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Abstract

2 Abstract

Recombinant adeneassociated virus (rAAV) has established itself as the predominant
in vivo gene therapy vector in clinical applicationsAAV& outstanding biological traits and
efficacy forin vivogene transfer, numerous successful clinical trials, and multiple approved
products are driving increasing vector demand. However, low production yields remain a
major challenge in rAAV manufacturing and contribute to the enormous costs per dose of
rAAV-based gene therapies. As the welstablished HEK293based transient triple
transfection systems, involving Rep/Cap, Helper, and ITR/GOI plasmids, remain the most
used manufacturing methods in academiand industry, a key aspect of vector production
is the molecular design of rAAV expression plasmids. Therefore, an improved plasmid
system was designed based on thindustry standard expression system of REGENXBIO. The
utilisation of the novel Rep/Cap and Helper plasmids with individually controllable genes
yielded a 1.8fold increase in virus genome (VG) titre.

This thesisfocuses primarily on the Helper plasmid, which provides essential Adenovirus
genes that orchestrate cellular and viral gene expression, manipulating the host cell
environment for efficient AAV virus replication. Systematic remowal of redundant
sequences and molecular genetic changes streamlined and modularized the plasmid,
optimising its structure and simplifying future genetic engineeringThe detailed analysis of
the Helper plasmid genes provided novel insights into their influence on rAAV pduction
and resulted in (i)optimised E4 open reading frame subsets increasing VG titres,
(ii) unveiling the iNE2A6 O v & 5 4.2-33K/42IK & @ Aelv beneficial Helper function,
and (iii) nearly halving the plasmid size to 8.&b.

A variety of genetic engineering and synthetic biology tools were then employed &ssess
the relative expression demands of individual componentfor high-titre rAAV production.
Separation of the Helper genes into distinct plasmids, determination of E2A and E4 mRNA
levels, the utilisation of heterologous promoters and bicistronic Helper gene expression
provided valuable insights into the essentialroles of Helper genes and foundational
knowledge about their transcription requirements. Sufficiently strongE2A transcription
emerged as a pivotal prerequisite for high rAAV titres. The results highlighted the complex
molecular interactions of AAV replication, underpinning that precise balancing and
regulation of components are imperative for an optimised plasmidystem.

Enhancement ofthe Helper plasmid composition was achieved through iterative genetic
engineering, involving reconfiguration of gene positions and orientations, along with the
integration of CM\tderived synthetic promoters. These innovative plasmid designs
combined positive outcomes of this research¢ulminating in a significant 2.9-fold increase
in rAAV yields compared to the initial Helper plasmid

Taken together, this projectunderscoredthe preeminent role of Helper plasmid functions
in determining rAAYV yields, improved both rAAV productiontitres and the plasmid system
itself, and established a solid foundation for further research and development of rAAV
expression systems.
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Introduction

3 Introduction

Gene therapeuticshold remarkable potential to not only alleviate but cure a
multitude of genetic and acquired diseases and therefore help countless patients
worldwide. Presently, they represent biotechnologies most exceptional tools and
promises of breakthrough innovations toadvance modern medicine into a new era.
Efficient delivery of gene therapeutic nucleic acids, which have the potential to
introduce advantageous alterations to cells and heal patients, requires a vector
capable of effectivelyshuttling the genetic payload into target cellsThe adeno-
associated virus (AAV) possesses outstanding properties to be utilised as such a
vector for in vivo gene therapies. However, pressing need for meeting current high
demands and addressing production costs necessitates comprehensive research
into enhanced production technologies.

3.1 A AV O0Reldof Application: Gene Therapy

Within the realm of modern medicine, gene therapeutics have emerged as cutting
edge solutions, offering promising remedies for a wide range of genetic disorders.
These disorders including haemophilia A and B, retinal dystrophy and spinal
muscular atrophy (SMA). Four previously life impairing or lifethreatening inherited
conditions are now treatable with FDA and/or EMA-approved AAVfbased gene
therapeutics which are now in the clinic (ASGCT & Citeline, 2023; FDA, 2023)

2002:
To53 Leukaemia cases in 2023:
: RV based X-SCID Trial

DNA 1972: 1989: 2016: <>;12': Z"KI&":gsed
double Concept of First GT 1999: 2003: First LV 4
Helix 1970: ghene Cll_mlcal OTC Clinical Huma ex vivo GT

Restriction ::o(:.lrsai::re d ?;:'.:I’LRV Trial resutljts i"h Genome 2020:

atient’s deat j r
Enzymes in Science P Project COVI_D
1 vaccines

M
2012: 2019/20: H
1953: 1972: 1990: 2003: First GT approval First CRISPR |1
DNA to Recombinant Successful 1996: First GT || in Europe Clinical Trial |}
Protein DNA Clinical Trial, || First approval / Nobel Prize |i
Encoding ADA gene in AAV in China 2017: H
T Cells Clinical First CAR T approval H
Trial t

2023-30:

>2000 CGT pipeline products,
>10 approvals per year

Figure 1: Milestones of the gene therapy field.



Introduction

Gene therapy is generally defined as the therapeutic delivery of nucleic acids into
cells of a patient to cure a disease, but there are numerous different mechanisms
how the inserted gene can act and deploy its therapeutic effect in the cécheller

& Krebsbach, 2009) The very first ideas and attemptsto use viruses for gene
delivery date back as far as 1960s/1970gNirenberg, 1967). Progress in ethical
considerations, virology, and advancements in biological and genetic engineering
during the 1970s and 1980s led tahe conceptualisation and exploration of viral
vectors for gene delivery, as well as first experiments in cell cultures and animal
models (Friedmann, 1992; Miller, 1992; Mulligan, 1993; Nicholl, 2023)This pursuit
marked a significant milestone in the field of gene therapy when, in 1990, the first
approved gene therapy procedure successfully cured a fowear-old patient
afflicted with severe combined immunodeficiency (SCID) due to adenosine
deaminasedeficiency (Anderson et al., 2008; Blaese et al., 1995 owever, despite
these early achievements, reports of adverse effects and fatalities dealt severe blows
to the field, culminating in the halt of all clinical trials in the United States. In Europe,
four boys treated against XSCID died of leukaemia, whal in the USA an 1§ear-old
patient with ornithine transcarbamylase (OTC) deficiency received treatment as
part of a study in 1999, using an adenoviral vector carrying the OTC gene and
succumbed to a severe immune reaction four days later, potentially inded by
antibody-dependent enhancemen{Arabi et al., 2022; Howe et al., 2008)Although
such tragedies reduced euphori@and posed a challenge to the fielgslowing it down

for a while, they also prompted regulatory reforms and motivated further research
and technological advancements, leading to improved vector design and safety in
gene therapy.

Early studies in gene therapy primarily focused on addressing singigene defects
such as cystic fibrosis, sickle cell anaemia, and muscular dystrophy by replacing or
disrupting the defective gene. However, the field has significantly evolved over the
past three decades, leading to the development of various therapeutic strategies.
Scientific and technological advancements have expanded the applications of gene
therapeutics beyond monogenetic disorders, of which many often are rare orphan
diseases, to encomass more complex, systemic, and prevalent disorders such as
central nervous system conditions and cancer. In addition to gene augmentation, the
scientific community has pioneered gene inhibition, suicide gene therapy, as well as
gene editing(Bulaklak & Gersbach, 2020; Dunbar et al., 2018; Lapteva et al., 2020)
Regarding gene edting, recent breakthroughs in nucleaseediting tools like
CRISPR/Cas and TALEN are currently opening opportunities for novel therapy
approaches, which add to the already comprehensive gene therapy toolbox
(Raguram et al., 2022) It is worth noting that all currently considered gene

-2-



Introduction

therapeutics in the western world are solely targeted at somatic cells, and germline
editing is prohibited in most jurisdictions, including the US, China, and Europ&he

dawn of CRISPR systems and the claimed gene editing of human embryos by a
Chinese group, however, underscore impact, significance, but also risks of advances

in gene therapy and therefore open up several ethical questions and problems once
again(Raposo, 2019)

Base and prime

editing

Genome annotation Advancements in

and functional regulatory approval

genomics landscape « Epigenome editing
L . )

|
Oligonucleotide CAR-T
trans ene donot
> therapies >> therapies dellvgery Gene editing “n
Spinraza (2016) Yescarta (2017) Luxturna (2017) In vivo: EDIT-101 Allogeneic cell Ultimate goal

Exondys 51 (2016) Kymriah (2017) Zolgensma (2019) Ex vivo: CTX001

duct:
Vyondys 53 (2019) products

Allogeneic T cells (engineered iPSCs)
Approved treatments and year of their approval as well as investigational therapies (in dashed boxes) are shown below each milestone. Further exploration

of alternative therapeutic approaches and fundamental scientific questions is still needed to accomplish later milestones (shown in bullets).

Figure 2: Timeline illustrating gene therapy milestones and advancement in treatment options
towards approaches for prevalent diseases, frorfBulaklak & Gersbach, 2020)

Innovations and efforts in the field yielded over 3600 clinical trials to date. Among
these, more than 1000 trials are currently ongoing, and over 2000 gene therapies
are in various stages of development, from preclinical to preegistration (Journal of
Gene Medicine, 2023) Thus far resulting in 24 approved gene therapies (including
genetically modified cell therapies, excluding RNA therapies). However, with the

&$160 CIT Al 1T &£ APPOI OET C pu O c¢m AAII

prediction of 13 new CGTs in 2023he age of cell and gene therapy medicines is still

just beginning (ASGCT & Citeline, 2023; Shahryari et al., 2019; Stephen Kemler &

Adam Lohr, 2022)

Generally, gene therapy treatments are broadly categorized into two different
administration approaches: in vivo and exvivo procedures. Exvivo approaches
involve genetic modification of cultured heterologous or autologous cells outside
the patient, which are later administered to the patient. Many gene therapies
currently approved by the FDA, particularly those used in cancer treatment, fall
under this category(Arabi et al., 2022; Lapteva et al., 2020)This includes all FDA
approved CAR T (chimeric antigen receptor-Eell) therapies, although ongoing pre
clinical trials may result in the emergence oin vivo CART therapies(Michels et al.,
2022; Xin et al., 2022) In contrastexvivo approachesjn vivogene therapies involve
the direct delivery of therapeutic nucleic acids to the patient. For improved delivery
efficiency of the genetic material into the cells viral and noiwviral vectors are used.
While both types have advantages and disadvantages, vixactors have historically
been the preferred choice due to their higher efficiency, despite their inferior safety

-3-
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viral vectors are naturally well equipped to overcome the barriers to deliver their

PAUITAA ET O OEA OAOCAOAA AAI 106 1 0AI AOO8 S$E
vectors, like lentivirus or retroviruses, and nonintegrative vectors, like the

Adenovirus (AdV). The ideal vector would be inexpensive and easy to produce in

large amounts, efficiently transduce exclusively targeted cells, show lofgrm

expression of the gene of interest (GOI), and cause no negative adverse effects such

as inflammation, cytotoxicity, or any kind of immune responsedJnfortunately, the

ideal vector has yet to be develope(Kaji and Leiden2001). Nonetheless, the adeno

associated virus (AAV) possesses several advantages over other viral vector systems

and fulfils many of the aforementioned criteria(Atchison et al., 1965; Dunbar et al.,

2018; Naso et al., 2017)

Among the extraordinary characteristics of adeneassociated virus for gene
therapeutic purposes is its replication incompetence in absence of a Helper virus,
which is a significant safety feature. AAV is inherently nepathogenic, non
cytotoxic and causesa generally low immune response, which sets it apart from
other viruses such asddenoviruses. Unlike many other viruses, it can infect dividing
and also non dividing cells in Gfphase. With its spectrum of serotypes AAV offers a
broad range of tissues thatan be infected with different specificities, and some can
even cross the blood brain barrier. Wildtype (wt) AAV shows beneficially low
random integration events. It even comes with the unique ability of site directed
integration into the AAVS1 locus onchromosome 19, although this has little
relevance for recombinant AAV vectors (rAAV) due to their lack of theep gene.
However,the inverted terminal repeats (ITRs) at both ends of AAV's genome enable
it to persist long-term as an episomal concatemefHastie & Samulski, 2015; Naso et
al., 2017; Samulski & Muzyczka, 2014; D. Wang et al., 2019)

Nevertheless, there are also certain disadvantages in using AAV in gene therapy
applications. Firstly,a considerable proportion of the population already possesses
pre-existing immunity against wild-type AAVs. Up to 50% to 96% of the population
have been previously infected with AAV serotype 2 and a significant portion of the
population carries capsidspedfic neutralizing antibodies and memory T cells
against various serotypeqBuning et al., 2008; Calcedo et al., 2009; Klamroth et al.,
2022). Despite theexistenceof at least ¥ natural serotypes and over 100 variants,
these statistics indicate the need for capsid modificationfGao et al., 2004, 2005)
Such modifications can be beneficial for expanding the range of diseases and target
cell types that can be effectively addressed, with the potential of more precise
targeting and higher efficiency through modern protein engineering(Bining &
Srivastava, 2019) Secondly, AAV's naturally small size and genome limit the payload

-4 -
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capacity to only 4.7 kb, making it unsuitable for delivering large genes unless this
limitation is overcome by employing dual vectors that are annealed and spliced after
transduction (Chamberlain et al., 2016; McClements & MacLaren, 201 Hurther,
concerns exist regarding the stability or better longevity of transgenes persisting as
concatemers, particularly in rapidly dividing cell types, as well as the
immunogenicity of rAAVs, especially in higher dosages. Additionally, productien
related issues also persist, including the presence of undesired sequences such as
host genome fragments and bacterial plasmid DNA during the production process.
Another quality issue involves the large proportion of empty capsids that can be
prevalent in rAAVs production processes. Lastly, vector titres of current rAAV
productions still require to be increased to meet demands and reduce therapeutic
price tags(Merten, 2016; Naso et al., 2017; Qu et al., 2019)

/ Bench to bedside, back to bench, etc. \

Basic AAV biology Early gene therapy application Explosion of clinical trials
Discovery of AAV Cloning and More AAV capsids First FDA
(1965-1966) sequencing of AAV2 (2002-2004) approval (2017)
. genome (1982-1983) -
First AAV vector for First human rAAV First EMA 6 appr?ved
gene delivery (1984) application (1995) approval (2012) therapies
(2023)
Improvement of Persistent in vivo
AAV vector design gene expression 190 ongoing
(1987-1989) (1994) clinical trials
First in vivo rAAV

Clinical efficacy | (2023)
(2008)

Figure 3: Historical development of rAAV gene therapy vectors from bench to bedside, amended
illustration from Gao et al. (2005)

application (1993)

Regardless of the mentioned downsides and thanks to all its upsides, including its
relatively simple manufacturing, AAV remains the most utilizedh vivogene therapy

vector worldwide. rAAVs have been employed in 350 clinical trials, making up 9%

of all gene therapy clinical trials(Journal of Gene Medicine, 2023Milestones m its

way becoming the preferred vector of choice foin vivogene therapies are shown in

Figure 3. The fact that the cell and gene therapy space is a very diverse space, often

AT T OEAAOAA AOG A OEICIA AEOAEDI ET Ah AAIl
therapeutic importance. To give an overview of this market and AAVs impact, a brief
excerpt of a markeing exercise that was performed during this thesis is presented.

It should benote that financial figures of many resources regarding CGT should be
interpreted with caution due to variations resulting from the field's heterogeneity,
differing categorisations by financial providers, as well as undisclosed and

-5-



Introduction

estimated data, which can lead to significant discrepancies. Nevertheless, it is
certain that the CGT marketas a wholeis experiencing substantial growth, with an
estimated value of $1.9 billion in 2019which is projected to reach $42.6 billion by
2030. As of 201938 % of this market value belongs to gene modified cell therapies
(exvivo gene therapies) Invivo gene therapies represent 4% (bcc Research,
2022). The referenced market report values nommodified cell therapies with only
17 % of the CGT market valuegdemonstrating not only the importance of gene
modifying therapies, but also their extraordinary price tags. Even in 2023, despite
over 20 additionally gene therapiesdeingapproved, less than half of all cell and gene
therapies are genetically modified. However, their compound annual growth rate
(CAGR) for the next years (2022026) has a high evaluation with 31.9% for gene
modified cell therapies and 3.1% for gene therapies, showing trust in upcoming
pipeline products (bcc Research, 2022) Looking at those therapeutic pipelines,
meaning products that are in between preclinical and pre-registration, currently

72 % belong toex vivotherapies. Cancer and rare diseases, of which most are also
oncology based, being the predominantly targeted disorderéASGCT & Citeline,
2023). This demonstrateshe current dominanceof CAR4 GirQCGT pipelines.

Our own research of 50 selected cell and gene therapy companies' pipelines draws
a similar picture in many ways but shows that only about 40% are ex vivo products
Several factors may contribute to this slightly shifted distribution, including the
maturity and progression of clinical studies for different types of products. Among
other things industry acquisitions result in a higher proportion of products in
advaned clinical stages compared to noiindustry sponsored products.
Additionally, a higher percentige of gene therapeutic products already advanced to
phase Il and Il studies than celbased immuneoncology products (ARM, 2022)
Notably, as of Q1 2023, RNA therapies represent 30% of all gene therapy pipeline
products, a 3% increase from ASGCT's previous report in Q1 2021, likely reflecting
the field's development since the successful introduction of Moderna and
Pfizer/BioNTech's COVID19 vaccines (ASGCT & Citeline, 2023; ASGCT &
Pharmalntelligence, 2021) A 3% increase in the proportion of all gene therapy trials
compared to ASGCT's first landmark report in Q1 2021 is likely an indication of the
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field's development since the success of Moderna and Pfizer/BioNTech's COMI®
vaccines.

A
Market Value GT by disordered Tissues in bn $ (2024)
Others
Immune 1.956
Digestive 0.115 Blood
system 3.521
0.144
Cardiovascular
0.24
Tumor
0.4
Skin
0.833
skeletal muscle
2.183 3.362
B
CGT Trial Pipeline
Cancer
Rare Diseases
mCancer mRare Diseases @ Neurological mSensory
@ Metabolic @ Muscoloskeletal m Blood&Clotting m Cardiovascular
=Immunological m Unspecified m Anti-infective mRespiratory
m Dematological @ Genitourinary @ Miscellaneos oHormonal

Figure 4: Gene therapy market overview. A) Market value by disease area in 2024 estimat

(EveluatePharma & BCG, 2020B) Distribution of cell and gene therapy pipeline products (pre

clinical to pre-registration) (ASGCT & Citeline, 2023)
Our own analysis of gene therapy pipelines reveals that while nearly all tissues and
organs are targeted, the top five targets, namely-@ells, liver, central nervous
system (CNS), hematopoietic stem cells (HSC), and eye, account for 76% of all
analysed pioducts. The described emphasise on oncogenic gene therapy targets is
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evident, as 22% of the considered products target-€ells. Among the diverse range
of vectors that can be utilized for gene therapeutics, including mRNearrying lipid
nanoparticles and other viruses, like Herpes simplex, Aden@nd retro viruses,
lentivir us vectors are predominantly used for CAR and other ex vivo approaches.
As a result, lentivirus vectors have a usage rate of at least 48% for products in
ongoing clinical trials (seeFigure 5).

The current focus on lentivirus for ex vivo applications and adenassociated virus

(AAV) forin vivoapplications is not as pronounced in total clinical trial figuresgiven

to the 30-year history of gene therapy clinical trials, in which many studies in past

and present have been conducted employing alternative vectors. Hence, the total

usage of lentivirus is only 9.9% of all studies and AAV vectors also have a relatively

low overall usage rate of only 9.5%Journal of Gene Medicine, 2023Nevertheless,

AAV remains the most widely usedh vivo vector in ongoing trials, accounting for at

least 46% according to the Alliance for Regenerative Medicine's 2021 analysis

(ARM, 2021) A graphic of their 2022 report illustrates best the predominance of

lentivirus as ex vivo (celtbased immuneoncology) and AAV a# vivo gene therapy

vectors (ARM, 20228 & OOOEAOh 11680 ET & OAT AA AT A OOAC
future. More prevalent diseases will be treated withnvivo' 48 O AT A OEAOA EO
anticipated transition towards invivo applications for numerous cell and gene

therapies, specifically in the context of lymphocytic adoptive cell therapies. Part of

this development will be novel, emergingstrategies using AAVs in diverse cancer

treatments, such as the innovativeuniversal AAV immunegene therapy approach

of the recently founded company Siren BiotechnologiGrinstein, 2023; Nawaz et al.,

2021).
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Therapeutic Vectors

235 (48%)

@ cell-based Immuno-oncology
@ Gene Therapy

129 (26%)

19 (4%)

Lentivirus Adeno Associated Retrovirus, Nonviral Adenovirus Other Viral
Virus (AAV) Unspecified Vectors (AV) Vectors

1 Percentages (%) based on trials with known vectors; 604 trials with vector unknown
2 Nonviral vectors include plasmid, transposon, and nanoparticles
3 Other viral vectors include herpes simplex virus (HSV)

Figure 5 z Vectors used in gene therapy clinical trials. Graphic taken from the Alliance for

2ACAT AOAOEOA - AABRM, 20090 cmcec OADIT OO0

AAV is not only the vector of choice for mosin vivo gene therapeutics in clinical
trials, such as genetic diseases like Duchenne muscular dystrophy, Wilson disease
AT A 0AOEET Qbuit s &so h&vedtoAusell for the first two FDA approved
invivo gene therapies. Luxturna (voretigene neparvovec), is an AAMased
medication containing the RPEG65 gene to cure retinitis pigmentosa and Leber's
congenital amaurosis, two forms of the rare inherited retinal dystrophy. It was the
first invivo gene thempeutic approved by the FDA in 2017. Subsequently,
Zolgensma (onasemnogene abeparvovec), an AAY8sed treatment targeting the
rare genetic disease spinal muscular atrophy (SMA) type 1, received approval in
2019. Like all other approved AAV based therapeidas it only requires a onetime
application. Instead of facing paralysis over time and a fatal prognosis,
administration of one dose of 1x1@&* vector genomes/kg body weight, containing an
intact SMA1 copy, is intended to cure the infants for their lifetimeHowever, a single
dose also comes with a price tag of $2rillion, making it the world's most
AobATl OEOA A0OOGC O1 OElI OAAAT Ol U8 )-dmsek AO
haemophilia therapy Hemgenix (etranacogene dezaparvovec), costing $3.5 million.
While these costs are significant, these medications bring tremdous
improvements in quality of life for patients and have the potential to achieve
complete cures. In contrast, traditional treatments often only alleviate symptoms
and can be more expensive irthe long run. Nonetheless, the high price of over
1T ETTETT AOOT O A hasedhOivoméné herafidtin® Glybera ! 6
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(alipogene tiparvovec) was part of its downfall and withdrawal from the market
only five years after approval by the EMA.

AAV's success as a gene therapy vector is undeniable, positioning it as one of the
most promising and the most populaiin vivo vector in the current praxis. However,
numerous challenges persistAmong these are the aforementioned high drug prices,
which represent a significant hurdle for gene therapypplications. Addressing these
challenges requires improved production strategies to help reduce costs and
enhance the accessibility of AAVased therapeutics for a larger patient population.

3.2 Virus Biology

The production of recombinant adeneassociated virus (rAAV) involves a complex
interplay between viral and cellular genes, their expression, and interactiong\n
integral aspect of this process is the natural transformation of the host cell into a
virus manufacturing facility that is orchestrated by the virusesto enable efficient
expression of viral genes and the formation of functional viral particlesTherefore,

it is imperative to gaina comprehensive understanding ofhe biology of AAVand its
helper virus, Adenovirus, is essential for effectively engineering this intricate
production system.

3.2.1 Adeno -associated Virus

Adeno-associated viruses belong to the Parvoviridae family, specifically the genus
Dependovirus. Theerm O A A b Aefers to one of its most extraordinaryand for its

safe biotechnological use most important features. It is dependent on a Helper virus
coinfection to replicate and proliferate. Accordingly, it was rather an indication of

11680 £01 AAI AT OA1 AET 1T CU OEAT AscawdreBEAAT AA
as a contaminant in a preparation of Adenovirus (AdV) (sdeéigure 6A) (Atchison et

al., 1965) The approximately 4fold larger eponymous Adenovirus (~100 nm) is

ITA T£2£ 116860 1AOO0CAT (Al PAO OEOOOAO8 / OEAO
for AAV are for example herpes simplex virus (HSV), vaccinia virus, or human
papillomavirus (GeorgFries et al., 1984; Grieger & Samulski, 2012; Ogston et al.,

2000; Schlehofer et al., 1986; Walz et al., 1997AAV requires a coinfection with a

Helper virus mainly for the replication of its genome and to enhance transcription

of its own genes, both characterizing the entrance into AAVs lytic pathway of its

biphasic life cycle (reviewed in3.2.1.2. The distinct Helper virus functions of the

necessary Ad proteins are reviewed in chaptes.2.2

AAV possesses a small (=22 nm), neenveloped, icosahedrakhaped virion
containing a 4.7 kb large genome of single stranded DNA (ssDNA). The capsid is
assembled of 60 protein entities, composed of the three capsid proteins VP1, VP2

-10 -
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and VP3, in a 1:1:10 ratio.Albeit recent research by Worner et al. (2021)
demonstrated that virus capsid assembly is stochastic, leading to considerable
deviations from this paradigmatic VRcomposition ratio. The resulting capsid is
icosahedral with a T = 1 symmetry, comprising twg three- and five-fold symmetry
axes(Balakrishnan & Jayandharan, 2014; Goncalves, 2005; Samulski & Muzyczka,
2014; Weitzman & Linden, 2012) At each of the twelve fivdold symmetry axes a
pore with a diameter of 1.2 nm is located (seEigure 6 B). Packaging of the genome
into the assembled capsid takes palace through this po(Bleker et al., 2005)

A

Figure 6 7 (A) First report of AAV from(Atchison et al., 1965)Electron microscopy photography

of a slightly, by differential centrifugation, purified Adenovirus (AdV) cell culture preparation.

Smaller AAV particles are indicated by arrows, surround a much larger AdV partic{é) AAV1

generated by Chimera from 60 VP monomers (RCSB PDB # 3NG9), representing the general

capsid structure of AAVs. Radially colours show the distance from the capsid centre in A.

Symmetry axes as well as capsid surface features are indicated by labels&rows. Graphic from

Tseng and AgbandjeMcKenna (2014)
All structural proteins of AAVsharea common Gterminal sequence, which includes
VP3 (62kDa). Additionally, VP2 (73kDa) and VP1 (8/kDa) contain unique
N-terminal sequences. While the assembly of capsids can be achieved with VP3
alone, VP1 plays a crucial role in infection due to its conserved phospholipase A2
(PLA2) sequence. This sequence is essential for endosomal escape and overall
infectivity (Balakrishnan & Jayandharan, 2014; Girod et al., 2002; Grieger &
Samulski, 2005) On the other hand, VP2 is dispensable for infectivity, allowing for
the insertion of large peptides at its Nterminus without affecting capsid assembly
(Warrington et al.,, 2004). The serotype of an AAV is determined by its capsid
structure, as the capsids affinity to specific cell surface receptors is decisive for the

OEOEI T80 AT Oou EI Oi OEA AAIl AT A OEAOAA O,
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serotypes from both human and norhuman primates have been identified, along
with over 100 different variants (Gao et al., 2005) Additionally, there are AAV
serotypes of different other speciese.g. avian AAVs that can also infect humans
(Yates et al., 1981) The wide range of serotypes exhibited by AAV contributes to its
broad tissue tropism. Moreover, through the use of recombinant capsid
modifications, such as retargeting strategies, the tropism of AAV can be expanded or
tailored to specifically target tumour cells (Buning et al., 2008; Gao et al., 2004,
2005).

The discovery of posttranscriptional modifications (PTMs) on viral proteins (VPS)
and their presence on the mature capsid surface has shed light on an additional
crucial aspect of AAV's tropism, since capsid PTMs are likely to influence viral
infectivity (Giles et al., 2018; Jin et al., 2017; Mary et al., 201%loreover, the
significance of the production process on product quality has been underscored by
Rumachik et al.(2020), who revealed expression systerdependent differences in
PTMs. Postranslational modifications of structural and non structural proteins of
AAV are likely to be made and be involved in various stages of AAV's life cycle. These
modifications include cotranslational modifications for cellular transport and
overcoming cellular barriers, as well as during packaging, virion maturation, and
fine-tuning of receptor binding for optimal viral infectivity (Fattaey & Consigli,
1989; Mary et al., 2019; Ribet & Cossart, 2010; Weger et al., 2004)

-12 -



Introduction

3.2.1.1 AAVO6Genomeand Encoded Proteins

The approximately 4.7 kb short, lineasingle-stranded DNA 6sDNA genome of AAV
consists of two genesrep and cap, flanked bya 145 bases longnverted terminal
repeat (ITR)at each end

TR > p5 —>pl9 p40 Poly(A)_ 7R
cap
 — Rep78
P — N Rep68
—— Rep52
p19 P
N Rep40
— _ VP1
p40 A aies vp2,vP3 Y
. MAAP, AAP 2)
P81 -mmm— X

Figure 7 - Genetic map of wtAAV. Rep mRNAs and gene in dark gregp and its mMRNA products in

light greys. Additionally, alternate reading frames of VP (1), AAP, MAAP (2) are distinguished by
numbers and the start codons of VP2 (AUG), VP3 (AUG), MAAP and AAP (CUG) are inscribed. The
graphic is modified referring to Samulski and Muzyczka (2014)

The ITRs

The ITRs serve as the only essentiais-elements for replication, integration, and
packaging. This feature allows for the packaging of a gene of interest (GOI) in
recombinant AAV by replacingep and capwith the GOI for therapeutic applications.
ITRs form a TFshaped hairpin structure, facilitated by a 12%base palindromic
sequenceforming a complementary basepairing. The ITRsconsists oftwo arms,
B-B' and CC', as well as a stem palindrome,-A'. The inner 20 base pairs are
unpaired and referred to as he D-sequence(Gongalves, 2005; Koczot et al., 1973,
Rose et al., 1969)The free 3*OH of the ITR serves as the origin of replication for
AAV, enabling its selpriming strand-displacement or rolling hairpin replication
mechanism (seeFigure 8 B). This mechanism requires the binding of Rep78/68
proteins at the Rep binding element (RBE), a 2Rase pair sequence, as well as the
5-base RBE' located at the tip of the hairpin. Rep proteimediated nicking at the
7-base terminal resolution site (trs) within the ITR allows for replication of the ITR
and subsequent genome amplificatioriBrister & Muzyczka, 2000; Ryan et al., 1996;
Snyder et al., 1993)

-13-
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displacement DNA replication model. lllustrations taken fromGongalves (2005)

The rep Gene

A vast coding capacity expansion is realized through alternate splicing, different
reading frames and alternative start codons. As a result, only two genes are
responsible for encoding a total of nine proteins. Theep gene encodes the four non
structural replicases, namely Rep78 (78 kDa), Rep68 (68 kDa), Rep52 (52 kDa), and
Rep40 (40 kDa). mRNAs for the large Reps (Rep78 and Rep68) originate from the
p5 promoter upstream of the gene. The transcription of Rep52/40 is dven by the
p19 promoter located within rep gene. For the maturation of Rep 68 and Rep40 their
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pre-mRNAs undergo splicing at the same splice site, resulting in the production of
Rep68 instead of Rep78 and Rep40 instead of Rep52. The splice acceptor site is
situated within the second gene, thecap gene. The larger Rep proteins, in
conjunction with the ITRs, play a crucial role in integrating the AAV genome into the
host genome, facilitating genomic rescue, and regulating AAV gene expression. They
are also essential for the replication of AAV's sig-stranded genome(Weitzman &
Linden, 2012). Notably, Rep78 has been demonstrated to arrest the host cell in the
Sphase(Berthet et al., 2005) Its overexpression is known to be antproliferative,

as e.g. shown in NIH3T3 and MEF cells, or even cytotoxaudan et al., 2000;
Schmidt et al., 2000) Rep78 encompasses all three primary functional Regomains:
the N-terminal DNA binding and endonuclease activity, the central domain with its
ATPase and helicase activity, plus a nuclear locadtion sequence (NLS) and the-C
terminal zinc-finger domain, which interacts with a multitude of cellular factors. The
other Reps, being translated from shorter mMRNAs of thep gene lack some of these
domains, but therefore provide different functions. All four Rep proteins possess a
central helicase domain belongg to the superfamily 3 class, sharing similarities
with AAA+ domain proteins. Rep68 acts as a sH&pecific endonucleasecapable of
unwinding DNA, while the two small Reps (Rep52 and Rep40) are-3' DNA
helicases crucial for packaging the viral genome into theapsid (Balakrishnan &
Jayandharan, 2014; Collaco et al., 2003; James et al., 2003; YRoharts et al., 2004;
Zarate-Perez et al., 2013)Both the small and large Reps regulate the p5 promoter,
as well as other viral and cellular promoters, which is elucidated in more detail in
3.2.2.6(Kyostio et al., 1994, 1995; Murphy et al., 2007; Pereira et al., 1997)

The cap Gene

Thecapgene is responsible for encoding the three viral capsid proteins, namely VP1,
VP2, and VP3, as well as three nestructural proteins: the assembly activating
protein (AAP), the proposed Xprotein and the recently discovered membrane
associated accessory protein (MAAP)Notably, dl three of these proteins are
situated in a different reading frame than the VPs. PrsMRNA derived from the p40
promoter is spliced into a minor splice (VP1) or the major splice (VP2, VP3, MAAP,
AAP, X) (seeFigure 7). Among the capsid proteins, VP3 is the most abundant,
initiated by the common and strong start codon AUG. In contrast, translation of VP2
from the same spliced mMRNA initiates with the upstream positioned and weaker
start codon ACG, which is often skippelly ribosomes due to leaky scanningDaya

& Berns, 2008)

Within the alternate reading frame,translation of both, MAAP and AAPcommence
with the weak start codon, CU@Ogden et al., 2019; Sonntag et al., 2010)he X gene
is believed to have its own promoter, p81, and is transcribed with an AUG start
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codon (Cao et al., 2014). The-protein is thought to be involved in replication and
enhances the replication of vector DNA, although its precise function remains
incompletely understood and has been poorly investigated thus f4Cao et al., 2014,
2015).

AAP is involved in viral assembly and guides VP3 proteins to the nucleus (see
3.2.1.2. AAP is essential for many serotypes and is suggested to function as a
scaffolding protein for capsid assembly, as well as to stabilize VPs and protect them
from degradation (Grosse et al., 2017; Sonntag et al., 2010, 2011)

Similar to AAP, MAAP participates in the intracellular trafficking of capsid proteins.
Furthermore, it appears to contribute to AAV replication, while also aiding in the
secretion of certain serotypes. As its name implies, MAAP primarily localizes to
cytoplasmic and nuclear membranes, where it is believed to interact with these
membranes, playing an essential role in the progression of infection, proliferation,
and potentially the egress of the virus. Like other nosstructural proteins of AAV,
MAAP exhibitsmultiple functions. It is involved in AAV's control of Helper virus
proliferation in the host cell and is suggested to be associated with viral packaging
and selectivty of packaging based on ITR specificityGalibert et al., 2021; Timpe et
al., 2006) Furthermore, it contributes to the cellular distribution of VPs while also
influencing their degradation. Truncations and mutations of the 13 kDa protein have
been shown to result in increased levels of VPs and capsids, reduced degradation,
altered packaging efficiency and specificity, and increased virus genome titres.
These findings suggest that MAAP holds promise as a potential target for
engineering purposes, as highlighted byalibert et al. (2021) In summary, while
the VP proteins form the capsid, the nostructural cap proteins have distinct roles

in the life cycle of AAV and are crucial for its replication.

3212 AAVO6s biphasic |ife cycle
The presence or absence of a Helper virus determines the pathway of AAV infection
In the absence of a Helper virus, AAV follows the lysogenic pathwayhere its goal

is to persist in the infected cell. When a Helper virus emfects the cell, the lytic
pathway and replication become available.

