis
buffer) per X10’ cells. Cells were incubated on ice for 30 min prior to centrifugation at
13,000 rpm for 10 min. Cell pellets were stored-&2°C prior to analysis. Thawing of cell

pellets for analysisvas carried out on ice and given a clearing spin at 4000 rpm for 10 min.
2.5.1 Determination of Protein Concentration via Bradford Assay

Protein concentrations collected from cell lines and expression experiments were estimated
using the Bradford assay. Bradfoehgent was made using 50 mg Coomassie Brilliant Blue
G250, 15 mlethanol, 50 mL 85% phosphoric acid and 435 mL.@dAll samples were
diluted 1:20 in ddbD, 1 mL of Bradford reagent was added to the diluted samples and
incubated for 10 min at room tempature. The absorbance was read at 580 nm on a
spectrophotometer to determine the protein concentration in pg/mL using BSA as a

standard.

On occasion, the Bradford assay was carried out in a 96 well plate. As above the samples
were diluted 1:20 and 200 (Rradford reagent was added to the samples. A standard curve
was set up ranging from O pg to 400 pg BSA with the plate being read on a plate reader at
595 nm.

2.5.2 Protein Separation via SDPAGE

Protein samples were prepared for SBSGE using the estimatguiotein concentrations

determined by the Bradford assay. Samples were prepared in a 4X reducing laemmli buffer
which consists of 50 MM Teis/ £ LJ ¢ ®y I  w: { -Bércaptaethgmol, 32658 O S NP f
mM EDTA and 0.02% bromophenol blue. Once prepped timplea were boiled at 100°C

for 10 min. The samples were then loaded on either 8% or 12% poly acrylamide gels and
separated at 10%/ for 30 min followed by 150 V for 1 h to 1.5 h in a 1X SDS running buffer.
Therunning buffer was prepared from a 10X stodksisting of 200nM Glycine, 250 mM

CNRAAa YR M2 {5{0®d {IYLISa 466SNB 2 RSR ¢gA0K
(ThermoScientific, Cat. # 26620). Gels were either or blotted (Sect@®) @r stained with

Coomassie (Sectia2.5.9.
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Table 2.2.7 @mponents for resolving gels for SEFAGE.

Component 8% resolving gel (mL) 12% resolving gel (mL|
1.5 M TrisHCI, pH 8.8 1.250 1.575
30% Polyacrylamide 1.325 0.250
10% SDS 0.050 0.063
10% Ammonium Persulfaty 0.050 0.063
TEMED 0.003 0.003
ddHO 2.330 2.050

Table 2.28 Components for stacking gels for SBAGE.

Component 5% Stacking Gel (mL)
ddHO 1.36
30% Polyacrylamide 0.34
1 M Tris pH6.8 0.25
10% SDS 0.020
10% Ammonium persulfate 0.020
TEMED 0.002

2.5.3 Western Bloting

Following SDBAGE, the polyacrylamide gels containing the separated proteins were
transferred to a 0.4M Hybond® ECInitrocellulose membrane (Sigma) for 1 h at 0.75 A

in a 2051 Midget Multiblot Electrophoretic Transfer Unit at 4°C containing 1X éramsfter

from a 10X stock (100 mM Glycine, 125 mM Tris0t3% SDS) ensuring Methamwvehs
present in the 1X solution. Following transfer, the blot was blocked witH @ BL of 5%
dried milk powderTBS for 30 min shaking at 168m at room temperature. fie blotwas

then washed in 1% Tween TBS prior to addition of the primary antibodies (Tat8lg @#2ich
wereleft shaking at 100 rpm overnight at 4°C. All primary antibodies dilutions were 1 in 1000

in 5% BSA/TBS unless otherwise stated.
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Table 2.29 Pimary antibodies and appropriate secondary antibodies for western blotting.

Antibody Cat. # Supplier | Appropriate secondary

Anti-V5 R96125 | Invitrogen| Mouse

Anti-Rep 61071 Progen Mouse

Anti-VP1,2,3 61058 Progen Mouse

Anti-Cyclophilin B 208575 | AbCam N/A

(HRRconjugate)

Anti-i -actin A5441 Sigma Mouse

L7A Roobol, A et al. 1999

Anti-Tubulin Woods, A et al, 1989 (Gifted by Prof. Keith G
University of Oxford, UK).

The primary antibody was removed the following day and following a number GivEEN

TBS washes the secondary antibody (Tablel@)2vas added following dilutionith 1000 in

5% milk/TBS unless otherwise stated. The blots were in secondary antibody Haxith
shaking at 100pm at 4°C. Upon removal of the secondary antibody the blots were washed
in 1% Tween TBS.

Table 2.210 Secondary antibodies used for Western Blot.

Antibody Supplier, Catalog No/ Dilution
Anti-mouselgG Sigma A4416 1:1000
Anti-RabbitlgG Sigma A6154 1:1000

1mLofECLreagentlandl 2F 9/ [ NBIFIASYyd H FNRY t ASNOSwx
(Thermo Scientific) were placed on the blots and incubated for 5 min at RT prior to the blots

being developed on Amersharyperfim™ ECL.
2.5.3.1 Densitometry

Blots were scanned and saved, the density of each band was determined using ImageJ 1.8.0

software(Schneider, Rasband,Riceiri, 2012)
2.5.4 Coomassie Stain

Polyacrylamide gels were stained with a staining solution comprised of 1% Coomassie

Brilliant Blue G250, 50%hethanol and 10%glacial acetic acid at room temperature. The
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stained gels were then dstained using a dstaining solution comprised of 24ftethanol

and 14%glacialaceticacid for 1 h at room temperature.
2.6 Generation ofCell Pools Expressing Assembly Activating ProtefAAP)
2.6.1 Moleculardoning

ATGAAP and CTHBAP were amplified from the pCET9QIGAAP and pCB0LIAAP
plasmids respectively, supplied by Cobra Biologics, using the primersARNFG ATG
AAPSTOP, CFAP and CTHBAP STOP as describedale 2.21. A restriction digest was
carried out on the backbone plasmid pcDNA3.1 Hygro using the Fast Digeitioss
enzymes Kpnl and Xhol (Thermo Scientific The AAP insert was ligated into the
pcDNA3.1Hygro backbone and transformed into DHES colicells (Methods 3.7) and
grown overnight at 37°C on an LB agar plate containingu0@L ampicillin. A Colonf?CR
screen was carried out on a selection of the colonies present using GoTaq® G2 Flexi DNA
Polymerase (Promega) as per manufacturers guidelines using the primers for AARARTG
ATGAAPSTOP, CPAP and CTHBAP STOP as described in tablel2.2ollowng successful
colony PCR, the colonies weretransformed into DH5 E. colcompetent cells and the DNA
extracted. A restriction digest was then carried out on the colonies to test for band drop out
using the Fast digest restriction enzymi€pnland Xhol (Thermo Scientific). Alolonies

showing band dropout were sent for Sanger SequenioinGenewiz.
2.6.2 TransientTransfectionof Plasmid DNAo Gonfirm AAPExpression

A transient transfection of the ATGAP and CTHBAP (tagged and untagged) plasmids was
carried out by PEI transfection using PEIpro® (Polyplus transfection). 100,000 copies of each
plasmid were transfected as per Metho82 4. Protein pellets were harvested for protein
analysis to test for AAP expression. This was carried out as described in MethodsZéction

20 ug of protein vassloaded onto a 12%el for SDFAGE and a western blot was carried

out using a monoclonal ar¥5 primary antibody (Cat #: R9@5, Invitrogen) using the anti

mouse secondary antibody (Sigma Aldrich, Cat #: A4416)

2.6.3 Determination ofHygromycinSelectionConcentration (Kill Curvejor

HEK293 Clls

250 mL Erlenmeyer flasks were seeded at 2x4dmL to a total volume of 50 mL with
| 9YHopot OStfta Ay DL./ ht CNBS{d&fSu Hdo 9ELINS

82



also grown in the presence of Hygromycin B (Invitrogen) at concentrations ranging from 250

pug/mL to 500ug/mL. Cells were countedhily on the ViCell XR (Beckman Coulter).
2.6.4 Linearisation of DNA and DNRecipitation

The plasmids containing the AFAP, ATAARV5, CTAAAP and CTHBARVS were all
linearised using thd-splrestriction enzyme (ThermoFisher, Cat #: 10687010) aghmer
manufacturers protocol overnight at 37°C. Following digest@onethanol precipitation was
carried out. A 0.1 volume ofM sodium acetate at pH 5.2 was added to the restriction digest
followed by a 2.5 volume of ice cold 95% ethanol. This was then cegadfat 14,000 rpm

for 5 min. The ethanedodium acetate mix was then decanted off and the DNA pellet washed
in 70%ethanol. Once the DNA pellet had dried it was resuspended ire1[ad sterile HO.

The concentration of DNA was determineda@Nanodropinstrument
2.6.5 StableCell Pool St Up

Cell pools stably expressing ARGP, ATAARV5, CTAAAP and CTHBARVS5 were created.

This wasichieved using’El transfections. 24 prior to PEI transfections Corning® CellBIND®
T25 flasks were seeded at 1.8%¥@/cn?. On the day of transfection, the media was carefully
NEY2OSR YR NBLILFOSR 6AGK FNBaK DL./ ht
(ThermoFisher). All transfections were carried out using PElpro (Polyplus transfections).
100,000 copies of linearised plasmidsrevransfected into the HEK293T cells and incubated

in a static incubator at 37°C. 24 h following transfection the media was refreshed along with
250 ug/mL of Hygromycin B. The cells remainea static incubator at 37°C until the cells

had recovered enogh to be passaged on. The cells were moved from static T25 flasks to
shaking 125 mL Erlenmeyer flasks. Celse kept in the presence of Hygromycin B to
maintain selection on the cell line. Once the cell pools had undergone 3 passages and had a

percentageviability above 90% the cell pools were banked down as per method 2.2.
2.7 Generation ofQonal AAPCell Lines byLimiting Dilution
2.7.1 SingleCell Aoning byerial Dilutions

Clonal cell lines were isolated from the AAGRV5 and CT@AARVS5 cell pools usinigniting
RAfdziA2yad ¢KAA ¢l & OFNNASR 2dzi Ay DL./ ht
containingInstiGRO" HEK (Sal Scientific). Ten 96 well plates were set up per cell line for
limiting dilutions. 20QuL of cells at 7.5x£W¥iable cells/mL wre added to well A1 and then

serial dilutions down the column followed by serial dilutions across the rows (Figuje 2.
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The cells were incubated statically at 37°C. Every two days the cells were observed under the
microscope and any well containing mdrean one colony was noted and removed from
selection. Cells from the wells containing only one colony were selected and moved from 96
well plates into 24 well plates and when growth allowed these were moved on to 6 well

plates, T28lasksand finally intol25 mL Erlenmeyer flasks.

Initial Inoculum @7.5X10% VC/ml

1 2 3 4 5 6 7 8 9 10 | 11 | 12

SUOIN|IP |BLI3S 15114
- m

Second serial dilutions

Figure 2.1Serial dilutions used for single cell cloning via the limiting dilution methoc

2.8 Generation ofCell Pools Expressing ReplicasEroteins
2.8.1 Molecular Cloning
2.8.1.1 Addition of Rep to pcDNA3.1 Hygro Backbone

The Repgene was amplified from the pAARCKan plasmidsupplied by Cobr&iologic9

using the forward and reverse primdRepas described in Table 212 The amplification was

OF NNA SR 2 dzi dzaRidglil DNAKRidgindese ¥ThermioEidker). Once aswplifi

the PCR product was cleaned up using the Wizard® SV Gel and PCBpCHgatem
(Promega). A restriction digest was carried out on the backbone plasmid pcDNA3.1 Hygro
using the fast digest restriction enzymiieland Xhol(Thermo Scientific). ThRepinsert

was ligated using T4 DNA Ligase (Promega) into the pcDNA3.1Hygro backbone at an insert:
backbone ratio of 1:1, 3:1 and 5:1 and transformed into DH5colicells (Methods &.7)

and grown overnight at 37°C on a LB agar plate containingu@@0L ampicillin. Acolony

PCR screen was carried out on a selection of the colonies present using GoTag® G2 Flexi DNA
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Polymerase (Promega) as pe manufacture@ guidelines using the primers f&epas
described in Table 2-2. Following successful colony P@R,colonies were réransformed

into DH® E. colcompetent cells and the DNA extracted. A restriction digest was then carried
out on the colonies to test for band drop out using the Fast digest restriction enzjimes
and Xhol (Thermo Scientific). Allolonies showing band dropout were sent for Sanger

Sequencing with Genewiz. The resulting plaswadnamedpcDNA3.1ReHyCMV.
2.8.1.2 Replacement of CMV region with Multiple CloningSte

To remove the CMV region of the pcDNA3.1ReHyCMV plasmid a Multiple Gia{iMCS)

was designed to replace the CMV promotor region. MCS1 forward and reverse oligos were
designed as described in Table -2.2and ordered from Eurofins. These primers were

' YLIX A FASR dza Aclidelityt DKIAZZoNrBeyage ahdihd fesulting P@Euct was

Ot SIYSR dzlJ dzaAy3d GKS vL!IljdzAa Ol bdzOft S2GARS w
guidelines Both the pcDNA3.1ReHyCMV plasmid backbone and MCSL1 insert were digested

Ny

by Fast digest restriction enzymé&lul and Nhel The MCS1 was then ligatéato the
backbone using T4 DNA Ligase (Promega) into the pcDNA3.1Hygro backbone at an
insert:backbone ratio of 1:1, 3:1 and 5:1 and transformed into 'DB5colicells (Methods

2.3.7) and grown overnight at 37°C on an LB agar plate containingdl@fl ampicillin. The
colonies were rdransformed into DH5 E. colicompetent cells and the DNA extracted. A
restriction digest was then carried out on the colonies to test for band dropusitg the

Fast digest restriction enzynidotito check for linearization in the multiple cloning sites. Al
colonies showing band dropout were sent for Sanger Sequencing with GeneWiz. The

resulting plasmidvas namedcDNA3.1ReHyMCS.
2.8.2 TransientTransfectionto Test for Rep Protein Epression

A transient transfection of the pcDNA3.1ReHyCMV and pcDNA3.1ReHyMCS plasmids was
carried out by PEI transfection using PEIpro® (Polyplus transfection). 100,000 copies of each
plasmid were transfected as per Metho@2 4. Protein pellets were harvested for protein
analysis to test for Rep expression. This was carried out as described in Methods section 2.4.
20 ug of protein were loaded onto a 128el for SDSPAGE and a western blot was carried

out using the antAAV2 Relicase mouse monoclonal antibody (Progen) using the- anti

mouse secondary antibody (Sigma, Cat. #: A4416).
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2.8.3 Linearisation of DNA and DNRecipitation

The pcDNA3.1ReHyCMV and pcDNAS3.1ReHyMCS plasmids were all linearised Espig the
restriction enzyme (ThermoFisher) as per manufacturers protocol overnight at 37°C.
Following digestionan ethanol precipitation was carried out. A 0.1 volume & 3odium
acetate at a pH 5.2 was added to the restriction digest followed by a 2.5 volume of ice cold
95% ethanol. This was then centrifuged at 14,000 rpm for 5 min. The ethadliain acetate

mix was then decanted off and the DNA pellet was washed ineti&hol. Once the DNA
pellet had dried it was resuspended in 18(0n sterile HO. The concentration of this DNA

was determined ora Nanodropinstrument
2.8.4 StableCell Pool Set Up

In order to attempt setting up stable cell pools using the pcDNA3.1ReHyCMV and
pcDNA3LReHYMCS plasmids PEI transfections were carried out. 24 h prior to PEI
transfections, Corning® CellBIND® T25 flasks were seeded af ¥@gt6. On the day of

0N} yaFSOlAzys GKS YSRAIF gl a OFNBFdzZfe NBY2GS
293 Expression Medium (ThermoFisher). All transfections were carried out using PElpro
(Polyplus transfections). Either 50,000 or 100,000 copies ofitiearized plasmids were

transfected into the HEK293T cells and incubated in a static incubator at 37°C. 24 h following
transfection the media was refreshed with Freestyle media containing |2l of

Hygromycin B. The cells remained in the static incubait@7°C until the cells had recovered

enough to be passaged on. The cells were monitored regularly to check for the presence of

colonies in the flask.

2.9 Generation ofCell Pools Expressing Replicaseroteins andCapsid Proteins
2.9.1 Moleculardoning

2.9.1.1 Addition of Rep to pcDNA3.1 Hygro Backbone

TheRepand Capgenes were amplified from the pAARCKan plasmid which was supplied

by CobraBiologics using the forward and reverse primers Rep + Cap as described in Table
2.2-1. The amplification was carried out usingd@a A 2 y xFidélity BIKA Polymerase
(ThermoFisher). Once amplifiettie PCR product was cleaned up using the Wizard® SV Gel
and PCR Cleddp System (Promega). A restriction digest was carried out on the backbone
plasmid pcDNA3.1 Hygro using the fast digestriction enzymed&\heland Xbal(Thermo
Scientific). TheRepCapinsert was ligated using T4 DNA Ligase (Promega) into the
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pcDNA3.1Hygro backbone at an insert:backbone ratio of 1:1, 3:1 and 5:1 and transformed
into DH% E. colicells (Methods A&.7) andgrown overnight at 37°C on an LB agar plate
containing 10Qug/mL ampicillin. A Colony PCR screen was carried out on a selection of the
colonies present using GoTag® G2 Flexi DNA Polymerase (Promega) #&se per
manufacture® guidelines using the primersrfRepCap described in Table-2.2Following
successful colony PCR, the colonies wergamsformed into DH5 E. colicompetent cells

and the DNA extracted. A restriction digest was then carried out on the colonies to test for
band drop out using the Fadigest restriction enzymelheland Bmtl(Thermo Scientific).

All colonies showing band dropout were sent for Sanger Sequencing with Genewiz. The
resulting plasmidvas callegpcDNA3.1ReCHyCMV.

2.9.1.2 Replacement of CMYRegion with Multiple Cloning site

To remae the CMV region of the pcDNA3.1ReCHyCMV plasmid, a Multiple Cloning Site
(MCS)was designed to replace the CMV promotor region. MCS1 forward and reverse oligos

were designed as described in Table-2.@2nd ordered from Eurofins. These primers were

amplifi SR dza A y 3 ¢FiKalitsi BNAPotymerdsa dad the resulting PCR product was

Ot SIFYySR dzLJ dzaAy3a GKS vL!IljdzA O]l bdzOf S20ARS w
guidelines. The both the pcDNA3.1ReHyCMV plasmid backbone and MCS1 insert were

Ny

digested byFast digest restriction enzyma4lul and Nhel The MCS1 was then ligated into

the backbone using T4 DNA Ligase (Promega) into the pcDNA3.1Hygro backbone at an
insert:backbone ratio of 1:1, 3:1 and 5:1 and transformed into 'DB5colicells (Methods

2.3.7) and grown overnight at 37 °C on an LB agar plate containinggl@Q Ampicillin. The
colonies were rdransformed into DH5 E. colicompetent cells and the DNA extracted. A
restriction digest was then carried out on the colonies to test for band drop out using the
Fast digest restriction enzyniotl to check for linearization in the multiple cloning sites. All
Colonies showing band alpout were sent for Sanger Sequencing with GeneWiz. The
resulting plasmidvas callegpcDNA3.1ReCHyMCS.

2.9.2 Transient transfection to test for expressioof Replicase and Capsid

Proteins

A transient transfection of the pcDNA3.1ReCHyCMV and pcDNA3.1ReCHydG& pleas

carried out by PEI transfection using PEIpro® (Polyplus transfection). 100,000 copies of each
plasmid were transfected as per Methods 2.2Protein pellets were harvested for protein
analysis to test for Rep expression. This was carried owgssited in Methods section2.

20 pg of protein were loaded onto a 128el for SDSPAGE and a western blot was carried
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out using the antAAV2 Replicase mouse monoclonal antibody (Progen) and thé\ANti
VP1/VP2/VP3 mouse monoclonal (Progen) using tiieraouse secondary antibody (Sigma,
Cat. #: A4416).

2.10 Viral Genome Quantification (QPCR)

2.10.1 Extraction of AAV Particles

Following transfection as described in Method®.2 viral capsids were extracted using
AAVpro Extraction Solution (Cat. #6235, Takaraliftftbe cells off the CellBIND surface of
the culture vessel 1/80 of the total volume of WbEDTA was added to the culture and the
cells were incubated at room temperature for 10 min. The culture was then centrifuged at
1,750 xg at 4°C for 10 min. Oadhe supernatant was removed the cell pellet was loosened
by vortexing and 25QL of AAV Extraction Solution A. The cells were then suspending by
vortexing. The mixture was then incubated at room temperature for 5 min before being
vortexed again for 15 Jhe cells were then centrifuged at 2009 &t 4°C for 10 min and the
supernatant retained. Finally, 5L of AAV Extraction Solution B was then added to the

supernatant and the samples were then stored&Q2°C until needed.
2.10.2 Extraction of AAV Vector Gemoe

Harvested AAV Particles were DNase treated for 1 h using the DNasel supplied in the
AAVpro® Titration Kit (for Real Time PCR) Ver.2 (Cat. #6233, Takara) (Fab)e Qrite

DNase treated the DNasel was heat inactivated at 95°C for 30 mins.

Table 2.211 DNase Treatment of AAV Particles

Volume (L)
10X DNase | Buffer | 2
DNase | 1
dHO 15

AAV Particle samples| 2

Total 20

Once heat inactivated, the AAV particles were lysed open. An equal volume of Lysis buffer
(Supplied in the Takara AAVpro® Titration Kit) was added to the solution and incubated for 1
h at 70°C. The samples were then dilutedf&ld using the EASY Dilutigsupplied in the
AAVpro® Titration Kit).
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2.10.3 ReatTime PCR

A standard curve was prepared for reithe PCR. Theositive control gupplied in the
AAVpro® Titration Kit (for Real Time PCR) Ver.2) was diluted in the EASY liditigiomhe
positivecontrol was serially diluted from 2x10opiesfilL down to 2x18copiesfiL. 5uL of
each standard along with pL of the AAV genome solution (Extracted in Meth@d)2)

were used as templates for reane PCRA primer mix was prepared as p&ble 2.212.

Table 2.212 Preparation of 50X Primer mix for gFPICR.

Volume (pL)
AAV Forward Titre Prime 5
AAV Reverse Titre Prime 5
dHO 15
Total 25

A master mix was prepared on ice as per tgh@13 containing all reaction components

listed below with the exception of the template. This 20 reaction mix was added to each
reaction well of a 96 well plate. The 5 uL templates (Standards, Samples and negativé control
were added to the reaction solutis. ReaiTime PCR assays were carried out in a 96 well
format using norskirted, white plates (BRAND, Berlin, Germany) in a DNAEngine Peltier
thermocycler (BioRad, California, USA) with a Chromo4tireal PCR detector (BioRad,
California, USA) followine protocols outlined in table 2:23. TB Green was used to detect

the amplified ssDNA using the TAKARA AAVpro® Titration Kit (for Real Time PCR) kit. This was

done using the primers supplied in the kit which target to the ITR regions.

Table 2.213 Reactn mixtures for realtime PCR

Volume {uL) per reaction
TB Green Premix Ex Taq (2X co 12.5
50X Primer mix 0.5
dHO 7.0
(Template) (5.0)
Total 25

89



Table 2.214 RealTime PCR instrument cycling sep.

Temperature| Time (s)| Cycles

(°C)
Initial denaturation 95 120
2 Step PCR 95 5
35
60 30

Melt curve analysis

The positive ITR control standards were used to extrapolate the ITR copy numbers for each
sample and analysed using the Opticon Monitor 3 Software (BioRad, Caifornia, USA).
Crossing pointhresholds were manually set for each plate and the copy numberg wer

calculated for each sample. Samples were run in both biological triplicate and technical

triplicate, unless otherwise stated.

2.11 Viral Capsid Quantification (ELISA)

Capsids were harvested as described in Method6.2. Once harvested, the samplesre
prepared for viral capsid quantification using the AAV2 Titration ELISA 2.0R (Cat. #: PRAAV2R,
Progen). The samples were diluted 1:5, 1:10, 1:20 using the Assay buffer supplied in the kit.
The reconstituted kit control was also serially diluted using the asstigr. An ELISA assay

was carried out using the AAV2 titration ELISA as per the manufacturers protocol with the
final colour intensity measured at a wavelength of 450 nm usiptpie reader. The viral

capsid titre for samples was read off the standawdve created using the kit control

supplied.

2.12 AAV Particle Purification

2.12.1 Extraction of AAV Patrticles

Following transfection as described in Method®.2, viral capsids were extracted using
AAVpro Extraction Solution A Plus supplied as part of the AAVpifc&ion Kit Midi (Cat.
#6675, Takara). To lift the cells off the CellBIND surface of the culture vessel 1/80 of the total
volume of 0.5M EDTA was added to the culture and the cells were incubated at room
temperature for 10 min. The culture was then cefuged at 1,700k g at 4°C for 10 min.
Once the supernatant was removed and discarded the cell pellet was loosened by vortexing.

The cells were resuspended in 2 mL of AAV Extraction Solution A Plus by vortexing. The
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mixture was then incubated at room terapature for 5 min before being vortexed again for
15 s. The cells were then centrifuged again at 409@x4°C for 10 min and the supernatant
retained. Finally, 1/10 volume of AAV Extraction Solution B was then added to the

supernatant and the samples wethen stored at80°C until needed for purification.
2.12.2 Purification andConcentration of AAVParticles

In order to purify AAV particles, Cryonase Cadtive Nuclease was added to the virus
suspension obtained in methods12.1 and was incubated for 1 h &7°C.Following

incubation, 1/10 volume of Precipitator A was added to the particle solution prior to
incubation at 37°C for 30 min. 1/20 volume of precipitator B was then added to the mixture

and centrifuged at 5000 g for 5 min at 4°C. The supernatast tvan filtered using the

Millex-HV 0.45> Y adzLJL)f A SR® ¢ KS FAf G NI (-610@kbaifitert | OSR
device and centrifuged for 5 min at k5 at 200@. 1 mL of Suspension Buffer was then added

to the filter device and mixed with the solution before centrifugation at 2000 g for 5 min at

15°C, this suspension buffer step was repeated four times to obtain an appropriate volume

of solution before the solutio remaining in the Amicon Ultré filter device was retained as

the purified virus suspension.
2.12.3 Determination of Purity of thePurified Virus Sdution

To determine the purity of the particles purified by the AAVpro Purification kit midi, the
purified sampes were run on an SEFAGE gel as described Methods 2.5.3 and the

resulting gel was stained with Coomassie as describbtkethods2.5.4.

2.13 Immunofluorescence and Confocal Microscopy

2.13.1 Adhering,Fixing andPermeabilisingCells onCoverslips

Coverslips ustk were coated in Polp-Lysine (0.01%w/v) and incubated at room
temperature for 15 min. The pol-Lysine was removed, and the coverslips were washed
with sterile HO. Cells were seeded at a concentration of 2xttial cells (tc)/mL and
incubated staticlly at 37°C for 1 h. The media was then removed and washed in PBS. The
cells were fixed using 500L of icecold methanol and incubated on ice for 5 min. The

coverslips were then washed in PBS prior to antibstdyning
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2.13.2 Antibody Saining of Cdls

Cellsadhered and fixed to the coverslips were blocked in RBB%(w/v) BSA in PBS for 20

min at room temperature. Antibodies were diluted as per table 252n 3% BSA in PBS. The
coverslips were incubated on drops of antibody overnight in a damp box aCé¥erslips

were then washed in 100L of 0.1% Tween in PBS. Secondary antibodies were prepared in
3% BSA PBS and the coverslips were placed onto drops of antibody and incubated in a dark
room for 2 h at room temperature. Following RBS8een washes, the werslips were
incubated for 1 min at room temperature inAPIstain and washed again prior to being

mounted on a glass slide using Prolong Diamond mounting reagent.