Lysogenic pathway and genomic integration

This infection pathway is characterized by a sitespecific integration of the AAV
genome into the host genome. The most frequent site for these Rdppendent,
specific integration events is the long arm of chromosome 19 (19q13-&er) termed

AAVS1 (AdeneAssociated Virus Integration Site 1). The Repinding element or site
(RBE / RBS) present in the AAV ITR is also found in AAV&Dtin et al., 1990, 1991)
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Both are bound simultaneously by Rep78/68 for integration. Integrations can also
occur at other genomic locations near consensus RBS', such as chromosome 5p13.3
named AAVS2 and AAVS3 on chromosome 3p24Riser et al., 2010) The exact

i AAEATEOI 1T &£ 11660 OAOCAOAA CATT I A ET OACOA
not fully resolved. However,it is certainly mediated by the large Reps and requires
functional RBE and trs motifs(D. M. McCarty et al., 2004; Weitzman et al., 1994)
Following integration, AAV gene expression is suppressed by Rep proteins, resulting
in a dormant state of the virus in the host genomdJpon infection with a Helper
virus, the provirus can be reactivated, leading to genomic resciiBeaton et al.,
1989; Hamilton et al., 2004; Kyostio et al., 1995)Genomic rescue and AAV
replication can also beinduced in the absence of Helper virus by activating cellular
stress response genes with genotoxic stimuli e.g. UV radiation or chemical
carcinogens(Berns & Linden, 1995; Yakobson et al., 1987; Yalkinoglu et al., 1988)

RT-gPCR experiments have shown that the frequency of sipecific genomic
integration at the AAVSL1 site of wildtype AAV is approximately 0.1% per infectious
virus particle (previously reported as 0.20.5% in earlier studie9, which should not
be confused with transduction efficiencies that can reach up to 80% in vitro,
depending on the serotype and cell typéHamilton et al., 2004; Huser et al., 2002; D.
M. McCarty et al., 2004)AAV genome integrations are more likely than those of nen
integrating viruses like AdV, but less likely than those of retroviruses, whicin
contrast to AAV require integration for gene expressioD. M. McCarty et al., 2004)
The site-specific integration of AAV is a unique feature among known eukaryotic
viruses, making it highly attractive for gene therapy applications at the beginning of
its journey as a therapeutic vector(Kotin, 1994). However, with rAAV used in gene
therapeutics, sitespecific integration cannot occur due to the absence of Rep
proteins. Instead, rAAV integration into the genome is random and rare, as shown
by Schnepp et al. (2003)who found that > 99.5% of transduced vector DNA was not
integrated.

Instead, rAAVs persist as, mostly multimeric, circularized, episomal concatemers
(Nakai et al., 2000; J. Yang et al., 1999hese episomal concatemers enable long
term persistence and gene expressiom.or example, a study byenaudBudloo et al.
(2008) proved episomal persistence and gene expression in ndruman primate
muscles for up to 22months. Canine studies promise longerm persistence,
showing unimpaired expression in the eye twelve years after administration
(Hauswirth, unpublished) (Berns & Muzyczka, 2017)However, it is important to
consider the age and life expectancy of animal models as critical challenges for
conducting longterm studies and statements about maximum persistence periods
Additionally, the persistence of episomes is likely influenced by the rate of cell
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division, suggesting that nordividing or slowly dividing cells may retain AAV
episomes for an extended period.The exploration of this rAAV feature has
diminished the relevance and research efforts of Remediated integration in
therapeutic application, which could for example, be realised through co
expression of Rep in the targeted tissue.

Infection, lytic pathway and genome replication

AAV can infect both dividing and nordividing cells with varying efficiency
depending on tissue and serotypéPodsakoff et al., 1994; Zincarelli et al., 2008Yhe
process of AAV infection involves multiple steps, encompassing receptor binding,
cell entry, intracellular trafficking, endosomal escape, nucleus entry, viral uncoating,
and, in absence of Helper virus functions, implantation of viral DN®onnenmacher

& Weber, 2012) The virion enters the cell through receptor mediated endocytosis.
Hence, the virus has to binding to a receptor on the cell surfacé&/hile AAV2S
primary receptor is heparin sulphate proteoglycan (HSPG), other serotypes engage
different receptors due to variations in their capsid structures(Buning et al., 2008;
Lux et al., 2005; Summerford & Samulski, 1998)0Once the reversible capsid
structural rearrangement takes place, it facilitates coeceptor mediated
endocytosis and migration towards the nuclear areg§Asokan et al., 2006; Sanlioglu
et al., 2000) Although the precise mechanismsesponsible for AAVS f&trograde
transport and endosomal escape remain incompletely resolved, acidification within
the endosome exposes hidden capsid regiorsjch asthe N-terminus of VP1.These
regions contain important sequences for endosomal escape, particularly PLA2, as
well as possible nuclear locaiation sequences (NLS) like BR4 (Girod et al., 2002;
Grieger et al., 2006, 2007)This allows for nuclear import, enabling the entire capsid
containing the virus' DNA to enter the nucleus. blwvever, this process takes time,
with the majority of viral particles still located in a perinuclear compartment 1620
hours after infection (Bartlett et al., 2000).

The presence of AAV capsids in the nucleus, as demonstrated $gnntag et al.
(2006) and as well assuper resolution imaging byKelich et al. (2015) suggests that

the slow uncoating process occurs in the nucleus and not in the cytog&8artlett et

al., 2000; J. S. Johnson & Samulski, 2009; Nicolson & Samulski, 2014; Sanlioglu et al.,
2000). To enter the nucleus AAV particles hijack cellular transport mechanisms and
get shuttled through the nuclear pore complex (NPCT.he interactions required for

this process may vary among serotypegJunod et al., 2021; Nicolson & Samulski,
2014). Within the nucleus, AAV accumulates in nucledloérlich et al., 1995)

Once the genome is released, the initial step, independent of the presence or absence
of a Helper virus, involves the synthesis of the second strand and basal expression
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of Rep proteins(Agbandje-McKenna & Kleinschmidt, 2012) This step is known to
be a ratelimiting and was therefore optimized in some rAAV applications by the use
of seltcomplementary genomes (scAAV]Ferrari et al., 1996; D. McCarty et al.,
2001). However, the use of scAAK limit ed, as it halves thegenome size After the
synthesis of the second strand of AAV, its replicative life cycle in the presence of AdV
infection can be divided into four major steps, as follows: 1. Doubkgrand synthesis,

2. Expression ofrep and cap genes, 3. DNA replication, and 4. Packaging of
synthesized singlestranded DNA (ssDNA) into preassembled capsids.

AAV DNA replication follows a
unidirectional, self-priming

strand-displacement, or rolling
hairpin mechanism, requiring
the AAVencoded Rep78 and
Rep68 proteins synthesized
earlier, host cell DNA
Pi iUl AOAOA QA j
accessory proteins, replication /@ seone
factor C (RFC), proliferating cell

. Figure 9: Schematic model of entry and intracellular
nuclear antigen (PCNA), and trafficking of AAVs(Nonnenmacher & Weber, 2012)
the minichromosome complex Abbreviations: CCP=clathrirmediated endocytosis,

. CAV=caveolar endocytosis, EE=early endosome, LE=lat
maintenance  (MCM).  The endosome, LY=lysosome, PNER=perinuclear recycling
folded left ITR with its free endosome, TGN=trang5olgi network, ER=endoplasmic

_ reticulum, NPC=nuclear pore complex, NP=nucleoplasm
o0 -©OH serves as the replication No=nucleolus

primer. Initially, the host cell's

replication machinery synthesizes the secondy strand unidirectionally.
Subsequently, a duplex monomer (DM) with a covalently closed hairpin structure is

formed. The Rep78 and Rep68 proteins bind at the Rep binding elements (RBE and

RBE') and their activated endonuclease function cleaves the bottostrand site-
specifically at the trs (at ntp ¢ v Qh A O A A @E Tfo€ rephicatibniok thed TR.
AEAOAAUR 2ADxuyuToyw OOAUO AT OAIl Abrndlofthe AT OT A
parental ITR. Afterwards, the palindromic sequences of the linear duplex ITRs can

OAT AOOOAOGA ET O1 OEAEO OAOI ET AQHs ierssegeP ET OO0
strand displacement syntheses of both strands. In case the nicking at the trs fails, a
double-length double-stranded molecule (DD) is formed with either a heado-head

or a tail-to-tail confirmation. DDs can be resolved to DMs through the ITR sequences

at the symmetry axis, which can then also be used as templates for singteanded
displacement replication. The singlestrand displacement synthesis uses the cellular

complexesDbl I 1 h -#-h AT A OEAEO AOOI AEAOCAA bPOI C

it}

@@
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one singlestranded genome plus one DM that can both be used to generate more
DMs for replication. Alternatively, the ssDNA genome can be packed into capsids
(Goncalves, 2005; Samulski & Muzyczka, 2014)0AV DNA strands of each polarity
are produced and packaged with equal frequency, resulting in half of the particles
containing plus strands and the other half containing minus strand@erns & Adler,
1972; Berns & Labow, 1987; Mayor et al., 1969; Rose et al., 1969)

Newly synthesized ssDNA genomes
are then packaged into preassembled
capsids. Capsid assembly occurs
within the nucleus, necessitating the
entry of viral proteins after their
ribosomal synthesis in the cytosol.
VP1 and VP2 accumulate rapidly in
Figure 10 - Intracellular localisation of AAV2 VPs the nucleus, while VP3 remains
s e e s partilly in the cytoplasm (Grieger e
immunofluorescence of transfected Hela cells. al., 2006; Ruffing et al., 1992; Wistuba
Immunostaining was obtained with VP antiserum . . .
VP51 (for VPs) and mAb A20 (foassembled et al,, 1997) This discrepancy arises
capsids) from(Sonntag et al., 2010) from the presence of nuclear
localisation signals (NLSs) in the N
terminal regions of VP1 and VPZansen et al. (2000yevealed the relation between
nuclear import and the BR3 sequence PAKKRL/N at amino acids 166 to 171/172,
which does only exist in VP1 and VP2. So far, no functional NLS has been reported
for VP3. In contrast, import of VP3 into the nucleus is mediated B®YAP, as shown by
Sonntag et al. (2010) Their work also revealed that fusing an NLS to VP3 alone is
insufficient for viral assembly of AAV2. Consequently, AAP not only directs VPs to
the nucleus but also to nucleoli, where it contributes to the actual assembly process.
However, this dependenceon AAP is serotypespecific, as elucidated byaurer et
al. (2018), showing AAP independent VP3 nucleaation and capsid assembly for
AAV4, AAV5 and AAV1l. Regardless of the serotype, VPs initially localize to the
nucleoli and accumulate there (see Figure 5). This localisation may accelerate capsid
assembly, as a high concentration of VPs favours capsid fation. The icosahedron
is assembled from VP oligomers, particularly pentamers that likely from already in
the cytoplasm. Capsids show ctocalisation with Rep proteins, but their detection
in the absence of Rep proteins suggests that Rep proteins are necessary for the
assembly procesgMyers & Carter, 1980; Wistuba et al., 1995, 1997)urthermore,
the specific role of nuclear proteins, such as nucleolin and nucleophosmin, in
association with VPs and capsids, remains unresolvéBevington et al., 2007; Qiu &
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Brown, 1999). However, the presence of AAP as a scaffolding protein is essential for
most serotypes for capsid assemblySonntag et al., 2010)

The capsid formation process occurs rapidly, while packaging takes several hours
(Myers & Carter, 1980) Packaging is facilitated through the 1.8m pore of the
capsids, utilizing the helicase activity of Rep52/40. During the replication Rep78/68
OAAI O AA AiRGhdAen® s paekading signal. The experiments Nony

et al. (2003)performed support this theory, showing that genomes without ITRs can

be packaged when upstream of rep a p5 promoter containing an RBE sequence is
present. The DNARep78/68 complex can tken bind via Rep78/68 to Rep52/40.

. I xh 2APuveg AT A 2APtn Kdgérkahdiind o hddapsi®EA ) 4
30AO0ANOGAT O1 uh OEA EAI EAAOA AAGEDBEOWHe OOAT O
capsid (J. A. King et al., 2001)The efficiency of packaging is influenced by genome

size, with optimal packaging occurring between 4.1 and 4.9 kbong et al., 1996)

Genomes smaller than half the wiletype size have been observed to be packaged

with two copies per virion, suggesting a "head full* mechanism for packaging
(Agbandje-McKenna & Kleinschmidt, 2012) The whole proliferation process of AAV

EO AT AAT AA Au OEA OEOOOE OOA 1T &£ OEA EIT OO
includes post transcriptional modifications of nonstructural and structural AAV

DOl OAET O xEEAE AAAT I PATU OEA OEOOOG Al Bl E¢/
Finally, with regards to cell exit, AAV is likely reliant on its Helper virus, as no active

egress mechanism has been identified for AAV. In contrast, lysis of the host cell in

the lytic pathway is believed to be dependent on the cytopathogenic effects mckd

by the Helper virus. While there is no known dedicated egress pathway for AAV,

there are variations in cell release efficiencies among different serotypes.
Consequently, during rAAV production, some serotypes are predominantly found in

the culture supernatant, while others require cell lysis as an initial downstream step.

These variances are likely influenced by the tropism specific to each capsid. For
instance, the heparinbinding motif present in AAV2 appears to contribute to its

retention, as mutations in this motif have been shown to result in increased
supernatant titres (Vandenberghe et al., 2006, 2010)interestingly, MAAP has been

shown to play a role in the release of virions, at least partially in association with

extra cellular vesicles(Elmore et al., 2021)

3.2.2 A AV 6Prominent Helper T Adenovirus 1 Helper Functions,
Gene Regulation and | nteractions on Molecular Level

In general, Helper viruses and their proteins/products function as transcription
factors (TFs) and/or interact with cellular proteins to activate, enhance, and
regulate viral transcription and translation, as well as manipulate the host's antiviral
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response and apoptosigMeier et al., 2020) Viruses generally manipulate host cells
to serve as ideal virus factoriesSince AAV is very small and has limited encoding
capacity on its genome, it partially utilizes the abilities of other virus for these
purposes. Among various Helper viruses for AAV, AdV is particularly significant. In
rAAV production, AdV5 genes are commmdy employed to provide the necessary
Helper functions (Clément & Grieger, 2016) Therefore, this chapter will focus on
describing the functions of human Adenovirus 5 genes essential for AAV production,
as well as the interactions and gene regulations involving AAV, AdV, and host cell
components.

The minimum set of required Ad5 Helper genes has been identified as the non
structural proteins E1A (E = AdV early geneE1B55K E2A andE4orf6, as well as
the VA (viral-associated) RNACarter et al., 1983; Grimm et al., 1998; M. M. Huang
& Hearing, 1989a; Janik et al., 1981, 1989; Laughlin et al., 1982; Matsushita et al.,
1998; Muzyczka, 1992; Richardson & Westphal, 1981, 1984; Samulski & Shenk,
1988; Tratschin et al., 1984; Xiao et al., 1998Notably, the absence of Ad replication
proteins (AdV polymerase, AdV terminal proteif and their minimal impact on AAV
replication highlight that AAV replication is primarily executed by cellular
replication proteins in the presence of Ad coinfection.

General transcription factor, AdV early promoter activation,

E1A AAV promoter activation, drives cells to S-phase
oncogene
E1B19K Inhibits proapoptotic Bcl-2 homologs (Bax and Bak), induces Enhances AAV vector titers
autophagy, oncogene
E1B55K In complex with E4orf6 it prevents E1A mediated p53 stabilization, Involved in AAV mRNA export, promotes AAV second-strand
o oncogene synthesis
F2A ssDNA binding protein, viral DNA replication & mRNA AAV promoter regulation, AAV genome replication, Rep splicing,
processing capsid protein production
i X Wi 55K it prevents ediated p53
E4orf6 i ‘ln L.Omplt)\ with El.B < gntlelA iegiated ¢ ; Promotes AAV second-strand synthesis, inhibits the MRN complex
stabilization, supports viral DNA replication and RNA processing ?
VA RNA inhibits the elF-2 protein kinase, promotes viral protein translation Prevents Edorf6/H1B mediated degradation of AAV capsids &

Rep52

Figure 11 - Summary of AdV5 Helper functions fronMeier et al. (2020)
3.221 E1A
The AdV early region 1A (E1A) gene produces five mRNA splice transcripts with two

major splices, the translated proteins (here referred to as E1A) possess similar
sequences and characteristics, depending on the presence of more or less of its

numerous sho® | ET AAO ET OAOAAOQOEIT 11 O0EEAO -3, E- OQS8

protein that interacts with a multitude of cellular factors (at least 32 primary protein
interactions and 4000 unique associations) to reprogram nearly the entire cell for
ideal virus production conditions (Ferreon et al., 2009; Horwitz et al., 2008; C. R.
King et al., 2018; Pelka et al., 2008By hijacking the cellular nuclear import, it
localizes in the nucleus and functions as a kind of genefplirpose transcription
factor, to enable and enhance viral gene expression, as well as to suppress antiviral
host cell mechanisms(Bayley & Mymryk, 1994; Kéhler et al., 2001; Lyons et al.,
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1987; Nevins et al., 1979; Spindler et al., 1985pince E1A is the first protein that is
expressed after AdV infection, many of its functions are necessary to enable further
protein expression and pathways of Ad\and AAV (Matsushita et al., 2004; Nevins
et al., 1979) These functions rely oop ! 8 O praréindnieEattions as E1A does
not directly bind to DNA Therefore, %p ! ®Fdike functions and other DNA
interactions are mediated by other proteinsand only indirectly by E1A itself(Frisch

& Mymryk, 2002).

/I'TA EI DbT OOAT O ET EOEAT AEAAOOOA T £ %p! 60 EI

its stabilisation of the preinitiation complex (PIC) and the recruitment of cofactors

to initiate and sustain transcription of viral and specific host cell genes. Therefore,
E1A interacts with a multitude of TFs and cellular proteins associated with
transcriptional pathways, including the TATAbinding protein (TPB), a subunit of
TFIID for transcription initiation, but also p300, CBP, RB1 and many more
(Avantaggiati etal., 1996; Egan et al., 1989; Geisberg et al., 1994; Lundblad et al.,
1995; Song et al., 1995)In this manner, E1A enhances particularly the transcription

of promoters containing the TFRE (transcription factor regulatory element) CRE
(cAMP-responsive element) by interacting with CREB (CREinding protein) and
ATF1 (activating transcription factor 1), both of which bind to CRE. This effect is
mediated through the cAMP/PKA (cyclic AMP/protein kinase A) signalling pathway,
which regulates a diverse setof cellular functions, many of whichare through
activation of TFs like CREB. The phosphorylationf €REB by PKA is required for it
to interact with the transcriptional coactivator CREBbinding protein (CBP) that
then initiates the transcription (Chrivia et al., 1993a, 1993b; Edwards & Scott, 2000;
SassoneCorsi, 2012) This mechanism is particularly significant for AdV and AAV
because most AdV promoters, includinghe ones of E2A and E4, contain CRE
elements (SassoneCorsi, 1988) Additionally, CREB interactions are also likely for
all three AAV promoters (according to an analysis with https://tfbind.hgc.jp/)
(Tsunoda & Takagi, 1999) Therefore, E1A is an activator for all viral proteins
required for AAV production. Increase of AdV protein expression due to E1A is about
50-100 fold (Berk et al., 1979; Jones & Shenk, 1979 nother known mechanism
through which E1A activates transcription is by releasing the transcription factor
E2F from its binding partners pRb, p107, and p130E2F containing promoters
showing increased activity in E1A presence include the immediate early promoter
of human cytomegalovirus (CMV),-enyc and AdV E2 early promotefBagchi et al.,
1990; Cockett et al., 1991; Hiebert et al., 1989; Kovesdi et al., 1987; Metcalf et al.,
1994). However, E1A is also known to repress transcription from several promoters
including the E2 late promoter and SV40A. Excess copies of the affected enhancer
can counteract the repression caused by E1A, indicating that the repression is
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caused by the activation of a negatively acting repressor product in the presence of
E1A (Borrelli et al., 1984; Rossini, 1983; Sogawa et al., 1989; Velcich & Ziff, 1985;
Webster et al., 1988) Notably, there are functional differences and even antagonistic
effects of E1A products. The E1B promoter, as well as the early E2, E3 and the E4
Dol i 1T OAO0 AAPAT A T1 AAOEOAOEIT AU %p! 60
largest product (243R) represses them(Dery et al., 1987)

E1A also induces and even arrests-Bhase in cells that are in resting phase (GO0),
likely through interactions with p300/CBP, pl107 and pRb triggering DNA
replication, which even continues during the cell cycle arrestGrand et al., 1998)
Even though AdV provides its own replication machinery, it seems logitthat a cell

in a state of active DNA replication provides more required substrates and more
beneficial for virus production than a cell in basic survival mode. Another aspect for

1 AOGA

OEEO AAI1 DPOADPAOAOEI T EO -diféped ddeacetidds€3A OAAOET 1

(HDACSs), histonedirected acetyltransferases (HATS), and other nuclear factors.
Through these interactions, E1A remodels the chromatin of host cells, thereby
regulating both hog cell and viral gene transcription(Gallimore & Turnell, 2001). In

AAAEOET T O1 %p! 830 AEAI 000 O bOdideieHh OOAT OA(
Al O ET OAOEAOAO xEOE OEA EIT OO AAI 160 AgbPOAO

immune response (Olanubi et al.,, 2017; Zemke & Berk, 2017)importantly, it
changes PTMs of host cell proteins by altering the PFMachinery itself, e.g. by
altering SUMOylation pathways. As one way to reduce cellular immune activity
against the virus intrusion, E1 interferes with MHG dependent antigen
representation by alteration and inhibition of the immunoproteasome(C. R. King et
al., 2018) Another of these inhibitions is targeting p53, the product ofumour
suppressor gene TP53, a key protein of cell cycle, apoptosis and genetic stability.

The stabiisAOET T 1T £ Pvo AU %p! 1-fhaskdut@dodide&sA AAT 1 6 C
the cell into apoptosis (Steegenga et al., 1996; Turnell, 2000)To counter this,

E1B55K and E4orf6 form a complex with p53, which leads to ubiquitination of and

consequent degradation of p53Lowe et al., 1993; Querido et al., 1997)Further

APl POT OEO ET AOAOEITT EO Al O1 OAOAA ARao%p" 6 0 OA

et al., 1992) The fine balance between E1A and E1B is central #adenovirus'
oncogenic properties, as it leads to cell immortadation instead of apoptosis As a
result, the stable integration of approximatelyfive E1 copies transformed human
embryonic kidney cells into the primary cell line used for rAAV production, HEK293
(Blackford & Grand, 2009; Graham et al., 1977; Hidalgo et al., 2019; Lin et al., 2014;

White, 2001a)8 $ OA O % pd O DOAOGAT AA ET OEA AAIlI

plasmids used for rAAV production. E1A is essential for AAV production because it
relieves the repression of the AAV p5 promoter by binding to the cellular
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transcription repressor YY1. This binding converts YY1 from a repressor to a
transcription activator. Additionally, upstream of the YY1 binding site, there is a
MLTF (major late transcription factor) site that acts similarly to E1A as an activator
(L. S. Chang et al., 1989; Shi et al., 1991)

3222 EI1B

The E1B gene encodes two proteins, namely E1B55K (EBa) and E1B19K
(19 kDa), which play a crucial role in inhibiting apoptosis induced by E1Ahereby,
E1B19K interacts with Beclinp h xEE1T A %p " vuv + A Kb graeinO1
prevents degradation of the antiapoptotic protein MCL1induced by E1Athrough
mimicry and binding to BAK,which effectively halts the apoptotic cascade initiated
AU -, p860O AET A Edudnabeha PDOR;Vhite,!2801bMAIthough both
proteins enhance AAV titres, only E1B55K is considered indispensabldhe
redundancy of E1B19K can be attributed to its cellular homologues, B2l and
Bcl-xL, which likely compensate for its functios (Matsushita et al., 2004;
Subramanian et al., 2015)

The activity of E1B55K is regulated through phosphorylation and SUMOylation, and
it also functions as a SUMQ ligaseitself, leading to the polyubiquitylation of p53
(Hidalgo et al., 2019) SUMO (small ubiquitirlike modifier) proteins comprise a
protein family that covalently attaches to other proteins, thereby modulating
various cellular processes such as nuclearytosolic transport, transcriptional
regulation, protein stability, stress responses, cell cycle progression, and apoptosis
(GeissFriedlander & Melchior, 2007).

Moreover, the 55K protein facilitates the export of viral MRNA from the nucleus by
providing a leucinerich nuclear export signal (NES), while simultaneously
inhibiting the export of cellular MRNA via the CRM. pathway. This mMRNA export is
further downregulated by E4orf6 (Endter et al., 2005; Pilder et al., 1986)E1B55K is
alsoinvolved in recruiting essential proteins to viral replication centres.However,
the execution of numerous vital functions by E1B55K occurs within its complex with
E4orf6, making it challenging to distinguish between the functions of E1B55K alone
and the E4orf6/E1B55K complex, especially in older studiesAs a result, the
reported functions of E1B55K, E4orf6, and the E4orf6/E1B55K complex often
overlap (Hidalgo et al., 2019) The same assumption can be made regarding
numerous Helper functions, as it can be challenging to differentiate between a direct
function and an observation resulting from a cascade of functions, such as at the
transcriptional level, depending on the typeof study.
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3.2.2.3 E4 and the Proteins of its Open Reading Frames

The E4 gene ofthe Adenovirus encodesat least 18 distinct mRNAS, which in turn
give rise to seven different proteins. Deletion mutant studies have shown that six of
these proteins and their according open reading frames (ORFsfan be removed
without inhibiting Adenovirus proliferation. However, the deletion ofOrf6 leads to
reduced Adenovirus yields. E4orf6 is consequently the onlyE4 ORF capable of
providing sufficient functions for replication in the absence of all othefE4 ORFs.
Interestingly, in the absence ofxf6, Adenovirus replication remains possiblewith
different ORFsas long asE4orf3 is present, suggesting a compensatory function
between Orf3 and Orf6, where the loss of one can be partially compensated by the
other (Halbert et al., 1985; Leppard, 1997; Virtanen et al., 1984Nevertheless,
studies by Huang and Hearing (1989)demonstrated that Orf6é is more efficient.
Furthermore, Ferrari et al. (1996) and Samulski and Shenk (1988gstablished that
the 34 kDa protein expressed fromE4orf6is essential for AAV production, alongside
E1B55K. This finding served as a crucial step towards the development of Helper
plasmids. One of the pioneering Helper plasmids was created by Matsushita et al.
(1998), who demonstrated that rAAV production withaut Adenovirus could surpass
the traditional method by relying solely on transient plasmid transfection.
Additionally, their group established that E4orf6 alone represents the only
indispensable commnent of E4 for rAAV production with transient transfection of
plasmids. Consequently, regarding thé=4 gene the main focus of this review, but
also the majority of research, is on its essential product, E4orf6.

All E4 mRNAs are transcribed from the E4 promoter and then spliced accordingly.
Activation of the E4 promoter occurs early during infection, primarily driven by the
E1A transcriptional activation. Transcriptional activity of the E4 promoter persists
throughout the late phase of infection. However, transcription decreases due to the
repression exerted by the E2A gene product. Additionally, the ElAmediated
transactivation is subjected to feedback inhibition by the E4orf4 protein, further
contributing to the decrease in E4 mRNA. Furthermore, levels of individual E4
MRNAs are regulated postranscriptionally through alternative splicing.
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Figure 12 z lllustration of the AdV5 genome with focus on thd=4 gene fromLeppard (1997).

E4orf6

E4orfé plays a pivotal role in various aspects AAV proliferationExperiments by
Allen, Halbert, and Miller (2000)even demonstratedthat E4orf6 alone is sufficient
as the only required AdV Helper function in HEK293 cells when only heterologous
promoters are used This is in line with the findings ofRichardson and Westphal
(1981), who showed that with microinjected mRNA only E4 is sufficient and
required for AAV proliferation. Additionally, based on findings of their experiments,
the investigators postulated a AdV Helper gene regulation cascadeEffA E2AA E4.

E4orf6 is involved in mRNA processing, mRNA transport, and the suppression of
host cell synthesis, including proteins involved in viral DNA replication, double
strand repair, and apoptosis. The majority of E4orf6's Helper functions are executed
in conjunction with E1B55K. Inhibition of p53 can be facilitated by E4orf6 when
complexed with E1B55K and independently. Similarly, it can enhance second strand
synthesis on its own, although this effect is attenuated compared to the impact of
E4orf6/E1B55K (Ferrari et al., 1996; Fisher et al., 1996)In the study byFerrari et

al. (1996) it is shown that second strand synthesis is a limiting step in AAV
production that can be improved by E4orf6. Additionally, the study suggests that the
use of genotoxic chemicals can mimic this effect. Although the precise mechanism
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by which E4orf6 promotes AAV second strand synthesis remains incompletely
understood, it appears that the accumulation of essential replication proteins in
viral replication centres (VRCs) is a critical function of both E4orf6 alone and
E4orf6/E1B55K. Hen®, genotoxic stress may facilitate replication in a similar
manner (Leppard, 1997). As previously mentioned, distinguishing the individual
functions of E4orf6é and E1B55K proves difficult because many of these functions
are performed by the complex formed by these two adenoviral proteinsThese
include promoting the degradation of newly assembled capsids and Rep52 through
the ubiquitin pathway, which actually can be mitigated by cexpression of other
Helper genes, particularly VAI, in stoichiometrically favourable amountéMeier et
al., 2020) Therefore, many functions of E4orf6 are better described as the
mechanisms of the E4orf6/E1B55K complex.

E4orf6/E1B55k

The E4orf6/E1B55k complex presents crucial Helper functiosafor AAV, providing

OAOEI OO0 AOOAT OEAIT | AAE Adméng th©mamsfuaxtiohslob 6 O OADI F
this complexare the facilitation of AAV mRNA export, stabilizing the viral genome
during replication, promoting translation, and preventing DNA damage response.
Many of its cell altering actions, are achieved by the creation of an E3 ubiquitin
ligase. For the formation of this ubiquitin ligase the cellular proteins elongiB andC,
Cul5, and Rbx1 are recruited by E4orf6 and E1B55K functions #se substrate.
5AENOEOET AOAA OAOCAOOh ETAI OAET ¢ Puaoh $.! 1E
marked for subsequent proteasomal degradation(Cheng et al., 2013) However,

some cellular proteins can be degraded by subcomplexes of the ligase, formed either

with E4orf6 or E1B55K alone.

The nuclear localsation and recruitment of replication factors to AAV viral
replication centres are likely executed through the E1B55K and E4orf6 complex
(Blackford & Grand, 2009) The same goes for the shutdown of cellular mRNA
export. The E4orf6/E1B55k complex exhibits the ability to ubiquitinate and degrade
messenger RNPs (ribonucleoproteins) or other proteins involved in cellular mMRNA
nuclear export. By disrupting the host ceImRNA export pathway, it promotes the
viral mMRNA export (Berk, 2005; Blackford & Grand, 2009) Notably, the complex
employs ubiquitination as a means to inhibit p53. Moreover, both E1B55K and
E4orf6 independently possess the capability to suppress p53 activitfWeitzman,
2005).

The interference of the E4orf6/E1B5%K complex with host cell proteins is
exemplified prominently by its degradation of MRE11, a homologous doubkrand
break repair endonuclease. This interference disrupts the MRN
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(MRE11/Rad50/NBS1) complex through ubiquitination and subsequent
proteasomal degradation. The MRN multi protein complex plays an important role

in detecting and signalling doublestrand breaks and is involved in the repair

pathways of homologous recombinabn (HR) and northomologous end joining

(Lamarche et al., 2010; Stracker et al., 2002Moreover, previous studies have
demonstrated that the MRN complex limits AAV transduction and replicatio(R. A.

Schwartz et al., 2007) Therefore, the degradation of the MRN complex explains one

aspect of the ability of E4orf6/E1B5%K to enhance AAV titresThe complex also
contributes to rAAV production through its capacity to enhance second strand

synthesis in recombinant AAV production(Fisher et al., 1996) On the other hand,

%" vu+T %t OFEPS O %o | ECAOA Al Ol OAENOEOEI
consequently degraded. It is not clear, however, if this is an evolvédV mechanism

against AAV, a mechanism of AAV for regulation of component amounts or just a
AUuUbpOi AGAO T £ OEA AT | bl MNayaketatE RBHAA OAOCAO <
AEA AT 1Pl A@d EAO Aquitel ar@dracObetwden Hrlis adBokt. | £OAT
An example is the competition against the nuclear protein SPOC1 (survidahe

associated PHD (plant homeodomain) protein in ovarian cancer 1). SPOC1 is part of

cellular DNA damage response (DDR) associated with condensing of the chromatin.

SPOCL1 overexpression reduces AdV titres, and the protein was also detected
interacting with E1B55K and E286 © CAT A DPOT AOAO OEA ' A6 $
protein), showing that it is associatedwith a direct response to the adenoviral

s N A~z =

ET ZAAOET 18 " 00 OE AonplExaGitgbas & ubiquitir lilGdée i§ O @

AAT A OF A1 01 OAO OEEO AU AA35-/ Ul ACEIT 1T £ ¢
proteasomal degradation of SPOCBUrck et al., 2016; Schreiner et al., 2013Next
Oi T AEET ¢ OOOA OEA AEOI | AOET OOAUO AAAAOOI

guarantees the transcription of viral genes by degrading the death domain
associated protein (Daxx), which inhibits basal expression of viral genes. However,
Daxx @n also be degraded in the absence of E4orf6 in the case of AdV5. Whereas for
AdV12 (but not AdV5), E4dorf6 alone promotes the degradation of TOPBP1.
Demonstrating that some cellular proteins can be degraded by subcomplexes of the
ligase, formed either withE4orf6 or E1IB55K alongBlackford et al., 2010; Cheng et
al., 2013; Forrester et al., 2011)

E4orfl

All open reading frames of E4orfi4, particularly E4orfl, have been reported to
exert immunomodulatory effects on the host(Sangare et al., 2021, 2022)The
E4orfl protein shares structural similarities with dUTPases, although no enzymatic
activity has been detected(Leppard, 1997; Weiss et al., 1997)Instead, E4orfl
activates the PI3kinase/Akt pathway through protein-protein interactions,
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specifically by associating with PDZ domahtontaining proteins. These proteins
primarily function as scaffold proteins for assembling signalling complexes at the
plasma membrang(Sheng & Sala, 2001)By engaging the PKkinase, E4orfl triggers
the activation of Akt, mTOR, and p70S6K, consequently modulating protein
synthesis and promoting cell survival. Moreover, it induces the phosphorylation of
NF["h A EAOGAOI AEI A0 AT 1 BT OAnichifuicticddas a AT A 2 AT |
transcription factor regulating cytokine release, cellular immune responses, and cell
survival (Biancalana et al., 2021; Sangare et al., 2022; Thomas et al., 200%®nce,
E4orfl exhibits oncogenic characteristics in AdV9, although its impact for other
serotypes seems to be inferior. Other modes of interaction of E4orfl, leading to
similar alterations in protein synthesis and cell survival, have also been reported
(Thomas et al., 2009)

E4orf2 and Eorf3/4

The functional characteristics of two proteins encoded bye4 have yet not been
fathomed. TheOrf2 protein, which is detected in infected HelLa cells during the early
phase of infection, exists as a soluble cytoplasmic component. No evidence has been
found to suggest its involvement in the formation of complexes with viral or cellular
proteins (Weitzman, 2005). On the other hand, the existence of E4orf3/4 has been
predicted based on AdV2 mRNA structure analysis, but experimental confirmation

is still lacking (Dix & Leppard, 1993, 1995; Virtanen et al., 1984)

E4orf3

%t i OFc AT A %ti OF£ AOA £O1T AGETTAITU OAAOT AA
independently sufficient for efficient viral DNA replication, late viral protein

synthesis, host protein synthesis shubff, and virus production(Shepard & Ornelles,

2004). E4o38 © AOOT AEAOET 1T xEOE %p"vuv+ | AAAO O EO
but no complex formation has been detectetbetween E4orf3 and E1B55K Both,

E4orf3 and E4orf6 can prevent concatemer formation, likely by targeting required

cellular proteins involved in non-homologous recombination, such as ligase IV and

DNA-PK, as well as the Mrell complex, through alternative mechanisr@®raujo et

al., 2005; Stracker et al., 2002)

E4orf3 isthe most abundant E4 ORBNn MRNA leveland one of the earliest proteins
being expressed after infection. It then acts in the nucleus, more specifically
associates with the nuclear matrix and introduces the reorgasation of PML
oncogenic domains (PODs). PODs are large nuclear structures involved in multiple
cellular functions, including transformation, genomic stability, DNA repair,
transcriptional control, apoptosis, and the interferon response. Reorgasation of
PODs is thought to be advantgeous for viral replication, as many viruses target and
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rearrange these structures(Carvalho et al., 1995; DonovaiBanfield et al., 2020;

Hoppe et al., 2006) PML and MRN relocalisation and reorganisation by E4orf3 is an
important control mechanism of AdV replication (Evans & Hearing, 2005) By

AOOT AEAOGCETT xEOE %p!h %t OF& EO DPAOO 1 &
enhances viral genome expressiorfSoriano et al., 2019) Similarly, E4orf6é also

interacts with E1A through its complex with E1B55K, in this case enhancing the

relief of E2F and therefore enhancing the transactivation of E2fegulated

promoters (Dallaire et al., 2016) The interchangeability of E4orf6 is apparent, but

the individual mechanistic are distinct. Inactivation of p53 for instance can also be
executed byOrf3. However, in contrast to E4orf6,00£c68 O | AAEAT EOI EO
independent and based on heterochromatin formation at p53 target promoters

(Soria et al., 2010) Generally, despite its compensational functions, it seems that the

AAEI EOU 1T &£ AAI1T Al OAOAOGEI 1T Au EAOAOT AEOI
function for AdV proliferation.

Edorf4

The E4orf4 protein is dispensable for AdV production, but deletion mutants lacking
this ORF are more cytotoxic. E4orf4 serves as an antagonist to other AdV functions
and acts to inhibit the cellular immune responsdHalbert et al., 1985; Miiller et al.,
1992). Although it was shown that E4orf4 protects against apoptosis, it is also
known to induce cell death through other pathways, a mechanism that may be
relevant during the late stages of the AdV life cycl@echkovsky, Lahav, et al., 2013;
Pechkovsky, Salzberg, et al., 2013)E4orf4 primarily localizes in the nucleus,
particularly in the viral replication centres (VRCs), and exerts its main effects by
regulating protein phosphorylation through interaction with its binding partner the
protein phosphatase 2A (PP2A). By dephosphylating the otherwise
hyperphosphorylated c¢Fos and E1A proteins, E4orf4 counteracts the
transactivation ability of the E1A protein on APlcontaining promoters, thereby
attenuating their activity (Kleinberger & Shenk, 1993; Mdiller et al., 1992)
Furthermore, E4orf4 downregulates the E4 promoter, forming a feedback loop, as
well as the E2 promoter through dephosphorylationfMannervik et al., 1999) These
interferences and down regulations of other AdV proteins are likely a balancing
mechanism of the virus, preventing premature cell death. Next to its main partner
PP2A, E4orf4 interacts with various cellular proteins and participates in the virus
mediated inhibition of the host cell's DDR. E4orf4 enhances viral production while
simultaneously perturbing the cell cycle by targeting the mTOR pathway. It
downregulates transcription factors, including JunB and-dlyc, to reduce host cell
gene expressionand is involved in chromatin remodeling processes employed by
AdV. Furthermore, E4orf4 modulates splicing patterns of AdV mRNAs. However,
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most of these functions seem redundant with the expression of other AdV genes and

therefore its main function is likely function as a regulator of AdV gene expression.

yl OEEO 4&01 AOEIT EO EO ETiTxT O OAAOAA %p!
Additionally, E4orf4 downregulates the E2 promoter activation by E1A and to lesser

extent the one by E4of6/7 (Kleinberger, 2020).

E4orf6/7

E4orf6/7 is a fusion product of OO ¢ &e@ninus and Orf7. Its most prominent
feature is the activation of the transcription factor E2F. Notably, E4orf6/7 can
substitute for E1A in E2Fdependent transactivation or, more effectively, enhance
the transactivation process through its unique binding mechanism. E4f®/7
achieves this by stabilizing the DNA binding capacity of E2F through self
dimerization and dimerisation of two E2F molecules(M. M. Huang & Hearing,
1989b; Marton et al., 1990; Raychaudhuri et al., 1990While the activation of the
E2 promoter and increased production of the DNA binding protein (DBP) are the
most extensively studied aspects of E4orf6/7 function, it is plausible that the
activation of E2F (and DP) by E4orf6/7 is also vital for establishig the favourable
environment required for efficient viral production within the host cell. Numerous
cellular genes possess E2F transcription factdsinding sites in their promoters,
including critical genes involved in $phase induction, such as E2E (D. G. Johnson
et al., 1994; Leppard, 1997) The regulation of E4orf6/7 appears to be mediated
through SUMOylation by E1B55K. Although mutation studies have not
demonstrated reduced DBP levels, the findings suggest that the expression of
cellular proteins controlled by E2Fcontaining promoters maybe affected(Melling,
2018).

3.224 E2A

The gene product ofE2A known as Ad\s 72 kDa DNA binding protein (DBP),
functions as a singlestranded DNA binding protein and binds to the ssDNA genome
of AAV, thereby enhancing AAV DNA replication. The Rep proteins facilitate the
localisation of DBP to AAV VRCs, thereby promoting replication. DBP plays multiple
roles in supporting AAV proliferation, including mRNA export, stability, and
processing (Rep splicing), as well as transcription activation of VRE€arter et al.,
1992; Matsushita et al., 1998; Stracker et al., 2004; Ward et al., 1998)

Both E2A and E4orf6 have known postranscriptional effects on AAV mRNAs.

Although the underlying mechanism is unclearthe DBPis believed to enhance

transcript levels and translation of AAV RNAs together with VAI RN@anik et al.,

1981). An important function of E2A is its role as a transcription activator. It can

ET OAOAAO xEOE 4&0 OOAE AO OEA 1 OAI AAO MEAAOT
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AET AET ¢ EO AT EAT AAA AOAOO pitdinsiStuivek&vas " 06 O
der Vliet, 1990). Thereby, DBP stimulates DNA polymerase binding, thus promoting
viral DNA replication (van Breukelen et al., 2003) The activation of the p5 promoter

by E2A is particularly relevant for AAV production. There may be a potential
feedback regulation between E2A and Rep, as the E2A promoter contains a Rep
binding site, and all four Rep proteins inhibitE2A gene expression through their
purine nucleotide binding site(Casper et al., 2005; Jing et al., 2001; Nada & Trempe,
2002). As mentioned above, the E2A promoter also contains a CRE element, which
can be bound and repressed by CREB. Consequently, E1A controls the expression of
E2A through the cAMP/PKA pathwayFax, Lehmkihler, et al., 2000; Fax, Lipinski,

et al., 2000)

Contrary to E2A's promotion of AAV productionCarter et al. (1992)demonstrated
that production of AAVs is possible without DBP. However, DNA replication, Rep and
VP synthesis, and consequently viral titres, were significantly decreasddatsushita

et al. (1998) even stated that among all Helper functions in their plasmid system,
E2A has the most significant impact on rAAV titres. This is likely attributed to DBP's
OOAT OAOCEDOEIT T Al AAOEOAOQEIT 1T &£ OEA bPuv DBOIT I
E1A and its ownas indicated by increased expression rates. In contrast, DBP slightly
inhibits the E4 (L. S. Chang & Shenk, 1990n contrast, Richardson and Westphal
(1981) showed with microinjected nucleic acid experiments, that E2A mRNA is
required for E4 activation and thereby AAV production.Ward et al. (1998)
demonstrated that the Adenovirus DBP can be substituted with the homologous
human protein RPA, further supporting the findings ofCarter et al. (1992) Despite
general findings that E2A significantly improved rAAV titres, this indicates the
possibility of developing anE2Aless plasmid system for rAAV production, provided
that cultivation conditions and other factors such as gene regulation cascades are
appropriately adjusted.

Another function of E2A is its promotion of AAV genome circular concatemestion,
while the presence of E4orf6 favours a linearized forfDuan et al., 1999) However,
this concatemersation might be a general effect from ssDNA binding proteins on the
AAV genome. Therefore, the existence of multimeric, circularized concatemers of
AAV and rAAV can be explained by the presence of substitute cellular ssCiAding
proteins in the absence of a Helper virus or its functions. Conversely, during lytic
infection, when AdV functions including E4orf6 are present, having easily readable
and replicable linearized DNA would be advantageous.
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3.2.2.5 Virus Associated RNA (VA RNA)

RNA polymerase Il transcribes the/ARNAgene, resulting in two virus associated
RNAs (VA RNAs)VA RNAI (VAI) and VA RNAIl (VAI), with VAI being the
predominant species.VARNAIs indispensable for AAV production, but it has been
demonstrated that only VAI is sufficient for AAV production. The abundance of
VARNATtranscripts is remarkably high, with greater than 13 VAI copies per cell,
whereas the minor species, VAII, is only expressed at about 5¥1€bpies per cell.
The higher abundance of VAl is atthuted to its stronger promoter outcompeting
VAII transcription during infection (Bhat & Thimmappaya, 1984; Sdderlund et al.,
1976; Vachon & Conn, 2016)

VAI is a multifunctional noncoding RNA that is essential for AdV and AAV

OAPI EAAOETT AOA O EOO OAI AOEAAI A mEO1T ACEIT O
viral defence and cellular processes, including nuclear RNA export, protein
synthesis and mMiRNAST AOAOET 18 6! )80 OET CI A OOOAT AAA 2
secondary structure as a double stranded RNAontaining a terminal stem, a central

domain, and is basically foldedover in half at the apical stem. VA RNA lengths vary

and are typically around 18 nt (~150-200 nt). The variations origin in multiple
OAOI ET AOETT OEOAO AT A 6! 2.180 EI OAOAAOQOEIT O
involved in RNA Pol Il termination. Some readthroughs can reach up to

690-950 nucleotides (Akusjarvi, 1985; Punga et al., 2020)Although the general

structure is conserved, VA RNA sequences vary greatly between serotypes, certain

regions, including the Box A and Box B RNA Pol Il promoter sequences and the
complementary sequences GGGU and ACCC in the central domain, being coederv

(Ma, And and Mathews, 1996; Vachon and Conn, 2016)

VAI's crucial role in AAV replication primarily stems from its capacity to enhance
viral protein translation (M. H. P. West et al., 1987)The most extensively studied
action of VA RNA is its inhibition of the cellular protein kinase (PKR), which is
activated by dsRNA. Since most viruses express dsRNA at some point due to their
dsRNA nature, RNA genome replication, or in the case of AdV afdV, due to
overlapping gene sequences, this is an effective way of virus detection by the cell. By
inhibiting PKR, VAI prevents the shutdown of cellular transcription mediated by
0+280 PDEI OPET OUIl AGETT 1T &£ AOGEAOUI QETRe OOAT OI A
mechanism by which VAI acts as an inhibitor rather than an activator of PKR is not
fully understood, but it is hypothesized that the abundance of wobble base pairs in
VAI allows it to bind to PKR without activating it. Structural features of VAI,
particularly the pseudoknot structure in the central domain, play a critical role in
determining its inhibitory or activating properties towards PKR. With its inhibition
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of PKR, VAI thwarts a cellular defence mechanism against viral takeover and
facilitates viral gene expression(Dzananovic et al.,, 2017; Hood et al., 2019;
Kitajewski et al., 1986; @alley, 1986; Punga et al., 2020)

The viral-associated RNA exerts inhibitory effects on the host's antiviral defences,
particularly by targeting the cellular microRNA (miRNA) and miRNAelated

processes. VA RNAs influence miRNA biogenesis through several mechanisms.

Firstly, it competes wih cellular RNAs for Exportin 5mediated export from the
nucleus, thereby impeding the transportation of miRNAs. VA RNAs are present in
cytosol and nucleus, but accumulate in the nucleus during infection. Exp5 transports
dsRNADbinding proteins and RNAs inb the cytosol, among these are tRNAs, pre
mMiRNAs and Dicer mRNAGwizdek et al., 2003; Lu & Cullen, 2004; Yi et al., 2003)
Secondly, VA RNAs saturate the pmaiRNA processing enzyme Dicer, preventing
efficient mMiRNA maturation (Andersson et al., 2005; Vachon & Conn, 2016hirdly,
the VA RNA molecule directly interferes with the assembly and function of the RNA
induced silencing complex (RISC), which is essential for miRNAediated gene
silencing. Dicerprocessed VA RNAs are incorporated into RISC, enabling them to
selectvely target cellular genes(Aparicio et al., 2010; Bellutti et al., 2015)
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Figure 13: VA RNA interactions and actions against host cell mechanisif\é&achon & Conn, 2016)

In addition to these mechanisms, in which VA RNA subverts the cell's own defence

mechanisms, VAI has also nemiRNAAAOAA xAUO O1 Al O1 6AO

response against viral infections. Notably, VAI interacts with various immune
proteins, including OAS1, which, like PKR, is involved in dsRNA detectigkondo et
al., 2014; S. L. Schwartz & Conn, 2019; Vachon et al., 20I3¢spite its actions
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against the cellular immune system VA RNA still activates cellular inflammatory
cytokines and type | interferon expression. Activation of the RK6 and MDAS
receptors initiates a signalling cascade leading to the phosphorylation and
activation of IRF3 and N[ "(Yoneyama & Fuijita, 2010)Additionally, during virus
infection, the host's inflammasome is activated. However, VA RNA's interaction with
PKR enables it to inhibit the inflammasome and suppress cytokine and
inflammatory response cascadegDarweesh et al.,, 2019; Punga et al.,, 2020)
Furthermore, VA RNA has been shown to protect capsids and Rep52 from
degradation, mediated by E1B55K/E4orf6 (Meier et al., 2020) These functions
elucidate the findings ofMatsushita et al. (1998)and other research groups, who
have demonstrated that VA RNA promotes capsid production and AAV proliferation.

Overall, the intricate interactions between VA RNAs and host cell proteins, as well
as their modulation of antiviral and immune response pathways, underscore their
critical involvement in Ad and AAV replication. By enhancing viral protein
translation, inhibiting PKRmediated translation shutdown, protecting viral
components from degradation, and modulating miRNA export and synthesis, VA
RNAs establish a favourable cellular environment for viral propagation. The
multifaceted functions of VA RNAs highlight thir significance and warrant further
investigation to fully elucidate their comprehensive mechanisms and explore their
potential therapeutic applications in the context of viral infections.

3.2.2.6 Rep Interactions

11660 2AD DPOI OAET O 110 111U ZAAEI EOAOA
transcription, translation, and host cell modulators. Reps regulate various
processes, including their own transcription, host cell protein (HCP) transcription
and activity, as well as Helper and AAV gene expression. These regulations involve
multiple complex mechanisms of positive and negative regulation. Regarding HCP
interference, there are at least 188 cellular proteins of all sorts of cellular
functionalities interacting with Rep, including proteins from the MCM complex, Ku
helicase (DNA replication), RCN1 (membrane transport), SMC2 (chromatin
dynamics), PKA, EDD1 (ubiquitin ligase), IRS4 (signal transduction), and FUS
(splicing) (Chiorini et al., 1998; Nash et al., 2009)Given the extensive nature of
these regulations, this chapter will present only a subset of the commonly observed
and relevant Rep functions.

In general, Rep proteins' interactions with host cells can be categorized as Helper
functions, as they serve a similar previral purpose as the Ad Helper genes. These
interactions modulate host cell functions to ensure enhanced viral proliferation,
downregulation of HCP production, and suppression of antriral responses. Many
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of these interactions exhibit similarities or redundancy with the actions of the
Helper functions, while some may counteract them. This counteracting effect may
be a result of Rep proteins' additional role in minimizing resource competition with
Adenovirus proliferation (Timpe et al., 2006)

One primary mechanism by which Rep prepares the cell for virus production is
through cell cycle arrest, particularly in the Sohase. Rep78 achieves this by binding
to p53 and preventing adenoviral degradation of the cell cycle andumour
suppressor gene. As a result, Rep78 inhibits cell growth and cell cycle progression.
However, Saudan et al. (2000yeport that both Rep78 and Rep68 induce cell cycle
arrest. Rep68 seems to arrest cells more in the G1 and G2 phases, while Rep78 in
Sphase. Cells expressing Rep78 and arrested in the-pBase accumulate
hypophosphorylated pRb. The retinoblastoma protein (pRb) is tumour suppressor
protein that inhibits cell cycle progression at the Giheckpoint by blocking Sphase
entry by repressing the transcription of genes required for cell cycle progression.
Phosphorylation of pRb inactivates it, relieves repressionand allows the cell to
enter the Sphase. Repression ishen achieved through chromatin remodeling and
binding to E2F sites in the promoters of these geng$iacinti & Giordano, 2006)
Interference with these cellular mechanismsis familiar from the essential AdV
Helper genes, indicating Reps collaboration with these, but also the difficulty of
differentiation between individual functions and their effects. Notably, additional
mechanisms are suggested by which Rep78 inducespBase arrest. One of them
involves Rep78 binding to cell cycle regulatory phosphatases, while another
involves Rep78 causing DNA damage response (DDRgdiated cell cycle arrest by
nicking cellular chromatin (Berthet et al., 2005; Saudan et al., 2000pPDR pathways
AOA AAOEOAOAA OEOI OCE 2ADP60O AET AET ¢ OI
also be provoked by the inverted terminal repeats (ITRs) and the singigtranded
nature of the AAV genome. Interference of AAV with DDR may serve to facilitate
seand-strand synthesis andpromote AAV replication in general(Vogel, 2013)

The indirect transcriptional regulation of Rep78, achieved through pRb inhibition
and activation of E2Fcontaining promoters, is one of many mechanisms by which
AAV regulates its own, Helper, and cellular protein expression. Rep78 also interacts
with the transcription cofactor PC4, resulting in transcriptional interference.
However, the relief of this effect in the presence oAdenovirus indicates the
involvement of Helper functions in these regulabry processes (Weger et al., 1999)
The interplay between Rep proteins and Helper functions, such as the
downregulation of E2A by Reps, has been mentioned earlier. Rep78 is further
known to repress the promoters ofE1Aand E4, but transactivatesE1Bwithout E1A
expression. Ceexpression of E1A causes Rep78 to repress all these promotéigg
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et al., 2001; Timpe et al., 2006)Studies exploring the inhibition of heterologous and
endogenouspromoters by Rep have revealed that among the Rep proteins, Rep78
demonstrates the highest level of inhibition. The degree of inhibition decreases as
the size of Rep increases, and it becomes nearly negligible with Rep40. Moreover,
the results suggest thathe inhibition of heterologous promoters is mainly mediated
through protein-protein interactions, rather than Rep directly binding to DNA.
(Horer et al., 1995) Through interactions with transcription factors, cofactors, and
other cellular proteins, Rep can profoundly alter the transcriptional landscape and
repress many promoters even in the absence of E1A, such as those of SV40, HIV, and
CMV(Antoni et al., 1991; Heilbronn et al., 1990; Hermonat, 1994; Horer et al., 1995;
J. Li et al., 1997)Strong or overexpression of the large Rep proteins, particularly
Rep78, not only disrupts the cell cycle but also exhibits cytotoxicity, leading to
apoptosis and drastic reduction of recombinant AAV (rAAV) titrdJ. Li et al., 1997;
Schmidt et al., 2000)

One of the most relevant regulatory functions of Rep for rAAV production is its
impact on the AAV promoters. In the absence dkdenovirus Helper functions,
Rep78/68 represses protein expression from all three confirmed AAV promoters
(p5, p19, and p40) through different mechanisms. During latent infection, these
promoters exhibit low basal transcription, repressed by all four RepsRRepression of
p5 occurs despite the involvement of YY1 and MLTF. This repression can then be
relieved by E1A and E2A, respective. YY1 acts as a repressor, but in its presence, it
becomes an activator of the p5 promoterYY1 repression is in fact facilitated by
Rep68 through binding to the RBE of p5. Thus, E1A indirectly relieves the auto
repression exerted by the large Reps. Dowregulation of p19 is also Rep mediated
and just as with p5, this inhibition is relieved in he presence of Helper virugBeaton

et al., 1989; Kydstio et al., 1995)The p40 gene products are also repressed by the
large Rep proteins, but in this case, the repression occurs at the translational level
and not transcriptionally. These effects are not implemented through Rep binding
to a regulatory element of the promote itself but are mediated by cellular or Helper
virus genes(Tratschin et al., 1986)

In addition to their inhibitory functions, Rep78/68 can also act as activatorgPereira

et al., 1997) Both, ITR and p5 RBEs have an activating function for p19 and p40 in
the presence ofAdenovirus Helper functions. The mechanism by which Rep78/68
activates p19 transcription involves the interaction ofRep78/68 bound to the RBE
with the SP1 transcription factor. SP1 can bind to pl19 apositions -50 and -130
relative to the transcription start site (TSS. Additionally, interaction with a CArG

like element at position-140 is required. Activation of p19 requires Rep78/68, Spl
and either the ITR or p5 RBE for large Rep binding. In the absence of ITRs, the large
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Reps and TF Spl can form a complex that acts as a scaffold, positioning the p5 YY1
complex next to p19 and thereby delivering 5enhancer elements for increased p19
expression(Lackner & Muzyczka, 2002) In contrast, p5 is only activated by the ITR
RBE while its own RBE prepresses p5 in the presence of Helper functions. However,
small Reps exhibit the ability to alleviate p5 inhibition, indicating certain feedback
loop regulations between the Reps by the formation of a Rep78/6BRep52 complex
(Pereira et al., 1997) The transactivation mechanism of p40 is very similar to that
of p5. It also requires an upstream RBE, either from p5 or the ITR, as well as the
CArG140 element in the p19 promoter and the SR50 element in the p40 promoter
(Pereira et al., 1997; Pereira & Muzyczka, 1997a, 1997h)hese transactivations are
critical for AAV proliferation and, consequently, for rAAV production, as they are
required to initiate maximal transcriptional activity for the Rep52/40 proteins, but
also for regulation of adequate amounts of all other AAV pteins.

In orchestration with all other cellular and viral proteins and mechanisms, Rep
mediated transcriptional and translational (splicing) control specific regulates AAV
proteins to specific stoichiometries. This leads to p5 transcripts being expressed the
lead, followed by p19 transcripts,which areincreased due to Rep enhancement, and
p40 transcripts as the most abundant AAV mRNA species. Additionally, spliced
variants of all AAV mRNAs increase during infectioof Adenovirus due toadenoviral
stimulation of splicing and mRNA export. In the late stage of infection up to 96 of

all p40 mRNAs and up to 506 of all p5 and p19 transcripts are spliced. AAV mRNAs
possess relatively high stability (>6h persistence after actinomycin D treatment)
and their ratio in late stage transfection is regulated to approximately 1:3:18
(p5:p19:p40), reflecting the individual promoter strength in presence of AdV Helper
functions and Rep. Interestingly, expression levels of components change over time,
with the evident logic of pSmRNAS being transcribed first and predominant p40 in
the late stage when capsids are require@Mouw & Pintel, 2000).
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3.3 Recombinant Production of AAV

As the interest in recombinant adeneassociated viruses (rAAVS) as delivery vectors
for gene therapy continues to grow andn increasing number ofAAV gene therapies
enter pre-clinical and clinical trials, there isgrowing demand for efficient and
scalable platforms for hightitre AAV production (Clément & Grieger, 2016; Smith et
al., 2018; Srivastava, 2016)

3.3.1 Transient  Triple Transfection

Initially, plasmid transfection-based rAAV manufacturing was enabled by Jude
Samulski cloning the AAV genome into a pBR322 plasmid (pSM6Z8pamulski et al.,
1982). Very early rAAV productions used transfection of adherent cells, first with
plasmids exchanging parts of the AAV genome, resulting in the first transduced cells
using AAV as a gene transfer vect@fratschin et al., 1984, 1985) It was discovered
that the ITRs are the onlyciselementsrequired for packaging and virus production.
All other viral genes could be provided in trans and the AAV genome between the
ITRs can therefore be replaced by the GOI. This concept, together with the
construction of the first plasmid allowing to swap the content between ITRs
(psub201) enabled exchange of the full AAV genome and elimination of replication
competent, wildtype AAV contamination(Samulski et al., 1987, 1989) The result:
separated Rep/Cap and an ITR/GOI plasmids, which were transfected into
mammalian cells like HelLa or Detroit 6, e.g. by DEAextran method, along with ce
infection of Adenovirus (AdV5) to supply the required Helper functions. However,
this method still resulted in a mixture of rAAV and AdV in the producing cells, due
to the use of replication competent AdV as Helper virus. To remove the AdV,
laborious purification techniques such as heat treatments and CsCl density
gradients for ultra-centrifugation were necessary(Hermonat & Muzyczka, 1984;
McLaughlin et al., 1988; Samulski et al., 1982, 1983, 1989; Samulski & Muzyczka,
2014). Unfortunately, toxicity caused by contaminating Ad components was still
reported frequently.
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Transient Triple Transfection
mediated by

PElpro

Figure 14: Schematic overview of the used transient tripléransfection system, including the three
plasmids ITR/GOI, Rep/Cap and Helper. PEIpro mediated transfection is carried out in HEK293
suspension cells, which stably express the Helper gene E1.

A major breakthrough in rAAV production came with the definition of essential AdV
genes for effective AAV replication and their subsequent cloning into a bacterial

plasmid. Ferrari et al. (1996) produced the first rAAV without AdV5 caeinfection,

whilst investigating E4orfsd © AAAAI AOAOET ¢ AAZAAO 11

increased second strand synthesis. However, this approach isolated the DNA for
transfection from previously produced dI309 AdV. About two years later, the same
group performed the cloning of plasmid pXX5and pXX6, the first AdV Helper
plasmids (Xiao et al., 1998) This eliminated AdV contaminants for the first time.
Additionally, an improved Rep/Cap plasmid (pXX2) was created and sequences that
could potentially be used for homologous recombination were removed from the
plasmids, greatly reducing the risk of wildype-like, replication-competent AAV
contaminations (Aucoin et al., 2008; Matsushita et al., 1998; Natsoulis, 1997,
Samulski et al., 1989; XS. Wang et al., 1998)This all plasmidbased approach,
known as transient triple transfection, is typically performed using HEK293 cells,
which already carry the E1 Adenovirus Helper genes due to their immortalisation
process, making it obsolete to include E1 in the AdV Helpplasmid. To the present
day, the transient triple transfection method remains one of the most commonly
employed techniques for rAAV production, particularly in research, but also
numerous pre-clinical and clinical trials, due to its flexibility and convaience
(Aucoin et al., 2008; Colella et al., 2018; J. F. Wright, 2008)
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Over the years, rAAV titres from transfection of adherent cells could be raised from
100-1000 vg/ cell (virus genome copies per cell) in the early attempts, to
2x105 vg/ cell, matching the improved specific titres achieved with wilekype AAVs
(Samulski & Muzyczka, 2014; J. F. Wright, 20Q8]riple transfection of adherent
HEK293 cells is a welkestablished laboratory approach for relatively quick smakH
scale production, allowing screening of various rAAV constructs by simply changing
one or two plasmids. Albeit this method is used for prodction of material for many
clinical trials, adherent cell cultures suffer from poor scalability due to the twe
dimensional growth limitation, as opposed to suspension cultures that can expand
in three dimensions. For instance, just a single preclinical sty for Duchenne
muscular dystrophy (DMD) would require 125025000 Corning 10Cell[STACK
devices for production, equvalent to up to 2 million 10 cm-dishes, assuming three
cohorts of three patients and the currentlytested DMD doses ranging from 5x10
to 5x1014 vg/kg (Deng et al., 2022; Merten, 2016)Other AAV based drugs that are
applied intravenously, are similarly dosed, e.g. Zolgensma 1.1%#®g/kg. Notably,
downstream processes for these GMP grade, highly purified doses have a limited of
up to efficiency 6580 %, but due to requirement of multiple purification steps,
recovery rates are often only between 85 %. That means with a current upstream
process which can achieve a crude titre of up tox104 vg/ L and a 5kg weighting
infant, about 10 to 100L cell culture would be required per treatmer (Clément,
2019; Florea et al., 2023; Zhao et al., 2020)hese calculation examples demonstrate
scaleup difficulties and limitations of adherent systems, but also the general
demand for scalable production (and purification) methods and their improvement
even with current suspensioncell-basedbioreactor processes.

The utilisation of suspension cell cultures for rAAV production is one step towards
achieving better scalability. Triple transfection of suspension cultures offers similar
advantages and disadvantages to transient transfection of adherent cultures, such
as versatility and the ability to quickly exchange plasmids. However, plasmids are
required, which can be a significant cost factor in largscale current Good
Manufacturing Practice (cGMP) quality production(Cameau et al., 2019; Merten,
2016). However, unlike adherent systems, suspensidoased approaches can be
scaled up instead of scaled out. For examplBurocher et al. (2007)demonstrated
the scalability of rAAV2 production using 293F cells in bioreactors, which allowed
for process regulation and increased titresGrieger, Soltys, and Samulski (201@&)so
showed the feasibility of largescale production with transient triple transfection of
293F cells in a 20 L wave bag reactor. Compared to adherent triple transfection,
suspension cultures generally use serunree, chemically defined medium and
polyethylenimine (PEI) as a transfection agent, instead of media containing
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animal-originated serum and calcium phosphate as transfecting agent for the
plasmids, which are often applied inan approximately equal molar ratio. Initially,
the achieved titres per cell in suspension cultures were only a tenth of those
obtained in adherent production, at 1.4x18 vg/ cell (Park et al., 2006) However,
Grieger et al. (2016) developed a HEK293 suspension cell line, cultivation and
transfection protocols that increased specific production to 1x1®vg/ cell, matching
the specific titres achieved with adherent triple transfection. Moreover, the
volumetric titres in suspension cultures are even higher due to the higher cell
densities (Clément, 2019; Kotin, 1994) With their optimized cell lines and
procedures, crude titres exceeding 21011 vg/ mL can be achieved today. Extensive
research is carried out to optimize transfection agents, media, cells, PEI to DNA
ratios, plasmid ratios and many more variables of the transient transfection process.
However, high production costs, moderate yields, andnited scalability still remain
challenges for transient transfection systems, particularly for the production of
future mainstream therapeutics. Nevertheless, the inherdn flexibility of the
manufacturing method makes it potentially appealing for individual therapies and
less prevalent diseases, which includes many genetic diseases. Further, as of today,
it has high relevance due to its long establishment and current use a multitude of
ongoing studies(Clément, 2019; Merten, 2016; Zhao et al., 2020)

For the sake of completeness, it is worth mentioning notransfection-based
alternatives for large-scale production. These alternatives can be broadly divided
into two approaches. The first approach involves infection with other viruses, such
as herpes sinplex virus or baculovirus, as transducing vectors, effectively replacing
the use of polyplexed plasmids. In this case, the baculovirus itself serves as the
Helper function. Baculovirus systems, such as OneBac2.0, typically employ insect
cells (e.g., Sf9) wh separate baculovirus vectors encodingcap, rep, and ITR/GOI
sequences. These systems are currently capable of largeale production up to
200 L and yield high titres of >102 vg/ mL (Cecchini et al., 2011; Merten, 2016;
Mietzsch et al., 2015) Another remarkable approach is the recently presented
TESSA/TESSA2.0 production system, employing AdV as the vector to transduce
HEK293 cells for AAV production. Whereas quality and infectivity of rAAV produced
by baculovirus systems are often much worséhan HEKbased ones, the TESSA2.0
system does not only show up to 3@old higher titres than triple transfection, but
also increased infectivity with the additional advantage of better scalability
(Clément, 2019; Su et al., 2022However, the second general approach offers even
better scalability and involves the use of stably transfected cell lines, such as HelLa
or BHK, that stably express the Helper and/or AAV genes. In these cases, the
integrated genes are likely controlled byinducible promoters due to the cytotoxic
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nature of the large Rep proteins. Cell lines with only theep and capgenes integrated
are referred to as packaging cell lines, which still require plasmids for delivering
ITR/GOI and Helper functions or a Helper virus. Adding a stably integrated sequence
for ITR/GOI transforms a packaging cell line into a producer cell lenthat only
requires the infection of a Helper virus or transfection of Helper virus geng@&ucoin

et al., 2008; Clément & Grieger, 2016; Merten, 2016Another approach, which is
even more versatile and advanced, involves the stable integration of inducibtep
and Helper genes in a cell line, followed transient transfection or stable integration
of capand ITR/GOI genes for rAAV production. An example of such an approach is
the ELEVECTA Alpha Cell Line developed by Cevec, which can yield & of up to
1011 vg/ mL (Cevec, 2020)

3.3.2 Genetic Engineering of Triple Transfection Plasmids

Viruses can be turned into viral vectors by removing unessential and unwanted
OANOGAT AAO T £ OEA OEOOO0S CATTT A OTOEI TTI1U OF
this therapeutic trojan horse remain(Bouard et al., 2009) The development of the
plasmid-based, Helper virus free, transient transfection approach was mainly based
on the work of the Samulski lab, creating the three plasmids ITR/GOI, Rep/Cap and
Helper for rAAV manufacturing. Over the course of time remarkably little changes
were made to the lasic foundations and compositions of these plasmids. Initially, in
the first decade of rAAV production via transient triple transfection, most molecular
cloning efforts focused on modifying sequences between the ITRs. This was done to
exchange different GG and optimize the expression of the therapeutic DNA by
altering the sequences themself, their promoters, and 5and 3-UTRs. Recent years
have witnessed an increased emphasis on the development of new, synthetically
designed, and modified capsids, makmcap a very relevant and prominent target
for molecular engineering. This focus on capsid engineering aims to enhance tissue
specificity, making it a prominent area for molecular engineering. However, this
work primarily focuses on optimizing rAAV producion at the plasmid level to
increase vector genome (VG) titres. Therefore, previously performed changes to
plasmids for production enhancement will be presented in the following.

One of the most important improvements to the Rep/Cap plasmid for virus titre

augmentation was made very early after the firsRep/ Cap plasmids were created,

by (J. Li et al., 1997)Their exchange of promoters forep lead to the realsation that

Rep overproduction is counterproductive and even cytotoxic. Consequently, the

start codon was changed from ATG to ACG to reduce Rep78/68 expression.

| AAEOETTAITTUR A DPu DPOTITOAO xAO PDPIAAAA AT x
adenylation (pA) signal. The addition of a second p5 aimed to enhance the

expression of other AAV promoters, as the deletion of p5 had previously led to their

-44 -



Introduction

downregulation. These modifications resulted in a 15old increase in rAAV titre(J.

Li et al., 1997; Xiao et al., 1998Most Rep/Cap plasmids used in laboratories today
closely resemble the resulting pXX2 plasmid. However, many incorporate an
additional change to reduce large Rep expression, namely the deletion of most of the
promoter including its TATA box. Reconstructia of the origin of this modification,
when and by who it was carried out first, turns out challenging. It is uncertain if
plasmids patented byWilson and Xiao (1998)were the first incorporating this
change or if the idea is originated in the work of Colosi and colleagues, who also filed
patent applications for p5 deletions in 1998 Surosky et al., 1997; Georges Natsoulis,
Gary Kurtzman and Peter Colosi, 2005; Peter Colosi, 200&)ther groups, including
Woustner et al. (2002)and Grimm et al. (2003)explored similar ideas.

"OEi T AT A AT 11 AACOAO AAOOOIIATM forGefgd Rep ! 4 !
expression in one experiment and use& MMTV-LTR promoter instead of p5 in
another. Thefirst of these experiments was performed alongheir attempt of cross
packaging meaning thatrep and caporigin from different serotypes. Something that
became the default solution for all rAAV, using differentap serotypes, because
standardised useof serotype 2rep, for packaging of ITRs of serotype 2, enables very
convenient GOI exchanges. Theecond experiment, employing aMMTV-LTR
promoter instead of p5,was performed to eliminate Repmediated replication,
packaging and homologous recombination and therefore prevent wtAAV
contaminations (Grimm et al., 1998, 2003) A concern that was previously addressed
by flipping the direction of the AAV genes byllen et al. (1997) In their experiment,
Allen et al. (1997)additional exchanged promoters ofep and cap, an approach that
was performed by several groups at the tim¢Ogasawara et al., 1998; Vincent et al.,
1997). Although promising results were shown, particularly with the exchange of
the p40 promoter to a CMV promoter, these approaches did not become the
preferred methods for AAV production. As a result, interest and research in
promoter exchanges for productionenhancement were only revived recently.