Table 2.215 Antibody dilutions used for immunofluorescence

Antibody Supplier, Cat. # Dilution

Anti-V5 Invitrogen R961 | 1:1000

Anti-Mouse IgG FITC| Sigma, F0257 1:100

Anti-Mouse IgG TRIT| Sigma, T5393 1:100

2.13.3 Imaging Cells on the Confocal Microscope

Coverslips were imaged undaZeiss Confocal microscope. Timageswvere captured using

the Zeiss Zen black software.

2.14 Infectivity Assay

2.14.1 Transduction Assay

A 48 well CellBIND plate (Corning) was seeded with suspension adapted HEK293T cells at a
cell concentration of 2xX0vc/mL in a toél volume of 0.5 mL FreeStyle Media
(ThermoFisher). The plate was incubated statically at 37°C for 2 h to allow the cells to settle
and adhere to the CellBIND surface. Purified AAV patrticles were diluted rL25@eStyle

media to a concentration of eilr 100 vector genomes (vg)/ cell, 250 vg/cell, 500 vg/cell,
1000 vg/cell, 2000 vg/cell or 5000 vg/c&lrified vectors were harvested from either the
HEK293T, ATGV5, A04, A33 or A66 cell lines. Media was removed from the well of the
CellBIND plate and t@ned as a conditioned media. 25Q of the AAV dilution was added

gently to the cells and incubated at 37°C for 3 h. The plate was agitated gently every 30 min.
Following this the AAV dilution was removed and replaced with=800f the conditioned

media The plate was then incubated at 37°C fo¥78h.
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2.14.2 Flow Gytometry

1x1C viable transduced cells were centrifuged at 1000 rpm for 5 min to pellet the cells. The
pelleted cells were resuspended in 5€l00f sterile PBS. Samples were loaded onto the probe
of aFACScalibl¥ instrument(BD biosciencgsand fluorescence intensity was measured in
relation to the cell count. Data obtained via flow cytometry and presented in figures in
Chapter 5 show either the percentage cells exceeding a 1¢ or 1C° fluorescence
threshold, termed M1, M2 and M3 respectively, or the mean fluorescence including all

recorded cells of a sample.
2.14.3 FlorescentMicroscopy

Cells transduced with the rAAV2.GFP particles derived from the 293T, ATGV5, ATG04, ATG33
and ATG66 cell linesane visualised on the LEICA microscope to isabserveexpression
of GFP.

2.15 Electron Microscopy

Visualisation of the rAAV2 particles purified as ethodsSection 212was undertakeron
an electron microscope using negative stand an inhouse microscope facility at the

University of Kent by Mr lan Brown.
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Chapter 3
Establishment of AAV HEK293T ExpresSigstems and the
Generation of Molecular Constructs for Rep and RepCap Expressing

CellPools

3.1 Introduction to the Work Described in this Chapter

As outlined in the introduction chapter of this thesis, adexssociated virus, so named due

to being first identified alongside adenovirus, is a member of the parvovirus family, but it is

also a @pendoviruswhich means it requires cd Y FSOUGA2Y 6AGK | AaKSE L)X
Adenovirus or Herpes virus. Without this helper virus there is no expression of AAV genes

and the genome integrates into the host chromosome (D&k Grimm, 2002; Robert M

Kotin, Menninger, Ward, & Berns, 1991; R J Samulski et al.,.19Bd3%, to produce
recombinant adeneassociated virus it is necessary to provide the host cell with both the

required adeneassociated virus genetic material and helper virus genes. Chapter

describes the generation of different constructs and the establishment of a recombinant

adenoassociated virus production system using HEK293T host cells.

Again, as outlined in more detail in sectio3.2.of the introduction, the genome of adero
associated viruses consists of two open reading frames (ORF), these contain the genes which
encode for the structural and replication gené&sapand Rep respectively). Th€apgene
encodes three capsid proteins, VP1, VP2 and VP3Rap&ncodes the foureplication
genesRep78,Rep68, Rep52 andRep40. The Cap proteins originate by differential splicing

of a transcript generated from a p40 promoter; the Cap proteins assemble to make up a non
enveloped protein shelbased capsid which is approximately 25 nm in fx&ya & Berns,
2008) This small viral capsid encapsulates the viral genome which is a siagléest DNA

of approximately 4700 bp. THeepgenes code for the four Rep proteins which are involved

in regulation of gene expression and targeting the viral genome into the cépisidGrimm,

2002) The two open reading frames are flanked by Inverted Terminal Repeats (ITRs) that

facilitate the genome encapsulation into the capsids and allow for replication to occur.

In terms of establishing a recombinant AAVteys (rAAV), it is important to note that the

AAV capsid can only accommodate a genome up to 5 kB in length. The Helper virus supplies
the genes involved in transcriptional regulation that are required for replication to occur; in
the case of adenovirus tise areEl, E23 E4and VA RNA To date there have been 12

different AAVserotypes identified each of which have different target tissues making rAAV
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and the range of serotypes a useful choice of vector to allow delivery of a target gene to the

desired loction (Colella, Ronzitti, & Mingozzi, 2018)

In developing a rAAV system, it is important to consider the wildtype control of gene
expression in AAVAs outlined in the introduction chaptemére are a number of promoters
involved in the regulation of AAV gene expression; p5, pl9 and p40. The p5 and pl9
promoters are involved directly in the synthesis of the transcript that codes for the four rep
proteins, Rep 78, Rep 68, Rep 52 and Rep 40. The p5 promoter is responsible for the
transcript that codes for the larger Rep proteins Rep 78 and 68 while the pl9 promoter is
responsible for the transcript for the smaller Rep proteins Rep 52 and 40. Both of the larger
Rep 78 and Rep 68 proteins have been shown to possess helicase and ésaikeric
required for AAV replication and to bind to DNA in chromosome 19, thus being involved in
viral integration of wildtype AAV genome@Veitzman, Kyostio, Kotin, & Oweri994) The

larger Rep proteins also bind to the Rep Binding Element (RBE) found within the ITR regions
and the p5 promoter. It has been shown that Rep protein interaction with the RBE can act as
either a repressor or activator of transcription regudet (Pereira et al., 1997 For rAAV
production repression of transcription should ideally be avoided. The p40 promotor is
responsible for the production of the transcript that codes for the AAV capsid proteins via
alternative splicing. The AAV capsid proteins VP1, VP2 andiff€3in their Nterminal
structure and are the structural proteins that make up the viral capsid in a ratio of 1:1:10,
respectively. A complete AAV capsid is made up of 60 proteins meaning there are 5 VP1 and
VP2 proteins in each capsid and 50 VP3 pnsté{leinschmidt et al., 1997; Le et al., 2019)
Controling the synthesis of the VP proteinsnt@tchthis ratio in a rAAV system is one aspect

of their bioprocessing that has yet to be fully demonstrated.

Finally, in considering a rAAV system the size of the potential transgene needs to be
considered. Althoulg adencassociated virus has a small packaging capacity (around 5 kB) it

is one of the most extensively researched vectors to date, with much of this research focused
on improving the production of rAAV. Research into the potential for AAV to be used as a
gene delivery vector has been around for decades. More detail on this is found in the
introduction chapter of this thesis. Briefly, the genome was originally cloned into bacterial
plasmid backbones back in the 198CGatherine A. Laughlin, Tratschin, Coon, & Carter, 1983;

R. J. Samulski, Berns, Tan, & Muzyczka, 1888)paved the way for future rAAV vector
production. All methods for rAAV vector production have specific method relevant
advantages and disadvantages. Several different cell lines and host expression systems have

been studied for the production of these vectors at a GMP manufacturing level, these include
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mammalian c# lines such as HEK293T, HEK293 and HelLa along with Sf9 insect cells. The
production in these cell lines varies from two or three plasmid transfectiethodsutilising
PEI or CaR@o the Baculovirus infection system as described in Introduction Settibi.1

(K. Reed Clark et al., 1995; Clément & Grieger, 2016)

HEK293T cells are of much interest when it comes to the production of rAAV. HEK293T cells
lines are derived from HEK293 cells which have been engineered to express the large T
antigen of SV4(DuBridge et al., 1987; Pear, Nolan, Scott, & Baltimoré31The HEK293T

cell line has been used in research into the production of rAAV2 viral vectors in both
academic and industrial settings. HEK293T cell lines have been transformed by the sheared

adenovirus E1 gen@uang et al., 2Q3).

The estimated therapeutic rAAV particle requirement for gene therapy applications is
estimated to be in the region of ¥therapeutic capsids per patient. This number, however,
will vary depending on a patients weight, the target tissue and tleeifip gene therapy and
these could in fact be as high as"therapeutic capsid¢Aucoin, Perrier, & Kamen, 2008;
Dirk Grimm & Kleinschmidt, 1999; Urabe et al., 20@)e of the main issues with the
production of rAAV vectors is the presenof empty vector particles, which do not contain

a (complete) vector genome and therefore do not have any therapeutic benefit. It has been
shown that between 50 and 95% of rAAV vectors are either empty or incorrectly packaged
(Sommer et al., 2003; J F Wright, 2008)ese empty or incorrectly packaged capsids are not
pathogenic; however, they can cause the aation ofananti-AAV capsid immune response
and can compete for the same surface binding receptors, hence preventing genome
containing particles getting into cells efficien{Rei et al., 2018; J Fraser Wright, 2014)is

has a huge impact on the quality and production costs of rAAV vectors, not just from a scale

up point but also from a purification viewpoint.

rAAV vectors ar¢hus usually produced transiently via the-ttansfection of a number of
plasmids that carry the required genes for their production. Details of approaches that have
been used to produce rAAV are outlined in detailntroduction Section 1.4.30ne of tle

most widely usedmethods for rAAV production involves the dcansfection of three
plasmids: one plasmid contains both tRepand Capgene for the serotype being used, one
plasmid contains the gene of interest (GOI) flanked by ITRs, the third is efeered to as

a helper plasmid and contains the adenoviral helper geli2g E4andVA RNABalakrishnan

& Jayandharan, 2014; Huangadt, 2013) HEK293T cell lines are often used as the host cell

for the production of the rAAV particles due to their ability to supply the adenoviral helper
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gene,E1(Huang et al., 2013)Although a variety of transfectiomethods are used (see
Introduction section 14.2.1, when compared to other transfectiomethods the PEI
mediated transfection method has been found to be a favoured method for the production
of rAAV vectors as it is a cost effective method that has a hidfilistaand has the capacity

to work at a range of pH levels thus eliminating the need for labour intensive media changes

post transfection(Huang et al., 2013)

3.2 Aims of this Chapter

The work presented in this chapter covers theaddishment of rAAV serotype 2 vector
production using the host suspension HEK293T cell line. Further to this it also determines a
baseline for AAV2 vector production and packaging in HEK293T cells as a comparison for
results in later work aimed at increasj the production efficiency of rAAV from this host
expression system. This chapter also describes investigations thetofeasibility of
engineering HEK293T cell lines to stably expresfépand Capgenes andRepgene only.

The overall aims were thefere to:

a. Establish the HEK293T host cell line and characterise its growth characteristics.

b. Establish a rAAV production system in the laboratory based upon a triple co
transfection methodology.

c. Use commercially available PCR and ELISA based assays tardetetal vector
particle titre and genome&ontaining particle titre of a model GFP transgene from
the HEK293T production system as a baseline for further studies.

d. Generate Rep and Rep/Cap expressing plasmid DNA constructs for HEK293T stable
cell line genaation in order to reduce the requirement forfdasmid cetransfection

during AAV production.
3.3 Establishment o HEK293T rAAV2 Production System

3.3.1 Establishment of the growth profile of the host HEK293T cell line

Growth curve®f three biological replicate of the HEK293T host cell line were set up under
batch culture conditions with a seeding concentration of 2xdiible cells/mL. The growth
profiles showed a steady growth of cells until day 4, when the cells reached a peak maximum
viable cell concentrabin of approximatelyt.16x1( viable cells per mL (VC/m(Ejgure 3.1A)
Based on the growth profiles, the doubling time was calculated across the exponential
growth phase and it was determined that the population was doubling every 22.1 hours. The

culture viability remained consistently high at this point, ab@&% viability. However, by
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day 5, the viable cell count had decreased to belo8b%1C VC/mL with a culture viability
of only 2.83% which continued to decrease over the next 2 days (Figure)3wliti the
culture viability dropping to 25% by day 7, at which point the study was terminated.

Once the basic batch culture growth profile had bestablishedthe growth of the HEK293T

cell line following either a-Blay or 3day passaging regime way@stigated.The passaging
regime carried out at collaborators Cobra Biologicsolved the passage of cells on a
Monday, Wednesday and Friday. Cells were seeded at a concentraeda@®fvVC/mL on a
Monday and Wednesda cells were seeded at 2X10C/mL ora Friday to accommodate the
extra day before the next passagkhe growth profiles were analysed determine if there

was a difference in the growth characteristics from cultures setup from a dwthree-day
passage culture. Based on the cellnt data collected over 11 weeks on passage days it was
found that the HEK293T cell line generally presented a higher viable cell concentration
(VC/mL) and a higher culture viability on a Monday, followingdaya culture and having
been seeded at 2 x20/C/mL the previous Friday. On a Monday, cells reached an average
viable cell concentration of 1.9 xXA9C/mL (Figure 3.1 B) with an average culture viability of
94% (Figure 3.1 C). However, while the Monday data gave a considtéagtibr culture
viability in comparison to the-8ay growth this was not a large increase; the data for the 2
day passages was consistently above 88%. Nevertheless, in oahesuicethe highest viable

cell number and culture viability culturesused to seed rAAV productionmns these data

established that using cells from aday passage was preferable.
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Figure 3.1 Growth profiles of HEK293T host cell liAg Viable cell concentration per mL
culture and the percentage of cells viable on each culture day for HEK29Briecgtown in
250 mL Erlenmeyer flasks. B) Viable cell concentrations as measured across the d
culture passage days. Following either 2 or 3 days of growth. C) Percentage viab
measured across the different culture passage days. Follosvihgr 2 or 3 days of growth

Error bars = Standard deviation n=3.
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3.3.2 Establishment of a System for the Production of rAAV2 Capsids

Based on the growth results presented in Sec®odl, an initial rAAV2 production run in
biological triplicate using the HEK293T suspenaiapted cell line (CobrBiologics) was
carried out. rAAV2 vectors were produced as outlinetgthods Section 2.2.4by PEI co
transfection of three plasmids pAARCKan, pAAVGFPKan and pHelpeKan. The viral
capsids were harvested 72 hours post transfection and the total capsid particle and genomic
particle titres were determined as described\VitethodsSections 210and 211 respectively.

The error bars were detmined based on the standard deviation of the triplicate results
obtained. The number of particles secreted into the media was compared to those retained
in the cells. Using the Progen ELISA assay, it was determined that the majority of the rAAV2
particles were retained in the cell (as expected) with few particles found in the cell
supernatant. Using the HEK293T cell line for rAAV2 particle production, it was determined
that the number of capsids produced and retained in the cell was in the region ofl0%25x

particles/mL (Figure 3).

In establishing the rAAV system a model GFP transgene was utilised. To determine the
number of genomecontaining capsids harvested in Section B3a gPCR assay was carried

out using the Takara AAVpro Titration kit (for Real Time PCR) targeting ITR regions of the
genome. Following harvest, the viral genomes were extracted as describitirods
section2.10.1and the gPCR assay was carried outaasyethods sections 2.10.F echnical
triplicates of each sample were loaded into the gPCR plate. The results obtained are shown
in Figure 2, the genome titre was determined based on the standard curve quantities
generated by serial dilution of the Pdg# Control supplied in the commercial Takara kit. The
plasmid control contains plasmid DNA incorporating the ITR regions targeted by the gPCR
assay. The standard curve had a range of 21012 x10 copiesfiL. The copy number of the

ITR in the standardias the same as that of the AAV ITR vector genome allowing for relative
quantification. This data shows that there was a genome titre of 5.89gtpies/mL.
Through these data the baseline rAAV production from the HEK293T host cell line under the
conditions used in this study were established and available to act as a comparator for future

studies described in this thesis.
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Figure 3.2 AAV2 Titre Analysis 72 h post transfecti@apsid titre (Particles/mL
determined via ELISA assay (Progen) with Gendneg@opies/mL) determined vii

RealTime qPCR (Takar&xror bars were determined from the standard deviatic
of each experimental repeat=3.
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3.4 Generation of a HEK293Tell Pool Engineered to Stably Express the AAV
Rep Gene

3.4.1.1 Generation of RejConstructs in Plasmids with an Appropriate Mammalian

Cell Selection Marker for Cell Line Development

In order to create HEK293T cells stably expressingépgene it was necessary to create a
plasmid vector containing a mammalian selection marker (hygoam) to allow for isolation
of cells successfully harbouring tRepgene expression cassette. Timethodsused for all
the different steps of molecular cloning discussed in this chapter can be fouvidthrods
Section 23. All detailed plasmid maps care dound inthe Appendix and the primer

sequences used in thidethods Section.

The first vector constructed was a Rep vector referred to as pcDNA3.1ReHyCMV (or
ReHyCMV), as described in Figurg 8sing the commercially available pcDNA3.1 Hygro
backbone TheRepgene was amplified from the pAAYCKan vector plasmid using the Rep
primers described in th&lethods Section. Both theRepinsert and the pcDNA3.1 Hygro
backbone were digested withheland Xholbefore being ligated together. Plasmid DNA was
isolaed from colonies and analysed by a restriction test digest uBiagiHland Nhel
Colonies successfully containing the desired gene insert had a backbone band at
approximately 6653 bp with a band drop out at 726 bp (representing the reqResgene

insett, Figure & A). Successful colonies were sent for sequencing with GeneWiz for

confirmation of the sequence.
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Figure 3.3 Schematic depicting the construction of the Rep Hygromycin ve&orlie

Repgene was amplified from the pAARCKan plasmid using the Rep primers noted
the Methods Table 2:2. The PCR product and the pcDNA3.1 Hygro backbone were
digested with the restriction enzymééheland Xhol TheRepgene was then ligated intc
the digested backbone to produce the plasmid pcDNA3.1 ReHy@)I\\o create a
version of theRepHygromycin vector which is lacking in the CMV promotor region,
CMV promotor and enhancer were digested from the pcDNA3.1 ReHyCMV bac
using Mlul and Nhel. A short addition oligo sequence, MCS1, was designed as
Methods Table 2.2 and annealed together as described in the Methods and ligated
the digested backbone to produce the vector plasmid pcDNA3.1 ReHyMCS.
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Figure 3.4 Schematichowing the additional nucleotide region (MCS1) for th
replacement of the CMV region.

Following successful generation of the pcDNA3.1 plasmid containindgRéipgyene, the
pcDNA3.1 ReHyMCS vector plasmid was generated which involved the replacement of the
CMV promoter region with an additional oligo sequence (MCS1). The MCS1 sequence
included the sequences for additional restriction sites to allow for subsequent cloning and is
essentially a multiple cloning site (MCS). A schematic of how this was cartisdooovided

in Figure 3. The MCS1 region was commercially synthesised (Figute 3he
oligonucleotides were then annealed as pdethods Section 23 to produce a double
stranded DNA fragment, once annealed the fragment was digested using the restriction
enzymesMIul and Nhel.The vector plasmid pcDNA3.1 ReHyCMV was also digested using
Mlul andNhelto remove the CMV promoter region, the digested bamkb was then ligated

with the MCS1 region. The resulting colonies were screened for the presence of the MCS
using a test restriction digest using the restriction enzyaesR\and BamHI All successful
colonies when run on a DNA agarose gel showed a baag@oximately 6018 bp and a
band dropout at 760 bp (Figure53). These colonies were then sent for Sanger sequencing

to confirm the presence of the desired sequence and insert.

3.4.1.2 Initial Experiments to Investigate Transient Expression of Rep from the

Gererated Constructs

Prior to using the constructs for the generation of HEK293T cells stably expressigpthe

gene, it was necessary to test if the pcDNA3.1 ReHyCMV and pcDNA3.1 ReHyMCS plasmids
could be used to successfully produce the Rep proteins mrsient manner. These two
constructs were validated via transient PEI transfection into HEK293T cells and subsequent
western blot analysis of cell lysates using an-&®p protein antibody. HEK293T cells were

transfected with 200,000 copies of an apprite Rep plasmid (either pAARCKan,
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pcDNA3.1 ReHyCMV or pcDNA3.1 ReHyMCS) and 200,000 copies of the helper plasmid,
pHelperKan; a mock transfection was also carried out. The transient transfections were set
up in biological duplicate. A cell pellet wzesrvested 48 h post transfection, along with a cell
pellet of the untransfected HEK293T cells. The cell pellets were lysed, and the protein
samples were prepared as pbtethods Section 5. After estimating the amount of total

protein in cell lysates, 5Qug of total protein sample were loaded and run on an 8%
polyacrylamide gel, the proteins were then transferred to nitrocellulose for subsequent
western blot analysis as described in Methods SectiéiB2The western blot was probed

for the presence of th&kep proteins using a commercially available -&&p antibody. As

seen in Figur8.5C, the samples transfected with the Rep plasmids (pRE&Kan, pcDNA3.1
ReHyCMV or pcDNA3.1 ReHyMCS) produce a band at approximately 40 kDa. This band at 40
kDa is of theexpected size for one of the Rep proteins, the expected size of the different Rep
proteins being 78 kDa, 68 kDa, 52 kDa and 40 kDa. These data indicate that the vector
plasmids pcDNA3.1 ReHyCMV and pc3.1 ReHyMCS do result in the production of the Rep
proteins. Furthermore, a band in the Rep plasmid transfected samples at approximately 70
kDa was also observed with those from the ReHyCMV transfected samples appearing to
show higher expression of this 70 kDa band. No Rep protein expression was observed in the

control HEK293T sample nor in the mock transfected cell line as expected.

3.4.1.3 Attempts to generate HEK293T cell lines stably expressing the Rep

proteins

In order to generate HEK293T cell lines stably expressing the Rep proteins it was necessary
to set up a tansfection using the plasmids that contain the selection marker. Hygromycin B
was chosen as an appropriate selection marker for the generation of these Rep expressing
cell pools. In order to determine an appropriate concentration of Hygromycin B to use for
the establishment of stable cell lines, a kill curve was carried out as described\tethed

Section 2.6.3 Based on the kill curve250 ng/mL was chosen as an appropriate

concentration of hygromycin B to use for stable cell line generation.

Four setsof transfections were initially carried out as describedviathods Section 2.2.

using 100,000 copies of pcDNA3.1 Hygro, pR&Kan, pcDNA3.1 ReHyCMV and pc3.1
ReHyMCS. The transfected cells were then incubated statically at 37°C, then 24 hours post
transfection the selection agent Hygromycin B was added to the cells which were then left
in the incubator and checked regularly for colonies of cells to emerge in the presence of

Hygromycin B. As expected, cells transfected with the pR8Kan as a contradlid not
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survive the addition of Hygromycin selection agent due to the fact this plasmid does not
contain the selection marker gene. Unfortunately, the cells transfected with pcDNA3.1
ReHyCMV and pc3.1 ReHyMCS did not survive the transfection and sgbectiess either

and no colonies grew within one month of the transfections. This could be because the
hygromycin gene was not expressed although this is unlikely as others in the laboratory used
the same backbone for the successful generation of stablelinel in the presence of
hygromycin (further, this is used in later studies in this thesis successfully to produce stable
cell pools and lines). Alternatively, the viral proteins are known to be toxic to the cell
(Berthet, Raj, Saudan, & Beard, 2005; Saudan, 20@iDhence their continued expression

at high amounts may have resulted in cell death. To try and address this potarttaime,

the same transfections were carried out but this time only 50,000 copies of each vector
plasmid were transfected to potentially reduce the expression in any stably integrated cells
However, once againno cells emerged from the selection procesw for this reason the

work on the Rep expressing cell pools was halted at this point.
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Figure 3.5A) DNA agarose gel showing a test restriction digest of pcDNA3.1 ReH
using the restriction enzymeBamHIland Nhelwith expected bands at approximatel
6653 bp and 726 bhpB) DNA agarose gel showing a test digest of pcDNA3.1 ReH
with EcoRV and BamMith a band drop out at approximately 760 bp. C) Western t
following transient transfections of the following plasmids: pARGKan, pcDNA3.1
ReHyCMV,(ReHyCMV) pcDNA3.1 ReHyMCS (ReHyMCS) with an untransfectec
(CTRL) and a mock transfected cohfMock) to test for Rep expression using the ar
Rep primary antibody.
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3.5 Generation of HEK293T Cell Pools Stably Expressingépand CapGenes
3.5.1 Generation of Rep Cap Expressing Constructs

In order to create HEK293T cells stably expressing both epeaRd Cap proteins from a
single genomic AAV sequence, it was necessary to create a plasmid vector containing a
mammalian selection marker to allow for identification of cells successfully expressing the
RepandCapgenes as for th&®epgene alone descréd in sectior8.4. Themethods used for

the different steps of molecular cloning discussed are found in Methods Sec3iddetailed
plasmid maps can be found tihe appendix and the primer sequences used in the Methods
Section2.3.

The first vector corteucted was the Rep vector referred to as pcDNA3.1 ReCHyCMV (or
ReCHyCMYV), as described in Figure 3.8 A using the pcDNAS.1 Hygro backbBepatie
Capgenes were amplified from the pAARCKan vector plasmid using the RepCap primers
as described in th#lethods Sectior2.34 Both the RepCap insert and the pcDNA3.1 Hygro
backbone were digested withheland Xbalbefore being ligated together and transformed

into DH% cells. A selection of colonies was then subjected to a test restriction digest after
growth in culture overnight and purification of the resulting plasmid DNA using a
commercially available kitMethods Section 2.3)3using the restriction enzymdsheland
BamHI.A successful band pattern when analysed on a DNA agarose gel showed a band of
approximately 8863 bp and a band dropout at approximately 726 bp as seen in lane 8 of the
DNA gel in figure 3.9A. The samples showing the correct banding pattern waréose

sequencing with GeneWiz for confirmation of the sequences.