For the Helper plasmid, three initial designs were suggested. The 2kB large pDG
plasmid, which contains the AAV(2) genome with its p5 substitute to the MMTFNVTR
promoter. The genes are arranged in the orderep and cap, VARNA followed by
E2Aand E4on the complementary strand. The adenoviral genes of another of these
three first Helper plasmids, pXX6, which was already mentioned above, are
arranged the same, but the plasmid does not contain the AAV genes. The third
publication presenting a Helper vius for Helper contaminant free rAAV production,
however, has a different sequence of genes and explored the individual genes more
in depth. Matsushita et al. (1998)created individual fragments of the three essential
genes and combined them to full Helper plasmids of 13Kb and 11.6kb of AdV5
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and AdV2, respectively. Fragments were combined as such that the promoters of
E2Aand E4for are next to each other and the genes are facing opposite directions,
the VARNACAT A xAO bl AAAAE4 a0 trabseribtiorovias divdcted 1 /&
towards the E4 gene. By using subsets of the three essential genes, they could also
demonstrate that only E2Aor a combination ofE2Aand VARNAor E4 are efficient

for rAAV production in 293 cells, but only the combination of all three resulted in
titres equivalent to AdV caoinfections. Further, individual genes on individual
plasmids, controlled by CMV showed thaE4orf6é was equivalent to the fullE4 gene.
Heterologouspromoters to control the AdV Helper genes were also used Blen et

al. (1997). Contrary to the Matsushita et al. (1998)publication it was found that
E4orf6, transcribed from a CMV promoter, was the only required AdV gene for rAAV
production. Notably, VARNAand E2Aindependence could only be achieved by the

use of heterologous promoters forep (MT promoter) and cap (CMV), whereby p40
mediated VP expression was not possible witk4orf6 alone. Furthermore, the use

of rep and cap split onto two individual plasmids was beneficial, which might have
been due to the proximity of MT and CMV promoter in the previoufep/Cap
plasmid. Nevertheless, the approaches of heterologous promotefdatsushita et al.
(1998) and Allen et al. (1997)did not prevail. Instead, the two most used Helper
plasmids for clinical trials are pXX6 (pXX@0, now pALDX80) and the

AT i1 ACAEATT U AOAEI AAT A P! $3&¢08 "EHERA DI OOAOO
followed by VARNA on the nonAT AET ¢ OOOAT A8 , EEAI U D! $3&
derivative, excluding further redundant sequences and reducing the plasmid size by

3 kb to 15.7 kb(Hildinger et al., 2001; Xiao et al., 1998)Among some other Helper
plasmids that have been utilized in experiments and studies, the Avigen/Agilent
pHelper plasmid is of particular relevanceasthe same or very similar plasmids are
currently available from different sources. It offers a further size reduction to
11.6kb and practically resembles the Helper plasmid described bylatsushita et al.
(1998), already patented by the same researcher&olosi, 1996)
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Figure 15 : Initial AdV Helper designs for Helper virus free rAAV production(A) Construction of

D! $ 3 & HildiAger et al. (2001). (B) Helper plasmid designs of pXX§Xiao et al., 1998)and pDG

(Grimm et al., 1998)modified schematic fromChadeuf et al. (2005)(# Q 01 AOI EA 1 .

pHelper, similarto design ofMatsushita et al., (1998)Colosi, 1996)
The lack of optimsation of these plasmids, which have been in use for decades, bares
opportunities for improvement of rAAYV titre increases and vector quality. This is for
example shown by the size reduced Helper plasmid d&immerling et al. (2016)
which achieved a >16fold increase in vg/cell to the pDG plasmid. The research of
Emmerling et al. (2016) also rediscovered the idea of previous approaches of
separatingrep and cap for individual control, cloning them into different plasmids
while also eliminating Rep78. Other groups revisited the idea of dual instead of
triple vector systems for transient transfection(Tang et al., 2020; van Lieshout et al.,
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2023). One such design resembles the design of the pDG plasmid developed by
Grimm et al. (1998)

Additional avenues for improvement include the ITR plasmid, which has seen

various changes tol BOET EUA DBOT 11T O0AORh ' 1) OANOGAT AAh
transduction efficiencies. However, the overall structure of the ITR plasmid has

remained largely unchanged from the first cis plasmids, except for the addition of

MCSs for easier exchange of GOI, prom&td A O x Al | -UARS, far éxanfple ATT O o6
by Yue and Duan (2002) Other studies have investigated altered ITRs, enabling self
complementary AAV and thereby improving transduction efficiency by eliminating

the need for second strand synthesis. Optimized ITRs could further increase

packaging and genome replication duringproduction, particularly for pseudotyped

rAAV. Moreover, Rep and capsid modifications have the potential to enhance égr

while newly discovered proteins like MAAP and AAP offer opportunities for

productivity improvement through molecular engineering. Recent research by

Galibert et al. (2021)demonstrated that MAAP variants increased AAV2 tigs by

3.5-fold while reducing contaminant packagingBrimble et al. (2022) made changes

to p5 promoter, involving introductions of spacer sequencesto prevent RBS

dependent packaging of contaminant sequences into capsids Genuinely, the

promoters of rAAV systems bare hold additional potential beyond vector payload

tissue specificity, as demonstrated earlier byllen et al. (2000)

3.3.3 Synthetic  Promoters and their Use for rAAV  Production

The utilisation of heterologous promoters for the production of recombinant
proteins in mammalian cells is common practice. For instance, monoclonal
antibodies (mAbs) are typically produced in CHO cells, where foreign promoters like
the hCMVIE promoter (referred to as CMV) or the simian virus 40 early promoter
(SV40) are used to express the heavy and light chains of the protdlRomanova &
Noll, 2018). The most commonly used promoters are constitutive and derived from
viruses. While these promoters are generally strong, they can be susceptible to
epigenetic silencing and ceicycle dependencyProsen et al., 1996; Brightwell et al.,
1997; Brooks et al., 2004; Kim et al., 2011)Furthermore, both endogenous and
heterologous promoters used for recombinant protein production can be relatively
large, which poses challenges for rAAV vector capacitiess well asalso transient
transfection due to limited transfection efficiency of larger plasmids.

In recent times, synthetic promoters have emerged as a viable alternative for
recombinant protein production, offering advantages such as smaller size,
resistance to silencing, predictable and increased transcriptional activity, and even
inducibility (Brown et al., 2014; Johari et al., 2019; Romanova & Noll, 2018)
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Typically, synthetic promoters are generated either by screening randomized DNA
sequences or by assembling publicized ciggulatory elements upstream of a
minimal core promoter (Brown et al., 2014; Ogawa et al., 2007; Schlabach et al.,
2010). Although the binding sites of transcription factors (TFs) or transcription
factor regulatory elements (TFRES) of popular promoters like CMV, widely used for
recombinant expression in mammalian cell lines, are well known, the complexity of
this promoter in an organism that evolved to reproduce in various species and
tissues is immense(Coulon et al., 2013; Sinzger et al., 2008; Stinski & Isomura,
2008). Hence, CME& activity in different cells and tissues varieQin et al., 2010)
Synthetic promoters offer the ability for increased transcriptional control in a
certain cell type by analysis of available TFs or the activity of TFREs. Based on this
concept, our laboratory has conducted bioinformatic analysis and screening of
active TFREs, leading to the discovery of novel compositions of TFRE blocks. This
has resulted in the creation of synthetic promoter libraries that encompass
relatively small promoters with variable activity, up to 2.2 or 2.5 times higher than
CMV(Brown et al., 2014; Johari et al., 2019)

To screen TFRE activity, heterotypic promoters with 6 or 7 copies of the same TFRE
are employed upstream of a minimal core promoter, usually derived from CMV.
Pre-selection of TFRESs for testing is done through various bioinformatic analyses,
usually based on RNA sequencing combined with TF binding prediction upstream of
relevant genes. Transcriptional strength can then be measured by detection of a
reporter protein such as GFP or the secreted alkaline phosphatase (SEAP). The use
of homotypic promoters in different cell lines enables screening for specificity. By
combining TFREs into heterotypic promoters, synthetic promoters with various
properties can be created(Brown et al., 2014, 2017; Johari et al., 2019; Johari,
Mercer, et al., 2021; A. O. Johnson et al., 2022)

Different heterologous and synthetic promoters are regularly used for defined and
even tissuespecific expression of the therapeutic gene packaged in rAAChai et
al., 2023; Greig et al., 2021; Nieuwenhuis et al., 2023; Skopenkova et al., 2021)
However, the use of heterologous promoters to enhance rAAV production is
currently limited and has mainly been explored in the past or with alternative
expression systems, such as the baculovirus system and stable cell lines, rather than
for transient triple transfection of HEK293 cellgJ. M. Allen et al., 2000; Cevec, 2020;
Grimm et al., 1998; Mietzsch et al., 2015; Ogasawara et al., 1998; Qiu & Pintel, 2002;
Reed Clark et al.,, 1996; Su et al., 2022pnly recently, there has been renewed
interest in modifying AAV promoters for transient transfection systems, as
demonstrated by the modifications to p5 byBrimble et al. (2022) and the use of a
tetracycline-regulated capsid expression system b®hba et al. (2023) Therefore,
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the consideration of synthetic promoters for regulated gene expression oép and
cap, as well as Helper genes, holds promises for enhancing rAAV production.

3.34 Use of Small Molecules for rAAV Manufacturing

Small molecule chemical additives have been recognized for their ability to enhance
recombinant protein production in biopharmaceutical manufacturing processes.
The addition of chemicals can significantly improve a cell's biopharmaceutical
production capabhilities, although the effectiveness varies depending on the specific
cell line, process, and producftM. J. Allen et al., 2008; Johari et al., 2015; W. C. Yang
et al., 2014) For example, a study byrang et al. (2014)demonstrated that the
addition of valproic acid (VPA) to antibodyproducing CHO cells resulted in
significant increases in one cell line but had no effect on anothdt is important to
note that the concentration and timing of chemical administration are critical
variables that need to be optimized.

Other well-known additives and their intended functions include the use of sodium
butyrate (NaBu) as histone deacetylase inhibitor, chemical chaperones like
tauroursodeoxycholic acid (TUDCA), or proteasome inhibitors like MG13Qdiang &
Sharfstein, 2008; Kusaczuk, 2019; Mitchell & Samulski, 2013lowever, often the
cause of effect for many of these additives remain unknown, especially since large
screening panels of small molecules are in ugd. Chang et al., 2020)or instance,
the addition of different peptones is believed to not only influence the availability of
amino acids or peptides but also affect the regulation of transcriptional and
translational processes in various manners(Pham et al.,, 2005) The popular
cryoprotectant dimethyl sulfoxide (DMSO) can also be used as an additive to
enhance protein production. However, the cellular mechanisms underlying its
effects are diversesimilar to those of many other small molecule additives. These
mechanisms include effects on glycolysis enzymes, induction of GO/G1 phase,
chaperone proteins for PTMs, and morélJ. Li et al., 2006; €H. Liu & Chen, 2007)

It has long been recognized that chemicals can also impact the production of AAV.
As early as 1988,Yalkinoglu et al. (1988) demonstrated that the addition of
metabolic inhibitors causing genotoxic stress could substitute for the Helper virus
in AAV's genomic rescue and replication. In 199€gerrari et al. showedthat hydroxy
urea stimulates second strand synthesis and therefore AAV transduction und
production by its effects on the cells. Further, rAAV small molecule studies were
carried out searching for chemicals to increase the efficacy of the vectditchell
and Samulski (2013) studied proteasome inhibitors and Nicolson et al. (2016)
performed high-throughput screenings, identifying vector specific transduction
enhancements of different chemical groups, with epipodophyllotoxins being found
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to be most effective. Additionally, attempts have also been made to use small
molecule additives for production. Yu et al. (2021)demonstrated up to 10fold
increased VG titres can be achieved by adding salts like NaCl and KCI. Interestingly,
the effects were not due to changes in osmolality, but were rather thought to be
caused by cellular changes creating a favourable cellular éronment for AAV
production. However, these beneficial results were specific to their HShased
platform and could not be replicated in a transient context, highlighting once again
the individuality and process specificity of chemical additives. In the cdext of
transient, PEtmediated transfections for rAAV production,Hildinger et al. (2007)
demonstrated that, in addition to the large benefits of media optimisation the
addition of soy peptone could increase AAV yields by 38.

Although small molecules show encouraging effects for rAAV production, the use in
manufacturing is not as established as it is for recombinant protein production.
Nonetheless, many process development challenges are transferable to the more
complex rAAV pioduction. Therefore, employing chemical screenings to modulate
cells into optimized virus factories, akin to the functions of Helper viruses,
represents a sensible step for implementing and optimizing a manufacturing
process for high virus titre rAAV prodtction.
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4  Aim

The primary objective of this research project was to enhance the production of

recombinant adencassociated viruses (rAAV). To achieve this goal, a novel plasmid
system was to be developed for use in the widely employed transient triple

transfection methodology within rAAV manufacturing processes.

The main task of this work was thegenetic engineering the Rep/Cap and Helper
plasmids, utilizing tools and principles derived from synthetic biologyThe design
criteria for these plasmidsincluded two crucial aspects(i) enhanced flexibility to
facilitate subsequent genetic modifications andii) the ability to independently
manipulate their constituent genes These prerequisites should lay the foundation
for a majority of the work and the overarching strategy of the projectexerting
control over the individual genesof the system through the utilsation of synthetic
promoters. As an integral part of thisendeavour, these promoters were to be
engineered to optimize the relative quantities of the system's components.
Ultimately, the system was supposed to be finetuned and balanced on
transcriptional level, aiming to reduced manufacturing costs by yielding higher
quantities and potentially enhancing the quality of rAAV production.

As part of a larger research effort, this PhD projecinvolved two additional
researchers for a portion of its duration. Consequentlythis thesisfocuses primaiily
on the optimisation of the Helper plasmid.

-B3-



Aim

-54-



Material and Methods

5 Material and Methods

Experiments were conducted with the following methods if not indicated otherwise.

5.1 Bacterial and Molecular Biological Methods

Molecular genetic work and required DNA engineering is commonly performed in
the bacterial organism Escherichia coli(E. col). Cultivation, cloning, and other
methods involving this bacterium and the manipulation of DNA are described in the
following.

511 Cultivation of E. coli Cultures

Amplification of plasmids was performed with cultures of Escherichia coli. For

Helper plasmids the strain NEBstable (NEB) was used, all other plasmids were

Al Pl EEZEAA ET $(uvy j)1T OEOOT CAT gs8

Cells were grown on LB agar medium supplemented with the appropriate antibiotic

in 10 cm plastic petri dishes for single colony selection after plasmid transformation

into the bacterial cell. Plates were incubated at 37°C overnight, about B &I O $ ( v |
cells, and about 2th for NEBstable cells.

Bacterial suspension cultures for plasmid isolations were grown in 5L centrifuge

tubes in 10mL of LBbroth supplemented from 1000x stock solutions with the
corresponding antibiotic for small scale (miniprep) or 30 mL in a 250mL glass
Erlenmeyer flask for medium scale plasmid preparations (Midprep). Cultures were

incubated at 37°C for 15to 1E | $ ( v 4 @ 24ih QNEBstable) in a shaking
incubator (Infors) at a speed of 200pm.

5.1.2 Creation of Chemically Competent E. coli Cells

Transformation competent E. colil £ OEA OOOAET $(uvy xAOA
Invitrogen. However, cells from the strain NEBstable were purchased only once and
afterwards propagated and in house chemically prepared to make them competent
for plasmid uptake. Therefore, cells were taken from the purchased cryaulture and
an overnight pre-culture was grown in 5mL LB broth at 37°C, 200pm orbital
shaking. For the main culture five times 100nL LB broth in glass 1L Erlenmeyer
flasks were inoculated with 1mL starter culture each. Incubation was performed as
per usual. OBoo was measured hourly up to an Oéo of 0.2. Afterwards the culture
density was determined every 20min. At an OBoo of 0.35 to 0.4 the cultures were
put on ice immediately and cooled for at least 2fhin. Cells were afterwards spun
down at 4°C and 3000xg for 15min in 50 mL centrifugation tubes. After discarding
the supernatant, cell pellets of each tube were washed with 2QL sterile, ice cold
100 mM MgCI2 solution and combined into eight tubes tdrwards (50 mL each). A
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spin at 4°Cand 2000xg for 15min was carried out to pellet the cells again, the
supernatant was discarded and the cells in each tube resuspended in Bl sterile,
ice cold 100mM CacCl2 solution. Another spin at 4°@nd 2000xg for 15min was
carried out and cells resuspended in a total of 5L of sterile, ice cold 85mM CaCl2
solution with 15 % glycerol. The suspension was split into two 5@nL centrifuge
tubes and spun at 4°@nd 1000xg for 15min. The resulting supernatant was
decanted, and the cell pet resuspended in 2mL of the previous solution. 50uL
aliquots of the cell suspension were transferred into 1.51L reaction tubes and
immediately frozen in a small vessel with liquid nitrogen. Competent cells were
stored at-80°C.

5.1.3 Sterilisation of Bacterial Media and Laboratory Equipment

Media and solutions that needed to be aseptic were sterilised in an autoclave for
30 min at 121 °C and a pressure 1.0bar. Pipette tips, plate lids and other laboratory
equipment that required sterility were treated the same way for 20min. The
autoclave was run by a technician, who also placed any goods that were required to
be dry, e.g. pipette tips, in a drying cabinet overnight.

514 Isolation of Plasmid DNA

Plasmid DNA from E. coli was isolated with Qiagen Plasmid Plus Midi or Maxi kits

A1 O | AAEOI OAAT A POAPAOAOGEIT O AT A 1EACAT 860
OAAT A POADPAOAOGEIT 108 4EA POl AAAOOAOG xAOA AAOO
protocols. For molecular cloning purposes Miniprep plasmid isolations were used,

which were eluted in 30uL of the kits EB buffer. Plasmid preparations for

transfections of mammalian cells were always performed with Plasmid Plus Midi or

Maxi kits. For the elution step100 uL and 400uL of the kits EB buffer were used.

The incubation step of the elution buffer was prolonged in all cases torbin for

higher yields. Dilutions of the plasmid solutions for transfections were prepared

with TE buffer (pH 7.4).

5.15 Agarose -Gel Electrophoresis

DNA fragments were separated via agarosgel electrophoresis. Gels were prepared
with 1 to 2.5% w/v of agarose in 70mL TAE buffer (8.3 pH). Analytical gels were
loaded with 20uL of a mixture of DNA containing solution and 6x loading dye.
Preparative gels with 60uL of this mixture. The agarose TAE solution was heated in
a microwave until boiling. For DNA staining uL of ethidium bromide were added
to the gel after the solution had slightly cooled down. The gel was poured into a
plastic tray with detachable rubber ends tray for agarose gel casting. To create
larger and smaller well sizes, different combs were used during the gel casting.
Polymerisation proceeded for a minimum of 30min at room temperature.
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Afterwards, the gel was placed in the running chamber filled with TAE buffer and
the samples as well as 4L of the DNA size marker (1kb or 100bp HyperLadder,
Bioline Reagents) were loaded into the wells. The separation proceeded for at least
40 min at a constant voltage of 120/. Ethidium bromide-stained DNA bands were
visualised on a blue light table DNA fragment excision or in a UV transilluminator
(ImageQuantRT ECL Imager, GE Healthcare) for image capturing.

5.1.6 DNA Extraction from Agarose Gels

DNA fragments were extracted from gels with the QIAquick Gel extraction kit from
Qiagen. Therefore, the respective bands were cut out with a scalpel from the gel, the
gel piece was then transferred into a 2nL reaction tube and weighted. All following
steps were carried out according to the manufacturers protocol and the DNA eluted
in 20 pL of the kits EB buffer.

5.1.7 PCR

For DNA amplifications by polymerase chain reactions Q5 higfidelity polymerase
(NEB) was usedTable 1 lists the reaction mixture concentrations and volumes.

Table 1: Ingredients for 50 uL Q5 HF polymerase chain reaction.

Component Concentration Volume / pL

Q5 2x MM 2% 25

Forward primer 10 uM 2.5

Reverse primer 10 uM 2.5

DMSO 100 % 1-25
Variable _

Template DNA Variable

(0.002-0.2ng/uL)
Add to 50puL total
volume

HPW -

DMSO (final concentration up to 5%) was only used if previous optimisation PCR
attempts were not useful.Table 2 shows theutilised thermal cycler programs.
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Table 2: Temperature profile of Q5 PCR programsf regular and touchdown (TD) gradient variants.
Tmanneal= annealing temperature of primer w/o overhang

Temperature / °C Duration / s
Step TD TD
regular _ regular .
gradient gradient
Lid heating 115 115 Permanent Permanent
Initial denaturation 98 98 60 60
Denaturation 1) TD:10 x 98 98 6 6
1) Annealing -1°Cper cycle Tmanneal 1) 10°C>Tm 20 20
2) Annealing 2) TD:25-30 x 2) Tmanneal
Elongation atTm 72 72 20 perkb 20 per kb
Final extension 72 72 120 420
Storage 4 4 H H

5.1.8 PCR Cleanup

To remove buffer, dinucleotides, primers, and the polymerase enzyme from the

o#2 OAAAOQETT O11 OOET 1 Purifidatdr Kif a® usdd) ThEOEAE 0 #
i ATOEAAOOOAOBEO ET OOOOAOO xAOA A&l jLiofthre AA AT A O
EEO6O w" AOAZAAOS

5.1.9 Determination of DNA Concentrations

DNA purities and concentrations are determined by the UVis-spectrometer
NanoDrop Onewith 1 pL of sample. DNA concentrations were measured at 26n,
where DNA shows an absorbance peak due to its base pairs. In contrast, proteins
show an absorbance maximum at 28@m due to their aromatic amino acids. Thus,
the ratio of the absorbance at 260 and 288m can be used to verify the purity of a
DNA sample.

5.1.10 DNA Restriction Digest

Restriction enzymes to cut DNA plasmids and fragments were purchased from NEB.
Reactions were carried out with up to lug or up to 4ug DNA in volumes of 2@L for
analytical digests or 50uL for preparative digests, respectively. The reaction mix
contained corresponding volumes of the for the specific enzymes required buffer
(normally rCutSmart Buffer), ddH20 and no more than 19 of enzyme solution.
Reaction times were chosen according to the enzymes either &iin or 60 min.
Digests were performed at 37C if not stated otherwise by the enzymes
manufacturer.
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5.1.11 5 éDephosphorylation of Vector DNA

To reduce selfligation of vector backbones, especially of blunt end cut constructs,

OT 1T A $.1 AOACI AT OO xAOA AADPEI OPEIT-OUI AOA
AAPEI OPET OUI AOETT xAO PAOA&ZI Oi AA AU AAAET C
Phosphatase to the resiction digest mix. After an incubation of 30 min to 60min at

37 °C the reaction was stopped with a heanactivation at 80 °C for 2min.

5.1.12  DNA Ligation

&1 O 1ECAOETT 1T &£ Ox1 DOOEAEAA $.! AEOACI Al Oc¢
reaction volume of 20puL, 1pL of enzyme and 3L of the T4 DNA ligase reaction

buffer (10x) were utilised. The reaction was performed with a total of 100hg DNA

in a ratio 3:1 insert to backbone. Necessary DNA amounts are calculated with the
NEBioCalculator online tool. Incubation was carried out at room temperature for

10 min for sticky end reactions or for blunt end and difficult constructs at 16C

overnight. Preparation of the reaction mix was always prepared in 0.2hL or 0.5mL

reaction tubes on ice.

5.1.13 Chemical Transformation of DNA into E. coli

To transform plasmid DNA inE. colicells, 2uL of the ligation mix or in case of
retransformation 100 pg z 100 ng (usually 10ng) of purified plasmid DNA were
added to 50puL chemically competent cells in a 1.BL tube. After gentle mixing cells
were incubated for 20min on ice. Subsequently, the cells were heat shocked at 42
for 45 seconds. Directly afterwards 45QuL of SOC or NEBstable outgrowth medium
were added, and the mixture was incubated for b at 37°C and 850rpm in a thermo
mixing block. Then 100uL of the culture were platedout on an agar plate containing
the required antibiotic for overnight incubation. For difficult transformations the
transformation culture was spun down at 5000xg for 5min and resuspended in
100 pL to use all cells for plating.

5.1.14  DNA Sequencing

Plasmid sequences were confirmed by DNA sequencing. The service was either
carried out by Eurofins or Genewiz (Azenta). The received sequencing data was
compared with the digitally planned and created plasmid map in the software
program SnapGene.

5.1.15 In Silico Creation of DNA Sequences

Plasmids, primers, and synthetic DNA fragments were designed in the software
SnapGene. For the creation of primer sequences the NEB Tm Calculator tool was
OO0OAARh AO xAl1l AO 4EAOIT &EOEAO 3AEAT OEEEAG
presence of primer dimers, seltbinding, and secondary structures. Primers used for
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SDM reactions were created with the tool NEBaseChanger. Primers for Gibson
Assembly like reactions (NEB HiFi Assembly) were planned with the tool NEBuilder.
Primer sequences were subsequently listed and saved in an Excel sheet, as well as
entered in the acording plasmid maps in the SnapGene software.

5.1.16  Molecular Cloning with NEBuilder HiFi DNA Assembly and
Site - Directed Mutagenesis

The NEBuilder HiFi DNA assembly kit is used for Gibson Assembly cloning
ADPDOT AAEAOS8 -DiredteddMdtagenesiskiEviadused for altering DNA with
an SDM cloning approach. The procedures were carried out according to the

s~ A o~ N

the fragments varied. The required DNA amounts were calculated with the online
tool NEBiocalculator.
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5.2 Mammalian Cell Culture and Analytical Methods

For the production of rAAVs and its optimisation transiently transfected HEK293
cells were used. Promoters were tested in HEK as well as in CHO cultures, which
were also used to produce SARSOV?2 spike protein.

All mammalian cell cultivations were carried out at 377C with 5% CO2. Transfected
cultures in 24-well plates or in 50mL TubeSpin bioreactor tubes were cultivated
with humidification to 80 % relative humidity and shaken at 230rpm (25 mm
throw). The shaking speed for larger cultures in Erlenmeyer flasks was 20Pm
with a 25 mm throw or 140 rpm with a 50 mm throw.

5.2.1 Cultivation of HEK Cells

Two different types of HEK293 suspension cells were provided by REGENXBIO. A
polyclonal cell line (HEK SKMB), and a monoclonal cell line (HEK 4B2A4). Both
REGENXBIO HEK cell lines were cultivated in Dynamis medium (Gibco)
supplemented with 6 mM Glutamine (Gibco). HEK 29F cells (Thermo Fisher) were
cultivated in Freestyle medium. Expi293F cells (Thermo Fisher) were cultivated in
Expi293 expression medium (Gibco). CHO K1 cells (Lonza) were cultivated in-CD
CHO medium with 8mM Glutamine. All cell lines wre cultivated as described irb.2
and split on a threeday basis. For the routine passaging cells were diluted to 0.2 or
0.3x106 vc/ mL. The regular culture and vessel volumes are listed irable 3.

Table 3: Tissue culture vessels working volumes and growth areas

Cultivation Volume medium | Cultivation Volume medium
vessel / - / mL vessel / - / mL
24-well plate 0.77 E125 Flask 30
50 mL TubeSpin 5 E250 Flask 60
50 mL TubeSpin 10 E500 Flask 120
5.2.2 Creation and Thawing of Cryo - Stocks

For long term storage of mammalian cells, the viable cell density of cultures in
exponential growth-phase (three days after passaging) was measured and the
cultures then spun down at200 xg for 5min. The supernatant was discarded, and
the cell pellet resuspended in 4C cold culture medium supplemented with
10 % v/iv DMSO. The volume of the of the DMSO containing medium was chosen to
adjust the viable cell density to 1x10cell/mL. Aliquots of 1 mL of the resulting
suspension were prepared in cryovials, which were placed into an isopropanol filled
Mr. Frosty Freezing container that guarantees a continues temperature decrease of
-1 °C/min. The filled freezing container was then placed ia-80 °C freezer for 24h.
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Afterwards, the cryovials were transferred into a liquid nitrogen tank for long term
storage.

To thaw cells taken from the cryostat container, the vial was placed into a 3T
warm water bath until the cell suspension was fully thawed. Further, the
cryopreserved culture was transferred quickly into a 125mL Erlenmeyer flask
containing 30 mL pre-heated culture medium.

5.2.3 Determination of Cell Density and Viability

Ordinary measurements of cell density and viability of mammalian cultures were
carried out with a ViCell automated cell counter (Beckmann). The device detects
dead cells by trypan blue staining and distinguishes cells from debris and other
impurities according to parameters set by the manufacturer. If necessary, samples
were diluted with medium or PBS up to a factor of 1:4. HEK cells that needed to be
dissociated for cell counting due to heavy clumping were sampled into a InfL
reaction tube and mixed withan equal volume of Accumax (Thermo). The mixture
was incubated for 20min at 37°C and 140rpm before the cell count. The final
volume of diluted and undiluted samples loaded into the cell counter was 554.

5.2.4 Transfection Efficiency Measurement

To get an idea of how effective the uptake of transfected plasmids was, GFP
expression of cells was determined either by flow cytometry or with a CountessFL

automated cell counter (ThermoFisher). Flow cytometry was carried out by the

Ol EOAOOCEOUB8O &A1 T x AUOI T AOCAO AT OA xEOE Al
(Applied Biosystems) until its abolition. For GFP measurements with the Countess

cell counter, 10uL of sample, if necessary diluted with PBS up to-f8ld, were

ET EAAOGAA ET O O rd&tiridjel OreAldoienceBainGiastadj@odh

either by the device automatically or manually with the reference being a sample of
non-transfected cells.

5.3 rAAV Production in HEK Suspension  Cells

Recombinant production of AAVs in HEK cells was performed in different culture
volumes by PEIpro mediated transient transfection.

53.1 Transient Transfection

Cultivated HEK cells were seeded in a new vessel one day before transfection at
2.2x106 ve/mL (viable cells per millilitre). On the day of transfection, cells grown to
4.5-5x106 ve/mL were transfected with a total of 0.63ug DNA per 10vc if not
mentioned  otherwise. The regular plasmid ratio was 2:1:0.1
pHelper : Rep Cap: ITR/ GOI. However, plasmid ratios were changed during the
course of this work. Changes are mentioned in the result chapters accordingly and a
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final ratio of 2:1:0.5 was used for the final sets of experiments. The DNA to PEI ratio
was 1:1.75 in all cases. PElpro (Polyplus) and the DNA mix were mixed with
Dynamis medium (Gibco) in separate tubes, before combining DNA premix and PEI
premix. The conbined transfection mix had a volume of 186 of the cultivation
volume. The PEI premix was always added to the DNA premix. Afterwards the
solution was mixed by vortexing for 35 seconds, followed by an incubation of 10 to
15 min at RT. The incubated mix wathen added to the cells, which were cultivated
for three days.

Transfection conditions for GFP measurements to determine promoter strengths
deviated. Here the premix of DNA and the premix of PEI were created with 150M
NaCl (Polyplus). The transfection mix was only incubated f@rmin, 0.8ug DNA per
108 vc and a DNA to PEI ratio of 1:3 was used, in accordancelthari et al.(2022).

5.3.2 Small Molecule Addition

The addition of small molecules to transfected cells was performed as stated in
(Scarrott et al., 2023) If not otherwise stated, supplementation was carried out #
post transfection. In DMSO dissolved chemicals M344 (59M) and Nocodazole
(10 mM) were diluted 1:100 to 500uM and 1pM in Dynamis medium prior to
adding them to the cultures for final concentrations of 2.pM and 4uM,
respectively.

5.3.3 Cell Harvest and Lysis

For rAAV production, cultivation was terminated three days after transfection. To
lyse the cells and keep the viruses released to the medium, samples of 4&0were
taken from the cell suspension and transferred into a 1.B1L tube containing 50uL
of 10xlysis buffer. The lysis was carried out at 37C and 230rpm for 1 h with the
tubes horizontally placed in a tube rack in the incubator (2%nm throw). Tubes were
vortex heavily before and after incubation. Afterwards, the cell debris was separated
by centrifugation at 4°C, 13000xg for 10 min.

534 DNase | Digest of rAAV Samples

DNA not protected by AAV capsids was digested with @bk | prior to ddPCR
measurement of genomic rAAV titres. Therefore, BL of the lysed samples
separated from cell debris were mixed into 4L of DNasel reaction master mix.
The master mix contained UL of DNasel (Roche), 5uL 10x DNasel reaction buffer,

5 uL of 1% Pluronic F-68 (Gibco and 33 L of nucleasefree water per sample. The
reaction mix was incubated for 1h at 37°C in a PCR machine. Overnight storage was
performed at 4°C if necessary, othevise samples were stored long term at20 °C.
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5.3.5 ddPCR for Determination of Viral Genomic Copy Numbers

Genomic rAAV tities were determined by droplet digital PCR (ddPCRRE OE " ET 2 AA8 O
Supermix for probes At first, lysed and consequenthDNasel digested samples were
diluted 1:4000 with a PCR buffer mix containing one part 10RCR buffer Applied
Biosystemg, one part 1 of 1% Pluronic F-68 (Gbco), and eight parts nucleasdree
water, as well as 0.2ug per mL singlestranded salmon sperm DNA. L of diluted
sample were then pipetted into 18uL of ddPCR master mix. The master mix
contained 10uL ddPCR mixdr probes (BioRad), 5uL nucleasefree water and 5uL

of a primer probe mix. This primer probe mix constituted of 4QuL forward and

40 pL revers primers (100uM), as well as 1QuL of the probe solution (100uM) and
910 pL nuclease free water per mL. Primers and probes amplify or bind to the polyA
signal sequence of the rAAV genome, respectively. Droplets were generated in the
QX200 droplet generator (BioRad) using the whole 2QL of the sample in the middle
well and 70 uL of droplet generation oil for probes (BioRad). After the liquids were
sucked through the microfluidics of the cartridge, 4QuL of the oil solution containing
the aqueous micro droplets, were transferred into a ddPCR 96ell plate (BioRad).
After all samples were loaded into the plate the plate was heat sealed and placed
into a C1000 Touch Thermal Cycler PCR machine (BioRad)€eTCR program was
run as described inTable 4. Next, the plate was put into the droplet reader CX200
(BioRad) and the samples were processed by it. For analysis, a manual threshold
was set at the fluorescence value 850 for all samples, dibplet events below were
regarded as negative.

Table 4: ddPCR thermal cycling conditionsfor quantification of genomic copy numberswith the
BioRadsupermix for probes.

Step Cycles Temperature / °C  Duration / min
Enzymeactivation 1 95 10
Denaturation 40 95 0:30
Annealing/extension 57 1
Enzymedeactivation 1 98 10

Hold cooling 1 12 >30

All titre measurements were performed with crude lysates to avoid sample to
sample variations due to purification yielddifferences.

5.3.6 AAVS8 Capsid ELISA

Measurement of capsid titres was performed with the AAV8 Titration ELISA from
Progen. Samples were diluted 1:5000 to adjust their virus content to be in the linear
OAT CA T &£ OEA OAOOGEO OOAT AAOA AOOOGA8 4EA 1 ATC
and thehorseradish peroxidase catalysed colour reaction of TMB, halted by sulfuric
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acid, was then measured in a SpectraMax iEE®24 plate reader (Molecular Devices)

at 450nm, as wellasat650 | 8 &1 O Al OOAAOQEI1T 1 &£ OEA 4-
450 nm, the absorbance value at 656m was subtracted, as advised by the
manufacturers protocol.

5.3.7 Determination of Promoter Strength through GFP
Expression

The method was conducted as described idohari et al.(2022). To summarise, cell
densities were adjusted to 1x10vc/mL the day before transfection in 10mL of
fresh medium. The transfection was then carried out with §ig plasmid DNA and
24 uL PEImax. 4& posttransfection GFP expression was measured with an iD5
microplate reader as described.

For the HEK promoter constructs instead of 1@nL, 5mL culture were transfected
with PElpro instead of PEImax, DNA and PEI concentrations and ratios were
unchanged.

5.3.8 Measurement of mMRNA Transcript  Levels

MRNA transcripts of the adenoviraE2Aand E4(orf6+0rf6/7) genes were measured

by ddPCR. First, cell pellets of 650aL culture 72h post-transfection were created

through a 5min spin at 300xg. The pellets were then resuspended in 150L
RNAlater (Thermo Fisher Scientific), stored overnight in at 4C and then transferred

for long term storage into a-80 °C freezer. The stored cells thawed on ice, diluted

with 250 pL PBS and then spun down for Bin at 600 xg. The resulting pellet was
resuspended with RLTAOAZEAO 1T £ 1EACAT 80 2.1 AAOGU bi O
2-mercaptoethanol as recommended by the manufacturer. Cell lysis was performed

with a QIlAshredder. Therefore, the resuspended cells were transferred to the
QIAshredder column and spun at 2100&g for 3 min. Thereupon, the protocol of the

Qiagen RNAeasy plus RNA extraction kit was followed strictly. For the elution step

50 puL RNasefree water were used. The elution was then further purified with a NEB
Monarch RNA Cleanup Kit (50 pg). The manufactures gozol was followed with

the addition of a second spin to dry the column. The eluted RNA was diluted to

100 ng/pL and then aliquoted and stored at80°C.

&1 O T AAOCOGOAT AT O 1T &£ OEA OAOPAAOEOAY@AT AOG
total RNA adjusted samples were thawed and diluted 1:1000 with RNASeee water.

2A, 1T &£ OEA AEI OOEIT 1 0 xAO%ep@HAACR KkRéversex EOE "
transcribed cDNA copy numbers of E2A were measured with a FAEbelled probe,

E4 (orf6+6/7) copy numbers with a HEXIabelled probe. Thermocycler conditions

were used as shown iTable5.
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Table5: One-Step RFddPCR thermal cycling conditions.

Step Cycles Temperature / °C ~ Duration/ min
Reverse transcription | 1 50 60

Enzyme activation 1 95 10
Denaturation 95 0:30
Annealing/extension 40 55 1

Enzyme deactivation 1 98 10

Cooling 1 12 >30

5.4 Statistical Analyses

Statistical Analyses were performed with the software Graph Pad Prism.
Comparison of means of two populations werperformed with unpaired, two-tailed

t tests. Multiple means were compaed by ordinary oneway ANOVAwith Tukey
post-hoc analysis for multiple comparison of meansSignificancesin figures are
indicated as asteriskswith P <0.05=*; 0.005 =**; 0.0005 = ***; 0.0001 = ****,

5.5 Materials

Lists of theused materials and equipnment can be found in8.3.
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6 Results and Discussion

6.1 Examination and M odification of the Helper Plasmid
and its Components for | mproved rAAV Production

A primary objective of this work was he aeation of an innovative Helper plasmid

with enhancedcharacteristics for rAAV production. Through genetic engineering

the aim was to analyse the current Adenovirus (AdV) Helper plasmid modernise,

simplify, and modularise it, in pursuit of improved rAAV production qualities, with

a specific focus on greater recombinant virus genontgres. The starting point was

OEA xEAAT U OOAA D! $3&¢h xEEd& twh AcCade® AT AET A
Despite being3 kb smaller than the other highly popular Helper plasmid, pXX§

P! $ 3 &apge Gize of 15.&b poses challenges for plasmid uptake in transient
transfection (Hildinger et al., 2001; Kreiss, 1999; Xiao et al., 1998Fonsequently,

the intention was to streamline the plasmidd O O O Odolddapdx @Ats essertial
components for high-titre rAAV production, while also enhandng its functionality.

6.1.1 Assembly of  Essential Helper Sequencesto  Create an
Advanced and More Versatile Basis Plasmid

To maximize virus production and optimise the Helper plasmid, essential genes and

CAT AGEA AT Ai AT 00 T £ OEA P! $32&¢9 (AI PAO PI A
determined. EXxisting literature establishedVA RNAE2A andE4 as essential AdV5

Helper geneg(Ferrari et al., 1996; M. M. Huang &earing, 1989a; Muzyczka, 1992)

Despite this knowledge, the commonly used Helper plasmids still contain additional

AdV5 regions beyond these essential geng€olosi, 1996; Grimm et al., 1998;

Hildinger et al., 2001; Matsushita et al., 1998; Xiao et al., 1998hese extraneous

Adenovirus genes and gene fragmentare likely just artifacts from the creation of

the first Helper plasmids and result from cloning the AdV genome into a plasmid

vector. Some of these genes were excluded, while others remained, possibly due to
technical limitations, even though they were known or beéved to be irrelevant for

rAAV production. Thus, efforts were made to eliminate as much of this neessential

and non-coding DNA as possible. The targeted DNA sequences for elimination from

D! $3&¢ ET Al OAAA9 j EqQ OEA , v | AEAgdedi)CAT Anh
the UXP protein, with exons located upstream of the E2E promoter, insid&2A8 O

second noncoding exon, and at the start oE2A6 O #$3h | EEEQ CAT A AC
AT AAA DP40oh ' A660 DOT OAAOAJINgONAEMAKRGERA O T £
and VAI, (iv) parts of the plasmid backbone and AdV ITR positioned upstreamEs#,

(v) the L4 coded 100K, 33K and 22K proteins located in the228 O v 542 h AT A
potentially unrequire d E4 ORF<(seeFigure 16 B).
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Figure 16: Creation of the new 1Xb Helper plasmid (Helper 1.0). (A) Plasmid map of (i) the
I OECET Al h DAOAT @ldingetet ah, 200 @) PRIM& drayyments amplified by PCF
with overhang primers containing new restriction sites for subsequent introduction and exchange
of promoters, polyA sequences and other genetic elements. (iii) Assembled Helper plasm
without promoters and poly A sequences. (iv) New 1&b Helper plasmid containing VAI, as well
as the full E4 gene,E2AAT A EUDR with &e L4 products 33K/22K, together with their

endogenouspromoterand poly! OANOAT AAOG8 j"q , ET AAOEUAA b

and thenew 12 kb Helper plasmid (Helper 1.0).
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The construction strategy of the new Helper plasmid is shown ifigure 16 A. PCR

Al bl EEEAAQEITT 1T £ AEOACIi AT OO MEOTI D! $3&ep xA
containing unique restriction sites, enabling straightforward exchanges of genetic

parts and future plasmid modifications as wellas assembly othe plasmid by Gibson
Assembly(Gibson et al., 2009) This cloning strategy made it possible to exclude all

unwanted sequences in one cloning step, instead of excision in sequential steps. The
introduced restriction sites up- and downstream of theE4and E2Agenes were then

OO0OAA O1 OAETeadbgedusprambterSbui cAnGiBo be used for further

plasmid optimisations in the future

1x101t- ns

providing a further novel feature to the
new Helper plasmid. After the ’_ET 8x1010
reintroduction of the endogenous S 6x1010 T
promoters a size reduction of 3.&b ;':E %1010
was achieved. Virus genome ties o

> 2x1010-
measured with the new, 12b large,
Helper plasmid were slightly lower with 0= !
0.86-fold of the yield obtained with Q,@‘Q Q}\”’Q\
P! A 3 &igurejl7). This decrease was Q§§ $®Q}Q

%

regarded as acceptable and recoverable
with further optimi sations, considering Figure 17: Virus genome titre per mL ofthe

that no plasmid ratio or other pAOAT OA1 Dl AOI EA P! $3
optimisation that were previously and the newly assembled 12kb Helper plasmic

A s . (1.0). Display of mean and standard deviation
| [AHS'
performed for OE A B! ndidp statistical analysis was performed as ar

were conducted for the new Helper unpaired t-test of biological replicates (n=19).
plasmid.

6.1.2 Confirmation of L5 (fiber)  Gene Redundancy

The largest fragment excluded in the new Helper plasmid contained tHeb (fiber)
gene.L5 was of particular concern, because it is known that the adenoviral féy
protein can present one of the major contaminations for downstream processings
pAdDeltaF6and pXX6lack the Major Late Promoter(MLP) responsible for driving
the expression of all lateAdenovirus proteins, including L5, this should be less of a
concern (Farley et al., 2004; Leppard, 2014) Nevertheless minor fiber protein
contaminations were still present in transfections with pXXg likely due to a cryptic
promoter upstream of the gene(Xiao et al., 1998) Consequently, the.5 gene was
excluded from the new plasmid construct providing a size reduction as well as the
potential functional improvement.
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Figure 18: Analysis of the L5 (fiber) gene including 2.&b fragment, which was excluded from the
12kb Helper plasmid. Virus genome titre fold change related to the transfection of control Helper
plasmid 0.1. Schematic depiction of 1.0 (12kb Helper) and the same plasmid with the reinsertion of
the previously eliminated sequence between th&€4c 8 AT ERABA HOT I T OAO %g %8 ! 001
POl i 1T OAOOh Al AAE AT OO DI IUDRs)but 6ok pidmAtérdaAdpslyA'sidniald Oh v
are drawn to approximate scale.Error bars display standard deviation, an unpaired test was
performed for statistical analysis of the means of biological replicates of 1.0 (n=19) and 1.0+L5 (n=4).

To investigate whether the reduction in titre was caused by the removal of the fiber

gene and whether this gene played a role in improved rAAV production in the
plasmid, theL5 gene was reinserted into the 12 kb Helper plasmid 1.(Figure 18).

A nonsignificant decrease in VG titre indicated that the previous decline was not
related to the removed L5 gene. Instead, the slight titre increase of the smaller
plasmid without the 2.6 kb fragment containing the L5 gene might suggest
moderately increased transfection efficiency. This marginal increase was further
confirmed by the addition of L5 to another plasmid construc{see appendixFigure

48). BesidesL5, a fragment ofpVIIl and the nearly full sequence folE3 12.5Kwere

still present. The results confirmed that these gene sequences, which were already
missing their upstream major late promoter, had no positive effect on rAAV
production. The reinserted sequence also contained the first exon and start codon

of the UXP protein located upstream df5, as well as itpromoter locatedin the L5

gene. UXP locates with DBP in nucleoli and VLCs, is mostly uncharacterized but
likely is associated with AdV DNA replication or RNA transcriptioiTollefson et al.,

2007; Ying et al., 2010)However, UPX does not seem to play supporting raferAAV
proliferation. Although expression was possible through the reintroduction of its
promoter and first coding exon, along with the presence of its other exons, it did not
increase rAAV titres. Given that the removal ot5 eliminated contamination
concerns and did not cause the decrease in virus genome titre, the 2.6 kb fragment
including L5 was excluded from all subsequent plasmids. The newly created 12 kb
plasmid also lacked a ~0.6 kb sequence upstreamB#AT | PAOAA O P! A3 &¢e8 |
sequence originated from the left ITR and adjacent bases of the AdV5 genome and

was not likely essential for E4 transcription, its exclusion was not considered

detrimental. On the contrary, the right ITR was included as part &4 O DB OIT I T OAO
sequence.
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6.1.3 Assessment and Shortening of the VA RNA Fragment

The final part omitted in the 3.8kb size reduction was a 0.%b fragment located
between theE2Agene and theVAlsequence. This likely norcoding DNA originated
from a fragment of the L3 coded protease of Adv5! AAEOET 1T A1 1 Uh D! Ac:
contained less than half of the VAIl sequence, which was fully eliminated during the
assembly of the new Helper plasmid. Since VAl is the main VA RNA species,
executing all essential functions, and only a fraction of VAIl was prest in the
parental plasmid, its full elimination was not considered a restrictive change for
rAAV titres. Although the low abundance VAIl is preferred by Dicer and RISC
incorporation, it was shown to be redundant in AdV proliferation experiments and

is likely a backup for the essential VA(Vachon & Conn, 2016) Moreover, in
experiments for the promotion of AAV related parvovirus B19 proliferation with
AdV genes oWinter et al. (2012) demonstrated thatthe presence ofVAI, but not
VAII, leadsto increased VP expressio/All, on its own, even reduces capsid protein
amounts. Therefore, the elimination of the partialVAIl sequence was notdleemed
substantial and subsequent plasmids were created only with th&Al sequence.
However, a reinstallation of the fullVAII, similar to the experiment performed with

the promoter less fiber gene, could confirnthe lack of benefits or even drawbacks

on rAAV production resulting from VAII.

Subsequently, an attempt was made to further minimize th&/ARNA fragment
utilized in the 12 kb plasmid. The fragment was reduced from its original size of
953 bp (full VARNA to either 572 bp (short VARNAh A @A1T OAET ¢ 11 00 1
short E2Bfragment, or to onlyVAI(160 bp). The 381 bp elimination was chosen due
to the simplicity of a restriction digest approach using compatible restriction sites
Sall and Xhol. This design resembled the approach usedMgatsushita et al. (1998)
and was consequently expected to be functional. However, the use of these
restriction sites was only possible when the gene was cloned into a separate
plasmid. Therefore, a Splasmid transfection system wasmployed, segregating all
three AdV Helper genes onto different plasmid<loning ofshort VARNAfragment
into a regular Helper plasmid was performed subsequently, but not for this
experiment. The VAFonly construction involved overhangprimer PCR amplification

of VAI followed by restriction and ligation into the new restriction sites of the
assembled plasmid (PspOMI+Sallfunctionality of the truncated VARNAfragment
wastested by transfecting HEK293 cells with the Splasmid approach (separating

all AdV Helper genes on different plasmids) for the shot ARNAfragment and usual
3-plasmid transfection (Rep/Cap+ Helper + ITR/GOI) foronly VAL

-71-



Results and Discussion

ns
1.0 L
—~ SSSS
S
% 08_ T
S
5 0.6
)
o 0.4
o 02_
>
0.0- =
UolIEN ol
& oS &
¥ W
RN
A\ (;(\0

Figure 19: Evaluation of shortening theVARNA
fragment. VG fold change related to the contro
Helper plasmid 0.1. Transfections of 5 plasmids
with a all three Helper genes split to different
plasmids for the full VARNAassembly fragment
(953 bp, n=2) and the shorter version (572bp,

n=2). Regular 3 plasmid transfections (Rep/Car.
+ Helper + ITR/GOI) for the control and the short
version of VAI (163bp, n=4). Error bars show
standard deviation, ordinary oneway ANOVA
was performed for comparison of means.

Unfortunately, the exchange to only
the VAl only caused an extreme drop in
VG titre. Presumably, the inserted
sequence did not promote sufficient
VAl expression or even none at all.
While RNA transcription should have
been possible due to VA RNA pol lli
promoters within the
the results demonstrated
context specificity of the surrounding

sequence for VAI transcription. The

Al T OA POl geEi EOU Ol
of E2A halving the distance to 88 bp,
might cause steric hindrance of the

transcribed
sequence,

OEA

individual transcription machineries
of the gene Additionally, two bases of
VAI were not annotated in the used
gene annotation (GenBank:
KX868466.2), resulting in these bases
being absent in the VAI construct
Although general transcription from
the conserved A and B Box promoter

sequences should still have been

possible, termination might have been an issu&ven though the primary terminator
sequences T1A and T1B were present in the construct, the backup terminator T2
was not. The sharp decrease in rAAVite could have been caused by the insufficient
VAI amount or reduced DBP amounts. Both could have been caused by Ithss of
the VARNA backup terminator T2,leading to increased known RNA pol Il read
throughs and subsequently decreasing more frequenWVARNA reads and E2A
transcription. As expected, the construct using the 5% VARNA sequence
performed aswell as the larger fragment. The deletion of nearly 30Bp upstream of
the first VAlbases was not expected to have any negative effecs these bses were
also absent in the plasmidghat are based on the study oMatsushita et al. (1998)
Unfortunately, the lack of the second terminator, potentially the reason for the titre
decrease in the smaller version, was not detected at the time. Thus, ipisssiblethat
future Helper plasmids’ sizes could be reduced by another 250 to 300 bp upstream

of the VAI sequence.
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6.1.4 Discovery of L4  -33K/22K as a New AdV5 Helper Function for
High Titre rAAV  Production through Analysisof E2A0s 50UTR

The largest remaining sequence without defined rAAV Helper function is located
between the E2Agene and its kb distant promoter. To investigate whether this
V3542 H2Aer® isAequired for high titre rAAV production or if it could be
omitted to further reduce size, a plasmid was created without itinstead,the E2E
promoter was placeddirectly upstream of theE2Agene. This was done by inserting
OEA POIT i1 O0AO xEOE AT A x-BTREpsttedm dERAviathel AEOQET |
previously established restriction sites Ndel and Xbal. The promoter variants were
amplified from the original plasmid via PCR with overhang primers. The resulting
plasmids are thepreviously discussed 12kb plasmid (Helper 1.0, E2A)and a 9kb
large Helperplasmid (Helper 1.1, E2Anin2) with the standardly used, extended E2E
promoter (486 bp) right in front of E2A5 ©DS Figure 20).

E2E Bl R PA
N 1
"

E2E E2L |—> PA
E2A
E2A 017 | |

E2E el PA
*TGA
PA
L E
LaP

E2E pA
E2A
" e . E2A yina - |—‘
E2E E2E
N |.—) E2A -— + :\ [_> E2A o +tL4-33K/22K
PA P
[ sk
Lap T T T T T

0.0 0.5 Y
VG titre (fold change)

s
s
sk k sk k
%k %k % %k
%k % %k k

% %k *k *k
ok %k %k

3k %k % %

Figure 20: Functional evaluation of the E2A and L4-33K/22K Helper components for rAAV8
production. Schematic depiction of theE2A and L4-33K/22K open reading frames within Helper
plasmid (E4and VARNAnNot indicated). A L4 promoterdriven plasmid expressing only L433K/22K
was constructed and cetransfected (n=9) in an equimolar ratio with the E2min2 version (9kb,
Helper 1.1, n=11) of Helper plasmid 1.0 (E2A, n=11). The shorten&R2Auv -WTR version E2Ain
including L4-33K/22K (n=11) was also created with mutated AT@ TGA start codon 01.4-33K/22K
(E2Anmmuith T Ev Q8 ' AJUPRS,but nob prombteks (arrdws) and polyA signals (dots) are
drawn to approximate scale. HEK293 cells were triple transfeetd with each Helper plasmid,
Rep/Cap 1.2 plasmid and transgene plasmid at 2:1:0.1 weight ratio. rAAV8 crude VGeitranalysed
72 h posttransfection are displayed as fold changes to the control Helper plasmid 0.1. Data shown
as means, error bars show standard deviation, statistical analysis was performed as an ordinary ene
way ANOVA.

Transient transfection results showed dramatically reduced rAAV titres for the
smaller (9 kb) plasmid without the E2A0 TR (E2Avin2). VG titres of E2/in2 were
about 36% of the titres of the 12kb large Helper plasmidor, in other words, the
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regular E2ACAT A x EWR (dEndt€d ERAGIrFigure 20). The sharp decrease in
VG titre demanded a deeper look into the excluded sequence and what it is encoding.

Firstly, E2Ais transcribed by two promoters: the E2early promoter (E2E)located

upstream (3kb distance to start codon) and the E2late promoter (E2L}ituated

1.8kb away from start codon. As the names suggest, the early promoter is activated

in the early phase of AdV infections, activated by E1A, whereas E2L is inhibited by

E1A and activated in the intermediate and late phaséHemstrom et al., 1991,

Imperiale & Nevins, 1984; Takako et al., 1988Pue to the omission of the 8b space

between E2E and the gene, E2L @bsent in the 9kb plasmid. However, several

studies demonstrated that E2E is the much stronger promotefDonovan-Banfield

et al., 2020; Westergren Jakobsson et al., 2021; Zhao et al., 20E4en thoughE2L

transcription strength increases in the intermediate and late phaseA T A %¢ %6 O OOACA
frequency drops, E2A mRNAs mainly origin from E2E in all phases. Particularly in

the present HEK293 based rAAV production system, it is likely that E2E exhibits far

superior transcriptional activity throughout production compared to E2L. This

AOOOI POETT EO AAOAA 11 OEA AAI 1 06 OOAAI A %p!
early genes are present. Consequently, it is assumed that cellular conditions alway

resemble the early, but never intermediate or MLP gene product driven late phase

of the AdV life cyclg(Fessler & Young, 1998) Therefore, the drop in rAAV titre was

likely not associated with reduced DBP amounts due to missing transcription of the

late E2 promoter. Nevertheless, E2ZA mRNA amounts could have been affected for

different reasons.

Onepotential reasonis that E2A premRNAs are known to contain introns and exons
ET OB7R. Thé %b Helper plasmid could therefore exhibit altered mRNA
amounts and reduced rAAV titres caused by the missirg O E AUTR.EE2A mRNAs
mainly undergo two splice events if originating from early or late promoter,
although recent studies showed that there is a multitude of differently spliced mRNA
variants, exhibiting more than or less than the usual two untranslatea -@xons
(Westergren Jakobsson et al., 2028) ' AT A-OFRs,linparticulad introns and
their splicing, are known to affect protein expression to various extent6S-Y. Kim et
al., 2002; Petitclerc et al., 1995)Accordingly, it is possible that the exclusion of these
introns and untranslated exons had an influence on mRNA expressiamd mRNA
OOAAEI EOU8 4EA 1100 T &£ OEAOGA OpPI EAA AOAT OO |
L TR could have consequently result in reduced or increased E2A mRNA amounts.
The lack of a Helper components well asa stoichiometric imbalance can lead to

drastic losses in rAAV titre due to an unideal production environment.

Moreover, E2E and its consecutive first exon contain a superimposed RNA fol
promoter sequence. Although potential functions of the very low abundance E2E
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pol 1l RNAs are unknown, the opposing activity regulation through competition of

OEA Ox1 AEAEAZAOCAT O PIi 1T UI AOAGAO 1 EEAIT U ET A& (
mRNAs(Ellsworth et al., 2001). The 9E A DI AOTI EA 1 AAEO % %6 O 1 O
sequence from +13p onwards. Since Box and BBox of its RNA polll promoter

are located in +14 to +25 and +39 to +49 / +51 to +61, respectivelyelper 1.1

cannot express these nortoding RNAS resulting in no transcription reduction due

to polymerase competition. Notably, the study dEllsworth et al. (2001) showed that

Al x7T OOOAAT OANOAT AAO AOA Al O Iisgecifiediypi OOAT ,
the regions 2 to +11 (present in all plasmids) and +14 to +21 (partly missing in

E2Amin2) were crucial in for E2A transcripts in their experiments.Therefore, E2A
transcription could have been impaired with this plasmid due to the absence of

these sequences, as well as the splicing of E2A pr&RNA introns and exons.

Lastly, there are several adenoviral coding sequences of thd gene embedded in

the opposite strand of the E2A u-&TR. These are the hexon assembly protein
L4-100K, the L422K protein, and its splice variant the L4-33K protein. All three are

mainly transcribed from the MLP during the late phase of AdV infectio(Donovarn-

Banfield et al., 2020; Shaw & Ziff, 1980)As the MLP is not present in the Helper
plasmids, there is no transcription of the L4100K protein. However, the L433K and

22K (33K/22K) mRNAs can also be transcribed through their own promoter, the L4

promoter (L4P). This for a longtime overseen promoter is required to express

33K/22K already in the early to intermediate phasesincethese two proteins, along

with E4orf4, pIX and va2AOA DBAOO 1T &£ OEA 1 A680 | AAEAT EC
patterns from early genes to late genegBackstrom et al.,, 2010; Biasiotto &

Akusjarvi, 2015; Farley et al., 2004; Lutz et al., 1997; Lutz & Kedinger, 1996;
Somberg et al., 2009)In the shift from AdV early to late phase, |-:22K suppres®s

early gene expression and stimulate the MLP activity, vile L4-33K functions as an

Al OAOT AGEOA ObpI EAET C ZAAOT O A1 O xAAE 06 Ot
AdV late gene mRNAg¢TOrmanen et al.,, 2006; Wu et al., 2012, 2013for AdV

infection, 33K is the more abundant of the two proteinsbut its main transcription

is driven by the MLP. Regarding L4P transcripts, 22K mRNAs are equally or even

more abundant(Donovan-Banfield et al., 2020; Westergren Jakobsson et al., 2021)

Since E1A transactivates L4P transcriptionthe expression of these two proteins

could beexpected(Morris & Leppard, 2009). To test the potential influence on rAAV
production of these two proteins, two plasmids were createdone Helper 1.0 based

plasmid with a truncated E2Au -&JTR only containing thesequence ol4-33K/22K
(E2Amin1),and the same sequencenitsownOD OT OE1 OEA vd AT A 1 £
extension to ensure an adequate polyadenylation of the L4 mMRNAs aseparate
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plasmid. The latter was used in a complementary etvansfection in an equimolar
amount to the 9kb Helper plasmid(E2Amin2).

The presence of 33K and 22K in the transfected cells was tried to be determined by
LCGMS. As expected, analysis confirmed the presence of 33K in thekb2plasmid,
but not in mock transfected cells. 22K was not detected in any samples, which is not
surprising given the fact that both samples share large parts of their amino acid
sequences and are therefore hard to distinguish with the used nespecialisedMS
method. Contradi¢ory results were received for the %b plasmid and the
co-transfected L433K/22 K plasmid, showing peptide hits for the 9kb plasmid
alone, which does not carry thelL4-33K/22K gene, but not for the Kb Helper
together with the L4-33K/22 K plasmid. Due to very similar labelling and the
absence of the encoding.4 gene in the 9%b plasmid it can be assumed that these
samples were mixed up. The expression of 33K from the t@nsfected plasmid can
thereby be confirmed with reservations.L4-33K expression from the minimalized

v -OTR could also be confirmed. Expression was even detected fromlasmid with

sz A s N

L4-33K/22KB O OOA OO AT AlI1 1 BOABGAA O1 A 0061 B AT Al 1

alternative non-AUG translation start or usage of an AUG translation initiation
downstream, resulting in a shortened variant, for example missing the first 34
amino acids.

Resulting titres of the transient transfections with the reintroducedL4-33K/22K in
the same plasmid or cetransfected showed significant increases rAAV production
in both caseg(p<0.0001 in both cases). The previous 64% reduction in VG titre due
Of OEA | EOORIwEs mogly récBvAredunih E2Ain1 to 90% of the titre
with the full E2Auv W TR. The ceransfection of theL4 gene elevated the titre to 69%
compared to the fulE2AOANOAT AA8 4EOOA EIT A GCUIROAIOD
partly be explained by the reintroduced E2L promoter. Splicing could also be
AEAT CAAh Al OET OCE %cg %8O O1 OOAT Ol AiGngA
changes less likely. The etransfection of L4-33K/22K leads to the conclusion that
L4-33K/22K proteins are involved in efficient rAAV production and are most likely
the main contributor to enhanced rAAV production 0E22A5 O-UTRS

The reason vwhy the presence of one or both proteins is beneficial for rAAV
production can only be speculated. L22K and 33K are known to beessential for
AdV packaginghowever, this mechanism does not fully translate to AAV. Although
the exact mechanisms are still not fully resolved, L-22K requires a TTTG motif in
the adenoviral DNA close to the ITRs for its role in packaging. Apart from the
differences in ITRs and geeral packaging of the dsDNA of AdV, this motif is only
present in the ITR/GOI plasmid Backbone and not in between the ITRs. 133K
interacts with the E2ADBP and might act similarlyin packaging to L422K due to
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the shared Nterminus, where theyform a portal complex forthe dsDNA(Ahi &
Mittal, 2016; Ewing et al., 2007; Wu et al., 2013)Despite the differences, it is
possibly that this complex and the interaction with DBP could also be utilized and
useful for AAV genome packaging. Additionally, £33K is involved in AdV capsid
assembly (Finnen et al., 2001) This function could also transfer to AAV. Further,
both proteins are known for transcription modulation, required for their role as
early to late phase switches. Interestingly, while some studies descrilBarly gene
silencing by L4 22K, others reported increased E1A and DBP expression, indicating
more complex viral expression regulations by the twd.4 products (Biasiotto &
Akusjarvi, 2015; Wu et al., 2012)Finally, L4c 0 + 8 O -Ad A8 O 1 £AOT AOET 1T AC
factor might be beneficial for Helper mRNAs, but also rep am@poriginated mRNAS,
all of which are extensively splicedOf the two, mainly 33K is known for its splicing
enhancing function located in its unique @erminal domain (Biasiotto & Akusjarvi,
2015). Farris and Pintel (2008) showed that splicing of cap derived mRNA is
enhanced in the presence of Helper plasmid and further that increased splicing goes
along with enhanced rAAV titres. On the one hand, increased Rep amounts due to
the Helper presence, specifically DBP, are a reason for this enhanced splci
L4-33K/22K could be indirectly involved through transcription cascadesOn the
other hand, Helper functions themselves, particularly the twd.4 products could be
directly involved, too. That the mutated plasmid, likely prodging an Nterminal
truncated 33K was capable of enhancing rAAV production to a similar extent as the
unmutated L4 could highlight that splicing enhancement is a major Helper function
of the L4P originated proteins. For the AdV based TESSA rAAV manufacturing
system,L4-33K/22K wasalso found to be essentia{Nony et al., 2001; Su, 2021; Su
et al., 2022) However, it is uncertain if the suggeste(tis-acting replication elemeni
CAREbased Rep/Cap amplification suggested for the system can be transferred to
the present Rep/Cap plasmid, which is not integrated and only possesses a minimal
CARE in the p5 promoter downstream ofap. Neverthelessthe observed rAAV titre
increases could be originated in other beneficial functions of L433K/22K and
mechanisms that work similarly in both rAAV production systems, for example
amplified splicing, packaging,or transcription enhancement

The L4 gene is not essential for rAAV production as seen Figure 20. This was also
shown byMatsushita et al. (1998)who tried to figure out if the L4region is required
for rAAV production and exchanged it with a CMV promoter, resulting in similar
rAAV titres. Nevertheless, our experiments demonstrate that th&2Aintron and
L4-33K/22K proteins are integral components for optimal, highyield rAAV8
production. Consequently, the intron or the shortened version including onliz4 was
kept as a standard feature in subsequent plasmid modifications.
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6.1.5 Dissection and Analysisof E4 andits Open Reading Frames
Leadingto I ncreased rAAV  Titres through ORF
Recombination

The Adenovirus Helper geneE4, which encodes seven proteins (E4orfl, E4orf2,
E4orf3, E4orf3/4, E4orf4, E4orf6, and E4orf6/7)was also investigated for potential
optimisation. Each of these proteins from the different E4 open reading frames
(ORFs)exhibits different functions, including promoting viral gene expression and
replication, as well as modulation of TF activitiesbutonly the 34 kDa E4orf6 protein
facilitates the essential AAV Helper function as previously demonstrated yuang
and Hearing (1989) While this knowledge was available for some time, many
Helper plasmids included the entireE4 gene, with only a few carrying solel\e4orf6

(J. M. Allen et al., 2000; Grimm et al., 1998; Hildinger et al., 2001; Matsushita et al.,
1998; Xiao et al., 1998)This led to the question of whether the other E4orf proteins
might have beneficial functions for rAAV production. To determine the specific
contribution of different E4orfs the E4 gene was dissected by constructing Helper
plasmids containing different subsets of the ORFs. Sequential truncations from the
5' end of the E4 gene were performed® OT COAOOEOAT U AQAIlI OAET C [ 2¢
end. This waysix plasmids containing different combinations oE4orfswere created
and tested for their ability to mediate rAAV8 production. As always, he different
helper plasmids were used in equimolar amountsin transient triple transfections
with constant plasmid copy numbers crude rAAV titres were then analysed72 h
post transfection (Figure 21).
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Figure 21: Sequential dissection of theE4 ORFs for evaluation of their individual functions as
components for rAAV8 production. Schematic depiction of th&4 ORFs within the Helper plasmid
(E2A L4-33K/22 K and VARNAare not indicated). All components are drawn to approximate scale.
rAAV8 VG titres are expressed as a fold change compared to the-faligth E4 gene (plasmid 1.0).
Data shown as means with error bars indicating standard deviations of three biological replicates,
statistical analysis was performed as an ordinary ongvay ANOVA.
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Confirming previously published results,E4orf6 alone demonstrated the capability
of rAAV production and provided the essentiaE4Helper functions (J. M. Allen et al.,
2000; Ferrari et al., 1996; M. M. Huang & Hearing, 1989a; Samulski & Shenk, 1988)
The virus genome titres with E4orf6 alonewere equivalent to those observed with
the full-length E4 gene, representing a 1.3fold increase compared to E4.
Interestingly, the removal ofE4orfl and E4orf2 resulted in increases in rAAV titres
by 22% and 37%,respectively, when compared to the E4 controlHowever, the
removal of E4orf3reduced titres to the level of theE4 control and did not follow the
occurring trend of shorter E4 sequences resulting in higher titres. In contrast,
additional exclusion ofE4orf4resulted in the highest measured titresshowinga 2.1-
fold increase over te full-E4 control. The combination of E4orf6é and E4orf6/7
performed much better than Orf6é alone, suggesting highly beneficial functions of
Edorf6/7. | O MEEOOOh Al -BTRAhdDAYadelylationBvad&pdected,d
because the plasmid carrying onlyE4orf6 was constructed differently at first,
resulting in the exclusion of 92bp of E456 O-UTiR6Havever, a newE4orf6 construct
xEOE OEA %R {o Qre Aokér E4ovériants produced similar titres
(0.85£0.11-fold of the full E4), confirming the beneficial influence of E4orf6/7.

This positive influence of E4orf6/7 is not unexpected, ast is known to enhanceE2A
transcription and stimulate other promoters that are also activated by the
transcription factor E2F. The stimulation of cellular E2F targets facilitates the
progression of the cell cycle into the S phassypporting viral DNA replication (D. G.
Johnson et al., 1993; Schaley et al., 200This function is similar to and probably
cooperative with the induction of G1/SPhase by Rep68 and folloed S-phase cell
cycle arrest by Rep78, as well as the interplay of E1A, E1B and E4orf6 supporting
the same cell cycle control (Saudan 2000, Bdarael 2002). Increasedexpression of
E4orf6/7 might therefore be beneficial because it increases DBP levels and can
potentially substitute for lower levels of large Reps, E1A, E1B and E4orfédilitating
SPhase cell cycle entry and arresOn the otherhand, E T O&p 3O 1 AOOOAI
not seem to be requiredor beneficial for rAAV production. The sameould be he
casefor E4orf2, although its functionality might be generally miniscule, since there
are still not characterized.On the other hand, the functions of E4orfl and E4orf2 do
not seem to be required or beneficial for rAAV production. Their exclusion may
enhance rAAV tities due to the closer proximity of the E4 promoter to essential and
supporting ORFs3, 6 and 6/7, as well as the removal of other splice variants,
resulting in increased mMRNA amounts for these beneficial mMRNAs.

The removal ofE4orf3, the naturally most abundant ORF mRNADIix & Leppard,
1993; Westergren Jakobsson et al., 2021jeduced rAAV titres E4orf3 possesses
abilities of chromatin modulation and protein interactions, resulting in virus
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promoting cell modulation and can thereby even substitute for E4orf6 in AdV
replication. These abilities are likely beneficial for rAAV production, explaining the
drop in rAAV titres upon its exclusion. Furthermore, E4orf3 is an activator of L4B.
Wright & Leppard, 2013). Increasad 33K/22K amounts likely enhance rAAV
production, asit was previously demonstrated here that these proteinscontribute
to rAAV VG titre mprovements. E4orf4 negatively regulates E1A and E4
transcription, actively reducing rAAV:supporting Helper functions. Amongst others
it also impedes the L4 promoter which is activated by E1A and E4orf3. The
dephosphorylation of E1A mediated by E4orf&ounteracts the actions of E4orf6/7,
inhibiting E2F-dependent promoter activation, including essential E2E promoter
activation (Mannervik etal., 19998 ! AAEOET T AT 1 Uh %ddendt 6 0 ODPI E.
seem required ormay evenbe counterproductive for rAAV production. In summary,
it can be concluded that for rAAV productiononly E4orf6 is essential,E4orfl and
E4orf2 are dispensable or even counterproductiveE4orf4 should be eliminated due
to its negative influence on rAAV titres. Beneficial features for rAAV production
were demonstrated by E4orf3, and mostly notably, by E4orf6/7. Therefore, the ORF
subset fragmentE4orf6+6/7 was utilized in most of the subsequent plasmids.
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Figure 22: Combination ofE4 ORFs demonstrating improvement o486 © AADPAAEI EOU AO ' !l 6y
function. Schematic depiction of theE4 ORFs within the Helper plasmid E2A L4-33K/22K and
VARNAare not indicated). All components are drawn to approximate scale. rAAV8 VG titres are
expressed as a fold change compared to the control plasmid 0.1. Data shown as means with error
bars indicating standard deviations of three biological replicates, stadtical analysis was performed

as an ordinary oneway ANOVA.