Next it was necessary to generate the pcDNA3.1 ReCHyMCS plasmid which involved the
removal of theRepgene from pcDNA3.1 ReHyMCS vector plasmid and replacing it with the
RepCajinsert. TheRepCajnsert was amplified from the vector plasmid pAREKan using

the same RepCap primers used for the generation of pcDNA3.1 ReCHyCMV plasmid. Both
the RepCap insert and pcDNA3.1 ReHyMCS backbone were digested using the restriction
enzymes\heland Xtal. A schematic of how this was carried out is shown in figurB.3A
selection of transformed colonies was analysed as described above using a test restriction
digest and the restriction enzymepnl A successful banding pattern contained a band at
appraximately 6778 bp and a band drop out at approximately 2252 bp (Lane 7, Bi§ure

The successful colonies were then sent for Sanger sequencing by GeneWiz for sequence

confirmation.
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Figure 3.7 Schematic Showing the Construction of the RepCap Hygromycin VectdBofA.)
the Repand Capgenes were amplified out of the pAARCKan Plasmid using the RepC
primers noted in the materials and methodabile 2.21. The PCR product and theOi¢A3.1
Hygro backbone were then digested with the restriction enzyBwmsl and Xbal TheRepand
Capgenes were then ligated into the digested backbone to produce the plasmid pcDM
ReCHyCMV(B.) To create a version of the Rep Cap Hygromycin vectochwailacking in the
CMV promotor region, the plasmid vector pcDNA3.1 ReHyMCS was digested wil
restriction enzymexbaland Nhel.The RepCap gene was amplified by PCR and digested
Nhel and Xbal prior to being ligated into the digested pcDNA3.1HREICS backbone, t
produce the vector plasmid pcDNA3.1 ReCHyMCS.
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Figure 3.8A) DNA agarose gel showing a restriction test digest of pcDNA3.1 ReCF
using the restriction enzymeNheland BamHI.A successful banding pattern shov
bands at 8863 bpvith a band drop out at approximately 726 .dp) DNA agarose ge
showing @ enzymedigest of pcDNA3.1 ReCHyMCS using the restriction enypmle
with bands at approximately 6778 bp and a band at approximately 2252 bp. C) We
blot following transientransfections of the following plasmids: pA®REKan, pcDNAS3.1
ReCHyCMV,(ReCHyCMV) pcDNA3.1 ReCHyMCS (ReCHyMCS) with a mock t
control (Mock) to test for Rep expression using the &#p primary antibody. L7a we
used as a loading control for the blots with a band detected approximately 25 kDa.
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3.5.2 Initial Experiments to Investigate Transient Expression of Proteins from the

RepCap Generated Constructs

Prior to using the constructs for the generation of the HEK293T cell line stably expressing the
RepandCapgenes, it was necessary to determine if the pcDNA3.1 ReCHyCMV and pcDNA3.1
ReCHyMCS plasmids could successfully transiently produce the Rep or Cap proteins. The aim
was to validate these two constructs via transient PEI transfections. HEK@&33ells were
transfected with 200,000 copies of the Rep and Cap producing plasmids -p@iKkahn,
pcDNA3.1 ReCHyCMV or pcDNA3.1 ReCHyMCS) and 200,000 copies of the helper plasmid,
pHelperKan, a mock transfection was also carried out. These transiemsferations were

set up in biological triplicate. A cell pellet was harvested 48 h post transfection, along with a
cell pellet of the host HEK293T cells. The cell pellets were lysed, and the protein samples
were prepared as per the Methods Section§, 2Zegectively. Samples containing §@ of

total protein were loaded and run on an 8% polyacrylamide gel and a western blot was
carried out as described in Methods Sectiob.2. The western blot was probed for the
presence of the Rep proteins using the arep antibody and the protein L7a as a loading
control (~30 kDa). A band was observed in all samples including the HEK293T control at just
above 70 kDa, however it was not possible to visualise any of the Rep protein bands in any
of the samples except one tfe biological replicates of the pAACKan transfections. Due

G2 GKS FILIO0G GKIG GKS LINBaSyOoS 2F (KS o6l yRQa
ReCHyMCS samples were not observed (Figure 3.6 C), this indicates that the vector plasmids
pcDNA3.1IReCHyCMV and pc3.1 ReCHyMCS either do not produce the Rep proteins or do
but at amounts not detectable by western blotting and hence were very low. In view of these
results, it waglecidedthat work on developing a HEK293T host cell pool stably expressing

Rep and Cap genes/protéie halted.

3.6 Discussion

The aim of this Chapter was to establish AAV2 vector production using a suspension adapted
host HEK293T cell line. This traditionally adherent cell line was adapted to suspension at
Cobra Biologics. Once the host cell line was established it was possilde this host cell

line as a baseline for vector production and as a comparison for future work in Chapter 4 and

Chapter 5. Establishment of the suspension adapted HEK293T cell line involved an initial
investigation into the growth kinetics of the HEKZ9RIls by analysing their culture viability

and viable cell concentration during batch culture. The HEK293T cell line maintained a high
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culture viability (% viability) for the first 4 days following transfection prior to steadily
declining. There was aestdy increase in the viable cell concentration which peaked on day

4 with a steady decline of viable cells by day 5. The growth profiles reported in figure 3.1
mirror the growth profile of HEK293T cell lines reported in other rese@relmini et al.,

2017) Based on the growth profiles, the population doubling time (PDT) was als
determined across the first four days of cultutiee doubling time of the suspension adapted
HEK293T cell line was calculated as 22.1 h. While there are very few studies looking at the
doubling time of suspension adapted HEK293T cell lines, the dotiblimgf the suspension
adapted HEK293T line can be compared to that of the adherent HEK293T cell line, where the
population doubling times range up to 30(Rfeifer et al., 1993; Ramboer et al., 2015)
Furthermore the doubling time of the HEK293&lldine used in this researéf around that

of suspension adapted HEK293 cells which hareparted doubling time of 24 HCervera,
Gutiérrez, Godia, & Segura, 201AF with the research in this study, tevera study did

not use serum in the media the cells were grown in (Freestyle).

It was important to determine if there was any impact of subculture length between
passaging on the cell culture heath as determined by culture viability and viable cékeraim
Ideally, transient transfections should be set up on a day when the cultures have a high
culture viability (>90%fde los Milagros Bassani Molinas, Beer, Hesse, Wirth, & Wagner,
2014) and in the same growth phase @y time so that reproducible methodology is
followed and results obtained. Based on the growth data collected on passage days Monday,
Wednesday and Friday, it was shown that the cells appeared to maintain a higher culture
viability on a Monday following &day culture when compared to Wednesday and Friday
following a 2day culture. Based on this it was determined that the-getof the transient
transfections would occur for experiments undertaken in this thesis following three days in
culture to give themost reproducibility possible rather than using @&y culture (Figure

3.1). However, research undertaken at Cobra Biologics has shown that the passaging regime
is known to marginally improve the robustness of the AAV production, this is due to the
varidble nature of the production of these viral vectors. Major factors that impact this

variability include the transfection efficiency and the cells ability to produce the AAV vectors.

Along with the initial establishment of the HEK293T suspension adaptisditcevas also
necessary to establish a baseline for rAAV2 vector production using the model system and
process to be utilised throughout the remainder of the studies. The initial titre data reported
in this results chaptewasused as a comparison forrther work described in Chapters 4 and

5. rAAV2 vectors were produced by a transient triple PEI transfection of the appropriate
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plasmids; pAANRCKan, pAAVGFPKan and pHelpeKan. The capsid titres obtained during

this preliminary smalscale study are iline with the capsid titres generated in other studies.

The study by Hyang et al (2013) yielded capsid titres betweerf arnti®x18/mL using PEI
transfection reagent. However, previous studies have often been carried out in adherent
cells with media cotaining FBED Grimm et al., 999; Huang et al., 201.3pther largescale

studies such as that by Durocher et al (2007) achieved titres of 45ixt6ctious viral
particles in a 3.5 L bioreactor. The Durocher study used a HEK293 suspension cell line along
with serum free, Freestgl media and as with the work in this chapter the plasmids were
transfected in a triple transfection method and were carried out using PEI transfection

reagent(Durocher et al., 2007)

The majority of the particles produced here were retained in the cells, this has been reported
in other studies where the lysate titre was compared to that of the supernatant titre. This
was an expected result, as it is @lirkknown that the majority of rAAV2 vectors need to be
purified from the cell lysate as AAV2 remains cell associated due to its affinity for heparin
(Huang et al., 2013; Vandenberghe et al., 201k retention within the cell is not a ttai
common to all AAV serotypes, indeed many serotypes (e.g., AAV1, AAV8 and AAV9) do in
fact release vectors into the culture medium. -@m-other-hand, the study by
Vandenberghe et al showed that for AAV2 and AAV5 the majority of capsids are retained
within the cell(Vandenberghe et al., 2010The retention of the viral capsids for certain
serotypes adds an extra level to the purification of the capsids as it is necessary to extract
them from cells and then purify them from all other intracellular material. This major
challenge for downstream processifigorenweiser, 2005)Thus, the choice of serotype can
have profound implications on downstream purification demands and secreted or released
serotypes might be advantageous foopuction in this respect although choice of serotype
also depends on the tissue to be targeted for the gene therapy. Low packaging efficiency is
also a common trait observed in rAAV product{@ommer et al., 2003; J F Wright, 2008)
and is one of the major challenges that needs to be overcome in the production of such
vectors. This work served as a baselinetfier future chapters of this thesis where the aim

was to investigate the improved packaging of rAAV2 vectors by engineering of the host cell.

One of the approaches to potentially improve rAAV production explored in this chapter was
to look at generating a EK293T cell line stably expressing the Rep proteins or both the Rep
and Cap proteins. Transfection efficiency can be influenced by many factors including cell
type, nucleic acid/chemical ratio, pH and cell membrane conditions. It has been shown that

the ratio between the molar units of PEI nitrogen to the units of phosphate atoms in DNA,
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the N/P ratio, correlates with increased transfection efficiencijekiang et al., 2013)
Furthermore, studies have shown -tmnsfection can have aegative impact or mutual

inhibition of plasmid expression when transientlyttansfected(Stepanenko & Heng, 2017)

Therefore, the generation of a cell line stably expressingRepand Capgenes would

potentially reduce the strain on the cells producing the vectors as it would reduce the
number of plasmids required to be transfected into the HEK293T cells. A further reason for
undertaking this work relates to the method behind genome enchgimn. Although this is

y2i FdzZ te& St dzOARIFIGSRE 2yS KeLRiIKSaAa Aa 27F a
LINPGSAY A& GK2dzAKG G2 FaGdlrOK G2 GKS pQ SyR 2
FdZA t & F2N¥SR Ol LJAAR IrRep protdinSdefarebindng ® thé dapsi & { 2
followed by encapsulation of the genome through FRgp interactions. This Rep mediated
encapsulation involves the Rep binding to the Rep Binding elements (RBE) within the ITR
regions(Bleker, Pawlita, & Kleinschmidt, 2006; R. Jude Samulski & Muzyczka, 2014; Wang Y,
Wang L, & Aslanidi GV, 2018)is for this reason we had a keen intargsmanipulation of

the Rep proteins and the role they might play in the ratio of empty vector vs packaged vector

observed.

Initially, it was necessary to produce Rep and RepCap plasmid DNA vectors that contained a
selection marker to allow for selectioisblation of cells stably expressing the Rep or Rep and
Cap proteins. The cloning was successful as confirmed by sequencing of the final plasmids
produced. Unfortunately, while the Rep proteins have been shown to play a multitude of
essential roles includg AAV DNA replication, regulation and genome integration it has also
been shown that expression of these have a cytotoxic effect on the cells. The expression of
Rep78 has been shown to induce apoptotic cell death during the G1 and S phases of the cell
cyde (Schmidt et al., 2000; Qichenagng, Chen, Ross, & Trempe, 199Ble to this
potentially detrimental impact, and the presence of a CMV region in the plasmid vectors,
plasmid vectors were designed and generated that were lacking the CMV region to
potentially decrease the expressiontbe Rep proteins. The hypothesis was that lower Rep
protein expression may be tolerated and the stably expressing cell lines would not
experience cell death by apoptosis. The CMV promoter is of variable promotor strength,
being strong in certain cell liseand weak in other cell lines although generally considered a
strong promoter, particularly when the enhancer is present as in the vector uséus

study. Thus, the CMV promotor is a strong promotor in the HEK293T ce(Qineet al.,

2010) The plasmid vectors pcDNA3.1 ReHyMCS and the pcDNA3.1 ReCHyMCS were
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therefore made wherebyhey had a multiple cloning site in place of the CMV promotor

region.

It was important to test that the plasmid constructs without the CMV promoter did still
produce the Rep or the Rep and Cap proteins. This was achieved by transiently transfecting
theseplasmid vectors into the HEK293T host cells. The Rep plasmids (pcDNA3.1 ReHyCMV
and pcDNA3.1 ReHyMCS) did show successful expression of the Rep proteins as seen in figure
3.6C. Unfortunately, it was not possible to detect Rep or Cap expression from tikaRep
plasmids pcDNA3.1 ReCHyCMV and pcDNA3.1 ReCHyMCS. However, following the validation
that pcDNA3.1 ReHyCMV and pcDNA3.1 ReHyMCS could transiently express the Rep
proteins, transfections were carried out and 24 h later the Hygromycin B selection agent wa
added to the cells to allow selection for stably integrated and surviving cells. The
concentration of hygromycin B was determined based on the results sexkillicurve, the

kill curve concentrations are in line with other studies with 28mL beinga commonly

used hygromycin B selection concentration with HEK293T cell(Reess, Trivindoto, Wu,

Kokott, & Lim, 2020)ndeed, he concentration of hygromycin B used in HEK293T research
generally ranges from 108g/mL to 300>g/mL (Boshtam et al., 2018; Fatahi et al., 2018;

t FNNRA&S ATt Aynl 2 RUAMDEatély; rfo Yo®ihids Emged fra@thédeS H N M P
transfections. The transfections were carried out again but using less copies of the plasmid
vectors per cell (50,000 copies/cell). These cells did not survive selection either. As
mentioned earlier, the expression of Rep proteins has dedntal effects on the cells by
slowing cell growth and promoting cell dedtkhleif, Myersz, Carter, & Trempe, 1990e

theorise that it is potentially these cytotoxic effects that prevents the emergence of stably

expressing Rep protein cell lines.

Due to the data derived from the experiments outlined in this Chapter, work on development

of HEK293T stably expressing Rep and Cap protein cell pools was not continued. While this
approach was unsuccessful, there has been some work on development ofalutihes
expressing the Rep proteins. A dual switch inducible system has been reported for the
inactivation and activation of th&epgenes in a HEK293 cell line which results in normal
growth profiles and high rAAV vector yiel@@iaqg Wang, Zhu, Li, & Xiao, 200Zhere have

also been HelLa cell lines produced that do express botRépandCapgeneqK. Reed Clark

et al., 1995) Further, there has also been a nbleLa cell line developed expressing both the
Rep and Cap proteins, this cell line (knagrK209) has been designed by stable transfection

of A549 with an AAV2 plasmid containing the p5 Rep and Cap cassette. This cell line has been
shown to produce a high yield of rAAV2 veci@sP. Gao et al., 200d)ere is thus evidence
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of it being possible to generate Rep and R&gp stably expressing cell linest kius likely

that for this to give long term stability an inducible system of expression is required such that
these are not expressed in the cell in the absence of an inducing agent. This in itself offers
some issues for production as an inducer ageotild need to be added to the cells after
transfection of plasmids containing the target genome and additional helper genes. Thus,
one potential way of overcoming the issue in future work would be to develop an inducible
Rep systeminthe hostcelllineK X & ¢2dzZA R YIFIAyalrAy (GKS wSLl 3Sy
an inducer switches it arThis off switch would potentially prevent the cytotoxic effects of

the Rep proteins from killing the cells. Inducible systems have been designed using HEK293
cell linesto allow amplification of the helper genes under the control of the tetracycline
transactivator systenflnoue & Russell, 1998; Qiao, Li, Skold, Zhang, & Xiao, d0@2)se

of a tetracycline inducible system would be a potential next step for the production of the

stable cell lines expressiepand Capgenes.

Although it did not prove possible to generate HEK293T stably expressing Rep and Cap cell
pools, other c# line engineering approaches can be taken to try and improve rAAV
production from HEK293T cells. The following Chapters describe one such approach,
whereby HEK293T cells stably expressing a further protein that can arise from the Cap
transcript, AAP, wer generated and evaluated for their ability to produce rAAV compared

to the original HEK293T cells.
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Chapter 4
Generation of Molecular Constructs and Assembly Activating Protein
(AAP) HEK293T Expressing £ell

4.1 Introduction to the Work Described in thi€hapter

As outlined in thelntroduction chapter of this thesis, when AAV capsids are generated,
reports suggest that the empty capsids are initially formed in a rapid reaction followed by
the slow insertion of the single stranded genome into the proteipstéd(Myers & Carter,

1980) Despite this, the mechanisms involved in boltte tformation of the capsid and
encapsulation of the genome still remain largely unknown in comparison to what is known
about the molecular events involved in the replication of the genome. For over 25 years it
was thought that the only proteins expressed AAV2 were that of the nestructural Rep
proteins (Rep40, Rep52, Rep68 and Rep78) and the three capsid proteins (VP1, VP2 and VP3).
This remained the case until a small 23 kDa protein was identified which was encoded within
an alternative ORF upstream thfe VP3 coding sequence. The translation of thRNAis
initiated from an unconventional start codon (CUGdnntag et al., 2010Pueto what was
thought initially to be an essential role in capsid assepibhecame known as the Assembly
Activating Protein (AAP). Studies on AAP have shown it to have a role in the transport of VP
proteins to the nucleolus for capsid assembly, this b&limg identified partly by the presence

of a nucleolar localisation sign@tarley et al., 2015; Sonntag et al., 2018AP has been
identified in all parvoviruses that are found in the gelependovirugSonntag et al., 2010)

Most of the research to date has involved the AAP protein from the AAV serotype 2. While
it was initially thought that AAP was vital for capsid assembly, itinas een shown that

the importance of AAP in capsid assembly is serotype specific. The initial research was based
on the AAP from AAV serotype 2 that showed that AAP plays an essential role in the
production of AAV2 capsids, however it has been showrettebs essential in serotypes 4,

5 and 11(Earley et al., 2017)

Traditionally when discussing protein coding sequences in eukaryotic cells, we think of them
as starting with a conventional AUG start codon and ending in one of three stop codons,
UAA, UGA and UAG. This is known to be the most efficient method of tianglaitiation.

As far back as the 1980s it was shown that ribosomes can identify/recognise unconventional
start codons, albeit in a less efficient manner than that of the conventional AUG start codon

(Kearse & Wilusz, 2017; Zitomer, Walthall, Rymond, & Hollenberg, .194die it is
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abnormal for mammalian cells to utilise noopnventional start edons, initiation at
unconventional start codons is a trait that can be foundimses and variety of cell types
including mammalian cellgFirth & Brierley, 2012; Peabody, 1989he use of non
conventional start codons in mammalian cells can be divided into two separate groups; IRES
dependent or IREBdependent. It has been shown that CUG initiated translation does not
utilise an IRES mechanism of translation initiation and is based on the typiaidpgapdent

ribosome scanning mechanisrfGerashchenko, Su, & Gladyshev, 2010)

As mentioned above, translation of AAP is initiated fromfamconventional start codon,
CUG. lis this ability of the translational machinery of mammalian cells to initiate at non
conventional start codons that allows for the production of AAV serotype 2 capsids. There
are a number of start codons responsible for the different proteins expressedthie Cap

gene. VP2 is initiated by a weak ACG start codon prior to thecanwentional CTG start
codon for AAP followed by a standard ATG start codon for the VP3 protein. To ensure that
all proteins are expressed from one transcript the cells utiliseaslation strategy which
engages a leaky scanning or shunting mechanism to produce the pr{Rsialsova, Pooggin,

& Hohn, 2002; Sonntag et al., 2010)

4.2 Aims of this Chapter

The work presented in Chapter 3 evaluated expressidRefCapgenes and the possibility

of establishing stably expressing cell pools of Rep and Cap. This was found to be difficult to
achieve asoutlined in Chapter 3. The focus of this Chapter was therefore to begin
investigating manipulation of AAP expression in HEK293T cells. Further, the role of the
Assembly Activating Protein (AAP) was of particular interest to Cobra Biologics due to the
gapsin our understanding regarding AAP and its potential impact on making recombinant
AAV. In this chapter is described the production of HEK293T cell pools stably expressing AAP.
As AAP has a cryptic start codon (CTG) it was necessary to design AAP saihstirinctve

this cryptic start codon, but alongside side this we investigated using an ATG start codon in
the transcript encoding for the AAP protein. This chapter also reports on the characterisation
of the AAP cell pools developed, specificaltetinaly V5 tagged AAP cell pools via
western blotting and immunofluorescence. The chapter concludes with an investigation into
the effect of exogenous AAP expression in HEK293T cell pools on the production of AAV
serotype 2 capsids by determining capsid andayee titres from these pools via ELISA and

gPCR methods compared to the original HEK293T cell host.

The overall aims of the work described in this chapter were therefore to:
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a. Generate constructs containing the AAP gene with either a CTG or ATG start codon
and that included within the acceptor plasmid a mammalian selection marker
(Hygromycin) in order to produce HEK293T cell lines stably expressivgfgenes

b. Characterisdghe resulting HEK293T cell pools stably expressing AAP from either a
CTG or ATG stacodon, looking specifically at:

i. Expression of AAP from the CTG and ATG constructs
ii. Growth characteristics
iii. Localisation of AAP

c. Establish an rAAV2 production system using the CTG and ATG construct AAP
expressing cell pools and using commercially availBBIR and ELISA based assays,
determine the effects of AAP ovexpression on capsid formation and genome titre

of a AAV2 expressing model transgene GFP.
4.3 Generationof Recombinant AAP Expressing Cell Pools
4.3.1 Generation of AAP Expressing Constructs

In order togenerate HEK293T cells stably expressing the AAP proteins it was necessary to
create a plasmid vector containing a mammalian selection marker to allow for isolation of
cells successfully harbouring theAPgene expression cassettes. Furthermore, due ® th
lack of commercially available AAP antibodies it was necessamypress theAAPgene in
frame with a @erminal V5 tag to allow for visualisation of the protein. To ensure any effects
observed on cell phenotype were caused by the AAP protein and adf$htag, it was also
important to generate a vector plasmid where tAé\Pgene did not read through to the V5
tag, this was achieved via the addition of a TGA stop codon followingAlfRgene. The
methods used for the different stages of molecular clgréme described in Methods Section
2.3. Detailed plasmid maps are locatedtlire Appendix and the primer sequences used are
described inrable 2.21.

As previously mentioneddAP naturally has a cryptic CTG start codon. A pCER2(RL
plasmid containing the CT&AP gene, supplied from Cobra Biologiess used as a template

to amplify the CTE&APgene using the CFSAPVS5 primer set or the CIKAPSTOP primer

set (Table 2.21) for the production of the pcDNA3.1 CTGV5 and pcDNA3.1.ABPGSTOP
vectors using the pcDNA3.1 Hygro V5His backbone, as described in Figure 4.1 and 4.2,
respectively. Furthermore, a pCETAIGAAP plasmid containing the synthetically
engineered AT@AAP gene, waalso supplied by Cobra Biologics. This pCEAIGAAP
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plasmid was used as template to amplify th&@ GAAPgene using either the ATGAPV5
primer set or the AT@AAPstop primer set (Table 212, this resulted in the production of the
pcDNA3.1 ATGV5 andidA3.1 AT@AAP STOP vectors using the pcDNA3.1 Hygro V5His
backbone, as described in Figure 4.4 and 4.5, respectively. A schematic of HARTG
plasmid vectors is shown in Fig 4.3 A and the-ARB plasmid vectors is shown in Fig 4.6A.
The amplifiedAAPgenes and the pcDNA3.1 Hygro V5His backbone were digested using the
restriction enzymespnland Xhol The backbones and inserts were ligated together and
transformed into DH5 cells in the presence of ampicillin. A selection of colonies were
chosen to cofirm the presence of plasmid DNA containing the required inserts. A restriction
test digest using the restriction enzym&pnland Xholfollowed DNA extraction. All test
digests were then analysed on a DNA agarose gel, colonies containing the desiretsggne

had a backbone band at approximately 5599 bp with a band drop out of approximately 751
bp expected and representing tleTGAAPV5Yene (Fig. 4.3 B), a band dropout of 754 bp
expected representing th€TGAAPSTOP gene (Fig. 4.3 C), a band drop 6868 bp
representing the ATGV5 gene(Fig. 4.6 B) or a band dropout of 672 bp representing the ATG
AAPSTOP plasmid (Fig. 4.6 @h(€4.3-1). Colonies that appeared successful based on the
restriction test digest were sent for sequencing commerciallsleyneWiz for confirmation

of the sequence.

Table 4.31 Test restriction digest expected DNA band sizes (bp).

Inserted gene Backbonesize(bp) Insertsize(bp)
CTGAAPVS 5599 751
CTGAAPstop 5599 754
ATGAAPV5 5599 669
ATGAAPstop 5599 672
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Figure 4.1 Schematic showing the construction of the GA&PV5 tagged vectol
(pcDNAS.1 CTBAP V5)TheAAPgene with the cryptic start codon, CTG, was amplif
out of the pCET9GAAP plasmid using the GIAP primers described in Methods Tak
2.2-1. The PCR product and the pcDNA3.1 Hygro V5His backbone were then di
with the restriction enzymeKpnlandXhol The CT@APgene was then ligated into the
digested backbone to produce the plasmid pcDNA3.1-8A V5.
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Figure 4.2 Schematic showing the construction of the QY& vector lacking a tac
(pcDNA3.1 CTBAP STOP)The AAPgene with the crypticstart codon, CTG, wa
amplified out of the pCET9®4AP plasmid using the CGEBP STOP primers describ
in Methods Table 2:2. The PCR product and the pcDNA3.1 Hygro V5His backbone
then digested with the restriction enzymé&pnland Xhol The CT@APgene was then
ligated into the digested backbone to produce the plasmid pcDNA3.1AQPGSTOP.
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Figure 4.3 Generation of CT&AP vector constucts with and without a V5 tag. /£
Schematic of the CF&AP vector constructs pcDNA3.1 €48 V5 (upper) anc
pcDNA3.1 CTBAP STOP (lowe(B) DNA agarose gel showing a test restriction dig
of plasmid DNA thought to be that of pcDNA3.1 @WP V5 using the restrictiol
enzymesKpnland Xhol Lanes 1 and 2 show bands representative of the predic
fragments 5599 bp and 751 bfC)DNA agarose gel showing a test restriction diges
plasmid DNA thought to be that of pcDNA3.1 AR STOP using the restrictic
enzymeKpnlandXhol. Lare 2 shows bands representative of the predicted fragme
at 5599 bp and 754 bp.

Clones 1 and 2 for CTAAPVS5 and clone 2 for GRBPSTOP, clones 1 and 2 for ARRV5

and clones 12 and 4 for ATAAPSTOP were confirmed for the presence of the coimsett
sequence by commercial sequencing via Genewiz. Successfully sequenced AAP vector
constructs were extracted on a larger scale for use in the generation of HEK293T cell pools
stably expressing AAP as described in Results Section 4.4 followingimaliolavector

constructs by western blot analysis as described in Results Section 4.3.3.
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Figure 4.4 Schematic showing the construction of the ATGV5 tagged ve
(pcDNA3.1 ATAAP V5).The AAPgene with the ATG, was amplified out of tf
Pcet901 ATAAP plasmid using the ATKAP primers described in Methods Tak
2.2-1. The PCR product and the pcDNA3.1 Hygro V5His backbone were digestt
the restriction enzyme&pnland Xhol The ATGAAPgere was ligated into the
digested backbone to produce the plasmid pcDNA3.1-AAB V5.
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Figure 4.5 Schematic showing the construction of the AR&P untagged vector
(pcDNA3.1 ATAAP STOPYhe AAPgene with the ATG was amplified out of tt
pCET90ATGAAP plasmid using the A&P STOP primers described in Methc
Table 2.21. The PCR product and the pcDNA3.1 Hygro V5His backbone
digested with the restriction enzymd§onland Xhol The ATG AAP STOP gene \
ligated into the digested backbone tproduce the plasmid pcDNA3.1 AAGP
STOP.
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Figure 4.6 Generation of AFGAP vector constructs with and without a V5 tag. /£
Schematic of the ATBAP vector constructs designed pcDNA3.1 ATGV5 (upper)
pcDNA3.1 ATBAP STOP (lowe(B) DNA agarse gel showing a test restriction dige:
of plasmid DNA pcDNA3.1 ATGV5 using the restriction enzgprdand Xhol Lanes 1
and 2 having bands representative of the predicted fragments 5599 bp and 66@)b
DNA agarose gel showing a test restriction digef plasmid DNA pcDNA3.1 CGAG&P
STOP using the restriction enzymi€pnl and Xhol.Lanes 1, 2 and 4 having banc
representative of the predicted fragments 5599 bp and 672 bp.

4.3.2 Evaluation of Transient Expression of Exogenous AAP from the AAP

Constructs

Prior to using the AAP constructs for the generation of the HEK293T cell pools stably
expressing the various tagged and untagged versions offkiégene, it was necessary to
ensure that the pcDNA3.1 CTGV5 plasmid and the pcDNA3.1 ATGV5 plasmid syccessfull
produce the AAP proteins in a transient manner. Unfortunately, expression of AAP could not
be determined directly due to the lack of any commercially available AAP antitnedying
plasmids pcDNA3.1 CIKAP STOP and pcDNA3.1 AP STOP could not bealuated for

AAP expression at the protein level.
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The AAPY/5 tagged constructs were validated at the protein level via transient PEI
transfections into HEK293T cells and subsequent western blot analysis of the cell lysates
using an antv5 antibody. To dgeve this, the HEK293T host cells were transfected with
200,000 copies/cell of the AAP plasmids (pcDNA3.1 GAGP V5, pcDNA3.1 AFGBP V5,
pPcDNA3.1 CTBAP STOP or pcDNA3.1 AAAR STOP) in duplicate with-ansfected cells

as a control. Cell pelletsere harvested and lysed 48 h post transfection as per Method
Section 5 and AAPV5 expression was analysed by western blot as described in Methods

Section 5.3 using a commercially available a¥® antibody.