It was further hypothesised that a combination of ORFspecifically excluding the
repressing Edorf4 and including the beneficial E4orf3, would maximise positive
features of theE4 gene for enhanced rAAV production. Consequently, a plasmid was
created containing a combination ofE4orfs 3, 6 and 6/7. The ahieved rAAV VG
titres were 2.5-fold greater than those of the control plasmid Helpef.1. While a
direct comparison to the full E4 of Helper 1.0 could not be made, an extrapolated
value suggested an approximately 2:-%old higher VG titre based on the observed

1.17-fold difference between Helper 0.1 and Helper 1.0Figure 17). The significant
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increasein VG titre of E401f3+6+6/7 compared to the otherE4orfsubsetsconfirmed
the hypothesis of an optimized composition oE4orfsimproving rAAV production.
The increased titres demonstrated that by simple deletion and recombination of
individual ORFsdesired functions can be incorporated and possibly even amplified,
while the elimination of undesired functionsalso has a positive impact o rAAV
titres.

6.1.6 Change of the Helper Plasmid Backbone

The last part of the plasmid optimisation of the more than 20year-l 1 A D! $3&¢@
Helper involved changing the plasmid backbone, which is responsible for its
amplification in bacteria. The attempt to reduce the plasmid size by eliminating
D! $ 3 & &iyap betweerori and KanRand 0.3 kb gap between the antibiotic
resistance and its promoter, using site
- directed mutagenesis (SDM), resulted
207 8858 &5 in drastically reduced rAAV tires.

Despite  unchanged  amplification
behaviour and full sequence
confirmation by Sanger sequencing
(data not shown), the plasmid seemed
not able to support adequate rAAV
production (Figure 23).
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Figure 23: VG titres of E4orf6/7 (Helper size and topology, as well as CpG

plasmid 2.0) based Helper plasmids, differing in - content and CpG islandgBoye et al.,
their plasmid back bones. VG titre fold change .
to the control plasmid 0.1. Means and errobars ~ 2022; Coban et al., 2005; Hornstein et
as standard deviation are shown of Helper 2.C al.. 2016 Kreiss. 1999: Maucksch et al
AT 1 OAETET ¢ OEA D! $dgc ' ) ' ' _ o
n=6), the SDM BB containing plasmid (1708p, 2013; Prosch et al., 1996)It is possible
n=4) and the AAV8BB containing Helper
plasmid (1897bp. n=6). ordinary oneway that the topology of the SDaltered
ANOVA was performed for statistical analysis.  plasmid changed, or transcription
efficiency, in particular of the E4
promoter was reduced due changed
upstream sequence.For size reduction and elimination of the two unrequired
backbone sequences in the Helper plasmid, the backbone was then exchanged to the
one of the AAV8 Rep/Cap plasmid. As expected, plasmids with this backbone could

be produced without any problems and rAAV production resulted in similar tres

o
o
l
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O OEA 1 OECET Al A AMABAlasiA batkdenedd irftatat W&p 4 E A
smaller than the previously used backbone. For future cloning purposes, an EcoRI
restriction site was added downstream of the ori via SDM, which did not cause any
titre variations. Furthermore, the restriction site Fsel was inserted downstream of
E2A in front of its poly adenylation sites (pA) via site directed mutagenesis to
expand the options of restriction enzymebased exchanges of pAs and other
elements at this position. For similar reasons, the mini multiple cloning site located
downstream of E4 and upstream of E2A was expanded in additional plasmid
alterations. For future Helper, ITR/GOI and Rep/Cap plasmids, novel alternatives to
antibiotic resistance-based backbones with much smaller sizes could be utilized.
Minicircles offer the best size optionwith about 100 bp, their low production yields

do not make them feasible for a transient transfection cGMP procesfowever,the
recently created nanoplasmid vectors are supposed to yield similar plasmid
amounts with only 500bp backbone constructs, whi enhancing the level and
longevity of expression, as well as mitigating cetransfection-related toxicity and
suppression of transgene caused by CpGs in conventional backborf@élliams &
Paez, 2023)

6.1.7 Summ ary

1 Non-essential DNA fragments were removed to reduce the size of thepular
and commonly used, butarge and for 20 years unchangedelper plasmid
D! $3&¢p kl) puv 88U

o Removal of nonessential and non-coding regions of the plasmid
backboneg upstream and downstream of theE4, E2Aand VAlgenes

o Removal of thelL5 (fiber) gene did not affect virus production and
eliminated a potential contamination which could be relevant for
downstream processes

71 Introduction of restriction sites for simplified molecular engineering,
including exchange of genes and genetic elements like promoters

! Analysis of the E2A v -@TR revealed a so far unrecognized AAV Helper
function that increases rAAV titres, L433K/22K

1 Sequential truncation, analysis and recombination of thE4 ORFs resulted in
highly increased rAAV virus genome titres through thecreation of Helper
plasmids containing E4orf subsets excluding adverse and recombinng
advantageoust4orfs

o E4orf4 was identified as restrictive for high titre rAAV production
o E4orf3 andE4orf6/7 are supportive E4orfs for rAAV production
0 The novel subset of E40rf3+6+6/7 increased rAAVS titre&.5-fold
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6.1.8 Conclusion

The initial phase of this work centred on the modernisation of the widely employed
(A1 DPAO Pl AOIi EA P! $3&¢0p8 4EA OOAAAOOAEODI
approximately 10 kb, has the potential to enhance transfection efficiencies and
thereby reduce the quantity of costly cGMP plasmid material required. This
downsizing also gives leeway to integrate or substitute new genetic components
without risking a substantial drop in transfection efficiencies compared to the
baseline plasmid. The integrationof new restriction sites has streamlined the
exchange of such genetic elements. Notably, the newly modular arrangement
significantly simplifies future genetic engineering of these plasmids, constituting a
cornerstone of the majority of this study'sendeavours

The comprehensiveanalysis of the AdV Helper genegARNA E2A andE4and their
influence on rAAV VG titresunderscores the dependence ofAAV vectors for gene
therapy and their efficient production on (AdV) Helper functions.This reaffirms the
Helper plasmid's significance as a promising engineering target for enhancing rAAV
production. Moreover, the outcomes of these genetic engineerifgased
functionality analyseshave unveiled an uncharted AdV helper function famproved
rAAV proliferation? L4-33K/22K. Additionally, they have highlighted the potential
of E4 ORF subset recombination with an augmented capacity for enhancing rAAV
production. These discoveries possessubstantial commercial potential and could
shape future plasmid designs beyond the confines of this studfs a consequence
the recombination of E4 ORF subsets has already been incorporated into patent

OAA

O#11 bl OEOETT AT A -AOET AO Al by REGEANKBIGRET AT O

Liu et al., 2023)
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6.2 Investigation of Genetic Component  Stoichiometries
for Optimisation of rAAV Production

An overarching objective of this project was to elevate rAAV productioby refining

the stoichiometry of individual genetic components within the transient
transfection system The transition from virus replication to plasmidbased viral
vector production introduces the possibility of an imbalance amongAAV and AdV
Helper components.Optimi sing viral gene expression and component ratioBas the

potential to elevate rAAV titres and improve product quality.Therefore, \arious

experimental methodologies were enployed to identify the requirements of

increased or decreased expressioaf individual genes.

6.2.1 Plasmid Ratio Alterations

In a first approach it was aimed talter stoichiometry at the plasmid level.Changing
the amounts of the three individual plasmids can influence the abundance of their
connected group of functionsWhile this does not allowfor individual control, it can
indicate if a specific group of genes, in form of the individual plasmids ITR/GOI,
Rep/Cap andAdV Helpe, requires adjustments for increased rAAV production
Other studies have shown that plasmid ratios and the ratio of plasmid DNA to PEI
are important process parameters and optimisatiorcan improve rAAV titres As the
general production process was predefined by REGENXBENd the optimisation
interest was focused on the genabundancies no experiments were performed to
optimize the PEI to DNA ratio. Additionally, the ITR/GOI plasmid amount was
speculated to be less critical due to its lower utiation in the original process
compared to the other two plasmids (molar plasmid ratio
Helper: Rep/Cap: ITR/GOI =0.92 1:0.12, mass ratio 2 1:0.1).
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Figure 24: Plasmid ratio variation for rAAV production. VG titres per mL of transient triple

OOAT OEAAOQETT O

X

EOE

OEA

I OECET Al

bl AOI EA OUOOAI

originally used mass ratio 1: 2 : 0.1 (equivalent to molar plasmid ratio 1.1: 1: 0.1). Indicated plasmid
ratios describe mass ratios of Rep/Cap to Helper to ITR/GQthe total plasmidamount was kept
constant Means with standard deviation as error bars are shown of two biological replicates for the
DOE like approach (grey) compagd the control (n=6, black). Variation of ITR/GOI plasmid amounts
(dark grey) were transfected as biological duplicates in parallel. Ordinary orvay ANOVA was
performed for statistical analysis.

As shown in Figure 24, increasing the ITR/GOI plasmid amount fiveor even ten
fold did not result in increased rAAV titres. No statistically significant differences
were observed between the different ITR/GOI plasmid amountdt is possible that
the AAV rolling hairpin-like genome replication process produces sufficient single
stranded genomes even when copy humbers of the ITR/GOI plasnudr cell are low.
However, the increase of the ITR plasmid amount seemed to decreasda variation,

z A~ . 2 o~ s A

ET AEAAOAA AU A AAAOAAOA
could be that the relatively small amount of ITR/GOI plasmid in the mix, in
combination with the formation of PEI/DNA polyplexes, could lead to a less
homogenousdistribution of the plasmid across the polyplexes, resulting in more or

less cells receiving sufficient amounts of the plasmid after uptake of polyplexes.
With the very low number of only two replicates the observed effect of increased
ITR/GOI plasmid amaunts can only be assumed. Subsequently, in an attempt to
increase transfection result reliability, a further investigation into this topic was

performed to gather further evidence and insight (se 6.3.1).
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Since changesof the ITR/GOI plasmidamount showed no effect, the DOElike
approach was conducted with varying amounts of only the Helper and Rep/Cap
plasmids. Both factors were tested with three levels, with the middle one for
Rep/Cap and the lower one for the Helper plasmid chosen based on the control ratio
of 1:2:0.1.The upper and nedium levels for the Helper plasmid were set at fourand
two times the control. As a result of the higher rAAV tites achieved with the new
12 kb Helper plasmid and higher Helper to Rep/Cap and ITR ratios of other groups,
it was concluded that reducing the Helper plasmid would likely be
counterproductive. The additional levels for the Rep/Cap plasmid were chosen as
three times and half of thelower Helper amount An increased Rep/Cap plasmid
amount could potentially lead to a beneficial increase in capsid production, but too
much large Rep could be cytotoxic. Therefore, the chosen levels included one higher
and one lower than the control.

Although differences in rAAV8 titres were observed, thg were not statistically
significant, and not usable to create a model. Observing the three Helper plasmid
levels individually (see dotted lines inFigure 24), reveakd that neither increasing
nor decreasing the Rep/Cap plasmid increaskthe titres. Further, this sorting
indicated a slight increase in titre with the lowest Helper amounts. In accordance,
the highest titre was achieved by the 1:1 mass ratiayhich resulted in a roughly
doubled copy number of Rep/Cap plasmids due to the Helper's larger sizéowever,
the relatively small and statistically insignificant differences in tites were
unexpected, given the success of plasmid ratio variations in other studieSor
example,Grieger et al. (2016)showed an about 3.2Zfold increase in virus genome
titre with their optimized molar plasmid ratio of 1.5:2:1 (mass ratio of
Rep/Cap: Helper : ITR/GOI). The systematic plasmid ratio DOE approach Bhao et
al. (2020) even yielded up to 6.%¥fold increases in VG titre. lterations of designs
spaces lead to the plasmid mass ratio 5:1:0.31, decreasing the ITR/GOI plasmid
similarly to the presently used ratio, but increasingproportion of Rep/Capplasmid
further. It was hypothesised that the expression ofap originated proteins is likely
limiting and rAAV production can therefore be increased by increasing transcription
of capeither with stronger promoters or by increasing the Rep/Cap plasmid amount
as shown in previous stidies (Vincent et al., 1997; Zhao et al., 2020 their DOE
experiments Zhao et al. (2020)varied plasmid ratios by up to 5fold between
different plasmids. Given the insignificant differences of the present experimenthe
design space inwould have needed tobe extendedmuch further. However, it is to
note that the chosen differences between plasmid amounts were already
considerably big. The conversion into molar ratio levels shows that the used mass
ratio options 0.5/4/0.1 and 3/1/0.1 mean a difference of 24 times more Rep/Cap
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copies compared than Helper copies\ further decrease of the Helper plasmid could
possibly have resulted in at least slightly further increased rAAV titres, particularly
with the results of Zhao et al. (2020)in mind. However, the results of other groups
showing better rAAV production with more Helper plasmid than Rep/Cap plasmid
hint that a much further decrease in Helper plasmid amounts would possibly
decrease titres(Emmerling et al., 2016; Grieger et al., 2016; Nguyen et al., 2021; Xiao
et al., 1998) In combination with the marginal titre differences of the present data,
it can be assumed that the utilised plasmid ratio is already close to the optimurA.
titre increase was not themain goal of the experiment, but moregaining more
insight into ideal component stoichiometry. However, the marginal or no increases
in titres suggest that theon the resolution level of plasmid ratios, thecurrent
stoichiometries are already near the optimum, supported by similar ratios used by
other groups and the idea ofower ITR/GOI requirement confirmed by Zhao et al.
(2020). The optimal molar ratio for Grieger et al. (2016)was 2:1:1.5, whereas the
findings of Nguyen et al. (2021)showed with modelling and experimental data an
optimal molar plasmid ratio of 1.5:2:1 However, the clustering of most components
onto only two variables was a limitation for component stoichiometry resolution in
this approach. Therefore, a different approach was conducted to gain more insight
into the ideal component stoichiometries for rAA/ production.

6.2.2 Deconstruction of Helper and Rep/Cap Plasmids

To achieve a better understanding of the individual genetic components' ideal
abundance for rAAV production, both the Rep/Cap and Helper plasmids were split
into multiple plasmids, separating individual components.The Rep/Cap plasmid
was split into two plasmids containing the two genesep and cap, respectively.The
Helper plasmid's genes E2A E4, andVARNA were placed on different plasmids.
This resulted in a 6plasmid transfection system for rAAV production, with the
ITR/GOI and all involved viral gems on separate plasmids, except for the
genomically integratedEL

Similar to the plasmid ratio experiment with the regular 3plasmid system, a DOE
like approach was planned for this éplasmid transfection system. Since the ITR/GOI
amount was not of concern, the amount of this plasmid was regarded as constant.
Further, a preliminary experiment revealed that increasing the amount of the
VARNAcarrying plasmid up to three-fold had no effect on rAAV titres ¢ee appendix
Figure 49). Due to its internal RNA polll promoter, variation of VARNAamounts
would have been difficult, making this observation a welcome result. A reason for
the insignificance of increasing gene copy numbers &Alis likely its general high
transcription and resulting extraordinary abundance of ~1C cellular copies
(Vachon & Conn, 2016)Thus, this plasmid was also regarded as a constant. For the
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remaining four plasmids a higher anda lower level were utilised. As a control, the
plasmids were transfected in an equimolar ratio. The equalised copy humber was
used as one of the levels. The other was chosen as followsr pRep, the molar
plasmid ratio level was halved for the lower level, for pCap and pE2A the upper ratio
value was 2.5 and fopE4 it was doubled. Transient transfections were carried out
in biological quadruplicates, the results are shown ifrigure 25.
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Figure 25: Different plasmid ratios of transient transfections with a 6plasmid system forrAAV8
production, splitting the required genes of AAV and AdV5 onto different plasmids. Plasmids ratios
are indicated as molar ratios in the order pRep:pCap:pE2A:pE4, the plasmid amounts of pVA and
pITR/GOI were constant. Fold changes are respective to tlwntrol ration 1/1/1/1. Means with
standard deviation as error bars are shown of the four biological replicates for the different ratios of
the original design space (dark grey) and additional ratios (light grey) compared the control (black).
Although titre differences could be observed most changed molar plasmid ratios of
the original design space achieved lower rAAV8 VG titres compared to the control.
The exceptions were 0.5/1/1/1, 0.5/1/1/2 and 1/2.5/2.5/2. All three have a
lowered rep amount compared to all other components in common. Also, the
additional sample 2/1/1/1 follows this trend. The large Reps, particularly, Rep78,
are known to be cytotoxic and therefore this finding is in line with previously
published results stating to decreas¢arge Rep production for increased rAAV titres
(J. Li et al., 1997; Xiao et al., 1998}owever, not all samples with decreasedRep

resulted in increased titres.For example the sample with the lowestrep content
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(0.5/2.5/2.5/2 ) shows the lowest titre
overall, indicating a too low amountof

exonq —°5 888 replicasesfor efficient rAAV production.

:Er The highest rAAV8 VG titrereached
S 4¥10%- with the 6-plasmid system originated
j from the sample 2/2/2/1, which
§ 2x10%9 effectively displays a decreased E4
. . I:.-l amount. However, the lower levelE4
S DS samples did not generally show higher

%\66 QQQ\O&\%"“\Q o\&\%Q titres. No obvious trends could be

,@;@* \&@Q @&@ observed for pE2A and pCap.

D‘Q\&@%&ﬁ & Although the achieved results are not

entirely unusable and meaningless, the
Figure 26: rAAV production with different
transient transfection systems allocating AAV
and AdV Helper genes to 3 plasmids three different errors, which did not
(Rep/Capvl.2, Helperl.0, ITR/GOIl), 4 . . .
plasmids (pRep, pCap, Helper.0. pITR/GOI), 5 allow the statistical evaluation required

plasmids (pRep/Cap v1.2, pE2A, pE4, pV/ for a model and question the reliability
pITR/GOI) or 6 plasmids (pRep, pCap, pE2/ .
pE4, pVA, pITR/GOI). Data show means ar these results. Firstly, one sample

standard deviations as error bars of two (0.5/2.5/1/2) was transfected with the
independent biological replicates, ordinary

one-way ANOVA was performedor statistical 10W instead of the higher pRep level.
analysis. Secondly, the differences between

biological replicates were relatively
high, an issue that reoccurred during the whole course of the project with different
experiments, making it difficult to compare raw titres and therefoe requiring
normalisation to a control. The datawas consequently presented afold changes to
each biological replicate of sample 1/1/1/1 in Figure 25, accounting for dayto-day
biological and experimental variation. The dramatically decreased relative errors of
all samples shows thatinconsistencies mainly result from day-to-day variation.
Thirdly, titres of all transfections with the 6-plasmid system were noticeably low.
To determine whether this issue was due to the split system in general or a specific
plasmid, transfections with intact Rep/Cap plasmid and split Helper ($lasmid
system), as well as intact Helper and split Rep/Cap plasmid {@asmid system),
were conducted. The resulting crude lysate rAAV8 VG titres are shown fRigure 26.

experiment generally encountered

Results of the transfection of the four different plasmid systems with differently split
Helper and Ren/Cap plasmids clearly demonstrated a fault with the split Rep/Cap
plasmid. Achieved titres with the intact Rep/Cap and split Helper plasmid could not
be discerned from the original triple transfection system. In contrast, both systems
using the split Rep/Cap (4 and 6-plasmid), showed significantly lower rAAV titres.
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Consequently, either the pRep or pCap plasmid did not function sufficiently or
splitting the two usually overlapping genes apart resulted in general misfunction.
The separation of the two genes also turned out to be difficult in the same plasmid
as descrited in chapter 6.3. Other studies, however, demonstrated that the
separation ofrep and capcan be done successfully and even increase rAAV titrgs
M. Allen et al., 2000; Emmerling et al., 2016; Whiteway et al., 2003)etection of
rAAV virus genomes showed that the created split Rep and Cap plasmid were able
to produce rAAV8 to some extent, but the low titres do question the relevance of the
results from the 6-plasmid system. One issue of the plasmids might have betire
missing p5 promoter downstream ofcap, which is likely required for p19 and p40
activation and turned out to be essential in the split Rep/Cap plasmid for the three
plasmid system(Pereira & Muzyczka, 1997a)Further analysis or optimisation of
the six-plasmid system were dismissed, and another alternative approach was
conceived to understand which components require an altered abundance for
increased rAAV production. Since the underlying idea was to achieve optimised
component stoichiometries with alternating promoters in the final system, it was
conceptualised to work closer to this idea and utilize the well characterised and
strong CMV promoter to increase Helper components. However, also the split
Helper system (5-plasmid system) was used for further analysis of the utilized
transient transfection system.

6.2.3 Evaluation of the Requirement of Individual Helper Gene S
and their Abundanc es witha Split Helper Plasmid System

As an alternative strategy, individual Helper genes were tested for their essentiality
or benefit in the current system, expressed either from theiendogenouspromoter
or from a strong CMV promoter. Different plasmids and combinations of plasmids
with individual Helper genes were transfected with the regular Rep/Cap plasmid
(v1.2) and the ITR/GOI plasmid(5-plasmid system).
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Figure 27: Transfections of individual AdV Helper genes placed on separate plasmids and
combinations of these. Based on the-plasmid system Rep/Cap v1.2 pE2A, pE4, pVA, pITR/GOI),
transfected genes were expressed by either theiendogenouspromoter or a heterologous CMV
promoter (grey). Bars of transfections containinge4orf6 instead of the fullE4 gene are displayed in
dark grey, the regular 5 plasmid system in black. VG titre fold changes to thepasmid control
(Helper 1.0) are displayed as means with standar deviation as error bars of three individual
biological replicates.Data shown as means with error bars indicating standard deviations of three
biological replicates, statistical analysis performed as an ordinary orway ANOVA pairwise
comparisonsdisplayed for selected @ta pairs.

The experiment was designed similar to the ones dflatsushita et al. (1998)and
shows similar results. Neither of the three Helper genes that were described as
essential for AAV proliferation, namelyE2A E4, and VARNA were capable of
promoting rAAV production on their own when transcribed by their original
promoter. However, the use of the CMV promoter fdE2Ashowed a slight increase

in VG titre. Apart from a potential, marginal increase in rAAV production this result
AT O1T A Ai 61 AA AT AOOEEZAAO AAOOAA AU $"0660
DNA and thereby protectirg AAV genomes from DNAsel digest prior to the ddPCR
measurement, similar to the protection by the capsid. Therefore, it cannot be
concluded that E2Aalone is capable of promoting rAAV production to a minimal
amount. Instead, a combination of at least one of the other two genes d@ag8Aseems

to be required. A high increase of these low rAAV titres (about 20% of the control)
Ol oeob 1T &£ OEA AiT 001160 OEOOA xAO AAEEAO
expression in combination with pE4 or pVAThe addition of the third gene further
boosted VG titres by 1.Zold above control levels.

Considering E48 @rious actions and interactions to promote AAV proliferation, it
was na surprising that E2A+VA rAAV titres withE4 are four times higher. The
observedincreaseof only about two-fold whenE220 0 O OAT OAOEDPOEI T EO
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a CMV promoter mightbe associated withE4orf6/78 4EEO [/ 2&6 0 DOEI AOU
enhances transcription fromE2A8 O %c¢ % D OT | | OA @aduindEmiuéhA #-6 EO
stronger promoter and does not getco-activated by E4orf6/7, DBP amounts are

likely sufficiently high regardless of E4orf6/7, and this protein might become

redundant for rAAV production with a CMV promoter controlling E2A To

investigate this hypothesis, a transfection of the plasmids pE4orfécmv, pE2Acmv,

and pVA could be conductedWhen E4 or E4orf6 were tested alone or in

combination with VARNA neither was capable of elevating rAAV production in the

absence oE2A This finding establishedE2Aas the only indispensable AdV5 Helper

function for rAAV8 production, which is consistent with the results oMatsushita et

al. (1998), stating thatE2Acontributes much more to AAV production tharE4 and

VA However, the cellular modulation by either E4 or VAI seems to be required, likely

to shut down host cell processes and support AAV protein expression.

It is noteworthy that E4orf6écmv alone was not capable of providing all the required
functions for sufficient rAAV production, contradicting the results ofAllen et al.
(2000), who postulated that E4orf6 is the only essential Helper function when
expressed with a CMV promoterThe discrepancy could be attributed to the study's
use of heterologous promoters forrep and cap, which seems to make a crucial
difference. E4orf6 is known to be involved in the upregulation Rep and VP protein
synthesis. Since p40 and p19 are only upregulated by Rep78/68 in presence of E1A
these promoters should be functional in HEK293 cells. However, studies\Wang et
al., (2018)showed that despite the present E1A in the genome of HEK293 cells, p19
and p40 transcripts were >5times lower in the absence of a AdV Helper plasmid
(substitution with a boca virus Helper). Both p5, and therefore in a cascading
reaction, probably also p19 and p40 are activated by E1A but also E2A (DBP), likely
making these Helper functions indispensable for rAAV production with the
endogenous promoters p5, pl9 and p40. The present results support that it is
unlikely that this upregulation of p40 and p19is facilitated by E4orf6. Consequently,
heterologous promoters for rep and cap are required for efficient AAV protein
expression when onlyE4 is utilized as a Helper function to modulate the cell for
virus production.

%t 1l OFped O 1 Qibdudng M6 prdmdtier df econdstrand synthesis and
MRN complex breakdown seem to be beneficial for rAAV production but not
essential. Similar to results of the Plasmid system, transfection ofE4orf6 instead
of the full E4 gene demonstrated to be as efficient, confirming previous studies
identifying Orf6 as the essential part oE4 for AAV production. A dissection of the
gene was performed to test if benefits and drawbacks of individu&4orfs similar to
the 3-plasmid system, were presen{Figure 28).
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each gene of the AdV5 helper. TRE4CAT A xAO 0001 Adn®&nd theEesiltingEEA v 6
subsets were expressed either with theiendogenouse4P (darker grey) or a CMV promoter (lighter

grey). rAAV8 VG titres are expressed as a fold change compared to thefiefigth E4gene transcribed

from the E4 promoter. Data shown as means with error bars indicating standard deviations of three
biological replicates Satistical analysiswas performed as an ordinary oneway ANOVA pairwise
comparisons displayed for selected data pairs

Presumably increasedE4orf6 transcription with a CMV promoter did not change
rAAV8 titres for the pE4orfécmy transfectionscompared to the ones with pE4orf6é
Usage of CMV for the wholE4gene instead decreased titres by more than a quarter.
Generally, the dissection of th&4gene in the 5plasmid system confirmed trends of

the same experiment in in the 3plasmid system Eigure 21). However, whereas the
deletion of ORFs 1 and 2 did both have a positive impact in thepdasmid system,

there was no effect forE4orfldeletions regardless of the promoter in the &lasmid
system. Deletion of E4orfl-2 increasal titres, and further deletion of E4orf3
decreased rAAVS titres in all cases. This confirmed the previous findings of Orf3
providing beneficial AAV Helper functions and Orf4 being a repressor of rAAV
production. The largest differences were obtained with the CMV controlleB4orf-
subsets. The CMV promoter likelytranscribes higher mRNA amounts. If these
transcripts were mainly from OEA A AT A £E A E &17, itiwauBl GeGultimh ¢ AT /
positive effect, although titres did not exceed the E4P controlled equivalents.
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However, if the CMV promoter was placed in front of a destructive ORF and this
E4orf was presumably predominantly expressed, or other E4orfs produced to a
lesser extent,it would result in decreased rAAV titresHowever, for the abundance
of an individual OREF, the splicing would need to changas well. To measureE4orf
transcript abundances, mRNA deep sequencing could be deployed similar to
experiments byDonovan-Banfield et al. (2020)

In contrastto E2A the use of a CMV promoter fdé4or E4orf6did not increase rAAV
production, even when unfavourableE4orfswere removed (Figure 28). However,
the combination of pE2Acmv and pE4cmv increased rAAV production significantly
compared to the 5plasmid control, as well as1.8-fold comparedto the 3-plasmid
control (Helper 1.0) (Figure 27). Contrary to the results ofMatsushita et al. (1998)
the E2Acmv plasmid and the double CMV system worked much better than the
controls, which all demonstrated similar AAV yields in their experiments. Balancing
out the likely strongly increasedE2Atranscription with enhanced transcription of
E4 appearedto have a strongly positive effect on rAAV production in the utilised
system. Encouraged by this result, CMV promoters were alsteployed in the 3-
plasmid system.

6.2.4 Effects of the CMV Promoter  Driving Helper Gene
Transcription and its Use w ith and without E2A 6 s -BTR

The pE2Acmv plasmid in the Elasmid system used a CMV promoter immediately
upstream ofE2280 O OOAT O1 AGET T Bihéead wiethé fladingithe x AOAOh E
CMV promoter in this position or in the original position of the E2E promoter (&b

upstream) would be preferable forhigh titre rAAV production. On the one hand, the

large distance between promoter and gene might reduce its transcriptional activity

for the CDS and effects of the intron and its splicing on mRNA abundancare

unknown and uncertain variables when exchanging the promoter On the other

hand,the previously demonstratedbenefits ofL4-33K/22K, located in this sequence,

were an argument infavour of using the v -&TR Therefore,one of the primary

I AEAAOCGEOAO T £ OEEO A@bPAOEI Al O favdu@bledor AAOAOI E
rAAV production when E2A expression is controlled by a CMV promoter.

Consequently, plasmids were created with CMV promoters based on Helper 1.0

(containing E2A8 O-UTR§ 1.1 (withoutE2AuL -8TR), and 2.0 with ad without E2A

vd 5428 4EA T AOAETAA 6' OEOOAO T &£ OOAT OEAAOD
Figure 29.
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Figure 29: Helper plasmids containing CMV promoters to contrdE2Aan E4transcription. Schematic
depiction of the Helper plasmids next to associated VG titre fold changes compared to helper 0.1.
1 00T xO AAT T OA DPOTi1T OAOOKh Al AAE AUTRsObuthdt promoters OANOAT |
and pAs are drawn to approximate scal. Data shown as means with error bars indicating standard
deviations of three biological replicates. Constructs wittE2AL - TR as dark grey bars, without in
light grey, constructs that contan a CMV promoter instead of E4P foE4 expression control with
hatched pattern. Data of bottom four bars (*) originating from separate experiment with 25%
lowered total DNA concentration.Satistical analysiswas performed as an ordinary oneway ANOVA
comparisonsdisplayedto Helper 1.0 and Helper 2.0, respectively.

As previously observed rAAV8 VG titres decreased with the exclusion of the2A

L -&TR (Helper 1.1) when theendogenous E2E promoters was used. Changing the
promoter to a CMV promoter had no different effectAdditionally, titres were not
increased with the CMV promoter driving DBP expressiomwith and without the

v -8 TR(Helper 1.2 and 1.3), buremained similar to the E2E driven versions of the
constructs. Thisresult was not unexpectedas the slight 1.2fold increase with the
CMV promoter in the 5plasmid transfection was not significant (oneway ANOVA
p=0.2886). Nevertheless, it raises the questioof whether further VG titre increases
could have been achieved with the fplasmid system using thelL4-33K/22K
including E2Av -WTR.Combining CMV drien E2A transcription with the E4orf6-6/7
containing Helper 2.0containing the E2Au - TRdecreased titresto levels similar to
the full E4 containing Helper plasmids 1.0 and 1.1However, no further reduction
was observed when thelL4-33K/22K containing v @ TR sequence of E2A was
removed.It was assumed that M OAA T 1 %t 1 OFpTx80O %c% DOI I 1
Helper 2.2 being similar to the control could mean that the benefits of excluding the
other E4orfsmainly increasedE4orf6/7 and consequentlyE2Atranscript levels, but
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not E4orf6 levels.The alternative explanation would be thatif E4orf6 levels were
increasedtoo, increased E4orf6 levels did notnfluence rAAV titres.Evidence for the
latter hypothesis are theminor differences in VG titre ofHelper 2.1 in comparison
to Helper 2.0 However, a later analysis of mMRNA transcripts revealed theE4
transcript levels were similar between Helper 1.0 and 2.0, whereas E2A transcripts
of Helper 2.0 wereactually reduced at 72h post transfection (seéigure 40).

The addition of a second CMV promoter, controlling§4orf6-6/7, did not changeVG
titre s significantly, supporting the hypothesis of increased E4or6 levels havinga
neglectable influence on rAAYV titresin another experiment with the same plasmids,
but less total DNA transfected, rAAV titres with Helper 2.3 were even decreased
compared to 2.2. The additional CMV might result in transcription competition for
other components like thecap gene andE2A The fact that the double CMV system
was performing best in the 5plasmid system but poorly in the 3plasmid system
indicates that a problem occurs when two of the strong CMV promoters are placed
on the same plasmid. Lespolymerase availability forE2Atranscription is therefore
likely the reason for these decreased titres. However, the same could be the case for
the RNA pollll driven VAI, due to steric hindrance or other competition related
effects reducing transcriptional activity.

The decrease without theE2A v -WTR was also observed with the double CMV
construct (Helper2.5), but not with Helper 2.4, containing E4P driverE4orf6-6/7
and CMV drivenE2Asequences. Helper 2.4 seems to be an exception that cannot be
explained at this point. Nevertheless, all other comparisons between similar
DIl AOI EAO xEOE ATMAR debdd&rhtéOthe GQlkeddy dedcribed
beneficial effect, most plausibly generated by the expression of 13BK/22K.

Highest titres were achieved with the Helper 2.1, utilising a CMV promoter for
E4orf6-6/7 transcription and the regular E2E promoter with its introns for E2A
transcription. Like in the 5-plasmid approach titres of theE4orf6-6/7 constructs
with CMV and E4P promoter did not vary significantly (p=0.9981 / p=0.9849).
Measurements of E4P promoter strength through eGFP expression demonstrated
that the CMV promoter is about 1.3imes as strong as the E4 promoter, wile it is
3-times as strong as the E2E in HEK292Ils (appendix 8.2.4.1). This might explain
the little changesin VG titreswith the CMV promoter controlling expression of E4
or E4orf6-6/7 , mmpared to CMVinduced changesfor E2A expression Another
explanation would be that increased E4 protein expression oE4 products in
general have less of an impact on AAV production than the DBP. The importance of
E2A on rAAV production lieson one sidein its stabilisation of ssDNA andthe
connected role in AAV genome replicatiorand on the other sidein its promoter
transactivation, enhancing E1A dold, p5 27-fold and its own E2E promoter 13fold
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(L. S. Chang & Shenk, 1990; Stracker et al., 2004; Ward et al., 19%8jpsequent
experiments should therefore, focus on ideal E2A transcription levels and
guarantee a sufficient amount oE2Atranscription, since both theE4orf6/7 change
(Helper 2.0) and the pE2Acmv indicate that increasedt2A transcription might
improve rAAV production. Although it seems logical that th€z4orf6-6/7 effect is
mitigated by the exchange of E2E for a CMV promoter, the exhibited VG titre
decrease was unexpected. This raises the questiohwhat made theE4orf6-6/7 E2E
combination better than the potentially even higher expression driven by CMV. The
intact regulation, similar as in wildtype AdV/AAV proliferation, could mean a better
concentration and time dependent finetuning of expression levels. In contrast, the
strong constitutive expression with the CMV promoter might producedo high DBP
levels at the wrong time. Additionally, strong CMV promoter transcription in the
opposite direction of L4-33K/22K could also causea loss of function or strong
reduction of this for rAAV production beneficial protein. However, the reduction in
OEOOA AU OEA A-UTRIfren Helpdt 2.3 to 2.5EndGHerdby ootnplete
loss of L4-33K/22K goes againstthis theory. Lastly, CMV driven DBP expression,
which is likely 3-times higher than the previous E2E expression might also be too
strong in general and cause cytotoxic stress on the céllohari et al., 2022; Klessig et
al., 1984) Therefore, optimising the required promoter strength for E2A but also
E4, promises further increases in rAAV VG titres with the used triple plasmid system.

6.2.5 Summary

1 Varying Helper and Rep/Cap plasmid ratiosas initial attempt d altering
component sbichiometries of plasmids, only marginally effects rAAV titres
o IncreasingITR amounts withoutinfluence on VG titres
0 Current plasmid ratio of2:1:0.1likely already near optimum
1 Rep/Cap and Helper plasmids split into multiple plasmids to understand
ideal genetic component abundance for rAAV production
0 Lowered rep amounts seem to befavourable, confirming results of
other groups
o Split Rep/Cap plasmid lowered titres significantly,challenging the
relevance of6-plasmid approachresults
o Split Helper plasmidis functional
1 Testing individual Helper genes' essentiality or benefit using split Helper
plasmid system
o No AdV Helper gen@romotesrAAV replication on its own, regardless
of Helper genepromoters
0 EZ2Ais found to be the only indispensable Helper gen&4and VARNA
are required for optimal function
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o0 Use of CMV promotefor E2Aand E4showed increasal VG titres
A CMV drivingE2Aonly led to slight increase
A CMV driving both genes led totsongly increased VG titres
o 5-plasmid system results for sequentialE4 ORF dissection confirm
3-plasmid system results
A Confirmation of E4orf6 as essential part of E4 for AAV
production
A Use of CMV promoter foE4orf subsets enhancegositive and
negative effects of ORFspbut does not increase rAAV
production
1 CMV driven expression oE2Aand E4/ E4orf6-6/7 in 3-plasmid systemwere
tested to determine requirement for transcription activity enhancement of
both genes
0 Only marginally improved titre with CMV driving E4transcription
o Exclusion ofE2A5' UTR led to decreased rAAV8 VG titres regardless
of promoter change
No titre improvements with CMV driving E2A regardless of position
CMV forE2Amight make E4orf6/7 obsoleteand reduces titre
Double CMV not boosting titre as in 5plasmid system, but
diminishing it, likely due to promoter interference and TF
competition

6.2.6 Conclusion

To establish a general ofavourable expression levels of AAV and AdV Helper genes
within the system, with the aim of achieving enhanced rAAV titres, a comprehensive
investigation was undertaken. Despite initial expectations, traditional DO#tke
experiments involving the 3 and 6-plasmid systems did not provide the desired
insights. Varying the Helper and Rep/Cap plasmid ratios yielded only marginal
impacts on rAAV titres, implying that the current 2:1:0.1 plasmid ratio might already
be near the optinum, precluding drastic improvementsas wdl asvaluableinsights
into component requirements. Furthermore, the 3-plasmid system only allowed
titration of gene combinations, necessitating a more intricate approachfor the
observation of individual gene abundance requirements.

Dividing the Rep/Cap and Helper plasmids into discrete components was
envisioned to yield a more nuanced understanding by allowing for individual gene
variation on separate plasmids.Although, the 6plasmid strategy suggestedthat
reduced rep levels were advantageous, consistent with prior studieghe split
Rep/Cap plasmid configuration substantially diminished titres, casting doubt on the
applicability of the 6-plasmid systemand the relevance of itgesults.
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Transfection resultswith the split Helper plasmidand individual components of it,
in combination with the intact Rep/Cap plasmid,aligned with Matsushita et al.
(1998) findings on the essentiality of AdV Helper genes. Evidently, no single AdV
Helper gene autonomously facilitated rAAV replicationE2Aemerged as theonly
indispensable Helper genewhile E4and VARNAcontribute to optimal function. The
results underline specific importance of the DBP for enhanced rAAV productioits
involvement in ITR/GOI sequence replicatiorcould be of great importance, but also
E2Ai5 O A£O01 AOETT AO A OOAT OAOEDOEI fivotah BrOE OA O1
adequate transcription of OEA  OE O OCobseqeAtly, Atli@ results of the
5-plasmid model suggestedto increase DBP expression to improve rAAV
production.

Employing CMV promoters forE2Aand E4 in the 5-plasmid system demonstrated
mild VG titre increases with cmvE2A while substantial improvements were
achieved with combined CMMWriven E2A and E4 plasmids. This highlighted the
potential of promoter substitutions within the Helper plasmid to elevate rAAV titres,
alongside thepossibility of required heightened expression of the two Helper genes.
However, contrasting outcomes emerged from the -Blasmid system, revealing
diminished rAAYV titres when two CMV promaeers were employed, raising concerns
about transcription factor competition and promoter interference. CMVWdriven E2A
expression seemed to compromise E4orf6/7's function, and CMigulated E2A
transcription failed to elevate rAAV VG titres. The omission &2A5' UTR and the
resultant L4-33K/22K loss led to decreased titreslnitial endeavours involving the
introduction of heterologous promoters into the Helper plasmid showcased the
general applicability of foreign promoters for the Helper genes. Howeverhése
attempts also brought to light that swapping promoters constitutes significant
alterations to the system, necessitating methodical plasmid engineering to ensure
compatibility and achieve enhanced outcomes.

In conclusion, the data regarding CMMriven Helper genes suggests that
introducing heterologous Helper gene promoters, such as CMV or alternative ones,
could enhance rAAV production potential. However, substantial modifications to the
plasmid architecture might be necessary for optimal functionality. Furthermore,
adjustmentsof promoter strengths are imperative for optimal expression of the two
MmRNAgenerating Helper genesOverall, the resultshighlight the complexity of
rAAV production with transient transfection systems, underscoring the intricate
interplay between gene expressiorand plasmid design.
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6.3 Combination of Engineered Rep/Cap and Helper
Plasmids - The Design of Controllable Recombinant
AAV Expression Systems for Enhanced Vector
Production

Next to the extensive work on the Helper plasmid, it was also aimed to improve the
Rep/Cap plasmid to create a new and controllable rAAV transient triple transfection
system. At the start of the project the work was divided into a Helpeiocused
package, led by me, and a Rep/Cap package, with Dr. Yusuf Johari in charge. Most
planning, experimental work and intellectual property regarding the Rep/Cap
plasmid belong to Dr. Johari. However, until the respective departures of the two
post-doctoral researchers,the project was in many regards a group effort by all
three University of Sheffieldbased members, namely Dr. Joseph Scarrott, Dr. Yusuf
Johari, and me. Several experiments with the Rep/Cap plasmid were executechigy

or in cooperation with Dr. Johari. Furthemore, afterhe leftthe project, theRep/Cap
work was continued by me. Finally, a joined draft of a manuscript for publication
was compiled by the two of us as equivalent coauthors, combining Rep/Cap and
Helper plasmid work. Given these circumstancesa brief description of the
performed Rep/Cap work that was not or only partially performed by me will be
given. The full extend of the work can be viewed i8.2.4, exhibiting the coauthored
publication.

Molecular Design of Controllable Recombinant AAV Expression  Systems for
Enhanced Vector Production

- Yusuf B. Johari*, Thilo H. Pohle*, Joseph M. Scarrott, Ping Liu, Ayda Mayer,
David C. James

The Rep/Cap work aimed, similar to the Helper work, to develop a controllable
Rep/Cap plasmid to efficiently produce rAAVs for the use in gene therapy. Previous
research showed that unregulated overexpression of Rep78/68 inhibited rAAV
production, while reduced levels of Rep78/68 improved rAAV titres. To address this
issue and create a controllable Rep/Cap plasmid with potentially optimised
component stoichiometries, instrumental modifications to the Rep/Cap plasmid
were made. The most crucial of these changase listed in the following.

1. Truncation of the p5 promoter and introduction of p5 downstream of cap:
The p5 promoter was truncated to attenuate the expression of large Rep
proteins, addressing the issue of unregulated overexpression of Rep78/68,
which inhibits rAAV production. Moreover, a full p5 downstream of cap was
required, potentially to retain the expression from p19 and p40. These
changes were similarly reported byXiao et al. (1998)
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2. Separation ofrep and capgenes: Theep and capgenes were split by cloning
p40 and cap downstream of therep CAT A6 O OOT B AT AT 1 08
required mutations of the p40 promoter, TATA box and start codon of
remaining partial capv 6 OANOAT AArepb OA066 ADBRIOCAT AA
expression oftruncated viral gene products.

3. Introduction of restriction sites up- and downstream ofrep and capgenes to
enable simplification of further changes, including promoter replacements,
to unlock improved controllability.

4. 4 E A capitron turned out to be crucial for efficient rAAV production and
needed to be reintroduced.

5. Replacement of the p40 promoter with the heterologous CMV promoter
driving cap expression, was needed to enable rAAV titres similar to the
parental Rep/Cap plasmid (v1.2)

6. A poly adenylation signal sequence allowed VG titres ald increased to
the control (Rep/Cap plasmid v3.7).

7. Despite reports of Rep78 being dispensable, it was shown to be essential in
present system.

8. An additional Rep52/40 copy with an optimised Kozak sequence was
introduced to increase Rep52/40 amounts and reach a higher small to large
Rep ratio for enhanced genome packaging without increased cytotoxicity.

These modifications collectively contributed to the development of a controllable
Rep/Cap plasmid system, enabling improved rAAV production for potential gene
therapy applications. Key constructs of the work and resulting rAAV8 VG titres of
transfections with these are shown inFigure 30.
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Figure 30: Rep/Cap plasmid constructs most relevant for this work. Schematic depiction of Rep/Cap
plasmid constructs show all components are drawn to approximate scale. Replication (Rep) and
capsid (Cap) openreading frames are indicated, arrows denote promoters, asterisks denote
sequence mutations, black circles poly As. HEK293 cells were triple transfected with each Rep/Cap
Pl AOIi EAh (Al PAO n8p B! $3&eQq DI AOI EA AANScldeA ) 427 /)
viral genome (VG) titres were analysed 72 h podransfection, expressed as a relative percentage
compared to Rep/Cap plasmid 1.2. Data shown are the mean with standard deviation of three
independent biological replicates.

The paper draft also includes the modifications and findings regarding the2Aand

E4 genes of the Helper plasmid, presented in chaptes.1. Additionally, the new
Rep/Cap plasmids and Helper plasmids were combined to test their compatibility
and compile a first version of a triple plasmid system for rAAV production that has
the potential for adjustment and controllability of specific components. The results
are fully described and analysed in the paper draft. As these experiments were also
a larger part of my own work, a description and graphical display of the results will

also be included ere.

Of all constructed Rep/Cap plasmids, highesitres were achieved with the Rep/Cap
plasmids v3.7 and v5.4, which resemble one another apart from the added
Rep52/40 copy downstream of cap in v5.4. Helper plasmid 2.0 (E4orf€6/7)
performed best of all theHelper plasmids tested in the work of the paper draft and
enhanced the titre to 185% of the E4 control titre. Therefore, the 2.0 Helper plasmid
was to be combined with the two best Rep/Cap plasmids. Unfortunately, both
Rep/Cap versions were incompatible with Helpr 2.0 as seen by VG titres drops to
68% (v3.7) and 74% (v5.4) comparedto Helper2.0 with the control Rep/Cap
plasmid v1.2. It was postulated that the use of the strong and highly complex CMV
promoter in Rep/Cap v3.7 and v5.4 titrated away the limited pool of available TF
molecules from the Helper promoters E4P and E2E. Consequentlyettwo Rep/Cap
plasmids were also tested with versions of the E4ort®/7 Helper with CMV
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promoters in exchange of theendogenouspromoters to enhance transcription of the
E4and E2AHelper components.
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Figure 31: Evaluation of engineered Helper and Rep/Cap plasmid combinations for rAAV8
production. (A) Schematic depiction of the Helper plasmid constructs/ARNAnot indicated). Arrows
denote promoters, black circles poly A signal sequences. All components are drawn to approximate
scale. (B) rAAVS8 crude viral genome V@nalysed 72 h posttransfection, expressed as a relative
percentage compared to the Helper 2.0 and Rep/Cap 1.2 plasmid combinati@ata shown as mean
with error bars displaying standard deviation Data were analgA A OOET ¢ O1 bADAA
with respect to the Helper 2.0 and Rep/Cap 1.2 plasmid combination.

Employing the CMV promoter forE4orf6-6/7 transcription (Helper 2.1) restored
rAAV titres comparable to those achieved with Helper 2.0 and Rep/Cap v1.2 83
110%). However, substituting the EE promoter with the CMV promoter (Helper
2.2) led to reduced titres, particularly when combined with Rep/Cap v1.2 and v5.4.
Further decreases in rAAV VG titres were observed with Helper 2.3, utilizing the
CMV promoter to drive both E4orf@6/7 and E2A expresion. These findings were
consistent with our idea of competingTF binding sites, employing a system with a
total of four CMV promoters, all competing for the same pool of TFs. The data also
showed that Rep/Cap v5.4 with Helper 2.0 or 2.1 yielded higher titres compared to
Rep/Cap 3.7. To explore this observation, a symanel of different Rep/Cap and
Helper combinations was selected for quantification of fully assembled, intact
capsids that can be compared to measured VG titres of the same samples to

determine the ratio of full to empty particles(Figure 32).
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Figure 32: Determination of product quality of the engineered Helper and Rep/Cap plasmids for

rAAV8 production. (A) Intact capsids were quantified at 72 h postransfection using rAAV8

specific capsid ELISA and expressed as a relative percentage compared to theéted.1 and

Rep/Cap 1.2 plasmid combination. (B) The full/lempty capsid ratio was calculated from the

measured intact capsids in A and its VG titre. Data shown as means with standard deviation as error
bars of three independent biological replicatesData were analysedOOET ¢ O1 PAE@dsiA 3 OOAAT 08 C
with respect to the Helper 2.0 and Rep/Cap 1.2 plasmid combination

The analysis of total capsid concentrations revealed that Rep/Cap plasmids v3.7 and
5.4 boosted capsid production 3.1 to 35old with the Helpers 0.1, 2.0 and 2.1
respectively, compared to the same helpers in combination with Rep/Cap v1.2.
However, since VG titres did not increase proportionally, this meant that full/empty
ratios decreased to as low as 5.3% (v3.7) and 8.0% (v5.4). Consequently, the CMV
promoter in both new Rep/Cap plasmid lead to a large increase in empty capsids
with these three Helper plasmids. Interestingly, Helper 2.1 showed less capsid
production than 2.0. In alignment with the promoterand TFcompetition theory, it

is possible that the CMV promoter employed for E4orf®/7 expression tuned down

VP production, resulting in higher full/lempty ratios. The fact that also rAAV VG titre

were increased with this helper construct and the otherwise mosyl empty capsid

-104 -



Results and Discussion

producing Rep/Cap plasmids v3.7 and v5.4jighlights the importance of adjusted
component stoichiometries. Further, it might demonstrate that also a time
component is important, as shown in the modelling experiments biXguyen et al.
(2021). AlthoughHelper 2.0 facilitated more capsids with v3.7 and v5.4, these could
not be filled with genomesin time. Additionally, capsid production with the CMV
promoter was presumably consistently highuntil the harvest 72 h post transfection.
But accordingNguyen et al. (2021)genome replication is notand strongly declines
after about 24 h, which would mean that for the next 48h mostly empty capsids
were produced.Measurement of full and empty capsids at different time points with
the different promoters would be great to analyse thesevents and kinetics.

Likely, asignificant factor affecting recombinant production of multiple component
expressionsystemswith strong promoters is cellular resource allocation.The highy
abundant VPs expressed from the CMV promoter werg@otentially efficiently
assembled, asssembly is a fast, notimiting step in AAV proliferation, but due to
the extensive allocation of resources for these processespecifically the VP
expression, rAAV genome replication, the expression of helper functions, or Rep
might have been compromised. The use of a CMV promoter foE40rf6-6/7
potentially alleviated this effect. The decreasein total capsids observed in
transfections with the Helper plasmids 2.2 and 2.3the E2Acmv or double CMV,
respectively) support this hypothesis. However, iremains unclear why the use of a
CMV promoter for E2A decreaseal capsid amouns, whereas the cmvE4orf6-6/7
construct did notexhibit the same effectLower VG titres and total capsid titres were
achieved by the combinations of Rep/Cap v3.7 and v5.4 with the Helpers 2.2 and 2.3.
Part of the titre decrease could have been caused llye potentially cytostatic or
cytotoxic effects of high DBP levelgesulting from replacement ofthe selfregulating
loop mechanisms oE4orf6/7 and E2Awith high and uncontrolled CM\{driven E2A
transcription (Klessig et al.,, 1984) However, cell concentration/viability data
showed no differences between the endogenous E2E and CMV prometieiven E2A
constructs (data not shown).It is speculated that the detrimental effects of high DBP
level in HEK293 celloriginated innegative regulation of capsid expression rather than
direct exertion of cytotoxicity on the host celfnother contributing factor to the
highly increased full to empty capsid ratios (up to 66%) coulde attributed to the
increase in DBR potentially leading to increased Rep leveland ITR/GOI replication.
DBP itsdf, and increasedlarge Rep levels due to DBP transactivatiooould support
large RepITR mediated rAAV genome replicationThrough transcription activation
cascades elevated small Rep levels couldimprove ITR genome packaging.
Comparing full/lempty ratios of Rep/Cap plasmids v3.7 and v5.4, which are
consistently higher with plasmid v5.4 containing a second Rep52/40 copyalso
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demonstrates a higher packaging rate of the single-stranded DNA contained
between the ITRsdue toanincreasein small Rep amounts

The high empty capsid titres achieved with the two new Rep/Cap plasmids are
currently not ideal, particularly from a downstream purification point of view.
Furthermore, questions should be raised regarding the VP composition. Studigs
the baalovirus system suffered from unfavourable VP stoichiometries likely
caused by the CMV promoter used faraptranscription, resulting in poor infectivity

of the manufactured rAAVgMader et al., 2013; Mietzsch et al., 2015; Rumachik et
al., 2020) Western blot analysis for VPratios and transduction experiments are
suggested for futurequality controls and experimentswith the engineered Rep/Cap
plasmids.

Taken together virus genome titre increases of the new Rep/Cap (v3.7/v5.4) and
Helper (2.0/2.1) were not additive, but the observed VQitre decrease of the
combination of 2.0 and v3.7/v5.4 could be reverted by the use of a CMV promoter
for E40rf6-6/7 . The newsystemsVG titres were 1.8fold higher than the ones of the
original system, but >3fold higher capsid titres suggest an even greater potential
with an optimised balance of component amountslhe present experiments, which
involved the addition of a second copy of Rep52/40, showcased that packaging rates
can be increased with molecular biological tools. Future firuning of component
amounts was enabled with the new Rep/Cap and Helper plasmidsat were created
during this work. Rather than using the consitutive, strong, and uncontrollable
transcription from the diverse CMV promoter, gnthetic promoters could prove to
be well-suited tools for achieving precise control over the system. Notably, the
achieved full/empty particle ratios of the control and generally with the regular
Rep/Cap plasmid v1.2 are similar to reports from other grops, such as the study
Mietzsch et al. (2021)which reported 20% full virions with the AAV8 capand AAV2
rep combination that was also used in the present experiments. Their research also
presents an alternative strategy to increase packagingy using alternative Rep
proteins, yielding up to 43% full particles in rAAV8.Therefore, the combination of
better-suited Rep proteins respectively to the used serotypeand an optimised
expression profile of Rep and VPs with synthetic promoters could possibfurther
boost packaging and VG titres

6.3.1 Transfection Process Adaptation for I ncreased Consistency

In the course of theresearchpresentedso far, experimental dayto-day variation of
transient transfections was an accompanying issue. After the Rep/Cap and Helper
combination experiments, which were thought to stay cohesive with the rest of the
work for the manuscript draft, it wasdecided tooptimisethe experimental setup for
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higher consistency between biological replicates. Part of this work will be presented
briefly in the following.

In a first experiment, the total plasmid amount per million cells was loweredasa
saturation by the regularly used 0.63.g/10¢ cells was feared This couldlead to
greater inhomogeneity and variation between transfectionsi-urthermore, reducing
plasmid DNAusageis beneficial in rAAV production due to its immense contribution
to upstream costs particularly in cGMP processe§Cameau et al., 2019; Merten,
2016). Transfections with the initial plasmid system (Helper 0.1+Rep/Cap v1.2)
were carried out as usual in 24well plates with constant DNA to PEI ratio of 1..75
but varying total DNA concentrations.

6x1010 -

4x1010-4

VG titre (vg/mL)

2x1010-

0- T T T T T
0.16 0.24 0.32 0.4 0.48 0.63

total plasmid concentration (e g/10%cells)

Figure 33: rAAV VG titre as function of increasing total plasmid concentration. Data points measured
in independent biological triplicates (black dots) display means, error bars standard deviations.

The resulting VG titres as shownin Figure 33 were highest with transfections of
0.48 ug DNA per 10 cells. Notably, the lowest DNA concentration still yielded about
9x108 vg/mL, which would be better visible on a logarithmic scaled yaxis. The
chosen decimal scalation, howeverjs a better display of the linear increase of VG
titre with the total DNA load up to its maximum at 0.481g DNA per 10 cells. The
previously used DNA amount seemed to be too much DNA for the cells.
Measurement of viable cell densities could have demonstrated if the lower VG titre
was correlating with a higher cell mortality. Differences between biological
replicates, transfected on different dayswere high in all cases, with relative errors
being slightly smaller at 0.48ug compared to 0.4 and 0.63. Although, a sample size
of n=5 is too small to give any meaning to this, the threguarter lower DNA
concentration did at least not seem to increase variability. Since it also displayed a
marginally higher titre, meaning potential cost reduction in industrial production
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processes, it turned out to be the preferred total DNA concentration for future
transfections.

Further concerns referring to the transfection method regarded the polyplex
formation of DNA and PElpro, the low ITR/GOI plasmid amount relative to the other
two plasmids and inhomogeneity of transfections with cells in differentsub
cultivation passages. Experiments with different polyplexing times and methods
revealed that the usual method with a 10 to 1%ninute polyplex formation period
was still the preferable choice §ee appendixFigure 50). The other two points were
addressed with an experimental setup transfecting different ratios of ITR/GOI
plasmid (1-fold, 5-fold and 10-fold) with the three helper plasmids 0.1, 2.0 and 2.2
as technical triplicates of each of the biological triplicates in 24well plates. The
transient transfections were carried out at 0.48.9/106 cells in 24-well plates. A sub
passaged culture of HEK293 cells from a single cryovial represented each of the
three biological replicates and was transfected at passages three, five and seven.

2.5%1011 mm P3 = PS5 = P7
ns *k kK

2x1011-
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Helper 2.0 Helper 2.2 Helper 0.1 Helper 2.0 Helper 2.2 Helper 0.1 Helper 2.0 Helper 2.2

1|5|1o1|5|101|5|1o 1|5|101|5|101|5|1o

Helper plasmid
ITR/GOI multiplicity

Figure 34: Consistency of transfections and resulting VG titres with different helper plasmids (0.1,
2.0 and 2.2) and different ITR/GOI plasmid amounts (15, and 10fold of the regular amount of the
plasmid ratio 1:2:0.1) transfected at different sub cultivationpassages (P3, P5, P7, passaging was
performed in a 3-day rhythm). Bars represent three biological replicates, each transfected and
analysed in technical triplicates of which the determined VG tires were subsequently pooled. Error
bars display standard devation of the biological replicates.Statistical analysiswas performed as an
ordinary one-way ANOVA on the means of eadultivation passage pairwise comparison displayed

to the mean of P3

Thebarsin Figure 34 representthe average VG titres thbiological replicatesand the
error bars represent the standard deviation of these, whereas VG titre
measurements of thetechnical replicates (transfections of the same cell pool in
different wells) were averaged beforehand. Thefore, theresults in Figure 34 show
clear differences between the biological replicates regardless of helper plasmid and
ITR amount used Interestingly, the variations were larger between different

passage numbers and transfection days of the same biological replicate than
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between the biological replicates on the same day. Surprisingly, no specific trend
was observed regarding variation with different ITR amountsHowever, the at that
time best and most used Helper plasmid, Helper 2.0, showed slightly higher titres at
5x ITR/GOI plasmid amounts. Thisincrease in ITR/GOI amount changd the
concentrations of the other two plasmids onlymarginally but prevented a possible
inhomogeneous distribution of the ITR/GOI plasmid in polyplexes. Such
inhomogeneities could mean that someatls that take up DNA have@o or only small
amountsof the ITR/GOI plasmid, insufficient for specific high titre rAAV production.
Considering that likely not more than 5% of the initially applied plasmid is taken up
inside the cells with PEI and less than 1% gets into the nucleus, it is surprising that
theverd 11T x Y427 /) AiT 01O OEAO xAO DPOAOGET 601
cause more inconsistencyNguyen et al., 2021; Pollard et al., 1998Furthermore,
these low triple transfection numbers are also confirmed by a study dbdash et al.
(2022), which demonstrated that less than 10% of all cells of transfections for rAAV
production do produce virus. This is a different aspect of rAAV production
optimisation which needs to be improved, butt was not supposed to beddressed

in this work, as the focus of this worklayed on the molecular engineering of the
plasmid system

The increased ITR amount was chosen for upcoming transfections. It was
additionally decided tocarry out transfection at cellsub cultivation passage number
three, wherever possible, since the results seemed to show a trend of declining VG
titres with higher passage numbers This trend of declining VG titres with higher
passage numbers was also observed by others, althoudbrieger et al. (2016)
suggested a much longer usage of cells up to passage4B0Notably, the volumetric
rAAV virus genome titres and VG titre trends of plasmid constructs were consistent
between different passages, except for Helper 2.0 in passag@dbelling marked in
grey). This inconsistency was attributed to a different plasmid preparation stock
used for this specific transfection, even though no apparent issues were detected
with the plasmid purification process. Consequently, from that point owards,
attention was paid to perform transfections of the same experimentbut different
replicates always with the same plasmid stocks.

Lastly, the transfection in 24well plates was investigated, because it was
hypothesised that transfections with larger culture volumes in 50nL TubeSpin
reactors or Erlenmeyer shake flaks would be less prone to variation and errors of
different origins. General handling of larger volumes should be less variable and the
transfection of more cells at a time should lead to greater uniformityMoreover, it
was speculated that larger vessels might provide better cultivation conditions,
leading to higher cell dasities during the three days post transfection and
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consequently higher VG titres. This speculation was particularly relevant for the
new HEK293 cell line introduced to the project at the time, which showed slightly
higher clumping. Transfections were carried out with three different helper
plasmids (0.1, 2.0 and 2.2) in 5L TubeSpin reactors with 5mL culture volume
and 24-well plates with their usual 0.7mL culture volume.
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Figure 35: Comparison of rAAV8 VG titres from
transfections of different plasmids in either

50 mL TubeSpin reactors (5mL culture volume,

black) or 24-well plates (0.7 mL culture volume,

grey). Data shown as means with error bars a:
standard deviation of three individual

biological replicates.

The results of the investigation showed
that the measured rAAV8 VG titres were
consistently higher with transfections
in the 50 mL TubeSpin
Calculated ttests
significantly higher titres for Helper 0.1
and 2.2 primarily due to relatively large
differences among the three biological
replicates with Helper 2.0 Although
higher VG titres could be achieved in
50 mL TubeSpin reactors, the relative
errors were similar or even higher
compared to 24well plates (between
11.5% and 26.5% for 50 mL TubeSpin
reactors and 11.5% and 18.8% in 24
well plates). To investigate the reason
for the higher titres with the larger
culture volume, additional transfections

reactors.
demonstrated

were performed with Helper 0.1 as

technical and biological triplicates in both culture vessels. For these transfections
VCDs were measured at the harvest (three days post transfection) and transfection
efficiencies measured through the expressed GFP from the ITR/GOI plasmid were
determined 48 h post transfection (Figure 36). In this experiment the 50mL
TubeSpin reactor transfections again yielded higher VG titres on average, but no
significance could be attested. In this case, a much high relative error of the-24ll
plate titres was determined (48.8%). Whereas the 5@1L TubeSpin reactor
transfections only showed a relative error of 17.1%. Comparing these results to the
previously described experiment Eigure 35), the general higher variability of the

plate transfections becomes obvious.
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Figure 36: Comparison of transfections in 50nL TubeSpin reactors (5mL culture volume, black) and
24-well plates (0.7mL culture volume, grey). rAAV8 VG titres (A) and viable cell densities (B) were
measured at the time of cell harvest 72 post transfection, transfection efficiency as GFP positive
cells 48h post transfection. Data shown as means with error bars as standard deviation of three
individual biological replicates, with pooled data of three technical triplicate transections for each
biological replicate. Unpaired ttests were performed for statistical analysis.

The results indicated that the differences in rAAV titres were likely a result of
improved transfection efficiency, which was significantly increased from 37+£5.4%
to 46£7.4% in the 50 mL TubeSpin reactor transfections. Differences in viable cell
densities at the time of cell harvest could not be detectedHgure 36 B). It is
hypothesised that better mixing in the larger vessel during transfection itself and
cultivation, particularly during the first hours when PEI polyplexes are taken up by
the cells, areresponsible for the higher transfection efficiency. Since the cells used
for both 50 mL TubeSpin reactor and 24wvell plate transfections came from the
same culture of origin, other factors that influence transfection efficiency such as
passage number, celhealth, cell cycle phases, and DNA quantity and quality were

guaranteed to be consistent.

As a consequence of alhe conducted experiments concerning transfection quality
and consistency the method was adapted as followswhenever possible, HEK293
cells were transfected at passage number threasingthe same plasmid DNA stocks
of high Midi or Maxi prep gradeat a total DNA concentration of 0.48ig per 1 cells;
with a mass plasmid ratio of 1:2:0.5in 5 mL culture volume in 50mL TubeSpin

reactors.
6.3.2 Summary

1 Rep/Cap plasmidwith separated and individually controllable largeRers,
cap, andsmallRepswvere created

-111 -



Results and Discussion

-112 -

0 Modifications restored rAAV titres and slightly above (Rep/Cap v37
and v5.4 ~1.2-fold of v1.2)
Rep78essential in this system
p5 downstream ofcapor additional Rep52/40beneficial
Intron of capand short CMV promoter(80% activity of CMV)instead
of p40required for high rAAV titres
0 p5is essentialdownstream of capor additional Rep52/40
Compatibility of new Rep/Cap plasmidswvith E4orf6-6/7 based Helper (2.0)
required CMV controlledE4transcription (Helper 2.1)
o VG titre 1.8-fold higher compared to the original system
CMV controlled cap in Rep/Cap plasmids 8.7 and v5.4boosted capsid
production up to 3.5fold, but with mainly empty capsids
TF competition by multiple CMV promoters
0 Reduced CMV controlled capsid productionvhen CMV promoters
also control Helper genes especially with two CMV promoters in the
helper plasmid
Packaging increased with secon®ep52/40copy
Lowering total plasmid amount per million cells to 0.48 pg improved VG
titres, potentially reducing variability and avoiding potential saturation
issues and high DNA usage
Investigation of ITR/GOI plasmid ratios and passage numbers revealed
minimal impact on VG titres but showed higher variability among different
passage numbers
Transfections in larger culture volumes using 50 mL TubeSpin reactors
consistently yielded higher VG titresdlue to enhanced transfection efficiency
likely because oimproved mixing and cultivation conditions
Refined method parameters were established, involving transfection at
passage threecoherent plasmid DNA stocks, 0.48 ug total DNA per 4@ells,
and 5 mL culture volume in 50 mL TubeSpin reactors, aiming to achieve
consistent and efficient rAAV production.
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6.3.3 Conclusion

In conclusion,Rep/Cap and Helpeplasmids engineeredfor individual control over
AAV and AdV Helper geneslevated rAAV VG titres on their owrand could be used
together. However,the new Rep/Cap plasmids v3.7 and5.4 with their CMV driven
cap, showed incompatibility with the Helper 2.0. The use of a CMV promoter for
E4orf6-6/7 was required to restore rAAV VG titres.The addition of a second small
Rep copy proved its intended purpose, improved genome packaginthe shortened
CMV promoterused for cap lead to uncontrolled VP expressionand consequently
very highamounts ofcapsid, which were predominantly empty.CMV controlledE2A
expression decreased capsid numbers and increased full/lempty ratios. The
competition between CMV promoters and Helper promoters raisequestions about
transcription factor availability and cellular resource allocation with CM\£driven
VP expression potentially compromising other crucial processes.This work
highlights the complex interplay between various components, suggesting the
importance of precise stoichiometry control, presumably addressable with the
created system and synthetipromoters with defined transcription strength. While
yielding valuable insights, further research is required to optimize the full/lempty
and harness thefull potential of the engineered Rep/Cap and Helper plasmid system
to elevate vector production efficiency for gene therapy applications.

Furthermore, the consistency of transient transfections was aimed to be improved.
Challenges in dayto-day variation were addressed by optimizing the experimental
setup. Lowering the total plasmid amount per million cells led to increased VG titres,
highlighting the impact of DNA concentration on production. Biological variability
and passage number effects were observed, emphasizing the need for stringent
experimental controls. Transfections in larger culture volumes using TubeSpin
reactors yielded higher VG titres, attributed to enhanced transfection efficiency.
Consequently, a refined protocol was established: transfecting cells at passage three
with standardized plasmid DNA stocks, using DNA concentratio@s18 pg total DNA
per 106 cells with an increased ITR/GOI plasmid ratian 50 mL TubeSpin reactors.
These adaptations strive to mitigate variability and promote consistent and efficient
recombinant AAV production.
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6.4 Assessment of | mpacts on rAAV Production, E2A and
E4 Transcription by Helper Gene Rearrangements
and Recombinant  Plasmid Engineering

Changes to the Helper plasmid demonstrated great potential for rAAV production
optimisation in this work. The creation of simplified and sizereduced helper
plasmids (6.1and the usethese with CMV promotersfor the transcription of E4orf
subsets and E2A (6.2) confirmed the hypothesis that different transcriptional
activities can influence and improve rAAV VG titres. The positioning, orientation,
and context of genes can impact transcriptional accessibility, expression strength,
and component stoichiometries inmultigene expression vectors(Eszterhas et al.,
2002; Patel et al., 2021)Asthe Helper plasmid is a multigene expression vector, the
order of genes and their orientation were changed with Gibson Assembly
approaches and so to speak reshuffled. These eleven reshuffled Helper plasmids
(3.0-3.10) were based on the design of helper agmid 2.0 and therefore contained
the genesE4orf6-6/7, E2Awith its L4-33K/22K AT T O A E-UTRIaqdVA|, @ the
about 1kb large VARNA fragment, in various orders. The Helper plasmid 3.0
maintained the gene order and orientation of Helper 2.0 but differed in the plasmid
backbone, which was used from the Rep/Cap AAVS8 plasmid v1.2 and contained
additional restriction sites downstream of E2A and E4. Although these minor
changes should not have made any difference, slightly higher titres were measured
(data not shown). These could either be caused by the marginally size reduction of
0.5kb to 10.1kb, orby changes in mRNA contents. The latter might be caused by the
minor OANOAT AA AEAT ¢AUR &t E2G Enkirorgnirit du®to theonew
restriction sites. The schematic configuration of all eleven plasmids and the titres
resulting from transfections with them are shown inFigure 37.
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Figure 37: Reshuffled Helper plasmids based on Helper 2.0. Schematics of the gene order and
orientation are not drawn to the actual size of the respective gene sequences. rAAV VG tires are fold
changes compared to the control helper plasmid 0.1 and are displayed m&ans with error bars as
standard deviation of three individual biological replicates, statistical analysis was performed as
ordinary one-way ANOVA.

The created Helper plasmids with reshuffled gene orders (3.0 to 3.1@xhibited a
range of rAAV production capacies,with differences in VG titre fold changes from
1.08 to 1.83fold compared to the control (0.1).While the differences between the
individual constructs were not statistically significant, they still confirmed the
impact of gene order and orientation on the transcriptional activity of individual
transcriptional units. Transcriptional run-through is one of the factors that changed
between the constructs. In AdV, transcripts of the E4 promoter can include E2A
translatable mRNAs(Donovan-Banfield et al., 2020) The sameamight also apply to
the helper plasmid in any kind of tandem gene arrangementsame transcription
direction, E4A E2A or E2AA E4), but is probably less likely with the presence of
VARNAor BB sequences between the geneBolymerase read throughs and also
steric hinderances can be important factors for transcriptional accessibility in
multigene vectors. The highly active transcription of VAI might also influence the
transcription initiation or termination of the other two genes in close proximity.
However, the positioning of VAI did not follow a definite pattern of positive or
negative impact on VG titresTwo of the three best performing vetors have the VAI
sequence on the same stand right in front of their promoters oE2A and E4,
respectively.
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Some trends were discernible regarding gene arrangements, bab definite rules
could be observed regarding gene preferred arrangements of the gen€pnstructs
with consecutiveE4and E2Aor E2Aand E4gene sequences were in the bottom half
achieved of VG titres, withthe Helper 2.0 like configuration of Helper 3.0 being the
best of these and exaty in the middle of all configurations. Transcriptional
interference caused by the ruathrough of the RNA Il polymerase transcribing the
upstream gene might be aeason for the lowered titres(Shearwin et al., 2005) The
tandem arrangement favours expression of the upstream gemnectors (Eszterhas et
al., 2002; Patel et al., 2021)eading to the hypothesis that the two Helper genes are
likely required to be transcribed similar amounts, as none of the two configurations
E4A E2Aor E2AA E4was generally much better than the other.