In the samples transfected with the pcDNAXTGV5 and pcDNA3.1 AA&P V5, bands

were observed at approximately 25 kDa indicating the presence of a protein at the expected
sized for the V5 AAP protein and confirming the V5 tag was expressing in frame with the AAP
protein. As expected, there was Bwidence of V5 expression in the HEK293Trammsfected

control samples or the samples transfected with pcDNA3.1-&A’S STOP and pcDNA3.1
ATGAAP STOP (Fig. 4.7). Collectjviblgse data provide good evidence that the AR®
constructs could be used texpress exogenous AAP in HEK293T cells and were therefore

suitable for use in establishing stably expressing HEK293T cell pools.

293T ctrl ATGVS ATGstopV5 CTGV5 CTGstopV5

\ | | ) | |

25kDa- [ | [(~=)

Figure 4.7 Validation of ATBAP and CT®BAP vector constructs ability to express AAl
V5 tagged proteinProtein samples we harvested following the transient transfectio
of 200,000 copies/cell of each vector plasmid to be validated by western blot to tes
the expression of the V5 tag. Samples positive for AAP tagged with V5 show a bai
25 kDa. This confirms the exggsion of V5 in both the pcDNA3.1 ATGV5and the pcDN
CTGAAP V5 plasmids.
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4.3.3 Generation of HEK293T Cell Pools Stably Expressing the AAP Protein

In order to generate HEK293T cell pools stably expressing the AAP protetag@e8 and
untagged), it vas necessary to transfect the cells with Aépressing plasmids containing

the hygromycin selection marker. Hygromycin B was chosen as an appropriate selection
marker for the generation of these AAP expressing cell p@old,based on the results
describal in Section2.6.3 250ng/mL was chosen as an appropriate concentration of

hygromycin B to use for the stable cell line generation.

Five sets of transfections were carried out using the PEI transfection method described in
Methods section2.2.4using 100000 copies of pcDNA3.1 Hygro V5His, pcDNA3.1ABPG

V5, pcDNA3.1 ATEAP V5, pcDNA3.1 GABP STOP or pcDNA3.1 ANA® STOP. The
transfected cells were then incubated statically at 37°C, and 24 hours post transfection the
selection agent Hygromycin B wadded to the cells followed by further incubation and
regular monitoring of the cells for presence of colonies. Colonies emerged from all
transfections in the presence of hygromycin B. Once the cells had grown to a sufficient
concentration (judged by visli appearance of colonies), they were moved from a static
incubator to a shaking incubator (125 rpm) and an aliquot of cell culture was centrifuged and
the pelleted cells were harvested to analyse for the presence of the AAP protein in frame
with the V5 ta. The cell pellets were lysed and AAPV5 expression was analysed by western
blot as described iMethodsSection 2.3 using a commercially available awb antibody.

The blot was also probed for the loading control tubulin. Following development forsa 30
exposure there was obvious evidence of V5 expression indicated by the presence of a band
at approximately 25 kDa in the cell pool stably expressing ATGV5 as shown in Figure 4.8 A. A
10-minute exposure also revealed evidence of V5 expression indicatdtlyresence of a

band at approximately 25 kDa in both the cell pool stably expressing ATGV5 and the cell pool
stably expressing CT&AP V5, as shown in Figure 4.8 B. Meanwhile, there was no indication
of V5 protein expression across the cell lysate sasfiom the HEK293T host cell line and

the cell lines stably expressing the ABIPOP proteins as expected and shown in Figure 4.8.
Note that from this point on the cell lines are referred to@BGV5 (pcDNA3.1 CTBAP V5),
ATGV5pcDNA3.1 ATBAP V5)CTGTOPVEpcDNA3.1 CTHBAP STOP) akTGSTOPV5
(pPcDNA3.1 ATBAP STOP).
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Table 4.3.2 List of plasmids used to generate AAP expressing cell pools and corresponding cell pool.

Plasmid Cell pool name
pcDNA3.1 CT8AP V5 CTGV5
pcDNA3.1 CT8AP STOP CTGSTOPVS
pcDNA3.1 ATBAP V5 ATGVS
pcDNA3.1 ATBAP STOP ATGSTOPVS
A

293T ATGV5 ATGSTOPVECTGV5 CTGSTOPVE

Tubulir - u

V5_, — — N

]

293TATGVS ATGSTOPVE CTGV5  CTGSTOPVE

- -

Figure 4.8 Analysis of the generation ATGAAP and CT@AP expressing HEK293T ¢
pools with and without a V5 tag. AVestern blot analysis following a short (30 s) expost
The loading control alpha tubulin can be seen acrosdltbeat ~55 kDa while the AAPS
expression can be seen at ~25 kDa. A total ot 0f cellular lysate was loaded on SC
PAGE gels following sample preparation in a reducing buffer. A long (10 min) ex{®)s
shows expression of both the ATG and the @diGions of AAPVS5.

4.4 Characterisation of AAP expressing HEK293T cell pools

4.4.1 Growth Profiles of HEK293T Cell Pools StaBkpressingAAP Cultured
Under Batch Condition

In order to establish growth characteristics of the AAP engineered cell pools, celadiys
expressing AAP (CTGV5, ATGV5, CTGSTOPVS and ATGSTOPVS) were cultured under batch
conditions in 250 mL Erlenmeyer flasks and incubated in a shaking incubator at 125 rpm at
37°C. The growth profiles of AAP expressing cell pools were characterisémloigidal

triplicate and compared against the growth profile of the HEK293T host cell line.

Three biological repeats were run for all cell pools, with the mean culture viability and cell
concentrations reported in Figure 4.9A and B, respectively. To etisareny changes to

growth profiles observed were due to the AAP protein and not the presence of the V5 tag,
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the growth profile of the stop codon containing cell pools (CTGSTOPV5 and ATGSTOPV5)
were also analysed. When compared with the growth profilethefHEK293T cell line, the
culture viability for the two CT®BAP cell pools followed a similar trend to that of HEK293T
cell line up until day 4. After this timgaoint, the profiles began to differ with the HEK293T
culture viability dropping to 61.1% vibon day 5 while CTG V5 and CTGSTOPV5 pools
remained higher at 93.5% and 86.1% viable, respectively. The culture viabilities of the CTG
AAP cell pools remained consistently higher than that of the HEK293T host cell line until day
10 where they were all duced to a similar level of approximately 20%. In the cell pools
expressing the CFSAP the decline phase was initiated later than that of the HEK293T cell
line. Both the CTGV5 and GAGP STOP cell pools followed a similar trend across the culture
days imlicating that the increased culture viability observed in figure 4.9 A is likely to be

related to the presence of the exogenous AAP and not V5 tag.

The viable cell concentration (VCC) of the @RP cell pools were also compared to that of

the HEK293T s cell line throughout the batch cultures. There were clear differences in the
growth profiles observed. The HEK293T host cell line was seen to initially increase in viable
cell numbers much more rapidly, reaching a viable cell concentration of 1.44vielde
cells/mL (vc/ml) on day 2 of culture, while the CTGV5 andAARSSTOP reached a VCC of
0.6 x16 ve/mL and 0.36 x®0osc/mL, respectively. However, on day 3 the HEK293T cell line
obtained a peak viable cell concentration of 2.02%id@mL and remaied around this VCC

until day 8 whereby the VCC dropped from 1.825xt0mL to 0.87 x1®c/mL on day 9. The
CTGAAP cell pools reached higher VCCs than the HEK293T host, with the CTGV5 pools
reaching a peak viable cell concentration of 3.2Ext0mL on dy 5 and the CTHBAP STOP

pools reaching a peak viable cell concentration of 2.9% xdnL on day 6. As with the
culture viability data, the CF&AP cell pools followed a similar trend indicating the V5 tag
was not likely to be responsible for the inceeain viable cell concentrations observed in

figure 4.9 B.

As with the CT@AP expressing cell pools, the growth profiles of the-ARB8 expressing

cell pools were compared with the growth profiles of the HEK293T host cell line. The culture
viability for oth the ATGAAP cell lines maintained a similar culture viability up until day 4
where they started to differ from the HEK293T culture viability profile, with the HEK293T
cultures dropping to 61.1% viable on day 5 while the ATGV5 andAARSTOP pools
remained high at 92.7% and 93.0% viable, respectively. The culture viabilities of theA®TG

cell pools remained consistently higher than that of the HEK293T cell line until day 10 where

they all decreased to a similar level of approximately 20%. As witRT®AAP expressing
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pools, the ATEAP expressing pools appear to enter the decline phase later than that of the
HEK293T cell line. Both the ATGV5 and-AAB STOP pools followed a similar trend across
the culture days indicating that the V5 tag is notljkto be responsible for the increased

culture viability reported in figure 4.9 A.

The viable cell concentration (VCC) of the AP cell pools were compared to that of the
HEK293T cell line. Once again, as for the case of théAB&FP@ools, there wereifferences

in the profiles between the HEK293T and AAP engineered cell pools. The HEK293T cell line
reached a viable cell concentration of 1.44 %tidble cells/mL oxlay 2 of culture, while the
ATGV5and ATBAP STOP reach a VCC of 0.68udtL and 0.8 x1G ve/mL, respectively

on this day. However, as described in sectahl, on day 3 the HEK293T cell line reached a
peak viable cell concentration of 2.02 £1@/mL and remained around this VCC until day 8
where it dropped from 1.82 xf@c/mL to 0.8 x1Gvc/mL on day 9. Othe-other-hand, the
ATGAAP cell pools reached higher VCCs, with the ATGV5 pool reaching a peak viable cell
concentration of 2.99x10vc/mL on day 6 and AT&AP STOP reaching a peak viable cell
concentration of 2.96 x®¥c/mL onday 5. As with the culture viability profiles, the ARGP

cell pools followed a similar trend indicating that the V5 tag is not likely to be responsible for
the increase in viable cell concentrations reported in figure 4.9 B and is likely related to the

presence of the exogenous AAP.

It was also important to analyse if there was a difference between the growth profiles of the
CTGAAP cell pools and the AFAP expressing cell pools. Based on both the culture viability
and viable cell concentration, as raped in figure 4.9, it appeared that all the AAP cell pools
followed a similar growth profile during batch culture. This indicates that even low AAP
expression levels, as observed in the @R cell pools (Fig. 4.8 C), was sufficient to have a
positive efect on the growth of the cells. The population doubling times (Fig. 4.9 C) of the
HEK293T cell lineas 21.73 h whereas the AAP expressing cell pael® doubling at a
slightly slower rate than that of the HEK293T host cell line. The ATGV5 celbpdolubling
every 23.58 hverysimilar to that of the ATGSTOPVS5 cell pool whiaf doubling every 25.3

h. Meanwhile, the CTGV5 cell pool and CTGSTOPVS5 cell pool have a population doubling time
of 23.66 and 22.65 h, respectively. The similarity in the pdjpuaoubling times of the AAP

expressing cell pools would explain the similar growth profégertedin figure4.9.
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Figure 4.9 Viable cell concentration and culture viability of AAP expressing cell pools o\
15day batch culture timecourse. A)Culture viability (% viable cells) of V5 tagged &
untagged AAP expressing cell pool in comparison to the host HEK293T cél) Nfiable cell
concentration of V5 tagged and untagged AAP expressing cell pools in comparison to tt
HEK293T cell linéC)Table showing the population doubling time (Td) in hours (h) of the t
HEK293T cell line and the V5 tagged and untagged Agdoks (ATGV5, ATGSTOPVS5, CT

and CTGSTOPV5). The table also shows the peak cell densit?exsc(vrﬂ))achieved by the
HEK293T cell line and AAP expressing cell fdos.

4.4.2 Analysis of AAR/5 Expression inSable Cell Pools viaWestern Blot
Analysis
Over the batch culture growth curve described in secdohl, cell pellets of 2x2Wiable

cells were harvested on culture days 3, 5 and 8 to determine if exogenous AAP expression

fluctuated over time. The cell pellets from HEK293T, ATGV5 and CTGWsauéte lysed,
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and the protein samples prepared as pelethods Section 25, respectively. Following
development of the blot, there was clear evidence of V5 expression indicated by the
presence of a band at approximately 25 kDa in the cell pool stablyessipg ATGV5, as
shown in Figure 4.10 A, B and C. Furthermore, the levels ofVAARsually appeared to
increase as the days of culture progressed when compared t@thdulin control (and
assuminga -tubulin is constant across days). Meanwhile the CTGV5 samples did not have
any detectable expression on day 3 (#if0) although protein was present atays 5 and 8

and the levels appeared visually to increase betwdays 5 and 8 (Fig 4.1@ssuming hat
tubulin levels remained consistent across the days with Tubulin amounts similar on days 5

and 8 although it is noted these are on different gels).

A 10minute exposure also revealed evidence of V5 expression indicated by the presence of
a band at apprrimately 25 kDa in both the cell pool stably expressing ATGV5 and the cell
pool stably expressing C¥AP V5, as shown in Figurd@.As expected, there was no
protein expression detected by the V5 antibody across the cell lysate samples from the
HEK293Tell line as shown in Figureld.

Day 3 Day 5
293T ATGVS CTGV5 293T ATGV5 CTGV5

Tubulin ™eeee—es e TUDU|IN ~Sdapeteandtieede

V5- - o V5- —

Day 8 293T ATGVS CTGVS

Tubulin SSeESSSSsSsSahL

V5- @Decen

Figure 4.10 AAR/5 expression analysis across different culture days by western b
AAP expression was visualised using the-¥&tantibody to detect the AAP expression
the ATGAAP V5 cell pool (ATG V5) and tA&BAP V5 cell pool (CTG V5). The loac
control alphatubulin can be seen across the blot at ~55 kDa while the VW @\Expression
can be seen at ~25 kDa. Samples were harvested for protein analysis on days 3, !
of batch culture.
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4.4.3 Immunofluorescencenalysis of AAR/5 expressing cell pools

Immunofluorescence and confocal microscopy analysis was carried out as described in
Methodssections2.13to analyse the localisation and compare the visual expression levels

of the V5 tagged AAP proteins in tAGG-AAP V5 cell pool (ATG V5) to that of the @B

V5 cell pool (CTG V5). The nuclear stain DAPI was used to visualise the nucleus while the V5
primary antibody and the FITC labelled secondary antibody was used to visualise the V5
Tagged AAP. Since the REEKT cell line does not have any V5 tagged proteins the lack of V5
fluorescence observed iAgure 4.11 A was expected. In Figure 4.11 B, there were what
appears to be intense punctate spots of V5 protein aggregating in the nucleus/nucleolus of
the cells.Furthermore, the number of these punctate V5 fluorescent spots varied in each of
the cells imaged as would be expected for AAP engineered cell pools. As with the ATG V5 cell
pool, V5 expression in the CTG V5 pool was also localised in the nucleus/nucfebies

cells. However, in comparison to the ATG V5 cell pool, the CTG V5 cell pool had visually lower
expression of the V5 tagged AAP with most cells showing only one punctate spot of AAP V5
expression and these were less intense than that of the ATGMe&ssing cell pool (Figure

4.11 C). Figure 4.11 B and C show a variety of V5 tagged AAP expression throughout the cell
pools showing very heterogeneous expression between cells in the pools. This could lead to
variability in any effect on cell growth or @vAV2 titre that might be observed as a result of

AAP expression within a given cell.
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Figure 4.11 Immunofluorescence analysis of A¥Pexpression and localisation in AA
V5 expressing cell pools as analysed by confocal microsc®pg. nuclear stain OA
was used to visualise the nucleus (Blue) while the V5 primary antibody and the
labelled secondary antibody was used to visualise the V5 Tagged AAP (Green). A
the merged, V5 tagged and DAPI stained cells for the HEK293T cell line, while/&
the merged, V5 tagged and DAPI stained cells for theAARSexpressing cell pools, ar
C) shows the merged, V5 tagged and DAPI stained cells for the CTG AAP expres
pool.

4.5 Assessing th&roduction of AAV2 in the HEK293T ABRpressingCell Pools
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An initial rAAV2 production run was carried out in biological triplicate using the AT@V5 an
CTGVS5 cell pools, using the HEK293T suspeadapted cell line as a control, to determine

if there was any impact of stable AAP exogenous expression in the pools on subsequent AAV2
titre. rAAV2 vectors were produced as outlinedMiethodssection2.4by PEI cdransfection

of three plasmidspAAVRCGKan, pAAVGFPKan and pHelpeKan by transfection of 200,000
copies of each plasmid per cell. The viral parsielere harvested 72 h post transfection
using the Takara harvest method as described in Metlsedsion 210.1To determine total

AAV2 particles present in the harvested samples, an ELISA was carried out using the
commercially available Progen AAV2 titration ELISA kit as described in Methods Section
2.211. The error bars were determined based on wtandard deviation of the triplicate
results obtained. The number of particles released into the media was compared to those
retained in the cells and the results from the ELISA assay are shown in Figure 4.12, capsid
titre was determined based on the stdard curve quantities. It was shown that the HEK293T

cell line was producing an averag®#x1Q total particles per mL of culture. The average

viral particle yield for the ATGV5 expressing pool wasx@( total particles/mL in crude

cell lysate although there was a large variation across the triplicate samples. Meanwhile, the
CTGV5 cell pool achied similar viral particle titres to that of the HEK293T cell dihe
2.06x1@ total particles/mL Error bars were generated as the standard deviation of each

experimental repeat (n=3). There was variation in the data, most likely due to the pool nature

1.00E+11
1.00E+10
-
E 1.00E+09
o
= m tp/mL
E 1.00E+08 m vg/mL

1.00E+07

1.00E+06
293T ATGV5 CTGV5

Figure 4.12 rAAV2 Titre Analysis 72 h post transfectibotal particle titre and genome
titre per mL of transfected culture comparing titres from HEK293T cell line to the
expressing cell pools (ATGV5 and CTGWS).

of the AAP expressing cell pools.
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As described in results section 3.3.1, a model GFP transgene was utilised in the production
of rAAV vectors. To determine the number of geneoomtaining particles harvested, a gPCR
assay was carried out using the Takafa/pro Titration kit (For Real Time PCR) as described

in Methods Section 2.10. This assay targets the ITR regions of the genome which flank the
GFP transgene. This involved the harvesting of samples, DNase treatment prior to lysis of
capsids ensuring any siglual plasmid material or ngpackaged genome is degraded and
that only encapsulated genome is measured. The viral genomes were extracted as described
in methods sectior2.10.2 Once the samples had been prepared for Real Time PCR a 96 well
PCR plate wasaded as per methods sectidh10.3and the plate was run using a BioRad
thermocycler according to the protocol described Methods Section 210.3. Technical
triplicates of each sample were loaded into the qPCR plate. Error bars were determined from
SD, n=3. The results obtained are shown in figure 4.12. Sample concentration was
determined based on the standard curve quantities generated by serial dilution of the
positive control supplied in the Takara kit. As shown in Figur& thé ATGV5 cell pool had

a higher proportion of genome packaged capsii21x16 vg/mL,compared to that of the
HEK293T cell liné.24x16 vg/mL,and the CTGV5 cell ped.87x16 vg/mL Through the
analysiof both capsid and genome titre, it can be seen that the ATGV5 expgessll pool
appeared to have increased genome titre compared to the CE&ptessing cell pool. The
CTGV5 expressing cell pool appeared to have little to no effect on capsid titre or genome

titre with titres similar to that of the HEK293ibst cell lineobserved.
4.6 Discussion

The aim of the work presented in this chapter was to generate AAP aneVBASRably
expressing HEK293T cell pools and characterise them for cell growth and ability to produce
AAV2. AAP is a protein of interest in relation to the gargackaging efficiency during the
capsid assembly as described in the introduction section of this chapter. In this chapter, the
rAAV2 production of HEK293T cell pools stably expressing AAP from either the cryptic start
codon CTG or the canonical startdom ATG was investigated. AAP cell pools were
characterised for AAN'5 expression and cell growth characteristics before determining their

ability to produce rAAV2.GFP viral particles that were packaged with a model GFP genome.

To achieve this, vector cetructs expressing the AAP protein either in franvéh a V5 tag
or with a STOP codon preventing read through into the V5 tag were generated containing

the mammalian selection marker for Hygromycin resistance to allow for the
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selection/identification of he cells stably expressing AAP. As there are currently no
commercially available antibodies for AAP, it was necessary to introduce a tag to AAP. The
introduction of a tag to the Assembly Activating Protein to follow its expression is a common
approach amogst AAP researchers, this circumvents the need for an antibody for AAP.
Furthermore the taggingf AAP @erminally suggests that this does not impact the biological
function of AAP(Earley et al., 2017; Grosse et al., 2017, Maurer, Cepeda Diaz, &
Vandenberghe, 2019)

Expression of the AAP from the plasmid vectors was igisalidied by transient transfection

into the HEK293T suspension adapted cell line. As seen indi@teere was V5 expression

as shown by the presence of a band at approximately 25 kDa following western blot analysis

in the samples where the AAP wasfiame with the V5 tag (ATG V5 and CTG V5) and no
expression when AAP contained a STOP codon (ATGSTOP and CTGSTOP) or in the HEK293T
control samples. Based on these western blots, HEK293T cell pools stably expressing the
different versions of AAP were edtlished in the presence of Hygromycin B. As with the
transient transfection analysis to test for expression, only the-XBell pool and the CTG

V5 cell pool, show V5 expression as expected. However, the level of expression varied
immensely between thastwo AAP cell pools with the ATG AWP expressing cell pools

having much higher expression levels than that of the CTGVAASXpressing cell pool. This

is due to the difference in the efficiency of the start codghsanov, Loughran, Sachs, &

Atkins, 2010; Kearse & Wilusz, Z01n a study by Ivanost al (2010) it was shown that in

HEK293T cell lines n@anonical start codons have varying initiation efficiencies in
comparison to that of the conventional AUG start codon. They also showed that the CUG

start codon was only a fifth as efficient as that o tonventional AUG start codon and the

data here is in line with such observations. Furthermore, it has been shown that of the non
conventional start codons, the CUG start codon has a higher initiation efficiency than other
non-convention start codongKearse & Wilusz, 201Bagd on these previous reports and

the current study, the difference in the expression of AAP between the ATG and CTG cell
poals is likely to be largely due to this difference in initiation efficiency (and the fact this is

the only difference in these conszOG a0 @ ¢KA & 3IAPSa I YSOKFyYyAa
protein expression simply by changing the start codon and may be important in the native
virus where the AAP protein synthesis is initiated from a weaker CTG codon rather than a

strong ATG codon.

Oncethe cell pools had been established, the batch culture growth profiles of these cell pools

in comparison to that of the HEK293T control cell line were established to determine if AAP
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expression impacted cell growth. As reported in Figlu@® the cell lins expressing AAP
maintained a higher culture viability and correspondingly also reaching higher viable cell
concentrations than those of the HEK293T cell line. Furthermore, the stably expressing AAP
cell pools expressing the V5 tag exhibited a similar groprofile to those AAP pools
generated where there was no V5 tag on the AAP protein. This indicates that the V5 tag has
no detrimental/beneficial effects on the culture viability and viable cell concentration of

these cell pools beyond that imparted asesult of expression of the AAP protein alone.

Along with analysing the growth profiles of the cell pools during batch culture, it was
important to also assess expression of AAP in these pools across the culture. As shown in
Figure 4.10, it appears that¥® expression increases over time, and again we observed that
the CTG initiated constructeavelower expression levels than that of the ATG form. Based

on the growth profiles though, the lower levels of AAP CTG expression seems to be sufficient
to have gpositive impact on the growth of the cells. However, the effects of AAP expression

on cell growth was not investigated further.

Understanding localisation of the protein was also important as-loualisation may
impact/determine protein functionM. S. Scott, Calafell, Thomas, & Hallett, 20@%5)e of

the best methods available to visualise protein localisatisnconfocal laser scanning
microscopy. The benefit of this is that it allows for the observation elocalisation of
proteins(Miyashita, 2015)As shown in Figure11, V5 tagged AAP was found to be localised

to the nucleus. The localisation of AAP to thelaus is consistent with findings reported in
several studies. A study by Earley et al published in 2017, showed thait&dged AAP
when transiently transfected into HelLa cells were found in the nucleus of the cell, this was
the case in AAV serotypesl? (Earley et al., 2017A study by Gross et al published that
same year demonstrated nlear localisation of HAéagged AAP in both HeLa and HEK293T
cells via transient transfection&rosse et al., 2017The AAR/5 protein appeared to be
aggregating in a number of punctate spots inside the nucleus, this is clearly evident in Figure
4.11 Band to a lesser extent in Figu4el1l Cand is similar to what has been reported in other
studies(Earley et al., 2015Y he aggregation is not likely to be caused by the presence of the
V5 tag as such spots of AAP localisatianehalso been reported in studies where the AAP
protein was tagged with other tags including eGFBe, MollefTank, Meganck, & Asokan,
2018) HA(Grosse et al., 201and FLAGEatey et al., 2017)While the immunofluorescence
work in this chapter onljnvestigatedthe V5 tagged AAP expressiwith regard tonuclear
localisation the studies mentioned above looked at the localisation of the tagged AAP with

the nucleus, but more specifically to the nucleolus. For example, the study by Eadey

139



(2015), used an antiucleostemin antibodyo look at nucleolar localisation. Based the

results obtained in this chapter and work by others in this field, it is likely that the exogenous
V5+tagged AAP is localising to the nucleolus. AAP nucleolar localisation corresponds to where
AAV capsid morphogenesis occurs. AAP targets the \t¢inm o the nucleolus, allowing for
capsid assembly to occur he(8onntag et al., 2010furthermore, as part of the ongoing
charactersation of the AAP cell pools, the immunofluorescence work in this chapter also
compared the AAP expression of the ATG start codon and the CTG start codon. As expected,
the ATGVS cells appeared to have more V5 tagged AAP expression than that of the CTGV5
cdls, this difference in expression of AAP between the cell lines again being due to the
different translation efficiencies of the start codofisanov et al., 2010; Kearse & Wilusz,
2017)

Finally, it was important to study what effect, if any, AAP expression in the cell pools had on
the actual production of rAAV2 total particles ammlal genome packaging. As shown in
Figure 4.12, the cell pools stably expressing ATG AAPV5 expressioredpp@arease the

total particles in comparison to that of the HEK293T control and that of the CTG AAPV5
expressing cell pool. The CTGV5 expregssill pool produced approximately the same
amount of total particles as that of the HEK293T cell line. Alongside particle expression, it
was also important to investigate if the AAP expressing cell pools had an impact on genome
packaging. We therefore cqmared the viral genome titre of the ATBAP and CTGAP
(tagged and untagged) cell pools to that of the HEK293T control cell line. As shown in Figure
4.12, the ATGAAP expressing cell pools had higher levels of genome as determined against
a standard curveompared to those seen in the CGRAP cell pools and the HEK293T cell

line.

As previously mentioned, the role of AAP is yet to be fully understood, but it is thought to be
involved in the shuffling of the VP3 protein to the nucleolus. This role of ABBupaorted

by findings reported byEarleyet al (2015) who identified a nucleolar localisation signal at

the Gterminus of AAP from serotype(Earley et al., 2015Another study by Naumaest al
(2012)indicated that AAP2 can function as a scaffold nucleating capsid assembly, due to

11t Q& FoAfAGeE G2 Ay RdzOS(Naumedet fl.F 2DM)Grossektaly £ OK |
(2017) published a study looking into the ability of AAP overexpression to impact AAV2
production in both mammalian cells and insect Sf9 cells. This study indicated that over
expression of AAP2 is rate limiting to a point of saturafBrosse et al., 2017Nevertheless,

the increase in the total particle titre observed in the ATGV5 cell pool here in HEK293T cells

is different from that reported using baculovirus where AAP overexpression did not boost
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AAV?2 vectoproduction(Grosse et al., 2017While an increase in the particle and genome
titre for the ATGAARV5 pool on serage was observed, there was also a wide range of
variability based on the standard deviation of the titre. This variability could be caused by
the variable nature of cell pools, these pools lacking clonality as seen in the
immunofluorescence work in kige 4.11 A, and there is a large variation in the AAP V5
expressed in individual cells within the cell pool with some cells containing much higher

levels of AAP expression as visualised than others in the same pool.

One of the major factors associated wihe work in this chapter was the levels of variability

in AAP expression within the pools and subsequent impact on particle and genome titre. As
previously mentioned, this variability was likely caused by the pool nature of the work, with
every cell exprssing differing AAP levels. The work described in this chapter suggests that
the AAP expression in the ATGV5 cell pool had a positive impact on rAAV vector production
and packaging. Therefore, this pool was selected for the work presented in Chapter 5
whereby clonal AAR/5 expressing HEK293T cells were isolated and characterised from this
ATGVS5 pool.
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Chapter 5
Generation and Characterisation of Clonal HEK293T Cells Stably
Expressing Assembly Activating Protein (AAP) to Produce and Package
Recombinant AX2 Capsids

5.1 Introduction to the Work Described in this Chapter

Stable HEK293T AAP expressing cell pools were previously generated as described in Chapter
4. These pools were generated via antibiotic selection and will contain a mixed population of
cells with a varying number oAAP copy numbers in different cells an8AP protein
expression variable across individual cells. In stable mammalian cell lines such a mixed
population of cells expressing different amounts of AAP can mean particular populations
dominate and outgrow or perform other cells and populations makinglifficult to
determine the impact of AAP expression on AAV production. A polyclonal pool is also more
fA1Ste (2 WRNRATFTIQ 2N OKIFy3aS 2@SNJ GAYS GKIYy
reproducibility from such a pool can also change over timwethermore, polyclonal pools

cannot be reproduced, and each batch can differ. For this reason, researchers utilise
monoclonal cell lineBusby et al., 2016 hus, single cell cloning of stable cell lines is often

undertaken to overcome such variability issues that can arise from cell pools.

Single cell cloning gives rise to theacatly a homogenous population of cells derived from

a single cell which reduces genetic instability and the heterogeneity within the cell
population(Z-G. Liu et al., 2018; Longo, Kavran, Kim, & Leahy, ZDii4)approach has been
used extensively for the identification of high recombib@notein producing mammalian

cell lines for the production of biotherapeutics. Cell lines derived from a single cell are highly
industrially relevant and a requirement of the regulators for the production of such
biotherapeutics(Browne & AlRRubeai, 2007)Single cell cloning nae carried out using a
number of different methods, including limiting dilution, cloning rings, fluorescence
activated cell sorting (FACS) and automated clone picking. Limiting dilution is one of the most
commonly used methods being first described irb39Puck & Marcus, 1955)ypically
undertakenutilising micretitre plates, a well containing a single cell is identified and the
colony that grows from this is selected for furtremalysigBrowne & AlRubed& 2007) Use

of methods such as flow cytometry and cell sorting can be used to isolate a larger number of
clones than possible with limiting dilution. The use of FACS is a widely established method of

single cell cloning, it is a useful tool that résuh the identification and purification of cell
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populations to a high purity of 9500% Alongsidethe high degree of monoclonality this
approach can deliverit can be a useful method of single cell cloning when the cell
populations express low level$ the identifying markers. Furthermore, FACS can be used to
isolate cells based on granularity and size along with fluorescence. This method requires the
use of fluorescently tagged monoclonal antibodies which will recognise surface markers on
the desiredcell line(BasuCampbell, Dittel, & Ray, 201@loning rings are a method of single
cell cloning used if limiting dilution is not suitable. This method allows for the cloning process
to be carried out at a higher cell concentration. Furthermore, cloning rings avgablke
method of single cell cloning for adherent cell lines. Cloning rings can often be ceramic or
plastic hollow cylinders which surround single colonies, this isolates them from other cells in
the cultures, unfortunately due to the nature of cloningngs they are a tedious time

consuming method of single cell clonifdathupala & Sloan, 2009)

Once monoclonal cell lines were isolatedyis then sensible to assess the ability of these

to produce genome packaged AAV, purify these and demonstrate their ability to transduce
cells compared to the original HEK293T host cells. The upstream cell culture, transfection
and harvest of the rAAVs was undertaken on the monoclonal cell lines as for the pools
described in previous chapters. The downstream process, the purification ofAR¥,
remains one of the most challenging aspects of rAAV production for gene therapy. There are
a number of methods for the purification of AAV particles from cell culture. Adeno
Associated Virus serotypes 6, 7, 8 and 9 release their capsids into thmatgme, whereas

the remainder of serotypes retain their capsids in the cell, this adds to the challenge,
considerations and costs associated with the purification of AWV Qu et al., 2015;
Vandenberghe et al., 2010)A number of purification strategies utilise affinity
chromatography, spefically AVB Sepharose which binds many serotypes of AAV making it a
useful purification method over serotype specific methadd  a& S Ff ®X HAamMy o
Lachapelle, Vincent, & Wadsworth, 2000; J. Zhou et al., 260/B Sepharose is an affinity
resin, this is a single chain antibody which has been conjugated to Sepharose beads. The AVB
Sepharose beads have been shown to capture particles from AAV serotypes 1, 2, 3 and 5 and
to capture baculovirus derived rAAV fiales from serotypes -8, AAVrh.10 and 12. AAV
binding affinity differs across the serotypes, due to a differing suréaquosed residue

between the serotypes with high and low affinity for AVB Sephaf@s&Vang et al., 2015)

The use of affinity chromatography is not without its disadvantagesannot distinguish
between fully formed capsids and empty/incorrectly packaged capsids due to their identical

amino acid structure. As previously discussed, serotypes such as AAV2 can contain
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approximately 80% empty/incorrectly packaged parti¢ldass et al., 2018b)n comparison

to affinity binding chromatography, ion exchange chromatography has the capability to
separate based on the charge difference between empty and full cafiidkerson et al.,
2020; Nass et al., 2018b; G. Qu et al., 208Uy packaged particles have been successfully
separated from empty rAAV particles using isocratic anion exchange chromaitygby
Dickerson and colleagues who have developed a method robust enough to suit production
at a large scale. This approach utilises isocratic wash and elution steps. It utilises a
combination of magnesium chloride and sodium chlofigfers during a grdient elution
processThis isocratic method is advantageous to other more traditional methods due to its
lower buffer consumption and smaller intermediate pool volumes iethodwas able to

give purity 0f94% fully packaged rAAV at 9 mM Mg60 mM NaC pH 9(Dickerson et al.,
2020)

5.2 Aims of the Chapter

The work presented in Chapter 4 developed and evaluated the potential of HEK293T cell
pools engineered to stably express Assembly Activating Protein to produce AAV, comparing
pools generated with a cryptic CTG start codon for AAP to those generated vwithGstart

codon for AAP. Based on this work it was determined that the AAP expressing cell pools
deriving from the ATG start codon construct showed the most potential for improving rAAV?2
packaging compared to the original HEK293T cell host. The woiik ichépter was focused

on the generation of monoclon®dEK293Tell lines stablgxpressingAAP derived from the

cell pools expressing AAP containing the ATG start codon and the subsequent evaluation of
a number of AAP expressing monoclonal HEK293T celterins of the impact on
recombinant AAV2 packaging efficiency. The work in this chapter also set out to investigate
the transduction efficiency of the rAAV2 particles derived from the AAP expressing cell lines
compared to both the original HEK293T hosdt iee and the ATGV5 cell pool from which

they were derived.
The overall aims of the work described in this chapter were therefore to:

a. Generate monoclonal AAP expressing cell lines containing the ATG start codon via
limiting dilution cloning.
b. Characteris the resulting AAP monoclonal cell lines specifically evaluating:
[.  Expression of-@rminally V5 tagged AAP in the clonal cell lines
II.  Growth characteristics of the monoclonal cell lines compared to that of the

AAP pools and the HEK293T host cell line
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C.

Estabish a rAAV2 production system using the monoclonal cell lines using
commercially available gPCR and ELISA based assays to determine the effects of AAP
overexpression on capsid formation and genome titre of the AAV2 expressing model
transgene GFP.

Purify rAAV capsids derived from the generated AAP expressing monoclonal cell lines
and pools, specifically investigating the ability of the rAAV2 particles to transduce
HEK293T cells.
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5.3 Generationand Characterisation of Recombinant HEK293T AAP Expressing

Monoclonal Cell Lines via Limiting Dilution Cloning

5.3.1 Generation of Recombinant AABxpressing HEK293T Monoclonal Cell Lines

and Characterisation of their AAV5 Protein Expression

A selection of clonal cell lines wegenerated from the AT@AP V5 expressing cell pool
generated in Chapter 4 by single cell cloning using limiting dilution as described in Methods
section2.7.1 Cloning was undertaken in Freestyle media with the addition of InstiGRO HEK
supplement. Eightalonies grown from a single cell were identified (as determined by visual
inspection under a microscope) and selected for further screening. These were termed
ATGO06, ATGO04, ATG02, ATG16, ATG36, ATG34, Andr8BG6gfor brevity also described
asA06, A04 A02, A16, A36, A34, A3thd A66, respectively) These cell lines were then

expanded, cell banks prepared and studied.

V5 tagged AAP expression was analysed via western blot. Cell pellets were harvested and
lysed as per methods secti@yb andprobed usng a commercially available V5 antibody and
compared against that of the AT&APVS5 pool from which they originateiTGV}, the ATG
AAPSTOP poohATGSTOR and the original HEK293T control cell line (it is noted that the
AAPSTOP and HEK293T control aratiegcontrols with no Vagged protein expected to

be present). As shown in figurel5, bands were observed in the ARBPV5 pool and the
ATGO06, ATG04, ATG02, ATG16, ATG36, ATG34, ATG33, ATG66 samples at approximately 25
kDa, corresponding to the expted size for the V5 tagged AAP protein. As expected, neither
the ATGAAPSTOP pool nor the HEK293T control samples showedtABged expression.

The relative expression of AAP across all 11 cell pools and lines was determined by
densitometry of the AR-V5 band normalised to the tubulin loading control with all sample
densitometries then shown relative to that observed in the ATGV5 pool sample. As shown in
figure 51 A, there was varying AAPS expression across the clones with the 88 Glone
appearingto have higher AARS5 expression than that of the original ATGV5 pool.
Interestingly however, the other clones isolated tended to have a similar relative expression,

to that observed in the original cell pool.

The expression of V5 tagged AAP was alsatigated across different passages to study the
stability of exogenous AAYS5 expression over the time and passaging period experiments

were generally undertaken. For this purpose, cell pellets from passage 6 and passage 17 were
harvested and lysed and gred with the antiV5 antibody. Once again, bands were observed

in the ATGAAPVS5 pool and the ATG06, ATG04, ATG02, ATG16, ATG36, ATG34, ATG33, ATG66
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clone samples at approximately 25 kDa (Figure 5.1 C). Densitometry was again undertaken
on the bands and thexpression relate to that of the ATGV5 cell pool determined. The
pattern of V5 tagged AAP expression at passage 6 appeared different to that of the passage
17 samples. At the earlier passage both the ATG33 and ATG66 cell lines were expressing
marginallymore relative AAR/5 than that in the ATGV5 pool whilst at the later passage the
AATG33, ATG36 and AATG66 cell lines were all expressing approximately twice that of the
ATGV5 pool. All the other cell lines expressed similar amounts oVBABlative to he

ATGVS5 pool at both passages (FigufieBsand &
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Figure 5.1 AAR/5 expression
of HEK293T cell lines stabl
expressing AAR/5. (A)AARV5
expression was determinec
using an antv5 antibody to
detect the AAPV5 expression |
the ATGV5 cell pool ir
comparison to the cell lines
stably expressing AT&ARVS.
The loading control alpha
tubulin can be seen at ~55 kD
with AARV5 expressionisible
at ~25 kDa. Densitometn
analysis of the ATBARV5
expression levels relative t
that of the ATGV5 cell podlB
and C) AARV5 expression at
passage 6 (B) and passage
(C). AT&MAP V5 was visualise
across the AAR5 stably
expressing cell pooknd clonal
cell lines across two distinc
passage days (P6 and P17)
determine if there were
changes in expression oOve
time. The graphs represen
densitometry analysis of the
ATGAARVS5 expression level
relative to that of the ATGVE
cell pool. 1= HEK29, 2=
ATGV5, 3= ATGSTOP, 4= AT(
5= ATGO04, 6= ATG02, 7=ATG
8= ATG36, 9=ATG34, 10=ATC
and 11= ATG66
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5.3.2 Growth Characteristics ofCbnal AARV5 ExpressingCell Lines Qultured
Under Batch Qulture Conditions

In order toestablish the growth characteristics of the clonal A&Pexpressing cell lines in
comparison to that of the HEK293T host cell line and ATGV5 and ATGSTOP cell pools, the
clonal celllines were cultured under batch conditions in 250 mL Erlenmeyer flasks as
described inMethods Sction 2.2.2 The growth profiles of the clonal cell lines were
characterised in biological triplicate and compared against the HEK293T host cell line and the
ATGVS5 cell pool. The mean culture viability and cell concentratepted in Figure 5.2

were generated from the biological triplicates. Figure 5.2 compares the growth profiles of
the AAP expressing pools, ATGV5 and ATGSTOP to the HEK293T control cell line (Figure 5.2
A and D) and compares the AAP expressing clonal celtdiniee ATGV5 pool (Figure 5.2 B

and D) The clonal cell linesll had a similar growth profilgo that of the AAPV5 expressing

cell pools. While the HEK293T host control cell line reached a higher viable cell concentration
of 1.42 x16viable cells (vc)/mbn day 2, the clonal cell line, ATG04, also reached a similar
concentration to that of the HEK293T cell line on day 2. Both the HEK293T host cell line and
ATGVS5 pool attained their peak cell concentratiofigiire 5.2A and B on day 4, 2.65xf0

ve/mL and2.87x16 ve/mL respectively. The ATG36, ATG34, ATG33 and ATG66 cell lines
attained their peak viable cell concentration on day 4 (2.84 x&0nL, 2.29 x10vc/mL, 2.16

x1CP ve/mL and 2.24 xPc/mL respectively). The clonal cell lines ATG06, ATGO4TaBiokA
reached their peak viable cell concentration on day 3 (2.36 wd/nL, 2.49 x10vc/mL and

2.90 x16vc/ml). One clonal cell line, ATG16, did not attain its pealdle cell concentration

until day 5, at this time reaching a concentration of 2.9?PxtdmL, as displayed ifable5.3-

1 The viability of the HEK293T, ATGV5 and ATGSTOP pools all remained consistently high
until day 3, after this point the culture viabilities dropped below 80% and rapidly declined to
approximately 50% on day 5. All clonall lines remained at a high culture viability until the

end of day 4, when the viability dropped below 80%.

The population doubling time was also determined based on the exponential growth phase
of the cells. The majority of the clonal cell lines hdohmer doubling time than the HEK293T
control cell line and the ATGV5 pool which had a population doubling time of 21.26 h and
21.00 h respectively (Tab®3-1). The clonatell lines ATG16, ATG36, ATG34, ATG33 and
ATG66 had population doubling times d1.2 h, 21.59 h, 22.88 h, 22.15 h and 24.07 h
respectively. However, the ATG06, ATG04 and ATGO2 cell lines had a doubling time of 20.57
h, 19.75 h and 19.58 h respectively. However, based on statistical analysisnganvay

ANOVA therevas no statisticakignificance between the AAP expressing cell lines and the
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HEK293T control cell line nor between the AAP expressing clonal cell lines and the ATGV5

AAP expressing cell powith regard to cell doubling times calculated
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Table 5.31 Population doubling time for AAP expressing cell lines compared to HEK293T control cell line.

HEK?293T ATGV5| ATGSTOHR ATGO06| ATGO04| ATG02| ATG16| ATG36| ATG34| ATG33| ATG66
Td (h) 21.26 21.00 19.92 20.57 | 19.75| 1958 | 22.80 | 21.59 | 22.88 | 22.15 | 24.07
Td SD 1.19 1.4 2.21 1.193 | 0.656 | 1.428 | 0.769 | 0.684 | 0.378 | 1.260 | 0.622
n=3
Peak viable| 2.65 2.87 2.57 2.30 2.49 2.90 2.97 2.84 2.29 2.16 2.24
cell
concentration
(x1®P)(ve/mL)
Peak viable| 0.96 0.80 0.74 0.35 0.19 0.65 1.56 0.30 0.22 0.05 0.30
cell
concentration
SD n=3
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Figure 5.2 Viable cell concentration and culture viability profiles of A¥Pexpressing clonal cell lines and contr:
cell lines over an &lay batch culture. (A)Viable cell concentration of V5 tagged AAP expressing cell po
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5.3.3 Production and Characterisation of Recombinant AAV2 inCbnal AAP
ExpressingCell Lines

Following production of AAMA& the monoclonal cell linefie capsid and gesme titres were
determined as outlined in the methods section. An example of the titre data from a typical
rAAV production undertaken in biological triplicate using the clonal and control cell lines is
shown inHgure 5.3. The rAAV2 particles were harves® h post transfection using the
Takara harvest method as described in Meth8eistion 2.D.1. To determine the total AAV2
particles present in the harvested samples an ELISA assay was carried out using the
commercially available Progen AAV?2 titratiohSA kit as described MethodsSection 211.

Error bars were determined based on the standard deviation of the triplicate cultures. The
number of particles present per mL of crude cell lysate remained raptess consistent
across the clonal cell linesxéh when compared to the HEK293T control cell line and the
ATGV5 cell pool (Figure 5.3 A, blue bar). The average total particle yield ranged from
6.31x10° total particles/mL (tp/mL) (ATGO02) to 3.35%4€p/mL (ATG66) as seen Table

5.4-1. Basedn the taal particle yields obtained a ongay ANOVA was carrietdit andusing

a post hoc Bonferroni test for multiple comparisons no statistical significance was shown
when comparing all AAP expressing cell lines to that of the HEK293T control cdlhigme.
suggests that engineering AAP expression does not influence the total number of particles

that the cells can produce.
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Table 54-1 Total particle yield for AAP expressing cell lines determined by ELISA

Cell line | Total Particles | Standard Significance
(tp/mL) deviation (n=3) | (Oneway ANOVA)

HEK293T | 5.09x10° 1.76x10°

ATGV5 5.18 x10° 1.81 x18° n.s.

ATGO06 3.49 x16° 2.30 x16 n.s.

ATG04 | 3.58 x1¢° 8.86x1G n.s.

ATGO02 6.31 x10° 6.10x10 n.s.

ATG16 3.37 x10° 2.07x10 n.s.

ATG36 | 3.50 x1¢° 1.61x10 n.s.

ATG34 6.28 x10° 6.38x10 n.s.

ATG33 3.49 x16° 2.03x10 n.s.

ATG66 3.35 x14° 1.77x10 n.s.

A model GFP transgene was utilised in the production of recombinant AAV vectors. To
determine the number of genome containing particles harvested (viral genomes, vg), gqPCR
assayswere carried out using the Takara AAVpro Titration Kit (For Real Time PCR) as
described irMethodsSection 2.10. This assay targets the ITR regions of the genome which
flank the GFP transgene. The average genome titre is shown alongside the capsid titre on
figure 5.3 A (orange The genome titre was determined based on serial iditudf a positive
control. The average genome titre yield ranged between 3.0%x4dmL (ATG66) of crude
lysate to 1.35x10vg/mL (ATG34), as seernliable 5.42. Based on statistical analysis of viral
genome yields using a omveay ANOVA there was shown to be statistical differences across
the means§ value= 0.01). Following a Bonferroni multiple comparisons post hoc test, it was
determined that therewas a signitant difference between the ATG66 cell line when

compared to that of the HEK293T host cell lipgdlues of 0.04, Table4-2).
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Table5.4.2 Viral genome titre for AAP expressing cell lines.

Cell Line | Viral genome titre | Standard Deviation | Significance
(vg/mL) (n=3 (One way ANOVA)

HEK293T | 6.10x10 5.90x10

ATGV5 5.49x10 3.94 x16 n.s.

ATGO06 8.66x10 7.10x10 n.s.

ATG04 7.74x10 4.39 x16 n.s.

ATGO02 3.76x10 8.43 x16 n.s.

ATG16 6.86x10 5.27 x16 n.s.

ATG36 7.85x10 5.29 x16 n.s.

ATG34 1.35x10 1.00 x16 n.s.

ATG33 2.61x10° 1.59 x16° n.s.

ATG66 3.05x10° 1.77 x16° *p=0.04

As one of the major issues with manufacturing rAAV vectors is generating high yields of
correctly packaged transgene into capsid particles, the percentagackiged capsids was
calculated basednthe AAYV titre analysis presented in Figure 5.3A. As shown in Figure 5.3B,
the packaging efficiency varied greatly between the clonal cell lines and the HEK293T control
cell line. The clonal cells ranged between 2.28%6kaged particles (ATG34) and 91.07%
packaged particles (ATG66), as showralnle5.4-3. There was variation between replicates,
particularly for the higher packaging cell linéllowingstatistical analysis via ongay
ANOVA it was determined that ¢he were significant differences across the mean
percentage packaging@l f dzS5 I' ndnnov®d® C2ff2Ay3 | .2y TSI
hoc test, it was shown that themgere significant differences in the percentage packaged by
the AAP expressing cldnzell lines ATG33 and ATG66 compared to the HEK293T control cell
line (p values of 0.014 and 0.008, respectively)
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Table 5.43 Percentage of packaged particles for AAP expressing cell lines.

Cell Line | Percentage Standard Deviation | Significance
Packaged (%) (n=3) One way ANOVA

HEK?293T | 12.20 11.03 n.s.

ATGV5 10.68 7.50 n.s.

ATGO06 24.07 19.19 n.s.

ATG04 21.97 13.01 n.s.

ATGO02 5.90 0.87 n.s.

ATG16 19.87 14.43 n.s.

ATG36 22.26 1.17 n.s.

ATG34 2.28 1.85 n.s.

ATG33 86.36 50.82 p=0.014*
ATG6E6 91.07 54.98 p=0.008 **

While the data presented in Figure 5.3A and B give a representative example of the data
obtained from one production run, the data generated across tlinedependentproduction
runs(each run in biological triplicate givi®gndividual runs in totahroughout this work is
presented in figure 5.3C and 5.3D. In ordectonpare the data across multiple production
runs, the data was normalised to the HEK293T control cell line in each production run. As
shown in figure BC,the capsid titres (blue) across all production runs did not vary greatly
from the HEK293T cell line capsid titres, in line with that shown in fig@r&.5The genome

titres across all production runs normalised to HEK293T (FiggBeobange) showed spéici

clonal cell lines tended to give a higher genome titre than that of the HEK293T control cell
line. As shown in figure 3C, the ATGO04 cell line across multiple production runs produced
almost five times the genome titref that of the HEK292T cell lindhe clonal cell lines
ATGO06, ATGO02, ATG16, ATG33 and ATG66 produced betw@ehn tBnes the genome of

the HEK293T. Aacrossthe production rurs the dataindicated that there were more
transgenes made with better packaging efficiefimm the clonal cé lines ATG04, ATG33

and ATG66, these clones were selected for further rese@iciure 5.3 and 5.4)
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Figure 5.3 rAAV2 capsid and genome titre analysis from HEK293T and AAP engineer:
pools and lines. (AAn example of a typical rAAV2 production run using the HEK293T ho:
line, the ATGV5 cell pool and the AAPV5 expressing cell lines A06, AOA1B0A36, A34
A33 and A66 reporting total particldsp) titre (tp/mL) (Blue) and viral genome (vg) titi
(vg/mL) (Orange). The A66 cell line has a significant p valysz=@D35(*) based on
Bonferronf@ multiple comparisons test. Error bars = SD, (BBPercentage of particles
packaged with genome acrog cell lines and pools in A. Based on the post hoc Bonf@r«
multiple comparisons test the % packaged patrticles generated in cell lines A33 and A
significant compared to the HEK293T control cell line with p valyes0o®14 (*) angp=0.008
(**), respectively. Error bars = SD, f€JrAAV titre data from 3 production runs normalise
to the HEK293T host cell lin®) Percentage of packaged capsids from 3 production r
normalised to the HEK293T cell line.

Finally, the relative expression ekogenous AAR'5 present in the clonal cell lines was
compared to that of the ATGV5 cell pooldicated in Figure 5.A and B. Figure 5.4 A shows

the relative V5 tagged AAP expression across the AAP expressing cell lines and pools.

Expression above tHe indicates AAP levels higher than that of the ATGV5 cell pool. As in

Figure 5.1, all clonal cell lines had AAP expression levels similar to, or above that, of the

ATGVS5 pool. Figure 5Bishows the percentage of genorpackaged capsids as normalised

to the HEK293T host cell line. These data show that while all higher packaging cell lines had

AAP expression above that of the ATGV5 pool, the packaging wasn't solely based on the
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exogenous AAR'5 expression. For example, clones ATG04 and ATG16 have AxRiNb

expression (Figure 5.4 A) however the packaging efficiency vamiadly across these cell

lines, suggesting that cell line specific constraints also determine packaging efficiency.

Similarly, relatively high AAYS expression in the ATG36, AT@Rd ATG66, was observed,

however compared to ATG33 and ATG66 the clonal cell line ATG36 produced a low

proportion of packaged capsids.
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Figure 5.4 AAR/5 expression analysis of HEK293T cell lines stably expressing .
V5 compared to the % of genome packagedpsids. (A)JAARVS expres®n in

HEK293T and HEK293T cell lines stably expressiAgsA@&iRyure 5.1). AFGAP V5
was determined by western blotting across the AAP stably expressing cell po
P17(B)% Packaged capsids normalised to capsids generated in the HEK29:

cell line. Cell lines selected for further work are annotated with an *.
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5.3.4 Immunofluorescencednalysis ofSelected AAPV5 ExpressingCbnal Cell

Lines

Immunofluorescence confocal microscopy was carried out as describddthrods Section

2.13to analyse the localisation of, and compare the visual expression levels of, the V5 tagged
AAP proteins in the clonal cell lines ATG04, ATG33 and ATG66. The nuclear stain DAPI was
used to visualise the nucleus while the V5 primary amtiband the FITC labelled secondary
antibody was used to visualise the V5 tagged AAP. Figure 5.5 reports the expression of AAP
V5 in the three key clonal cell lines selected for further investigatis with the work
reported inChapter 4, the localisatio of the V5AAP was in the nucleus as determined by
co-localisation with DAPI. The AAMB expression appeared consistent between each cell in

each clonal cell line providing evidence of the clonality of these cell lines.
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Figure 5.5immunofluorescenceanalysis of AAR/5 expression and localisation in AAP \
expressing clonal cell lines ATG04, ATG33 and ATG66 as analysed by confocal micre
The nuclear stain DAPI was used to visualise the nucleus (Blue) while the V5 primary a
and the FITC lalled secondary antibody wassed to visualise the V5 Tagged AAP (Gre
across the ATG04, ATG33 and ATG66 clonal cell lines. Scal®ban =
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5.4 Assessing and comparing the functionality of recombinant AAV2 derived

from selected AAP/5expressing cell pools and clonal cell lines

5.4.1 Production of rAAVCapsids in Key AABxpressingdonal Cell Lines

To follow on from the work described irgection 53, further rAAV production runs were
carried out in biological triplicate using the clonal ¢ielks ATG04, ATG33 and ATG66, and

the total particle and genome titre compared to the HEK293T control cell line and the ATGV5

cell pool. As with the results shown in figuré Bnd Table 5.éhe total particle titre ranged

from 3.3x1@°tp/mL to 3.58x1&° tp/mL of crude lysate sample for this production run (Figure

5.6 A blue). Basedn oneway ANOVA statistical analysis with a Bonferroni post hoc test

there was no significant differences seen across the cell lines.

Table 56-1 Particle and genome titre comparing the AAP expressing cell lines and pool to the HEK293T host

cell line.

Cell line | Total particles titre| Viral genome (vg) titre| tp p-values | vg pvalues
(tp/ mb) +/-SD n=3 | (vg/mL) +/-SD n=3

HEK?2931 3.50x10° 6.10x10
+/-6.99x168 +/-1.21x10

ATGV5 | 3.57x10° 5.46x10 n.s. n.s.
+/-9.34x168 +/-2.07x10

ATGO04 | 3.58x10° 1.94x10° n.s. ork
+/- 8.86x18 +/- 4.46x10 P=0.0003

ATG33 | 3.49x10° 2.61x10° n.s. ek
+/-2.03x10 +/-2.03x10 P=<0.0001

ATG66 | 3.35x10° 6.10x10° n.s. ek
+/-1.77x10 +/-1.79x10 P=<0.0001

Figure 5.6 A (orange) reports the average viral genome fiitne the biological triplicate

culturesacross the cell lines, ranging from 3.05¥M/mL to 5.49x10vg/mL. The HEK293T

control cell line gave an average of 6.10k@/mL and the ATGV5 cell pool gave an average

of 5.49x16 vg/mL. Meanwhile the clonal cell lines, ATG04, ATG33 and ATG66 gave .94x10

vg/mL, 2.61x18 vg/mL and 6.10xT8vg/mL, respectively (Tabte6-1). Followinga oneway

ANOVA, it was determined that theneas statistically significant differences across the mean

viral genomes (p value <0.0001). Using the Bonferroni multiple comparison post hoc test it
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was determinedhat the viral genome titres from the AAP expressing clonal cell lines, ATG04,
ATG33 and ATG6&gere all statistically significant compared to the HEK293T control cell line
with p values of 0.0003, <0.0001 andG@D1, respectively (Table6l). Figure 5.8 shows

the genome packaging of the capsids generated. The HEK293T host cell line had an average
of 17.43% packaging while the ATGV5 cell pool had an average of 15.39% packaged capsids.
The AAP expressing clonal cell lines ATG04, ATG33 and ATG66 h&d $4.63% and
90.91% respectively. This data further shows that while the number of capsid particles
generatedwas moreor-less the samacross cell lines, the packaging efficiency varies across

the cell linesand was increased in the monoclonal AAP expressing cells
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Figure 5.6 rAAV?2 titre analysis from selected HEK293T cell lineg\r{A&xample of a
rAAV2 production run using the HEK293T host cell line, the ATGVS5 cell pool a
AAP expressing cell lisé\04, A33 and A66, looking at both the capsid titre (Blue)
the genome titre (Orange). (B) Percentage of capsids packaged across the cell lir
pools in A. Error bars =SD where n=3, statistical analysisrapéANOVA where *** =
P value =0.0003 and** = p value <0.0001 based on Bonferroni post hoc test.
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5.4.2 Purification of rAAVGenerated inDifferent HEK293Txll Lines

Next the rAAV generated from the different cell lines developed during this study were
purified so that the functionality of theseoald be investigated. For this purpose, a larger
scale production run was initially carried out using the HEK293T celltiisenvolvedfive
CellBIND T25 flasks per cell line each transfected with 200,000 copies/cell of the pHelper
Kan, the pAAVGFPKan and pAAWRCKan plasmids. 7#RBour post transfection the five
cultures were combined to give a total culture volume 5x that of other production runs
described inChapters 3, 4 and 5. The rAAV capsid partieled genome upotarvestwas
determinedto compae the pre and post purification genometitres of the larger scale
HEK293T production run. Based on this larger scale productiorfFigare 5.7 a total
genome titre of 8.03x10vg/mL was measured from the crude lysate. Using the Takara
AAVpro Purificabn kit, the capsids present in the crude lysate were purified and the genome
titre calculated by gPCR. An average genome titre of 3.3%giOL in the purified samples

was observed.
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Figure 5.7 Comparisorof HEK293T derived rAAV genome titres prand post
purification. Genome titre pemL of transfected culture was determined from sampl
both pre-purification and post purification. Error bars show standard deviation (n = :

5.4.3 Imaging ofPurified rAAV2Casids byElkectron Microscopy (EM)

In order to further characterise the purified rAAV2 capsids these were imaged by electron
microscopy. Purified particles were negatively stained and imaged on an electron
microscope as described Methods Section 2.15A representative selection of purified

rAAV particles images are shown in figure 5.11. All images obtained from the different host
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cell lines (HEK293T, ATGV5, ATG04, ATG33 and ATG66) showed hexagonal type structures
indicative of purified rAX of 2025 nm in diameter. Black arrows indicate examples of these
hexagonal structures. Many of these structures had electron density in the centre of the
a0NHzOGdzNBa 20aSNBWSR +Fa REN] FNBFa AyaiaRrRS Gl
packaged capds. On all images there weatéso smaller hexagonal structures measuring 10

12 nm in size as indicated by a Blue arrow (Figure Bdyever these were not examined

further but could be indicative of small VP3 onlycontaminating ferritin particles baseon

other published work A rAAV2 production run was carried out with HEK293T cell line,
whereby the transgene was not co transfectddhis was to allow the visualisation of purified
GOYLIieéd NI!'+H LI NIAOESA o0& o & tRIFsaA®DUSSOINRY Y
the comparison of packageghrticles to empty particles and can be used as a method of
quantifying empty particles. As seen in Appendix Figrethe rAAV2 patrticles that do not

contain the GFP transgene have a dark electron dense Wnere the transgene plasmid

has been co transfected we can see particles with both the electron dense core and with a

lighter core. These particles are thought to range from empty to partially or fully packaged
particles.Furthermore, the EM images obta&id appear teshow a lot of debris, which could

indicate that the commercial purification kit would not be suitable for the purification of
rAAVparticles. It should also be noted that these samples underwent freeze thaw cycle and

this could have resulteahithe debris observed.
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ATG33 derived AAV ATGO04 derived AAV ATGV5 derived AAV 293T derived AAV

ATG66 derived AAV

Figure 5.8 Electron microscope images of purified rAAV patrticles derived from the AT
cell pool and theclonal cell lines HEK293T, ATG04, ATG33 and ATAZ96.particles are
observed as hexagonal structures between2B)nm (Back arrow). Therewas also a
selection of smaller hexagonal structures identified that are approximately 11 nm in dian
(blue arrow). Bar represents scale = 200 nm (left hand column), 100 nm (middle colurr
nm (right hand column).
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5.4.4 FlowCytometry Analysis of HEK293ZElls Transduced with rAAVParticles
Produced in HEK293Tells

To study the transduction capability of rAAV2 particles derived from the HEK293T cell line
and establish a transduction methodology, HEK293T cells were transduced witihegaat

a multiplicity of infection (MOI) of 100, 500 and 1000 vector genomes/cell. Transduction was
carried out as describeth Methods Section 2.14.1, and cells were analysed by flow
cytometry 48 and 72 h post transduction as describedMiethods Section 2.14.2 The
threshold for autefluorescence and the gates M1, M2 and M3 were set based on non
transduced HEK293T chtles (Figure 5.9 A and B). Any fluorescence lower tharfr18H

was considered cell autofluorescence, fluorescence betweédrat@ 1¢ in intensity was
captured in an M1 gate, fluorescence betweert 40d 10 was captured within an M2 gate

and fluorescence between t@nd 10 was captured within an M3 gate.

Fluorescence across the different MOI at different timepoints post transduati®neported

in Figure 5.9. The percentage of GFP positive fluorescing cells 48 and 72 h post transduction
is reported in Figure 5.9 C and E. The data shovirscagase in the percentage of fluorescing

cells across the M1, M2 and M3 gates with increasé Mrurther, there was an increase in

the percentage of cells fluorescing in the different gate threshold 72 h-fpassduction
compared to that at 48 h. At 48 h post transduction at 100 MOI the percerthgells
fluorescing across gates M1, M2 and M&sal.54, 0.15, 0.03 respectively. At 500 MOI there
were 2.63%, 0.29% and 0.02% of cells fluorescing across gates M1, M2, and M3 and at an
MOI of 1000 there was 5.48%, 0.60% and 0.02% of GFP positive cells 48 h post transduction
across gates M1, M2 and M8spectively. In comparison, 72 h post transduction, at an MOI

of 100 there were 2.26%, 0.30 % and 0.01% of cells fluorescing across gates M1, M2 and M3,
respectively while at an MOI of 500 thenaas 5.0%, 0.77% and 0.05% of cells fluorescing
across the gas. Finally, at an MOI of 1000 there were 13.15%, 2.79% and 0.19% of cells
fluorescing across gates M1, M2 and M3, respectively. Figure 5.9 D and Ehshmean
fluorescence across all cells for the different MOls at 48 h and 72 h post transduction
respectively. At 72 h post transduction there was an increase in the mean fluorescence at

the different MOls testedompared to the 4& time point.
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Figure 5.9 Floveytometry analysis of HEK293T cells transduced with HEK293T derived rAAV2 par
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5.5 Assessment of theFunctionality of rAAV Generated from Key AARV5
HEK293Engineereddonal Cell Lines

rAAV2 virus particles were purified from the selected A&Pexpressing clonal cell lines
(ATGO04, ATG33, ATG66) and the ATGV5 pool and HEK293T original host and then gPCR used
to determine the genome copies present. Based on the genome copies purified, it was
possible to determine the highest MOI possible to transduce HEK293T cells with. The cells
were then transduced at an MOI of 1000, 2000 or 5000 except for the original HEKZQ3T

where only sufficient material was available for transduction at 1000 and 2000 MOI. This
reflected a low genome yield and provided further evidence that the-¥XB[xpressing cell

lines produced higher genome titres. HEK293T cells were transducatiemdnalysed 72

h post transduction using fluorescent microscopy and flow cytometry.

5.5.1 Fluorescent Microscopy Analysis of HEK2932Txlls Transduced with
Purified rAAVViral Particles at aRange of MOls

As outlined previously, the rAAV particles were prodliedth a genome containing a model

GFP transgene. Fluorescent microscopy was therefore undertaken 72-trgposduction to
determine if the purified particles derived from the ANB expressing cell pool and clonal

cell lines were functional and resulted GFP expression when transduced into HEK293T
cells. Images were obtained of all transduced and-transduced cells and a typical
selection aredisplayed in Figure 5.10. All cells that were transduced successfully appeared
green, presumably as a resuft@FP expression (Figure 5.10). Indekd rAAV derived from

all cell lines, when transduce into HEK293T cells, gave rise to fluorescence 72 h post
transduction, indicating the functionality of particles derived from all the AAP generated cell

lines. As gpected, the norransduced HEK293T control cells did not fluoresce green.
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CTRL 293T ATGV5 ATGO4 ATG33 ATG66

1000 MOl

2000 MOl

5000 MOl

Figure 5.10 Fluorescent microscopy analysis of HEK293T cell lines transduced with either HEK293T, ATGV5, ATG04, AT @38enivAd (
rAAV?2 virus particlegontainingan eGFP genomedEK293T cells were transduced with either 1000, 2000 or 5000 vectomgsneer cell and
visualised under the LEICA microscope 72 h post transduction wittansduced HEK293T cells as a control.
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5.5.2 FlowCytometry Analysis of HEK293Tdls Transduced with rAAWiral
Particles Derived From Different Cell Lines

To further compare the functionality of the rAAV generated from the control and different
HEK293T AAWS expressing cell lines, the transduced HEK293T cells aftcamsduced control

were analysed by flow cytometry. As described in secBofi4 abowe, the threshold for
autofluorescence was established from nwansduced cells and gates M1, M2 and M3
representing different intensity dfuorescence set. The percentage of GFP positive cells above
the autofluorescence threshold in gates M1, M2 andWi& then measured. As shown in Figure

5.9 A and Table 5:6, the percentage of GFP positive cells transduced with HEK293T derived
rAAV increased with an increase in transduced particles across the threeMgates, M2 ()

and M3(). When transduced at I® MOI of HEK293T derived rAAV an average of 36.12%,
16.48% and 3.88% GFP positive cells across gates M1, M2 and M3, respectively was observed
(Table 5.61). This was lower than that of the cells transduced at an MOI of 2000, where an
average of 51.35%, &2% and 8.46% GFP positive cells across the M1, M2 and M3 gates,
respectively was observed. The mean fluorescence across the MOIls was observed to almost
double between an MOI of 1000 and 2000 (Figure 5.11 B, Tab®).5®llowing a onsevay
ANOVA, it wadetermined by Bonferro® post hoc multiple comparisons test, that there was

a significant difference in the percentage of GFP positive cells iklthgate when comparing

an MOI of 2000 to that of 1000 (p value= 0.011).

Table 5.62 Percentage of GFP pitise cells across gates M1, M2 and M3 following transduction with HEK293T
derived AAV2.GFP particles.(n=3)

MOI M1 Significarc M2 Significance M3 Significance Mean Significance
(% GFP | e between | (% GFP between (% GFP between Huorescence| between
+ve cells) MOls +ve cells) MOls +ve cells) MOls MOls
1000| 36.12 16.48 3.88 165.23
+/-19.01 +/-9.05 +/-1.91 +/-14.12
2000| 51.35 * 27.62 n.s. 8.46 n.s. 340.28 n.s.
+/-6.90 | P=0.0110 | +/-5.29 +/-2.36 +/-100.77

When transduced with ATGV5 derived rAAV at an BfAD00 an average of 45.49%, 23.63%
and 7.35%% GFP positive cells across gates M1, M2 and M3, respectively were observed. This is
compared to that observed with cells transduced at an MOI of 2000 where an average of 38.15%,

17.66% and 4.64% GFP positivesceltross the M1, M2 and M3 gates, respectively were
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observed and araverage of 47.57%, 24.61% and 7.65% across gates M1, M2 and M3,
respectively at an MOI of 5000 (Figure 5.11 A &aole 5.63). These data shows that there is

no significant differences asciated with an increase in the MOI, this is in line with the mean

fluorescence remaining largely unchanged across the MOIs. Odgests that transduction is

saturated(Figure 5.11 B, Table 53.

Table 5.63 Percentage of GFP positive cells acrostegdl1, M2 and M3 following transduction with ATGV5

derived AAV2.GFP particles (n=3). Significance was tested across the MOIs using ANOVA

MOI | M1 (% | Significant| M2 (% | Significant] M3 (% | Significant Mean Significant

GFP+ve GFP+ve GFP+ve Fluorescence
cells) cells) cells)

1000 | 45.49 23.63 7.35 311.69
+/- +/-9.54 +/-2.31 +/-18.22
19.24

2000| 38.15 n.s. 17.66 n.s. 4.64 n.s. 203.21 n.s.
+/-16.31 +/- +/-4.60 +/-165.61

11.38

5000/ 47.57 n.s. 24.61 n.s. 7.65 n.s. 316.27 n.s.

+/-5.19 +/-4.05 +/-2.43 +/-112.18

When cells were transduced with ATGO04 derived rAAVs an average of 39.90%, 19.11% and 5.91%

GFP positive cells across gates M1, M2 and M3 was observed when using an MOI of 1000. When

an MOI of 2000 was used, the percentaafeGFP positive cells across gates M1, M2 and M3
averaged 42.49%, 19.66% and 5.34%. Unlike the ATGV5 derived rAAV transductions, the mean

fluorescence across the ATG04 derived rAAVs transduced remained similar regardless of the

MOI transduced, this plateaim mean fluorescence could be due to saturation across the MOI

(Figure 5.1B, Table 5.64). Based on onway ANOVA analysis, there was no significant

differences across the MOls.
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Table 5.64 Percentage of GFP positive cells across gates M1, M2 and M3 following transduction with ATG04

derived rAAV.GFP particles (Error bars= SD, n=3). Significance was assessed using ANOVA,

MOI | M1 (% | Significant| M2 (% | Significant] M3 (% | Significant Mean Significant

GFP+ve GFP+ve GFP+ve Fluorescence
cells) cells) cells)

1000 | 39.90 19.11 5.91 252.44
+/-5.59 +/-4.25 +/-2.12 +/-164.47

2000| 42.49 n.s. 19.66 n.s. 5.34 n.s. 231.47 n.s.
+/-13.31 +/-8.98 +/-3.55 +/-49.62

5000/ 47.45 n.s. 23.14 n.s. 6.35 n.s. 268.55 n.s.
+/-6.33 +/-4.71 +/-2.57 +/-54.44

Based on the flow cytometry results obtained for the ATG33 derived rAAV transduction assay,

anincrease in MOI appears to both increase the percentage of GFP positive cells across the gates

and increase the mean fluorescence across the MOls (Figur®p With 1000 MOI transduced

an average of 24.14%, 10.11% and 2.30% GFP positivevagltsbservedicross M1, M2 and

M3 respectively. Thiwaslower than the percentage of GFP positive cells when transduced with

2000 MOI, where thergvas an average of 34.08, 15.98% and 4.57% GFP positive cells across

the gates M1, M2 and M3, respectively. When transduced with 5000 MOI the highesaint

of GFP positive cells across gates M1, M2 and M3 at 51.26%, 27.0% and 8.39% GFP positive cells

was observed Tre increasein the fluorescence associated with the increase in M@$

mirrored in the mean fluorescenceeported in figure 5.11 B where the mean fluorescence

increasedfrom 100.56 to 190.86 to 370.42 as the M@treasedfrom 1000 to 2000 to 5000,

respectively. Onavay ANOVA analysis with post hoc tests were carried out via Bukeptiple

comparison test to determine significance across the range of MOI compared to that of the 1000

MOI. It was determined that at the M1 gate the MOI of 5000 was significantly ditfesel000

MOI  values < 0.0001). Furthermore, it was shown that there was significance in the % GFP

positive cells at an MOI of 5000 compared to the MOI of 1000 across gaevd®ié = 0.00.12)

Finally, the mean fluorescence at MOI 5000 was significaifferent to that of the MOI 1000
(p value= 0.0029) (Table 55.
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Table 5.65 Percentage of GFP positive cells across gates M1, M2 and M3 following transduction with ATG33

derived AAV2.GFP particles (Error bars= SD, n=3). Significance gtad by ANOVA as described in the text

MOl M1 Significant M2 Significant M3 Significant Mean Significant
(% GFP (% GFP (% GFP Fluorescence
+ve cells) +ve cells) +ve cells)
1000 | 24.14 10.11 2.30 100.56
+/-4.81 +/-3.51 +/-1.68 +/-70.17
2000 34.03 n.s. 15.98 n.s. 4.57 n.s. 190.86 n.s.
+/-12.39 +/-7.88 +/-3.71 +/- 36.58
5000| 51.26 ek 27.00 *x 8.39 n.s. 370.42 %
+/-6.52 p<0.0001 | +/-4.74 | p=0.0012 | +/-2.58 +/-60.20 p= 0.0029

As for the ATG66 derived rAAV transduction, based on the flow cytometry analysis it can be seen

that while therewas only a small increase in the percentage of GFP positive cells across the MOls

there wasan increase. At 1000 MOI transduction Figure 5.1dhéws that the percent GFP

positive cells across gates M1, M2 and Wi 42.14%, 19.47% and 5.67% respectively. When

transduced with 2000 MOI the average percentage of GFP positive cells was 46.12%, 22.42%

and 7.21% across gates M1, M2 and WM& percenage of GFP positive cells at 5000 MOI was
49.12%, 25.58% and 8.50% across gates M1, M2 and M3 respectively (T&)lerhi€ollows

the pattern forthe mean fluorescencebservedas the transduced MOI increak€lherewas a

mean fluorescence of 239.62 K000 MOI, 297.46 at 2000 MOI and 360.95 at 5000 MOI (Figure

5.11 B, Table 5:6). Oneway ANOVA analysis with post hoc tests were carried \aait

Bonferroni (% GFP +ve cells) and T@kewultiple comparison test (Mean fluorescence) to

determine significace across the range of MOI compared to that of the 1000 MOI. It was

determined that at the M1 gate both the MOI of 2000 and 5000 were significantly different to

1000 MOI 6 values of 0.0266 and 0.0002, respectively). Furthermore, it was shown that there

was significance in the % GFP positive cells at an MOI of 5000 compared to the MOI of 1000

across gate M2p(value = 0.0008). Finally, the mean fluorescence at MOI 5000 was significantly
different to that of the MOI 1000p(value= 0.0198) (Table 56.
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Table 5.66 Percentage of GFP positive cells across gates M1, M2 and M3 following transduction with ATG66
derived AAV2.GFP particles (Error bars=SD, n=3). Significance was tested using ANOVA as described in the text

MOl M1 Significant| M2 (% | Significant| M3 (% | Significant Mean Significant
(% GFP GFP +ve GFP +ve fluorescence
+ve cells) cells) cells)
1000 | 42.14 19.47 5.67 239.62
+/-0.98 +/-0.74 +/-0.07 +/-53.73
2000 | 46.12 * 22.42 n.s. 7.21 n.s. 297.43 n.s.
+/-8.29 | p=0.0266| +/-5.89 +/-3.71 +/-38.31
5000 | 49.12 ok 25.58 ok 8.50 n.s. 360.95 *
+/-5.65 p=0.0002 | +/-3.07 | P=0.0008 | +/-1.06 +/-10.57 p=0.0198
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Figure 5.11 Flow cytometry analysis of HEK293T cells transduced with rAAV2 particles derived
HEK293T, ATGV5, ATG04, ATG33 or ATG66 cell lines 72 h post transduction at an MOI of eithe
2000 or 5000A) % GFP positive cells 72 h post transduction across gate MAX (.) and M3(). B)

Mean fluorescence of HEK293T cells transduced with FHHK29TGV5, ATGO04, ATG33 or AT(
derived rAAV2 particleg2 h post transduction. Error bars show standard deviation, n=3. Statis
analysis carried out using ofvgay ANOVA.

Figure 5.12 A, C and E reports the percentage of GFP fluorescing cellsaafiduttion of HEK293T cells
with rAAV derived from either the HEK293T, ATGV5, ATG04, ATG33 or ATG66 cell lines at different MOls
(A=1000 MOI, C=2000 MOI ancbB80 MOI). Based on these data, the percentage of GFP positive cells
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did not vary greatly acrogke different cell line derived rAAV transductions when compared across the
MOlIs TTable 5.67). Figure 5.12 B, D and F, shows the mean fluorescence observed after transduction of
HEK?293T cells with rAAV derived from the different cell lines at the diffél@ls. Specifically, Figure

5.12 B reports the mean fluorescence across the HEK293T cells transduced at 1000 MOI, whereby the
ATGV5 cell line derived rAAV gave rise to the highest mean fluorescence, followed closely by cells
transduced with rAAV from thATG04 and ATG66 cell lines. At an MOI of 1000 the ATG33 derived rAAV
transduction gave the lowest mean fluorescence (Figure5.12, Tablé) 5Ratistical analysis via a ene

way ANOVA determined there was no significant differences across HEK293T celtsawbduced with

the particles derived from either the HEK293T, ATGV5, ATG04, ATG33 or ATG66 cell lines.

Table 56-7 Percentage of GFP positive cells and mean fluorescence across gates M1, M2 and M3 following
transduction with ATG66 derivedAV2.GFP particles at an MOI 1000 (Error bars=SD, n=3). Significance was tested
using ANOVA as described in the text.

Cell M1 Significant| M2 (% | Significant| M3 (% | Significant Mean Significant

Line | (% GFP GFP +ve GFP +ve fluorescence
+ve cells) cells) cells)

293T| 36.12 16.48 3.88 165.23
+/-0.99 +/-1.08 +/-0.78 +/-25.12

ATG | 45.49 n.s. 23.63 n.s. 7.35 n.s. 311.69 n.s.
+/-0.98 +/-0.74 +/-0.07 +/-18.22

A04 | 39.90 n.s. 19.11 n.s. 591 n.s. 252.44 n.s.
+/-15.31 +/-10.54 +/- 3.98 +/-164.47

A33 | 24.14 n.s. 10.11 n.s. 2.30 n.s. 100.56 n.s.
+/-11.59 +/-5.46 +/-1.63 +/-70.17

A66 | 42.14 n.s. 19.47 n.s. 5.67 n.s. 239.62 n.s.
+/-2.20 +/-2.53 +/-1.41 +/-53.73

When an MOI of 2000 wasansduced (Figure 5.12 D), the HEK293T derived rAAVtigaue the highest

mean fluorescence followed by the fluorescence observed after transduction with rAAV derived from the
ATG66, ATG04, ATGV5 and finally ATG33 cell lines. Following analysis byay é&id¢OVA with a
Bonferroni multiple comparisons testt was shown that at an MOI of 2000 there was statistical
differences between the 293T derived AAV2.GFP particles and the ATGV5 derived particles across gate
M1 (p value =0.0085). Significant differences were also detected between the 293T derived partitles

the ATGS33 derived particles across gates M1 and M2a{ues of 0.0005 and 0.0234, respectively).
However, while the ATGV5 and the ATG33 derived AAV2.GFP particles show significance across the gates,
there was no statistical difference in the meandhescence across the different cell line derived particles
(Table 5.68).
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Table 5.68 Percentage of GFP positive cells and mean fluorescence across gates M1, M2 and M3 following
transduction with ATG66 derived AAV2.GFP particles at an MOI 2000 (Error ®2rs+=3). Significance was tested
using ANOVA as described in the text.

Cell M1 Significant| M2 (% | Significant| M3 (% | Significant Mean Significant

Line | (% GFP GFP +ve GFP +ve fluorescence
+ve cells) cells) cells)

293T | 51.35 27.62 8.46 340.28
+/-6.90 +/-5.29 +/-2.36 +/-100.77

ATG | 38.15 *x 17.66 n.s. 4.67 n.s. 203.21 n.s.
+/-12.39 | p=0.0085| +/-7.88 +/-3.71 +/- 165.61

A04 | 42.49 n.s. 19.66 n.s. 5.34 n.s. 231.47 n.s.
+/-2.79 +/-2.39 +/-0.97 +/-49.62

A33 | 34.02 *kk 15.98 * 4.57 n.s. 190.86 n.s.
+/-3.08 p=0.0005 | +/-2.07 | p=0.0234 | +/-0.83 +/- 36.58

A66 | 46.12 n.s. 22.42 n.s. 7.21 n.s. 297.43 n.s.
+/-2.24 +/-1.21 +/-0.72 +/-38.31

Figure 5.12 F reports on mean fluorescence when the HEK293T cells were transduced with ATGV5 derived
rAAV, ATGO4 derived rAAV, ATG33 derived rAAV and ATG66 derived rAAV. These data show that the
ATG33 derived rAAV and the ATG66 derived rAAV gave the thigkas fluorescence at 5000 MOI
followed by the ATGV5 derived and then the ATG04 derived rAAV. Howeverwbgereo statistical
difference between these data as determined by emay ANOVA (Table 5.6.9).
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Table 5.69 Percentage of GFP positiveells and mean fluorescence across gates M1, M2 and M3 following

transduction with ATG66 derived AAV2.GFP particles at an MOI 2000 (Error bars=SD, n=3). Significance was tested

by ANOVA as outlined in the text.

M1 Significant| M2 (% | Significant| M3 (% | Significant Mean Significant
(% GFP GFP ve GFP +ve| fluorescence

+ve cells) cells) cells)

ATG | 47.57 24.61 7.65 316.27
+/-5.19 +/-4.05 +/-2.43 +/-112.18

AO4 | 47.45 n.s. 23.14 n.s. 6.35 n.s. 268.55 n.s.
+/-5.65 +/-3.07 +/-1.06 +/-54.44

A33 | 51.26 n.s. 27.00 n.s. 8.39 n.s. 370.42 n.s.
+/-3.99 +/-3.01 +/-1.22 +/-60.20

AG6 | 49.12 n.s. 25.58 n.s. 8.50 n.s. 360.95 n.s.
+/-1.97 +/-0.88 +/-0.17 +/-10.57
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Figure 5.12 Flow cytometry analysis of HEK293T cells transduced with rfaKles derived from
HEK293T, ATGV5, ATG@TG33 or ATG66 cell lines 72 h post transduction at different MOI.
percentage of GFP positive cells 72 h post transduction with an MOI of 1000 across gatgsNi21(()
and M3(). B) Mean fluorescence of#K293T cells transduced with1000 MOl HEK293T, ATGV5, A
ATG33 or ATG66 derived rAAV2 particles 72 h post transduction. C) Percentage of GFP positive |
post transduction at 2000 MOI across gates M1 2 () and M3(). D) Mean fluorescence fEK293T
cells transduced with 2000 MOl HEK293T, ATGV5, ATG04, ATG33 or ATG66 derived rAAV2 par
post transduction. E) Percentage of GFP positive cells 72 h post transduction at 5000 MOI acro:
M1 (), M2 () and M3(). F) Mean fluorescenoef HEK293T cells transduced at 5000 MOI of ATC
ATGO04, ATG33 or ATG66 derived rAAV2 particles 72 h post transduction. Error bars determine
on SD, n=3. Statistical analysis was carried out usingvageANOVA.
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5.6 Discussion

The aim of the work piented in this chapter was to generate AAP stably expressing clonal cell
lines by limiting dilution from the ATGV5 cell pool and then characterise the ability of these
clonal cell lines to produce packaged rAAV particles. To investigate if stable expressio
Assembly Activating Protein (AAP) in HEK293T cells impacted the packaging ability of the cells,
clonal cell lines offer the ability to undertake studies whereby cells express similar amounts of
AAP in the clonal population rather than as in a polyalgmopulation where the levels of
expression may vary widely. AAP is postulated to play a role in packaging of AAV2 capsid particles
(Maurer et al., 2018xnd based on such reports, and the data presented in Chapter 4, cell lines
that are highly likely to be monoclonal based on limiting dilution cloning were generated. The
growth and packaging capabilities of these clonal cell lines was then investigat@uiarison

to both the HEK293T control cell line and the ATGV5 cell pool generated in Chapter 4. Finally,
the work reported in this chapter moved towards identifying and focusing on the higher
packaging clonal cell lines ATG04, ATG33 and ATG66. TheGER\W2al particles produced

from these and the HEK293T and HEK293V5 pools were then further characterised by
investigating the functionality of the capsid particles produced as assessed by the ability of

purified particles to transduce the HEK293T hoditloee.

The generation of stably exogenous gene expressing mammalian cell lines results in random
integration of the transfected gene of interest (unless targeted integration approaches are
utilised) along with variable copy numbers of the gene of irggreesulting in heterogeneity
across the individual cells in the transfected cell phal, Yang, & Ng, 2013; Wiirtele, Little, &
Chartrard, 2003; R. Yang et al., 2018he variability of the work discussed in chapter 4 may, at
least in part, be due to this heterogeneity within cell pools. It is this variability and heterogeneity
which can be reduced by clonal cell line development. ®hisourse does not reduce the
inherent clone to clone variability that may arise but within a given clone more consistent results

should be produced than when using a pool.

Identification of large numbers of cell lines with a particular phenotype byitighiilution is a

labour intensive task, which requires the screening of a large number of o@hasn, 2004)

In this study, single cell cloning via limiting dilution was ureleh using the ATBARV5
expressing stable cell pool to overcome the variability of this cell pool and to isolate a number
of clonal cell lines expressing AXB. Following single cell cloning 8 clonal cell lines were
eventually isolated and referred tsaATGO06, ATG04, ATG02, ATG16, ATG36, ATG34, ATG33 and
ATG66.
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AAP expression in the clonal cell lines was analysed and compared to that of the original ATG
AAP pools using a commercially available V5 antibody due to the lack of commercially available
AAP atibodies. As seen in Figure 5.1 A, there wasexpression across all clonal cell lines as
indicated by the presence of a band at approximately 25 kDa. Based on densitometry analysis
and normalisation against the ATGV5 cell pool (Figure 5.1), the sipmdsvels of V5 tagged

AAP did vary across the different clonal cell lines although the range was quite narrow and not
magnitudes different. This indicates isolation of cell lines with a variety of AAP expression levels,
albeit a quite narrow range as jgxcted from single cell clonirfg/urm, 2004) The narrow range
suggests that higher expressing A¥Pcell lines either do not survive or are very rare and hence
were not isolatedn this study. When the stability of AAP expression across the clonal cell lines
was followed, two clonal cell lines, ATG36 and ATG34, had variable expression levels of AAP over
time, while the remaining clonal cell lines showed the same pattern of egjgresver time. The
variability in the ATG36 and ATG34 clones could be due to a lack of clonality caused by limiting
dilution or instability in these clones. Limiting dilution is a traditional and well utilised methods
of single cell cloning, however issusuch as cell clumping and limited plating efficiency can
result in cells originating from more than one clof@ross et al., 2015)This issue could be
overcome by another round of sub cloning from these cells. It is also possible that the clonal
variation in cell lines ATG36 and ATG34 is due to instability andestic \ariation caused by
epigenetics, promoter silencing, stochastic gene expression and changing environmental

conditions(Grav et al., 2018; Pilbrough, Munro, & Gray, 2009)

One the clonal cell lines had been established, the batch culture growth profiles in comparison
to that of the HEK293T control host cell line and the ATGV5 cell pool were established to
determine if the AAR/5 expression impacted the growth of the cells.shswn in figures 5.2,

5.3 and 5.4, stable exogenous A¥P expression did not have any detrimental impact on the
growth of the cell lines when compared to that of the HEK293T cell line and the ATGV5 pool.
Interestingly the clonal cell lines ATG06, ATGOAGER, ATG16, ATG36, ATG34 and ATG33
maintained a marginally higher culture viability on days 1 to 3 than that of the HEK293T control
or the ATGAAP expressing pools. The population doubling times did not vary greatly across the
clonal cell lines, with thexception of clone ATG66 which had a population doubling time of over
24 h in comparison to that of the 122 h seen among other cell lines. Overall, the data suggest
that the expression of exogenous AXB did not greatly impact the growth phenotypes bét

cell lines investigated in this study under batch culture conditions.

Next whether the stable expression of AAP impacted the titre or AAV packaging ability of the

cell lines compared to the HEK293T control and pool was evaluated. It is importanetthaot
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when producing rAAV2 particles by transfecting the RepCap plasnoidhe cells further
transient AAP expression occuabove the stable AAP expressidue to the presence of the
Capgene. Unfortunately, it was not possible to determine how mugiiPAs being produced by

the transfection process due to a lack of commercially available antibodies. Thus, when studying
the impact of AAP expression on rAAV2 titres and packaging in this chapter, it refers specifically
to AAP expression by the stable digles and not that of the AAP produced by transfection of

the Rep Cap plasmids.

Stable exogenous AAPS expressiorappearedto impact the packaging of rAAV2 patrticles,
although there was variability between the pool and different AAPexpressing cdlhes as to

the magnitude of this effect. This suggests that whilst the amount of AAP being expressed in
HEK293T cells influences packaging efficiency, packaging efficiency is not solely determined by
AAP expression as might be expected. Other clone ot goecific limitations in the cellular
machinery are also likely to exist. Nevertheless, the data suggest that the amount of AAP
generated from the normal transient transfection approach is not sufficient to support higher
packaging efficiency and thus che overcome or improved by the exogenous expression of
AAP in the host cell prior to transfection. As indicated by the total particle titres, an increase in
AAP expression does not result in an increase in the particle titres. Based on work discussed in
this chapter, there appears to be a trend showing that a number of the clonal cell lines gave rise
to a greatemumberof packaged capsids the total made (as indicated by % packing efficigncy)
specifically the ATG06, ATG04, ATG02, ATG16, ATG33 arfd whi&6the ATG36 and ATG34

cell lines gave lower packaged yields than their counterparts. It is interesting to note that the
ATG36 and ATG34 cell lines both appeared to have a variability in AAP expression over time
(Figure 5.1). Based on the average kzaying efficiencies across the clonal cell lines, ATG04,
ATG33 and ATG66 were selected as key cell lines of interest and taken forward for further

research.

Further production runs were carried out on the key AAP clonal cell lines (ATG04, ATG33 and
ATG66)Figure 5.8). This work determined that there was a statistically significant increase in
both the percentage packaging and the genome titre of the AAV expressing clonal cell line ATG33
and ATG66. To date, there are no studies which utilise AAP exprédsK2P3T cell linde
produce rAAVHowever, AAP overexpression and its effects on AAV titre has been studied in
systems such as the baculovirus production system. In a study into the relevance of AAP by
Stefanie Grosse and colleagues, it was shown tAf dverexpression did not impact the vector

genome titres observe(Grosse et al., 2017)
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Immunofluorescence and ofocal laser scanning microscopy was carried out on clonal cell lines
(ATGO04, ATG33 and ATG66) to study AAP localisation across the cells. Earley and colleagues have
identified both nuclear and nucleolar localisation signals (NLS and NoLS, respecthesg). T
signals were identified at the carboxgrminal region of the AAV2 AAP (AAP2) at amino acid
position 144 to 184Earley et al., 2015As shown in Figure 5.the V5 tagged AAP was found

to be colocalised with the DAPI nuclear stain and so was shown to be localised in the nucleus,
a finding that agrees with the findings in chapter 4 and from other rep@tsley et al., 2017;
Grosse et al., 2017ptudies such as that by Earley et al and Grosse et al, utilisee&doed or
HAtagged AAP, respectively in HeLa and HEK293T cells. Earley et al, utilising aemoicleost
antibody showed localisation was specific to the nucleous which corresponds to when the
production of AAV capsids occurs. The main function of AAP is reported to be to target the VP
proteins to the nucleolus for assemlylgarley et al., 2015; Sonntagadt, 2010) Interestingly,

the datapresented in figure 5.7 shows the ¥dgged AAP to be more disperse throughout the
nucleus than the ATGVS5 cell line where punctate spots thought to correspond with the nucleolus

were observedFigure 411).

To further study the rAAV2.GFP capsid particles derived from the HEK293T or AAP expressing
cell lines it was necessary to purify the particles. This was achieved utilising the commercial
Takara AAVpro Purification kits. The kit utilises a-@clive Nuclase prior to treatment with a
precipitator, followed by filtration using a MilledV 0.45>m filter before finally undergoing
concentration using an Amicon Ultdafilter. Use of the commercially available kit negates the
need for timely and cumbersome ntaids such as ultracentrifugatigi@uo et al., 2012)The

rAAV titres were compared preand postpurification to assess the effectiveness of this Kkit,
unfortunately post purification the yield had doped indicating that this purification method
does not give a high recovery. Loss of rAAV2 post purification is not uncommon as many
methods of rAAV purification show a high degree of (Bsgova & loffe, 2005; Guo et al., 2012;
Zolotukhin et al., 1999)olotukhin and colleagues studied a range of purification methods and
the percentage recovery obtained. Their study showed that use of iodixanol gradient
purification can resultn 75-80% purification of rAAV. In comparison to this, they showed that
use of either heparin sulfate or sulfate cation exchange chromatography result4@10%
recovery of the iodixanol fraction. However, use of CsCl gradients only yielded a 7% refovery

the material obtained from the iodixanol fractiq@olotukhin et al., 1999)

Purified recombinant AAV particles derived from the AAP expressing cell lines were subjected
to electron microscopy to further characted these particles. As seen in figure 5.11, there are

hexagonal particles present in the purified rAAVs derived from all AAP expressing cell lines.
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These structures are 286 nm in diameter. This is the expected size of purified rAAV particles
based on preious studies such as that by Zeltner et at who imaged AAV on an EM after staining
with 2% uranyl acetate and showed wild type AAV and rAAV.GFP as hexagonal structures of
approximately 20 nm in diametgiZeltner, Kohlbrenner, Clément, Weber, & Linden, 2010)
Several rAAV derived from our AAP expressing cell lines appeared to have a dark cédwtre in t
images obtained. A study by Zelter et al, compared the EM images of empty particles to wild
type AAV2, reporting that the empty particles all contained a dark centre whereas the wild type
AAV?2 identified as 94% full had a small number of these darkessttes(Zeltner et al., 2010)

The darker centre seen in empty AAV capsids is due to the electron dense @antet al.,
2019)Fu et al., 2019)Thevisualdifference in the appearance between empty and full capsids
when visualised with EM thus reportedin other work(Horowitz et al., 2013; Mostrom et al.,
2019; Penaududloo, Francois, Clément, & Ayuso, 20Ey example Horowitz et al, where

full capsids are described as 25 nm solid structures and the empty capsids are described as
having a donut like appearance 25 nm(Horowitz et al., 2013)Interestingly, when pufied

rAAV were visualised on the EM, there was a number of similar hexagonal structures of
approximately 1015 nm in diameter which were morphologically similar to that of the rAAV.
Grieger and colleagues also identifisdchstructures of around 145 m in diameter. This
study identified these contaminating structures by way of mass spectrometeprsisting of
ferritin. These contaminating ferritin structures were isolated from the rAAV particles by ion
exchange chromatograph{rieger et al., 2016 urthermore Blessing and colleagues identified
similar strictures in preparations purified by iodixanol gradient ultracentrifugatiagain

suggestinghese structuresvere consisted oferritin (Blessing et al., 2019)

Transduction assays were used to investigate the functionality of the purified capsids generated
from the HEK293T, ATGV5, ATG04, ATG33 and ATG66 cell lines. FisisedahaOl of 1000
(Fisher et al., 1996@pr transduction assays and therefore MOls around this were investigated
here. HEK293T cells transduced with HEK293T derived rAAV underwent analysis by flow
cytometry and the % of fluorescing GFP positive cells were measured across the gates M1, M2

and M3 As expectedthe higher the MOI the more fluorescence observed.

HEK293T callwere transduced with purified rAAV derived from HEK293T, ATGV5, ATGO04,
ATG33 and ATG66 cell lines at an MOI of 1000, 2000 and where possible 5000 viral genomes/cell.
Transduced cells were harvested 72 h post transfection and were analysed by fluorescent
microscopy and flow cytometry. Fluorescent microscopy imagedisplayed in figure 5.12nd

these show the purified rAAV particles when transduced give rise to GFP positive cells. The

fluorescent microscopy images when taken alongside the flow cytomesuits in figure 5.13
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and 5.14and these data indicate that the purified rAAV capsids generated from the AAP
expressing cell lines are function@herefore,the cell lines used to generate these rAAV.GFP
could be used to generate rAAV containing tramsggefor use in gene therapies. Based on the
mean fluorescence figures shown the 293T, ATG33 and ATG66 derived rAAV transduced with
increasing MOI of 1000, 2000 and in the case of ATG33 and ATG66 an increase in the MOI results
in an increase in the numbef events or cells that have been transducBar ATGV5 and ATGO04,

the amount of GFP positive cetli&l not appear to increaswith MOI of 1000, 2000 and 5000
suggesting that perhaps a threshold has been reached and that after this point it does not matter

what MOl is used for transductioro further GFP expression is observed

Ultimately, the work in this chapter shows that it isgsible to improve AAV packaging when
utilising AAP expressing clonal HEK293T cell lines. Both the ATG66 and thec&T G&S
significantly increased the packaged genome titres, while having no effect on the total particles.
Furthermore, the rAAV2 padies derived from these two cell lines could successfully transduce
untransfected cells indicating their functionality. These rAAV particles had a similar transduction
efficiencyto particles derived from the original HEK293T cell line. Research into WA a
effects on AAV packaging is a relatively recent field. While there are no published studies looking
at AAP expressing cell lines, AAP overexpression studies have indicated that overexpression of

AAP does not improve AAV packagimtghe baculovirusystem.

185



Chapter6 GeneralDiscussion

6.1 Overall Discussion

Viral vectors and their potential as delivery mechanisms of nucleic acid, gene tHzaapg
therapeutics is a rapidly developing field. This is evidenced by the fact that there was over 2000
clinical trials carried out from 1982016 based on using viradctor technologyvan der Loo &
Wright, 2016) In the UK alone, there were 154 ongoing clinical trials in 2020 utilising cell and
gene therapiefCell and Gene Therapy Catapult ATMP clinical trials report, ZIZD) As
described in the introduction to this thesis, the nenveloped Adeno Assated Virus (AAV) is

one of the most predominant viral vectors used in gene therapy trials with 39% of trials in 2020
using this viral vector delivery systdfell and Gene Therapy Catapult ATMP clinical trials report
2020 2020) Again, as outlined in the introduction of this #ig, achieving AAV viral vector yields
and quality sufficient to support the demands for both clinical trials and wider use remains a
challenge that means these therapies are currently expensive to produce. Much research has
therefore been undertaken inténvestigating the biology and bioprocesses that determine
vector particle yields, thereby identifying approaches to improve the yields and genome
packaging of particles. The overall aim of the work described in this thesis was to investigate the
engineerirg of the HEK293T host cell line to over express AAV proteins and determine the effect

of this on the impact of these cell lines to produce genome packaged recombinant AAV particles.

Although there are around 12 serotypes of AAV, recombinant AAV seroigmn2 of the most
widely studied serotypes and known to give high levels of empty particles during manufacturing,
with some reports of at least 80% of rAAV2 particles being erfipt@rimm et al., 1999Dne
approach to increase the production and packaging of recombinant AAV vectors involves
generatirg producer cell lines that stably express target proteins that enhance prodydtiam,

Qiao, Hu, Li, & Xiao, 201Mammalian cell lines used for the production of rAAV traditionally
include HEK293 or HEK293T cell lines. Cell lines such as these constitutively expresses the
E1A/EL1B helper genes required for the production of rAAV particles. As outlined in the
introduction(see section 2.1 and 1.4.1AAV replication is reliant on the coinfection of a helper
virus, typically adenovirus. This helper visigoplies a number of genes required for AAV
replication; E1A, E1B, E2a, E4 and VA (RNReed Clark et al., 1995; Xiao et &98t Yuan et

al., 2011)

The initial objectives of the work described in this thesis focused on the establishment of a rAAV
production system using a HEK293T suspension adapted cell line, this acting as a baseline to use

as a comparison for further worfChapter 3). The work involved establishing methods for the
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triple plasmid cetransfection of the HEK293T host cell line and subsequently determining
particle and viral genome titre. Most published research utilises an ELISA assay to determine
total particle titre (D Grimm et al., 1999Wwhile quantitdive real time PCR (gAPICR) is widely

used to determine viral genome titré 5 Q/ 2a il SiG I f ®X H.GnceT 520
established, thesenethods were the core analytical methods used for analysis in the work
covered in chapters 4 and 5 to study the impact of HEK293T cell pools and cell lines engineered

to express assembly activating protein (AAP) on AAV particle formation and genome pgckagi

Cell line engineering to enhance the capacity of HEK293T cells to produce genome packaged
rAAV was key to the work described in this thesis. The specific aim was to develop HEK293T cell
lines expressing a selection of AAV proteins, including the Repims (Rep 78, Rep 68, Rep 52

and Rep 40), the Cap proteins (VP1, VP2 and VP3) (Chapter 3) and the Assembly Activating
Protein (AAP) with the ultimate goal to characterise and determine if the stable exogenous
expression of these proteins impacted rAAadtkaging (Chapters 4 and 5). As AAP expression is
known to be required for the successful packaging of some serotypes of AAV, a particular focus
was on the impact of stable expression of this protein. Initial work in the development of
HEK293T engineeredo$t cell lines required generation of plasmid vectors containing a
mammalian selection marker to allow isolation of those cells whereby the plasmid had been
stably integrated. Prior to the generation of stably engineered cell lines, transient expression of
the constructs and expression of the target proteins was confirmed via western blotting (see
Chapter 3). Once expression was confirmed, transfections for the generation of cell pools and

lines stably expressing the AAV viral proteins were carried out.

The work discussed in the second half of chapter 3 describes the production of cell pools stably
expressing either the Rep proteins alone or alongside the Cap proteins. The idea behind
generation of these cell lines would be to reduce the number of plasettbys needing to be
transfected when carrying out a production run and potentially reducing the stain on the cells
when producing rAAV2. Throughout the work undertaken in this thesis, three plasmids-are co
transfected for the production of rAAV2 capsig8AVRCKan, pHelpeKan and pAAGFPKan

(see section 2.2.4 and 3.3for more detail on each of these plasmids).-t@amsfection is a
commonly used method for the production of proteins and viral vec{dricescu, Lu, & Jones,
2006; Baldi, Hacker, Meerschman, & Wurm, 2012; Dyson, 2016; Xiao et al., A988line

stably expressing the Rep and Cap proteins would reduce the number of plasmids required to
be coli N} yaFSOGSR FyR LRGSYGAlLtfe Fft2g I+ WwasSi
reproducibly and constitutively expressed in a host cell line (that doukklected from an initial
L22f0 F2NJ W2LIGAYFEQ NI! + LINPRdAzOGAZ2Y @

187



The establishment of stably expressing Rep and/or Cap HEK293T pools was unsuccessful. There
are four rep proteins, Rep78, Rep68, Rep 52 and Rep46stnactural proteins involved in AAV
replication(Chiorini et al., 1996)There are also three Cap proteins, VP1, VP2 andstB&ural

proteins which form the AAV capsid in a ratio of 1:@Aassinotti, Weitzand, & Tratschin, 1988)

Cells did not survive the selection process and no colonies grew out whilst cells that were
transfected with a control plasmid containing Repor Capgene did. This is likely due to Rep
mediated cytaoxicity. In support of this hypothesis, Schmidt et al showed that expression of
Rep 78 induces cell death by apoptosis, activating caspase 3 and the apoptosis signalling cascade
(Schmidt et al., 2000Pue to this potential Rep protein mediated cytotoxicity, vector constructs
were geneated both with and without a CMV promoter region in an attempt to reduce the
expression of the Rep proteins and hence any apoptotic effects of Rep78 or the other Rep
proteins. Indeed, cell lines have been generated which express the Rep and Cap proteins in
different systems used for recombinant AAV production. Clark and colleagues achieved this by
generating an inducible cell line system, allowing for the expression of Rep and Cap proteins
upon infection with adenovirus such that these were not constituyivexpressedK R Clark,
Voulgaropoulou, & Johnson, 199@&) this way the cytotoxic impact is reduced by eiraythat

the toxic proteins are only expressed when required for rAAV production.

Others have also reported similar approaches for adenovirus. Using both a HelLa host cell line
and a HEK293 host cell line, Chadeuf and colleagues generated adenoviruslénceitilines
(Chadeuf et al., 2000)Collectively the results from this study in attempting to generate
constitutively expressing Rep and Cap cell pools, alongside the indsgdiams reported by
others, it seems likely that the constitutive expression of some or all Rep and Cap proteins are
toxic to HEK293T cells that cannot survive when these proteins are continually expressed.
Inducible cell lines appear to be solutions tast problem. A further approach could be to
generate cell lines expressing the nrmxic Rep and Cap proteins and introduce just the toxic
protein(s) as part of the ctransfection approach. This is complicated by the nature of the
transcripts and their osrlapping sequence but could be achieved although the benefit to titre
and packaging efficiency, if any, is difficult to predict. Regardless, as this approach to engineering
the host was unsuccessful, the remainder of the work in the thesis focused aletsdopment

and analysis of cell pools and lines stably expressing the assembly activating protein (AAP) and

the impact on rAAV2 production genome packaging.

In order to assess the impact of AAP expression in HEK293T cells on rAAV production and
genome pakaging, the generation of HEK293T AAP engineered cell pools and clonal cell lines

was undertaken and these then characterised. Chapter 4 describes the development of 4
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plasmid vector constructs with different translation start codons for AAP (ATG oa@d &ijher

with or without a V5tag for detection at the protein level, pcDNA3.1 ATGV5, pcDNA3.1 ATG
AAP STOP, pcDNA3.1 CTGV5 and pcDNA3-AAPTGTOP. As outlined in the introduction
chapter, AAP translation is initiated from an unconventional or cr{iiG start codo(Sonntag

et al., 2010) Two versions of the AAP plasmid vectors were designed and supplied by Cobra
Biologics, one containg the CTG start codon and another containing the conventional ATG start
codon. The ATBAP and CTHBAP genes were ligated into a hygromycin containing plasmid in
frame with a V&ag or with a stop codon preventing readthrough to the V5 tag. V5 taggiag
well-established method used for identification of proteins with the V5 tag having a strong,
specific antibody bindin@Burg et al., 2016nd such antibodies do not generally detect cellular
mammalian proteins (the V5 tag is viral in origin). It was necessary to generate constructs

containing the V5 tag as there are currently no antibodies against AAP commercially available.

Tagging of AAP is a common method of AAP detection throughout reseberk Gterminally

tagging of AAP does not appear to impact its biological fundi@mley et al., 2017; Grosse et

al., 2017; Le et al., 2019; Maurer et al., 2019, 20t8jal transient experiments we carried

out prior to stable cell line generation that confirmed the constructs resulted in expression of
the AAP protein from HEK293T cells. Stable cell pools and lines were successfully generated from
all four constructs by random integration into th#EK293T host cell line. The process initially
resulted in the generation of cell pools with variable transgene expression. Having constructs
which were either tagged or untagged allowed investigations into whether the tag itself was the
cause of any diffemces observeth the phenotype of the engineered cells. The overall results
from the work showed that it was possible to generate cell lines stably expressing AAP and that
furthermore, the stable constitutive expression of AAP did not significantly imgedictjrowth.

When studying the impact of stable AAP expression on AAV2 titres and packaging as a whole,
there was variance as might be expected from heterogenous pools where cells expressed
different amounts of AAP. Further characterisation of the gerestatcell pools via
immunofluorescence confirmed that there was variance in the AAP expression levels across the
population, this variance is a result of random integratfiirchhoff et al., 2020Nevertheless,

a trend was clear whereby ATAAP expressingell pools generally showed an increase in

genome packaging.

To help overcome the variability with the AP@P cell pool, clonal cell lines were generated by
single cell limited dilution cloning. The work described in chapter 5 focused on the generation
and characterisation of the AT&AP expressing clonal cell lines. The focus on-A8K5

expression was based on the trends observed in the studies described in chapter 4 where ATG
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AAP expressing cell pools indicated an increase in genome packaging effigightglonal cell

lines were generated, ATG06, ATG04, ATG02, ATG16, ATG36, ATG34, ATG33 and ATG66, thest
cell lines hd a range of AAR/5 expression across the cell lines as determined byégiern

blotting, with the ATG66 cell line being a high exprassell line and ATG16 being the lowest
expressing cell line. Once again, growth analysis confirmed in the clonal cell lines that the
expression of ATBAPVS5 did not impact the growth characteristics of the cell lines compared

to the host HEK293T celldin

Upon analysis of the AAV2 titres from these AAP expressing cell lines, as with tAARTBols,

there was no statistical impact on the AAP total particle titre, however, both the ATG33 and the
ATG66 cell line resulted in a significant increase inpgbeentage of packaged particles.
Furthermore, the particles generated from these cell lines were able to transduce cells
effectively, indicating that the particles derived from these cell lines could be used successfully
as a viral vector. It is also impant to note that while the cell lines have been generated to
express AAP, there will also be further AAP expressed as a result of the triple transient
transfection from the pAANRCGKan plasmid. As there are no commercially available antibodies
against AP, we were unable to determine how much of an impact transient AAP expression has
on total AAP expression. AAP expression from transient expression must be sufficient to support
a certain amount of genome packaging as observed in the original HEK2$3Hoelkver, at

least for some of the stably engineered AAP clonal cell lines, the increase in AAP likely enhancers
the ability of these to efficiently package particles. The fact this was observed in several
engineered clonal cell lines that expressed tighest exogenous AAP provides further evidence
that the high amounts of stably expressed AAP in these cell lines does provide a positive impact
on packaging and is not due to random clonal variation between cell lines in packaging ability.
Thus, the amoutof AAP produced from transieftapgene expression is likely to be insufficient

to sustain high genome packaging efficiency for the rAAV2 serotype at least. This hypothesis
could be further tested by knocking down or out the expression of the AAP ianti@eered

hosts and observing the impact on genome packaging which would be expected to decrease to
those observed in the original host. Further evidence that additional AAP can enhance AAV
production comes from studies by Le and colleagues who showedattdition of purified
recombinant AAP could be used to increase AAV and VP3 VLP (virus like particle) yields in an

Escherichia coRAV production systertLe et al., 2019)

Assembly activating protein is usually expressed from the cryptic start dgd@oley et al., 2017;
Galli et al., 2017; Naumer et al., 201Rpr a long time it was thought that eukaryotic tratisia

was always initiated by the conventional AUG start codon, however, since the late 1980s
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translation initiation from norconventional start codons has been identifildanov et al.,

2017; Peabody, 198%owever, translation initiation from these naonventional start codons

is at a lower efficiency than that of the conventional AUW&tscodon. The work in this thesis
focused on generation of AAP cell lines which contained either thecnagentional CTG start
codon, present in wildtype AAP, or AAP containing the conventional start codon ATG. Use of the
ATG start codon was used to liease the expression of AAP with the CTG codon being only 30
60% as efficient as the conventional ATG start codon in initiating transigearse & Wilusz,

2017; Loughran et al., 2020; Mehdi, Ono, & Gupta, 194®imilar approach was reported by
Earley and colleagués express AAP, showing that by utilising the strong ATG start codon it was
possible to express steady levels of AB&ley et al., 2015, 201 Hurthermore, research carried

out with AAV capsid chimeras utilised AAP plasmids vectors where the&T¢®don had been
switched out for an ATG start codon, showing that for AAPG, titre improvements were observed
only in the presence of the ATG canonical start codon and not in the presence of the CTG start
codon(Viney et al., @21) While this work was with AAP6, the findings are in line with what

were observed with AAP2 in the current study.

As shown by immunofluorescence in chapters 4 and 5, AAP2 localises in the nucleus/nucleolus
of the cell. This finding is in line witlother works, which have shown through
immunofluorescence that tagged AAP is localised to the nuclé8losntag et al., 2010 he

use of a tag for the visualisation and identification of AAP has been shown have no detrimental
effects on the function of AAP with a number of tags being used in AAP research including the
FLAG tag, His tag, C9 tag and AUl(Ezgley et al., 2017; Le et al., 2019; Sonntag et al., 2011,
Tse et al., 2018)

Interestingly, AAP expression varies across AAV serotyl@s Earley and colleagues have
mapped the nuclear anducleolar localisation signals for AAP across the serotypes, identifying
overlapping nuclear and nucleolar localisation signals near-tieen@inus of AAP2Earley et al.,

2015) As shown in the work reported in this thesis, immunofluorescence studies showed that
for all AAV serotypes AAP expression was found in the nucleus. However, the nucleolar
localisatonwas 2 (1 € LIS & LISOAFAOD 9 NI SeQa ¢2N)] -addzRA:
12 in HelLa ceal(Earley et al., 2017Based on the findings described in chapter 4, there was no
indication that the V5 tag was impacting cell growth, however it was not possible from these
data to determine if the tag was responsible for any impact on the packagmgonfirm the

tag was not impacting packaging efficiency, the AAKP STOP and CAARSTOP cell pools
were also investigated, where a stop codon has been introduced prior to the V5 tag, these giving

similar packaging efficiency to that of their taggeglivalents.
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The data reported in this thesis has shown that rAAV2 generated in the AAP engineered HEK293T
clonal cell lines transduced at efficiencies similar to that of rAAV produced in the original
HEK293T host cell line. Thus, the AAP engineeredglawst higher packaging efficiencies with
similar transduction efficiencies meaning that more particles or doses can be generated. It is
noted that the work here is solely focused on the AAP from serotype 2 (AAP2) and its impact on
the production of recombiant AAV patrticles from serotype 2, cell lines expressing AAP from
other serotypes or production of rAAV of other serotypes in the AAP2 engineered HEK293T hosts
were not investigated. However, research has been carried out on AAP of other AAV serotypes
and of AAV chimeras. One such study focusing on the impact of AAP6 on AAV capsid chimeras
by Viney and colleagues showed that AAP expression can have an impact on the transduction
efficiency of the AAV capsid chimet@éney et al.2021)although this was not observed with

the system (AAP2/rAAV2) investigated here.

As outlined above, the identification of AAP only was reported in 2010 by Sonntag and
colleagues when they identified that a viral assembly factor promoted AAV ser@tiggmation

(Sonntag et al., 2010%ince then, much research into AAP has been carried out, with most of

the studies focusing on thele of AAP as a chaperone whereby it mediates and stabilizes AAV
capsid formation. The protein structure of AAP has yet to be characterised fully and there has
been no data published on the complete structure. It has been shown that AAP interacts with

the capsid proteins (VP proteins) to traffic them to the nucleolus, while also providing some
protection against degradation and stability of the monom@vkaurer et al., 2019)Quite hav

this function improves genome packaging is unclear, but it is possible that the presence of AAP
KStLA Ay NBONHZAGAY3I 2N WFSSRAY3IAQ 2F GKS 3ISy2

There are 12 other wild type AAV serotypes identified and over a hundred AAV hylotigpbssr

and pseudo serotypes that have been enginegidanmond, Leek, Richman, & Tjalkens, 2017)
AAP has been shown to be essential for not only AAV2 capsid production but for all AAV
serotypes with the exception of serotypes 4, 5 andBarley et al., 2017 5tudies into capsid
formation across the different serotypes have shown that AAP is essential for the particle
production from serotyped, 8 and 9, however the AAP used was not specific to the serotype,
Sonntag et al demonstrating it was possible to form AAV1/8/9 patrticles in the presence of AAP2
(Sonntag et al., 2011This indicates that cross complementation of AAP is possible. It would be
interesting to determine if the packaging of other serotypes such as 1, 8 and 9 can also be

impacted using the AAP2 HEK293T expressing cell lines described in this thesis.
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6.2 Future Work

The work described to generate a Rep or ®gp expressing cell line wanasuccessful, likely

due to the toxicity associated with the larger Rep proteins. At this point the work described in
this thesis moved away from the Rep and Cap proteins and focus moved towards the Assembly
Activating Protein. However, there are a numbéavenues which could be investigated in order

to generate Rep and Rep Cap expressing cell lines. Inducible mammalian cell lines are commonly
used for the production of recombinant proteins. Cell lines have been successfully developed to
inducibly expres the AAV Rep and Cap proteins upoiméection with adenovirugk R Clark et

al., 1996; X. Liu et al., 2008k rAAV production has moved away fromimi@cting with a helper

virus and uses a helper plasmid instead, other methods of inducing expression could be
investigated. Yang and ileagues have generated cell lines which can be induced to express the
Rep proteins under the control of the metallothionein | promoter, this method of inducing Rep
expression overcame the cytotoxic effects of RefflJ&ang, Chen, & Trempe, 1994&jurther
potential method used to generate inducible cell lines is Tetracyafidecible cell linegChtarto

et al., 2003; Gomemkartinez, Schmitz, & Hergovich, 201&eneration of an inducible Rep
expressing cell line is one possible wayot@rcome the cytotoxicity associated with Rep 78,
however other work has shown that generation of a Rep inducible cell line is not without its
challenges. It is possible to regulate Rep78/68 expression by replacing the p5 promoter with an
inducible promoer such as the tetracycline inducible systé@iao, Li, et al., 2002§eneration

of inducible cell lines is not the only avenue that could be investigated for the generation of
stable cell lines, regulating the expression of the various rep genes. hedwmms shown that
decreasing Rep 78 expression could reduce cytotoX@itk Grimm et al., 1998However, such
approaches would be similar to what has already been attempted. A more finely tuned inducible
system that allowed different amounts of Rep proteins to be egped, or that gave control of
AYRAGARdZ £ wSL) LINPUSAYyAasZ g2dzZ R FEf2g GAGNF GA
level of expression and time over which this couldtblerated by the cell before it became

detrimental.

As a follow on fronthe work described in chapter 3 and chapter 4, the generation of an antibody
against AAP would be useful. This would allow monitoring of the levels of AAP produced from
transient cotransfection of the AAV plasmids used for AAV2 production, in comparistiret

AAP produced by the stable cell pools and lines. Generation of such an AAP antibody could be
utilised for further characterisation of the rAAV2 capsids, and the cell lines used to generate
these particles. One further approach to characterise tHEelioes could involve the generation

of a Rep Cap plasmid vector where there is no expression of AAP, allowing determination as to
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whether the effects on packaging observed in this thesis are solely due to the AAP expressed by
the cell line or whether AAfPom the transient transfection also is important when this is already
stably expressed. Indeed, Maurer and colleagues showed that it is possible to introduce a stop
codon into theAAPgene that hinders AAP expression from the Rep Cap plasmid védimuser

et al., 2018) This would be a potential way to compare the impact of stable exogenous AAP in
the presence of the AAP from tiigapgene during AAV production. This would also be a way of
comparing the tagged AAP expression to the transient AAP expressimutrthe need for an

AAP antibody. Furthermore, introduction of a stop codon in the AAP sequence Ghaflgene

has been shown to prevent rAAV2 capsid formati@rosse et al., 2017)As previously
mentioned for AAV serotypes 1, 8 and 9, AAP2 is sufficient in place of the serotype specific AAP
to drive capsid formatior(Sonntag et al., 2011)Based on this, it would be intesting to
determine if AAV packaging of the other AAV serotypes, mainly AAV 1, 8 and 9, could be

impacted by the use of the AAP2 expressing cell lines and pools.

While it has been shown that AAP is a rate limiting factor of AAV production, Grosse and
colleagues suggested that overexpression of AAP does not result in an increase in AAV particles
nor was there any indication that the AAP over expression would result in an increased viral
genome yieldGrosse et al., 2017 he work described in this thesis is in direct contrast to these
findings, showing an increase in the genome packaging of rAAV2 particles. Itldepibese is

a timing and threshold level of AAP required to elicit the increased packaging observed. This is
further evidenced by the fact that when using the CTG start codon to make stable AAP
expressing HEK293T cells, the amount of stable AAP expmasaduch lower than éim the

ATG start codon and no increase in genome packaging was observed. Further, the generation of
FRRAGAZ2YLFE 11t dzZll2Y GNIFYyaASyld GNIyaFSOdazy
packaging compared to that observed in RAAP expressing cell lines where there is a delay in
achieving a threshold AAP level. Thus, it would be important in the future to define the kinetics
of AAP expression in the stable and transfected cells and the generation of an AAP specific

antibody wouldhelp in such studies.

A recent report by Yu and colleagues showed that AAV production can be increased in the
Herpes simplex virus production system upon supplementation with KCI and NaCl. This study
showed that when KCI and NaCl were supplemented 18shpaost infection a 1fold increase

in AAV vector production was observed when produced in the presence of HSV. Furthermore,
this method of producing vectors resulted in incredgeckaging of the particlefru et al.,

2021) Supplementation of media is a commonly used method of producing recombinant

proteins and as such it would be worthwhile to study the impact of supplementation onARe A
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expressing cells during rAAV2 production. This would not be limited to KCI and NacCl, but other
supplements which have been shown to increase protein production could also be investigated.
For example, valproic acid, that inhibits histone deacetylaseipgthas been shown to enhance
recombinant protein expression levels in both HEK and CHO cell transient expression systems.
Cervera and colleagues have shown that it is possible to increase GAG VLP production in HEK293
cells by addition of valproic ac{@ackliwal et al., 2008; Cervera et al., 2015; Wulhfard, Baldi,
Hacker, & Wurm, 2010) Addition of such histone deacetylase inhibitors could therefore be

investigated to determine if these can enhance rAAV production and packaging.

Finally, the studies reported here have shown that AAP engineered HEK293T cells can be
produced with increased genome packaging efficiency. However, an important next step would
be to carry out industrially relevant large scale production runs using the AAP cell lines described
in this thesis. The work described in this thesis used an adherent method for AAV production
using CellBIND flask, however adherent methods are not asteasgale up as suspension
culture methods. Furthermore, suspension methods are more suitable at an industrial level for
upstream processing. As such it would be essential to carry out asagde production run
adherently but to also optimise the smaltale production run to suspension and compare to a
largescale production run. Systems such as CellISTACKSs or CellCubes are suitable for large scale
adherent cultures for the production of rAAV particles, have been shown to produce yields of
10 -10'°rAAV particle§R. M. Kotin, 2011) The move to a suspension systeéraditionally
involves the move away from serum media in a step wise manner while the cells are adapted to
suspension. As the host cell linsad in this study is a suspension adapted cell line which grows
successfully in suspensicnltures the complete adaption of this system to suspension would
require the transfection protocol to be optimised for a suspension culture, this would require
testing a range of DNA concentrations, plasmid ratios Bt concentrations followed by

analysis of AAV titre.
6.3 Limitations of the study

As previously described in Chapter 1, rAAV vectors are typically produced using HEK cell lines,
including HEK293(IGrieger et al., 2016; Kimura et al., 2018%he HEK cell line was originally
derived by the transformation of the primary cells with agment of Adenoviral DNA which
encodes theE1Aand E1Bgenes(W. C. Russell et al., 197Hrom this, HEK293T cells were
generated by the stable transfection of HEK293 cells with a plasmid encoding a temperature
sensitive SV40 large T antigBae et al., 2020; DuBridge et al., 198T9wever, the presence of

this SV40 large T antigen can potentially pose a safety risk for biological products produced in
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cell lines such as HEK293T. SV40 large T antigens have been knownféontréwsnan cells

both in vitro and in vivo. Furthermore, SV40 transformed cells can produce tumours in nude
mice, thus the presence of the SV40 large T antigen protein or DNA in AAV vectors or other viral
vectors is a safety risk and approving bodies sigcthe FDA are suggesting the move away from
the use of HEK293T celBae et al., 2020; Brooks et al., 1988; Reddel et al., 1993)

The work described in this thesis utilised HEK293T cells, and should the industrial collaborator
Cobra Biologics wish to commercially use ¢k# lines generated in Chapter 5 of this thesis (e.g.
A66), this would need to be taken into consideration. Despite this limitation, work has been
carried out by other research groups to remove the SV40 large T antigen from the cells without
impacting vial genome titres when producing viral vectors. Research by Bae and colleagues
utilised a CRISRRas9 system to remove any SV40 sequences from HEK293T cells using guide
RNA targeting the beginning and end of the large T antigen. They showed that using the
generated cells lacking the T antigen, it was possible to obtain lentiviral vectors and AAV vectors
with titres similar to those of the T antigen containing &k et al., 2020)his shows promise

that a method such as CRISPR could be used to remove the large T antigen from the AAP
expressing cell lines discussed in chapter 5 with little impact on rAAV yields. It is worth noting,
however, that the work described by Bae andleagues utilised HEK293T cells grown in the
presence of 10% FBS. A further approach would be-gererate AAP expressing cells using the

HEK293 host cell line that does not contain the T antigen.

One potential limitation with the work described in thfgesis is the AAV production method,
while the parental cell line, HEK293T, has been suspension adapted and is grown in the
absence of serum, the physical production method currently occurs in an adherent manner.
Adherent production systems are not ideat farge scale manufacturing. One reason for this is
due to the difficulty in scaling out the manufacturing compared to suspension culture scale up.
As the cells have already been adapted to serum free media, moving the transfection protocol
to a suspensin method would be more straightforward than if the cells needed to be
suspension adapted first. Suspension adaption traditionally involves the gradual move away
from serum containing media. This is done by reducing the percentage of FBS containing
media gadually. Large scale manufacturing using adherent cultures typically takes place using
multitrays/cell stacks or in roller bottles. This method is both time consuming and labour
intensive at large scale. One method used to overcome the challenges ostaigeadherent
culture is transfecting in suspension, this is typically performed in flasks or stirred tank
bioreactors which are much more manageable than that of their adherent counterparts. One

unfortunate downside to the suspension method is the rediitansfection efficiency, which
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can result in a reduced titréClément & Grieger, 2016)hus, the move to a fully suspension
production method would require studies to vary the concentration of both plasmids and
transfection reagent to achieve similar yieldshat of the adherent process described in this

thesis
6.4 Conclusion

Overall, the work in this thesis has focused on the establishment of cell pools and lines for the
production ofrAAV2 particles, particularly investigating the impact of AAP expression, with the
ultimate aim of increasing the genome packaging of rAAV particles. The generation of Assembly
Activating Protein (AAP) expressingK293T cell lines, both pools and clomahature allowed

the impact of expression of different amounts of AAP stable on rAAV production to be assessed.
Cell pools were generated with cells stably expressing AAP from either the cryptic CTG start
codon or an ATG start codon. The work descrilvedhapter 4 indicated that the expression
initiated at the ATG start codon appeared to have an impact on rAAV packaging by increasing
the viral genome titres, in contrast to this the cell lines expressing the CTG initiated AAP, where
AAP was expressed atugh lower amounts, did not appear to have any impact on rAAV
packaging. Based on immunofluorescence, AP was expressed at much higher levels than
that of the CTGAAP. From this, a selection of relatively high, medium and low AAP expressing
clonal HEKZ2®T cell lines were isolated and characterised. The analysis of these showed that it
was possible to generate ATARAP expressing cell lines which had a positive impact on the
packaging of rAAV2 particles by increasing the percentage of packaged parntioideds than

20% up to 50% packaged. Furthermore, this work showed that the rAAV2.GFP patrticles
produced via the AAP expressing cell lines where rAAV2.GFP packaging was increased were
functional at the same MOIs as the particles generated by the HEK238¢ell line. Thus, these

cell lines at small scale indicate an improved viral genome titre for viral vectors produced in the

high stably expressing AAP HEK293T cell lines.
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Appendix

(5595) SgrDI BgIII (12)
(5478) SspI

Mfel (161)

BpulOI (180)
NruI (208)
MiuI (228)

SnaBI (590)

(4896) FspI CMV promoter

Nhel (895)

BmtI (899)

AfIII (908)

HindIII (911)

Acc65I (917)

KpnI (921)

BamHI (929)

EcoRV (964)

NotI (979)

PaeR7I - PspXI - XhoI (985)
Xbal (991)

Eco0109I - PspOMI (997)
Apal (1001)

;;mPR promoter

(4674) AhdI

BbsI (1217)

PCcDNA 3.1 Hygro +
5597 bp

(3784) Peil Csil - SexAI* (1821)

(3668) BspQI - Sapl
BseRI (2050)
Stul (2053)

CAP binding site AvrII (2054)
TspMI - Xmal (2075)

Smal (2077)
PshAI (2145)
BsmBI - Esp3I (2186)

(3405) BstZ171
(3353) BsmI

(3208) Pfol BfuAI - BspMI (2431)

AsiSI (2482)
(2898) SaclI RsrII (2526)

Appendix Figure Schematic showing the vector map for the cloning vector pcDNA3.1

Hygra
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(5661) SgrDI BgIII (12)
(5544) Sspl

Mfel (161)
Bpul0I (180)
Nrul (208)

SnaBI (590)
CMV promoter

(4962) Fspl AmpR promoter
N Nhel (895)

BmtI (899)

AfIII (908)

HindIII (911)

Acc65I (917)

KpnI (921)

BamHI (929)

EcoRV (964)

NotI (979)

PaeR7I - PspXI - XhoI (985)
Agel (1036)

6xHis

Eco0109I - PSpOMI (1063)
Apal (1067)

BbsI (1283)

(4740) AhdI

pcDNA3.1 Hygro(+) V5 His
5663 bp

(3850) Pcil

Csil - SexAI* (1887)
(3734) BspQI - Sapl

CAP binding site Stul (2119)
AvrII (2120)
TspMI - Xmal (2141)

(3471) Bstz171
(3419) BsmI

Smal (2143)
PshAI (2211)
BsmBI - Esp3I (2252)

(3274) Pfol
BfuAI - BspMI (2497)
AsiSI (2548)

(2964) SacIl RsrII (2592)

Appendix Figure ISchematic showing the vector map for the cloning vector pcDNA3.1

Hygro (+) V5 His.
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(10) EcoRV Hpal (16)
Eagl (29)
Spel (42)

(6025) ApaLl

Eco53kI (622)
Sacl (624)

SgrAl (769)
Bell* (774)

Stul* (872)

Reverse primer

Csil - SexAI* (978)
Psil (1026)

XmnI (1097)

(5330) Asel BtgZI (1141)

Sall (1238)
~ AccI (1239)
(5131) AsiSI - Pvul

(5056) SspI _— BstBI (1434)

BStEII (1510)

pAAV-RC-Kan

(4822) BspDI - Clal 6479 bp

(4535) Afel -
Swal (2003)

(4386) BmgBI
(4356) Pmel
(4348) Srfl
(4307) SnaBI

AhdI (2361)
(3980) BfuAI - BspMI

(3823) XcmI

BSiWI (3064)

Appendix Figure lIEchematic showing the vector map for the cloning vector pR&Kan.

Supplied by Cobra Biologics.
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(4423) DrdI Pcil (4525)

Miul (150)
(4211) ApaLI

NdeI (390)

SnaBI (496)

Eco53kI (722)
SacI (724)

SacII (811)
BsaBI (817)

(3580) PfIMI

(3435) HindIII
pAAV-GFP-Kan
4530 bp

(3317) AsiSI - Pvul

EcoRI (1323)

(2974) Nrul

(2809) BsrDI /

(2786) Dralll

BseRI (1701)

XcemlI (1784)
BsrGI (1792)

FspI - FspAI (1875)
BspQI - SapI (1881)
XmnI (1908)

PasI (2024)

PaeR7I - XhoI (2055)

BgIII (2061)

(2570) RsrII
(2557) BStEIL

(2396) BIpI
(2385) SphI
(2352) BbvCI

Appendix Figure Nschematic showing the vector map for the cloning vector pG&?Kan.

Supplied by Cobra Biologics.
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(75) Pfol*

BsrGI (208)
(10,990) Nrul

(10,649) AsiSI

BsaBI* (1251)

(9543) DrdI

PaeR7I - XhoI (1692)
(9295) NdeI

(9289) Pmel
(9280) SalI - SgrDI

(9118) Xbal
(9028) BstBI

pHelper-Kan
11,239 bp
(8284) Bcll*

AclI (2959)
Stul* (2998)

AscI (3106)

Aarl (3424)

PSpOMI (3989)
Apal (3993)
Mrel (4198

(6984) XcmI rel ( )

Spel (4891)
(5989) Psil

(5853) Hpal SHI (5339)

Appendix Figure \bchematic showing the vector map for the cloning vector pHe{zar.
Supplied by Cobra Biologic
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(4191) SspI BStAPI (185)

(3986) XmnI

(3867) Scal

BtgZI (779)
SnaBI (785)
BtgI - NcoI (805)

(3448) Bsal

(3387) Ahdl

EcoRI (1040)
Eco53kI (1048)
SacI (1050)
pCET901-AAP EcoNI (1056)

4374 bp

Hes zdh\

PAIFI - Tth111I (1374)
PSpOMI* (1402)
Apal* (1406)

DraIll - PmII (1542)

BbsI (1760)
PfIMI (1785)
Bsu36I (1800)
BamHI (1804)
SalI (1816)

AccI (1817)

PstI - SbfI (1826)
BfuAI - BspMI (1829)
SphI (1832)

BsaBI* (1856)

Hpal (1957)
Psil (1977)

(2109) PacI HindIII (2080)

(2494) AfIIII - Pcil
(2378) BspQI - SapI

Appendix Figure VBchenatic showing the vector map for the cloning vector pCETRARP.
Supplied by Cobra Biologics.
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Pfol (46)

(4112) SspI BStAPI (185)

(3907) XmnI

(3788) Scal

BtgZI (779)
SnaBI (785)

(3378) BpmI
(3369) Bsal ——

(3308) AhdI
EcoRI (1040)

Eco53kI (1048)
SacI (1050)

pCET901-ATG-AAP
4295 bp

5 UTR
=

Aval - BsoBI (1255)
BmeT110I (1256)
PFIFI - Tth111I (1295)
PSpOMI* (1323)
Apal* (1327)

Dralll - PmII (1463)

BbsI (1681)
PfIMI (1706)
Bsu36I (1721)

BamHI (1725)
Sall (1737)

AccI (1738)

PstI - SbfI (1747)
BfuAI - BspMI (1750)
SphI (1753)
BsaBI* (1777)

Hpal (1878)
Psil (1898)

(2030) Pacl HindIII (2001)

(2415) AfIIII - Pcil
(2299) BspQI - SapI

Appendix Figure Vischematic showing the vector map for the cloning vector pCET901
ATGAAP. Supplied by Cobra Biologics.
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(7377) SgrDI

BglIII (12)
(7260) Sspl

Mfel (161)

Miul (228)

Spel (249)

CMV enhancer
SnaBI (590)

(6456) AhdI

Nhel (895)
BmtI (899)
PpuMI (930)

N“pR promoter

SFI (1123)
AleI (1195)

SgrAI (1539)

BamHI (1625)
g

o pcDNA3.1 ReHyCMV
3 7379 bp

(5450) BspQI - SapI ':02
aZ

LW
e : =
CAP binding site é/f

lac operator

(5187) Bstz171
(5135) BsmI

=
e

Qv
\“‘06
N

c““e

BStBI (2204)
BStEII (2280)

HindIII (2462)
Acc65I (2486)
KpnI (2490)

SV40 ori
PaeR7I - PspXI - XhoI (2767)
Xbal (2773)

5
(| <>°\\\®
) S
> PSpOMI (2779)

Apal (2783)
Pmel (2788
4000 ( )

(4308) RsrII
(4264) AsiSI
(4213) BfuAI - BspMI

(3968) BsmBI - Esp3I
(3927) PshAI
(3859) Smal

(3857) TspMI - Xmal AvrII (3836)

Appendix Figure VIiBchematic showing the vector map for the cloning vector pcDNA3.1
ReHyCMV.
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(6776) SgrDI BglII (12)
Mfel (161)
Mlul (228)
PacI (238)
NotI (243)
BspDI - ClaI (251)
Afel (258)
EcoRV (264)
(5916) Bsal MscI* (270)
(5855) AhdI Fsel (279)
Agel (282)
AfIII (288)
Nhel (294)
BmtI (298)
PpuMI (329)

AleI (594)
Eco53kI (791)

SacI (793)
SgrAI (938)
BamHI (1024)

BStBI (1603)

(6659) SspI

BStEII (1679)

pcDNA3.1 ReHyMCS
6778 bp

HindIII (1861)
Acc651 (1885)
KpnI (1889)

PaeR7I - PspXI - XhoI (2166)
Xbal (2172)

PspOMI (2178)

Apal (2182)

Pmel (2187)

(4849) BspQI - Sapl

lac promoter
(4586) Bstz171
(4534) BsmI

AvrII (3235)
TspMI - Xmal (3256)

(3749) NdeI
(3707) RsrII
(3663) AsiSI PshAlsg§;6§3258)
(3612) BfuAI - BspML BsmBI - Esp3I (3367)

Appendix Figure IX6chematic showing the vector map for the cloning vector pcDNAS.1

ReHyMCS.
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(9591) BmgBI

BgIII (12)
(9475) Sspl

Mfel (161)
Miul (228)
Spel (249)

CMV enhancer

SnaBI (590)

Nhel (895)
BmtI (899)
PpuMI (930)

romoter

Sfil (1123)
AleI (1195)

SgrAI (1539)
CAP binding site

BamHI (1625)

lac operator

C pr
rey orhot@
7al

(7402) Bstz17I —
(7350) BsmlI

[ la

iy
YAS
M13

BstBI (2204)
pcDNA3.1 ReCHyCMV
9593 bp

BStEIL (2280)

000L
oubs W)MOd 0
\

HindIII (2462)

(6523) RsrII
(6479) AsiSI

Swal (2773)

(6142) PshAIL
(6074) Smal
(6072) TspMI - Xmal

EcoNI (3176)
(6051) AvrII

BsiWI (3834)

(5003) Pmel

XcmI (4593)
Xbal (4988)

Appendix Figure X$chematic showing the vector m#or the cloning vector pcDNA3.1
ReCHyCMV.
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Appendix Figure X$chematic showing the vector map for the cloning vector pcDNA3.1
ReCHyMCS.
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