4EA OxT AAOO AT 1 OOOOAOO OAOGAI Al AA HEAAE 1 OEAC
and E4 genesin a polyAto-polyA configuration, potentially preventing polymerase

run-through and enable more efficient termination.Divergent gene arrangements

often exhibit even better transcriptional activity (Eszterhas et al., 2002) This

arrangement is exhibited by the third best reshuffled Helpe(3.8), with a separation

by the VARNAfragment. No divergent constructs were created with heado-head

promoter configuration because interference of the promoters was feared,

impeding results when these promoters would be exchanged. Apart from Helper 3.1,

all configurations separatinge2Aand E4with the VARNAfragment and the plasmid

backbone showed similar titres, ranging in the midfield of all the configurations. The

best one of these, Helper 3.8, was taken forward together with the best performing

configuration 3.10 to test a further minimisation. Helper 38 was chosen instead of

c8w AAAAOOA T £ oc8wd0O OEI EI AOEOU O o8pm AT A
transcription directions of 3.8 and 3.10 with a separation of the divergent promoters

by the VARNAfragment in Helper 3.8. Additionally, the 2.0 cafiguration resembling

Helper 3.0 E4A E2AA VA and Helper 3.2, which has putE2A upstream of E4

(E2AA E4A VA), were used to explore synthetic molecular biology techniques for

multicistronic gene expression in rAAV production.

6.4.1 Minimiz ing of Reshuffled Helper Plasmids

In chapter 6.1.4, it was observed that reducing theE2A5' UTR to its essential part,
the L4-33K/22K gene, resulted in a slight but insignificant decrease in rAAV VG
titr es. The 1.8b reduction in plasmid size made it reasonable to use the smaller
L-BTR (E2Ann1) since similar titres were achieved Moreover, a plasmid size of
Helper 3.0 still >10 kb could be potentially improved in terms of transfection
efficiencies (Hornstein et al., 2016; Kreiss, 1999) as dramatically increased
efficiencies were observed when the size was below 10 kb in experimemsblished
by Kreiss (1999). Additionally, the reduced size mightthen allow the use of other
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genes or genetic components on the same plasmid without impairing transfection
efficiencies too much.Consequently the E2Auin1 U-OTR was constructed in the

Helper plasmids 3.0, 3.2, 3.8 and 3.10.
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Figure 38: Size reduction of theE2Au -intron of the Helper plasmids 3.0, 3.2, 3.8 and 3.10. Schematic
depiction of the Helper plasmids next to associated VG titre fold changes compared to Helper 3.0.
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and polyA signals are drawn to approximate scale. Data shown as means with error bars indicating
standard deviations of four biological replicates. Ordinary oneavay ANOVA was performed for

statistical analysis.

All four Helper plasmids exhibited strong drops in VG titre with the smallerE2A
v -8 TR. Althoughot all changes were statistically significant, rAAVS titres dropped
for Helper 3.0and 3.8 by nearly 60% and for Helper 3.2and 3.10by about 70% on

averagewhen the E2Av -@WTRwas reduced to

the L4-33K/22K gene (E2Anin1). It

remains unclear why E2Anin1 U-0TR restored VG titres compared to E2#2 and
showed similar titres to the full E2Au -®TR when used in the Helper 1.0 plasmid,
but not in these plasmid vesions with the optimised E4orf6-6/7 gene.

The intact E2E promoter should have provided sufficient expression of DBP, and

E4orf6/7's transactivation effect on E2E should

have remained intact. Interestingly,

the reduction in titre was observed regardless of the gene order to comparable
extents. Additionally, no issues were expected with the expression of 13BK and
22K, as confirmed by mass spectrometry with the Helper 1.0 E2/A1 plasmid, and
no changes were made to the gene's close environment.
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The second change that was testedith the E2Anin1 versions of plasmids 3.8 and
3.10 involved exchangng of the VARNA fragment for the smaller version,
VARNAort, which hadalready beensuccessfullyusedin the 5-plasmid system. Here,
no significant differenceswere observed, confirming the results of the Elasmid
system. Therefore, it was decided to use the 40fp smaller VARNAsequence in
upcoming plasmid versionsHowever, further investigation was deemed necessary
for the E2A5' UTR, or it should be left intactFor promoter excharges this is not
ideal, as the 3kb distance between promoter and translation start siteinduces
uncertainty regarding the translatability of previously tested promoter strengths

6.4.2 Synthetic,  Bicistronic Helper Plasmids and  Repositioning of
L4 -33K/22K

Rather than discarding the full E2A v - TR including L4-33K/22K, or keeping it
intactand havinga® A CAD AAOxAAT DPOiI i1 OAO AUTR, CA
a fourth option was explored. Versions of Helper plasmids 3.8 and 3.1Qvere
designedto move the promoter right in front of the E2Agene while retaining the
beneficial L4-33K/22K gene upstream of the promoter used foE2Atranscription
control. To ensure termination of L4P transcripts, a rabbit betaylobin poly
adenylation signal was placed downstream of the genganoix & Acheson, 1988)
The divergent gene configuration ofE2A L4-33K/22K, could even be preferable,
because it separates the two genes and stops their existing transcription
competition when transcribing the same sequence in opposite directiond=2A
transcription was controlled by a CMV or SV40 early promoter (SV40) and also the
terminator of E2Awas exchanged to the commonly in recombinant mammalian
processes used SV40 poly adenylation site (SV40pA).

—_
T>
¢

Furthermore, Helper plasmids were designed containingninternal ribosome entry
site (IRES) from encephalomyocarditis virus (EMCV) or the 2A saifeaving peptide
P2A for abicistronic expression approach ofE2A and E4 helper genes for rAAV
production (Bochkov & Palmenberg, 2006; Douin et al., 2004; Z. Liu et al., 201170
achieve dficient transcription termination and possibly enhanced mRNA stability
the Woodchuck Hepatitis Virus (WHV) Posttranscriptional Regulatory Element
(WPRE)was utilized with a bovine growth hormone polyA (bGH pA) downstream
of the bicistronic gene cassettéHigashimoto et al., 2007; Sun et al., 2009)
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Figure 39: Synthetic Helper plasmids designs containing heterologous promoters, EMCV IRES or P2A
sites for abicistronic E2A E4gene expression, and Helper plasmids with relocated E33K/22K gene.
Schematic depiction of the Helper plasmids next to associated VG titres. Arrows denote promoters,
black dots poly A sequences, crossed out asterixis demonstrate the missing of the ustap codon.
AT AOh -UTRs, IRES\anaRRA, but not promoters and polyA signals are drawn to approximate
scale. Data shown as meansith error bars indicating standard deviations of three biological
replicates. Ordinary oneway ANOVA was performed for statistical analysisomparisons displayed

to parental Helper 3.0, 3.80or 3.10.

Synthetic biology methods for bicistronic protein expression are not new to AAV
production systems. ManyGOI combination constructs deploy an IRE&nd also Rep
expression waspreviously controlled with an IRES in the TESSASCapEMCVRep
construct (Su, 2021) The present work represents the first use of this synthetic
biology technique for the AdV Helper transientttiple plasmid method used for rAAV
production, although not for AdV Helper genes in general. While th work was
conducted Gu et al. (2020)worked on stably integrated, bicistronially expressed
Helper genes in HEK cell lines and patented these. Transfections of the Helper
plasmids 3.01 to 3.2.2 presented in Figure 39, demonstrates that rAAV can be
produced with bicistronic helper gene expression, with the lowest produced
average rAAV8 titre being 7.8x10° vg/mL (3.0.3), which is still far above the
detection limit of the ddPCR for the utilized 400&times dilution of the crude sample.
However, VG titres were much lower than with the monocistronic parental Helper

plasmids. For Helper 3.0 the rAAV8 VG titres decreased to about 15%thwthe
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cmvIRES construct and to about 9% when a P2A site was used instead. Helper 3.2,
which used the CMV directly upstream oE2Aand utilized the IRES or P2A for the
E4orf6-6/7 expression, showed only a decrease from 2.1xI@vg/mL to
1.1x101 vg/mL (52%) for the IRES construct and a reduction to 23% of titre of
Helper 3.2 with the P2A construct. Differences between the consecutive gene orders
follow a trend that was generally seen in previous experiments of this workthe
greaterimportance ofadequateE2Athan E4 expression Both IRES and P2A worked
better with the gene order E2AA E4. It is known for both bicistronic expression
mechansmes, despite their different mechanistic foundationsthat the expressionof
the second geneis usually lower. For EMCV IRES construgtthe second, IRES
dependent protein is usually expressed 0:D.5-times the level of the first protein
(Mizuguchi et al., 2000) For P2A the second protein istypically expressed at a
similarly decreased level of about 0.3old of the first protein (Z. Liu et al., 2017)
Consequently, the results suggest that th&2A gene seems to require higher
transcriptional activity or is inherently more important for high titre rAAV
production than the E4gene. This isonfirming the findings of the 5plasmid system.
However,the E4orf6-6/7 based CMV containing systems showed slightly positive or
no titre changes for cmvE4 and titre decreases with cmvE2Ahis discrepancy
seems contradictive as long as it is assumed that CMV driven E2A expression much
stronger than E2E driven expres®n. That this is not the case is shown i16.4.3
Furthermore, the patented system ofGu et al. (2020)also utilises the gene order
E2AA E4 with an IRES for their stable cell lines, confirming the here presented
results.

Generally, usage of the P2A peptide for bicistronic expression achieved lower VG
titres than the use of the EMCV IRES when a CMV promoter was used. The use of the
regular E4 promoter (3.0.3), which is weaker than CM\(~75% of CMV), also
resulted in very low VG titres when the IRES was used. LikeB2Atranscription is

far too low with this promoter and plasmid configuration, leading to low rAAV
production due to insufficient DBP levels. Ta generally higher VG titres achieved
with the consecutive monocistronic gene arrangement instead of the bicistronic
approach could also bedue to the downdream promoter increasing expression
levels. This effect was shown byakaguchi et al. (2014with different promoters
AOO xAO OO0O0I T CAOO xEOE OEA OOE mpolyhsigpadi | T OAO
of hnTERT, SV40 and CMV promotersakingit uncertain if such effects are present
with E4P and E2E promoters, especially since the uninterrupte@&2AA E4 and

E4A E2A gene sequence orders performed worse than other gene orders in the
reshuffling of the Helper plasmid Figure 37).
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rAAV production with Helper 3.2.1 might also be improvable with the reinstallation

of the missingL4-33K/22K gene, potentially reinstating virus genome titre yields to
levels of parental plasmid 3.2. The positioning of the gene could be similar to the
Helper plasmids 3.8.1 to 3.10.3. Here the4-33K/22K gene was placed in front of the
E2A driving CMV promoter. rAAV VG titres drop slightly for both plasmid
configuration (3.8 and 3.10), although not statistically significant in the case of 3.8
to 3.8.1. In caotrast, when an SV40 promoter was used instead to controDBP
AoDOAOGOET T h OEOOO CATTi1 A OEOOAO AOAOGEAA
titres. This clearly indicated that the SV40 promoter was too weak foE2A
transcription. Although our measurements with production of empty rAAVs showed
that the E2E promoter is only about ~32% as strong as CM¥ppendix 8.2.4.1) and

the SV40 promoter is usually described as strong as ~37% of CMV in 293T céfsn

et al., 2010) it seems to be much weaker in the current system and does not support
high titre rAAV production. Two factors potentially influence the strength of the
SV40 promoter in comparison to CMV in HEK293 cells that could diminish its
strength in the present transfection system. Firstly, the large &ntigen present in
293T cells acts as a transactivator for different promoters, but specifically for the
SV40 promoter(Gruda et al., 1993; Gruda & Alwine, 1991 herefore, transcription
strength of the promoter is likely much lower in the used HEK293 cells compared to
the numbers of the 293T cell{Qin et al., 2010; Toktay et al., 2022Most promoter
strength experiments containing SV40 were carried out with HEK cell containing the
large T antigenbut data of Green et al. (2023)suggest a strength in Expi293F cells
of about 30% of CMV, whereas data &aup et al. (2016)indicates a much weaker
eGPF expression with SV40 in HEK293 than with CMV. Secondly, the CMV promoter
is known to be activated by E1A, which is always present in HEK293 cells, whereas
the SV40 promoter is repressed by E1Cockett et al., 1991) Therefore, far greater
differences in transcription strength of SV40 and CMV promoter and consequently
in DBP concentrations could be prevalent in the present transections of HES2
cells, explaining the extreme VG titre differences between 3.8.1 and 3.8.2 and 3.10.1

and 3.10.2, respectively. The use @25 O OACOI AO 08542 AT A DI

lowered the already low VG titre with the SV40 promoter only slightly. Both polyA
sites seem to be function adequately foOE2A Taken together, the results oFigure
39 suggest a strong promoter like CMV for th&2AHelper gene for high titre rAAV
production with heterologous promoters in a plasmid configuration like Helpers
3.8.1 and 3.10.1.
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6.4.3 Examination of E2A and E4orf6 +6/7 mRNA Levels of
Different Helper Plasmid

To validate previously assumed actions and interactions of components and gain
further insight into why some vectors performed better than others in terms of
plasmid and promoter configurations, quantification of mRNA levels of the two
helper genesE2A and E4 was attempted. RNA extractions were performed and
normalised RNA samples were measuredsing two different primer -probe sets in
the same OneStefRT ddPCR reaction. The results of these measuremerfty
different Helper plasmid constructs and thé& correspondingtitres from the same
transfections are presented inFigure 40.
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Figure 40: Determination of mRNA levels of the AdV5 Helper gends2A and E40rf6+6/7 in

transient triple transfections for rAAV production with different Helper plasmids. (A) E2A (black)
and E4orf6+6/7 (grey) mRNA copies of different Helper plasmids constructs measured witl
different primer -probe sets in the same ddPCR reaction. Data pegged as mean and standarc
deviation of three biological replicates. (B) rAAV8 VG titre fold changes respectively to contr
plasmid Helper 0.1 (black) of transfection samples presdad in A. Samples of the same plasmi

generation in same grey shade, CMV promot&ontrolled plasmids marked with hatched pattern.
Data presented as mean and standard deviation of three biological replicaté3tdinary one-way
ANOVA was performed for statistical analysigpairwise comparisons displayedto parental Helper

3.0, 3.8 or 3.10.
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The previously reported small titre difference between Helper 0.1 and the 1Xkb
large Helper 1.0 (about 14%) could not be explained by the missing of sequences
including the L5 (fiber) gene. The mRNA analysis of E2A and E4 transcripts does
indicate that lowered DBP concentrations could be a reason. This explanation is
supported by findings of the Helpers 3.10.1 and 3.10,2vhich clearly demonstrate
that a sharp decrease in E2A transcriptds associatedwith plummeting rAAV VG
titres. The previous assumption that the SV40 promoter does not provide sufficient
activity for adequate E2A mRNA amounts could be confirmed. Differences in E2A
transcripts between Helper 0.1 and 1.0as well asall other created Helper plasmid

in this work, as the/ are descendantsof Helper 1.0, could originate in the used4
o-WTR sequence and the included plyA site. As this sequence does not fully
resemble the one of Helper 0.1, polymerase ruthrough might be a bigger issueThe
distance betweenE4and E2Amight alsoplay a role suggesting thatthe excludedL5
gene could have an influencen E2A transcripts even if it was not resembled in
rAAV VG titres.The assunption of decreasal of E2A mMRNAs with the deletion or
part deletion of theE2Au @ TR could not be unconditionally confirmedlt is possible
that the overall increase in transcription with the smaller plasmid could be due to
its smaller size and potential higher transfection efficiency(Kreiss, 1999).
Additionally, in E2Amin2, even though E4orf6+6/7 levels are increased,E2A levels
remained similar to those of Helper 1.0, indicating that increased transcription
interference or the partially missing E2E downstream sequence (+14 to +21), which
is crucial according toEllsworth et al. (2001) could still be reasons for reduced2A
transcription in this plasmid. However, E2Aini, which features this E2E
downstream sequence, hasnly slightly decreased E2A mRNA levelsefuting the
hypothesis of this element being the cause for decreasadG titres The fact that
MRNA levels between E2fin2, E2Anin1 and the cotransfection with L4-33K/22K
showed similar mRNA amounts for both genes is further evidence that the
differences in VG tire caused by theéE2A v -&TR are in fact associated with
L4-33K/22 K.

Contrary to expectations, he CMV promoter did not increase mRNA levels of E2A
compared to the E2E promoter. Thidinding is a surprising as inhouse promoter
activity measurements showed that the E2E promotehad only an activity of 32%
of CMV when expressing the reporter protein GFP refuting the hypothesis of
decreased VG titres due to DBP overexpression angtatoxicity. The influence of
context specificity, promoter and gene environment become evident when the E2A
MRNA levels of the Helper plasmid 3.1Qwith its reshuffled gene order and
orientation are regarded.The examination of Helper plasmid 3.10 with its reshuffled
gene order and orientation revealed that VG titre increases were accompanied by a
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general increase in Helper gene transcription, likely enabled by the new order and
orientation of the genes. The most significant enhancement in mRNA level was
observed for E2A, with a 4.7fold increase compared to Helper 2.0. This suggests
that the changein gene orientation and order had a more substantial impact than
the use of the CMV promoter. This observation supports the idea that the CMV
promoter is likely not much stronger in this context than E2E, if at all. As creating
promoters much stronger than CMV is challenging in HEK cellsbut high E2A
transcript levels seem beneficiglalternative strategies such as gene orientation may
be required to enhance gene transcript levels, which can have an impact on VG titre
(Johari et al.,, 2022) Some experiments in HEK293 cells suggest that other
heterologous promoterslikeEFp 4 T O #!' [ AU AA OOOI 1T CAO
always the case(Johari et al., 2022; Qin et al., 2010; Xu et al., 2019)herefore,
another alternative could be the modification of theendogenous E2E promoterto
increase E2Atranscript levels. Both the E2L and E2E promoters lack an ideal TATA
box. Optimising E2L's TATA box by a singleoint mutation increased its activity by
10-fold (D. H. Huang et al., 1988A similar modification could potentially increase
E2E's activity, allowing for increased DBP levels without disrupting the natural
regulatory mechanisms of the viral transcription units. However, such mutations
might not titrate transcriptional strength as finely asa suite of synthetic promoters
can.

In contrast to the E2E promoter, the exchange of the E4 promoter for a CMV
promoter drastically changed E4 transcript levelsHowever, as describecearlier,
the increase in E4orf66/7 mMRNA levels resulting from this change had no or only a
marginal improving impact on rAAV titres. Interestingly, transcript levels of E2A
were not impaired when the CMV promoter was used foE4orf6-6/7 transcription.

On the contrary, E4 mRNA transcripts were affected when E2A expression was
driven by a CMV promoter This result perfectly confirms our TF competition
hypothesis, as the overlap of TFREs of CMV is larger with the E4 promoter than with
E2E (appendix 8.2.4.1). When two CMV promoters were utilizedE4 mRNA levels
were increased 3fold compared to Helper 2.0, but E2A mRNA levels only 1{éld.
The consecutive gene ordeE4A E2Ais like the reason for this, as other studies have
shown the decrease of expression of the downstream gene in tandem gene
arrangements(Eszterhas et al., 2002; Patel et al., 202I)he use of an insulator gene
element between the genes could minimize this effecfiHasegawa & Nakatsuji,
2002).

Many of the results of the mRNA determination lggn with the made changes and
outcomes however, amounts of the E2A and E4 transcripts, as well #seir ratios,
do not seem to tell the whole story and are no absolute indicatavhether high rAAV
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titres can be achieved with a certain Helper plasmid. Helper 2.0 shows greatly
reduced mRNA levels of E2Aand the E4 mRNA amount is slightly reduced
compared to Helper 0.1 however, VG titres are about 1.4imes as high.Similarly,
while the E2A level of Helper 2.0 is further decreased compared to Helper 1.0, VG
titres are increased, contradicting the previouslynadehypothesis of high E2A levels
as a requirement for high rAAV titres Additionally, the overall transcriptional
increase of Helper 1.1 compar@to 1.0 and 2.0 is not representative of the achieved
VG titres. Although a trend suggests that less overall Helper gene transcription
might be beneficial, potentially due to enhanced capacities for AAV gene expression,
the much higher titres of Helper 310 contradict this hypothesis entirely.

In summary, the E2A mRNA levels were similar with the E2E and CMV promoters,
indicating similar strength in this context. Notably, the 2.xcmvE2A constructs
possessed the & A -UTR separating gene and promoter, whereas construct 3.10.1
employed the promoter directly upstream of the gene. Therefore, CMV could not
enhanceE2Atranscription despite its position. However, E2A mRNA levels could be
increased by changing gene order and orientation. As this change was associated
with a significant increase in VG titre, iis hypothesised that the promoter strength
for E2A transcription should be increased for rAAV production improvement.
E4orf6-6/7 transcription enhancement had only marginal impact on rAAV titres.
The use of two strong consecutive promoters was impacting the downstream
promoter as expected. Therefore, an alternative gene arrangement should
preferably be used when promoter exchangeare supposed to be tested. For a better
result promoter exchanges and general plasmid development of a mujlasmid
system for rAAV production should be performed by testing combinations of
different Helper and Rep/Cap plasmids, as only transcription levels are not
indicative of superior performance and interactions are likely to change different
parts of the system.

The experiment's results confirmed many previous assumptions, providing more
insight into the transcriptional landscape and are thus relevant for promoter and
other transcriptional design decisions for the Helper plasmidHowever, the impact
of this data has limitations and needs to be put into perspective. The main constraint
of the experiment is that only the mRNA landscape at the time of harvest is
displayed. As mRNA levels are fluctuant during cultivation and productig
specifically with the intricate viral gene regulations, the drawn picture might look
very different 6, 10, 16, 24 or 4&ours post transfection. Despitehe costs and the
labour intensity of this mMRNAextraction-based method testing it at multiple time
points during cultivation and investigating all significant plasmid modifications
would provide more insight into Helper gene transcript level developments over
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time, component interactions, as well as when and how different transcript levels
directly influence rAAV VG titresThe investigation of Helper 2.0 and the impact of
E4orf6/7 on E2A levels over the production period would be of particular interest.
Previously, it was assumed that the reason this Helper performed better than 1.0
and others was itspotentially upregulated E2Atranscription, caused by increased
E4orf6/7 levels. This hypothesis might stillhold true, but only at earlier time points
and not 72hours post transfection when it E2A mRNA levels were even belowdke
of Helper 1.0. Furthermore,observing mRNA levels of AAV genes simultaneously
would be more informative. Although impossible with the used RTOnestep ddPCR
approach, mRNA sequencing techniquesnicroarray-based system or the novel
nano-string technology could be employedHeller, 2002; Stutika et al., 2016; Tsang
et al., 2017)

6.4.4 Summary

1 Plasmids with reshuffled Helper gene arrangementscreated based on the
design of Helper plasmid 2.0
0 Helper plasmid gene order and orientation influencd VG titre from
1.08 to 1.83fold compared tothe control
o Two of the best designs, Helper 3.8nd 3.10 were taken forward for
further genetic engineering
f Minimalization of E2AU -WTR not compatible withE4orf6/7
o Contrary to Helper 1.0 E2Ain1 diminished VG titres compared to the
full E2Auv 9 TR
o Alternative incorporation of L4-33K/22K upstream of E2A5 @omoter
is functional for high -titre rAAV production (Helper 3.8.1/3.10.1)
1 Synthetic biology techniques for bicistronic gene expression of Helper genes
in transient triple transfection systemwere explored
0 IRESsuperior to P2A in present Helper plasmid
o Bicistronic Helper gene expression require£2Aupstream of the E4
and a strong promoter, confirming published results for stable cell
lines
A Indication of the greater importance of E2A than E4 for
enhanced rAAV production
1 E2A and E4 mRNA levels were examined for different helper plasmid
constructs
o High importance of E2A gene transcription for efficient rAAV
production was confirmed
o Changes in gene order an@rientation had substantial impacts on
transcription levels and VG titres
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o CMVpromoter did not increaseE2Atranscription in comparison with
E2E, regardless of position or intron presence
o CMV promoter did increaseE4transcription drastically, but VG titres
only marginally
o Reduced mRNA levels dichot consequently lead to lower VG tites
A Complex interactions and intricacy of the system require
individual titration and multi-time point analysis of further
components additionalto E2Aand E4

6.4.5 Conclusion

The reconfiguration of the Helper plasmid yielded significant enhancements in VG
titres and holds promise for further enhancements as it enablesfurther
improvements by genetic engineering Surprisingly, the attempt to streamlineE226 O
v-&TR to its essential element4-22K/33K, proved unsuccessful within the
reshuffled Helper plasmids. However, an alternative strategy involving the insertion
of the gene upstream of thee2Aregulating promoter resulted in the production of
robust rAAV genome titres. This rodification also establishel a more dependable
platform for future promoter substitutions. Notably, the successful integration of
E2Amin1 into Helper 1.0 underscoral that certain alterations to the plasmid system
may not be universally applicable and could necessitate additional optirsation of
other components to achieve full functionality. The novel Helper plasmids,
designated as 3.8.1 and 3.10.1, represent the most refined iterations thus far,
enabling systematic promoter replacements and, potentially,hie manipulation of
polyA sites to finely tune transcriptional control and achieve optimal Helper
component ratios.

The application of bicistronic expression to E2A and E4ort6/7 demonstrated the
feasibility of leveraging these synthetic biology tools within the Helper plasmid
framework for transient rAAV production. Given further optimisation, thesecould
prove valuableasthey reduce the number of required promoters, at leastif similarly
strong and simultaneous expressions of both Helpegenes turned out to be ideal.
The bicistronic Helper plasmids alschighlighted the pivotal role of adequateE2A
transcription and emphasize its significance in comparison t&4.

Although the mRNA analysis indicated a similar trend in Helper gene expressiam
experiments testing weak promoters or conditions that might diminish E4
transcript levels have been conductedConceivably, both genes demand robust
transcription, with a potential bias towards higher E2A transcript levelsSince the
CMV promoter did not alter E2A transcript levels, the observation that gene order
and orientation exert a substantial influence on mMRNA levelsinderscores the
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viability of alternative strategies, beyond relying solely on distinct promoters, to
finely adjust component stoichiometries

While the conducted analysis of mMRNA levels offers valuable insights into the
requirements of Helper transcript levels and the effects of made plasmid
modifications, a more comprehensive understanding of component requirements
demands a more intricate examination. Thisvould entail employing a diverse array
of analytical techniques toinvestigate all pertinent components at various stages
during production, offering deeper and more dependable insights.
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6.5 Molecular Designfora Controllable Recombinant
AAV Expression System Encompassing Novel Helper
and Rep/Cap Plasmids

The ultimate objective of this project was to achieve precise control over AAV and
AdV helper genes by utilizing promoters of defined strength, thereby optimizing the
expression levels of each component to maximize rAAlitres. To accomplish this
goal, two distinct molecular engineering tasks were undertaken. First, the focus was
on modernizing the rAAV plasmid system to enable independent regulation of all
four mRNA-producing genes and themultitude of their resulting proteins with
promoters as unimpeded ad individual as possible.Secondly, a suite of promoters
with varying transcriptional activities was developed to yield different amounts of
individual components and achieve efficient system controFor the second task, the
CMVpromoter, renowned for its strength andubiquitous utility ,along with its TFRE
composition and itscis-regulatory modules (CRM3$ underwent in-depth analysis. A
set of deletion variants of the CMV promoter was then constructed to exhibit distinct
transcriptional strengthsin HEK293 cells. While | contributed to some experimental
work, scientific discussions, idea conceptuadations, and review and editing
processes, it is important to note that the primary authorship and intellectual
property belong to Dr. Yusuf JohariTherefore, only the abstract of the ceauthored
article will be quoted and presented herewith the full article is presented in8.2.2

Engineering of the CMV Promoter for Controlled  Expression of Recombinant
Genes in HEK293 Cells

- Yusuf B. Johari, Joseph M. Scarrott, Thilo H. Pohle, Ping Liu, Ayidger,
Adam J. Brown, David C. James

ON@DOAOOETT 1T &£ OAATT AETAT O CATAO ET (%+cwo
production of recombinant proteins and viral vectors. These systems frequently
employ the cytomegalovirus (CMV) promoter to drive recombinant gene
transcription. However, the mechanistic basis of CMYyhediated transcriptional
activation in HEK293 cells is unknown and consequently there are no stratexg to
engineer CMV for controlled expression of recombinant genes. Extensive
bioinformatic analyses of transcription factor regulatory elements (TFRES) within
the human CMV sequence and transcription factor mRNAs within the HEK293
transcriptome revealed 80 possible regulatory interactions. Through in vitro
functional testing using reporter constructs harbouring discrete TFREs or CMV
deletion variants we identified key TFRE components and clusters of TFRESS(
regulatory modules) within the CMV sequence. Our data reveal that CMV activity in
HEK293 cells is a function of the promoters various constituent TFREs including

-130-



Results and Discussion

AhR:ARNT, CREB, E4F, Spl, ZBED1, JurBelcand NF[ " 8 7 A Al O1T EAA]

critical Spl-dependent upstream activator elements near the transcriptional start

site that were required for efficient transcription and YYland RBP [ AET AET C
that mediatetransrepression. Our study shows for the first time that novel, compact
CM\tderived promoters can be engineered that exhibit up to 50% higher
transcriptional efficiency (activity per unit DNA sequence) or 14% increase in total
activity compared to the wilddOUBP A AT OT OAOPAOO8 6

Based on this work particularly the identification of active and repressive TFREs
within the CMV promoterin HEK293 cells a suite of synthetic promoters was
createdfollowing$ 08 * T EAOE6 O AAPAOOOOA &EOI i OEA
exact TFRE sequencdsom the CMV promoter forthe TFRE analysis with homotypic
promoters (enhancer regions comprised of seven copies of the same TFRE upstream
of a CMV core promoter)Additionally, the study tested the consensus sequence of
some of the TFREs (MYBL1, QdE2F) all of whichexhibited higher transcriptional
activity than the versions present in CMV (measured as relative fluorescence levels
of GFP compared to GFP expressatith a CMV promoter) Consequently consensus
sequences for theutilised TFRESs obtainedfrom the JASPAR opeaccess database
of transcription factor binding profiles, were employedinstead of the original CM\+
derived sequences(Castro-Mondragon et al., 2022) The selected TFREs for the
synthetic promoter assembles were the 12 most active ones fom the paper, dong
with YY1 as a repressor. The followinglesign principles were applied for the
synthetic enhancer elements(i) no spacers between TFREs, (ii) length <500p, (iii)
maximal four times the same TFRE, (iv) random mixing of used TFREs, but (v)
maximal two consecutive copies of the same TFRE. Five different designs were
employed, asdepicted in Figure 41 A. The promoter activities of the created
synthetic promoters, measured as relative fluorescence levels compared to the full
CMV promoter, are presented irFigure 41 B.
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Figure 41: (A) Synthetic promoter designs conceptualised in this work. Indicated are sequenc
length in base pairs, relative to the transcription start site (TSS, +1). Important TFREs of tt
proximal promoter region here called extended core{36 to-81 of CMV, orangead, brown), CRM1
(-48 t0 -195 of CMV, purple) and the alternative extended coreX to-110 of promoter consensus
sequences, blue) are listed. These three mentioned proximal and core promoter regions we
equipped with synthetic enhancer sequences of fivdifferent TFRE composition designs. Througt
random shuffling of TFREs a number of synthetic promoters (indicated in the depiction) of the fiv
basic TFRE composition designs were created (by DNA synthesis). All designs utilized a CMV «
promoter, exceptfor the TPcore based ones (blue) which used a synthetically designed promott
core based on consensus sequences of mammalian core promoter elements. Top x TFRESs ref
homotypic screening inJohari et al. (2022) ranked sequences listed in appendi¥igure 51.

(B) Relative transcriptional activity exhibited by synthetic promoters compared to the full CMV
promoter. Synthetic promotercontrolled GFP expressing reporter plasmids were transfected intc
HEK293 cells using PElpro and cultured in 5L TubeSpin reactors (5mL culture volume) at

37°C. GFP expression was quantified 48 h pesansfection. Data are expressed as a percentac
with respect to the GFP expression of a vector containing the CMV promoter. Data shown are
mean value and standard deviation of threenidependent biological replicates.
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The previous study haddemonstrated that the CMV CRMlgencompassing the CMV
core promoter (48 to -36 bp relative to TSS (+1)) and the CMV proximal enhancer
sequence up to195 bp, exhibited 67% of the transcriptional activity of the full CMV
promoter (Johari et al., 2022)In an effort to increase promoter strength beyond
CMV levels, four synthetic promotes were created with transcriptional highly
active TFREsas extensions of the already relatively strong CRM1 enhancer.
Unfortunately, the four constructs did not meet the expectations, and the effect of
highly active TFREs (top 8 from the homotypic screening) was repressive on the
CRM1 promoter(Figure 41, purple). Neverthelessdue to the usageof the already
relatively strong CRM1 these four promoters (TP17 to TP20) were among the five
strongest synthetic promoters in this library, with TP17 achieving the highest
transcriptional activity of all synthetic promoters at 49.3% of CMV.

Generally, the individual promoters within each design exhibited similar behaviar,
with the 417 bp CRM1 designs being the strongest, followed by the 420 bp
extCMVcore designs containing YY1, and then the designs without YY1 and the
longest enhancer sequences, the 588 bp extCMV core desighise extended CMV
core used in the constructs contain the important TFREs SEAREB/AF1SP1. The
Sp1l sites are also known as GC box and the CREB/ATF1 elemsrgimilar to the
CAAT box, bothof which are essential elemens in the proximal promoter for
transcription initiation. The two SP1 sites were crucial for the activity of the CMV
promoter, which is why the-81 sequence of the CMV promoter was included in the
constructs as an extension to the CMV core. It was assumed that this way,
functionality and a base level of transcrigion would be guaranteed As expected all
synthetic promoters that were desigred with the extended CMV core showed
transcriptional activity with at least 11.2% activity of CMV (TP1). However, the
extended core itself was already transcriptionally active (5.4% of CMVjneaning
that the used enhancer elements only increased its activity by 2.5 to 6t8ld, with
TP16 performing best at 30% of CMV.

In the CMV stug, it was clearly shown that YY1 acts as a repressor in the CMV
promoter. Exclusion of a YY1 containing segment of CM\241 to -373, CRM1+2+7,
named CMV4.01) resulted in a 1.Fold stronger CMV promoter. Surprisingly,
almost all synthetic promoters containing YY1 outperformed the Y¥less
constructs that were also designed based on the extended CMV cof@16 even
performed better than two of the CRMibased constructs. The reason for this
behaviour is uncertain.While YY1 is known, for example, fromepd & pdmoter, as

a repressor that turns into an activator in the presence of helper virus, this function
is mediated by E1A, which is always present in HEK293 cells and would, therefore,
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have had the same effect in the CMV studlyee et al., 1995; Pereira et al., 1997; Shi
et al., 1991)

The newly, fully synthetically designed TPcore and its proximal region, composed
mammalian consensus sequences of the specific regions and elensmtid not
perform as well as the CMVcore and its upstream extension used in all other
constructs. The enhancer regions of the two TPcore constructs were the same as the
ones of TP5 and TP11, respectively. Both versions with the synthetic core were less
active (20% for TP5, 54% TP11) than theirextCMVcorebased counterparts. It
would be interesting to test these synthetic promoter constructs side by side in
different cell lines to determine if this phenomenon is specific to HEK cells, as CMV
is known to be paticularly strong in these cells, or if the new TPcore and its installed
proximal promoter region are generally weaker than the first 129 bp of CMV. The
low expression with this promoter core was unexpected due to its similarity to the
synthetic so-called "super core promoter 1", which demonstrated superior
performance to the CMV core in HelLa cel{uvenGershon et al., 2006)

In summary, transcriptional activity of the synthetic promoter library, based orthe
CMV analysis studywas lower than expected. Nevertheless, the library provided a
range of different promoter strengths, which was one of theprimary goals. In
combination with the CRMCMV promoter library, a wide spectrum of different
promoter activities was created, offering promoters with discrete and defined
transcriptional activity with activities as low as 1%and up to 115% of CMVThese
promoters enabled altering rAAV component amounts with predefined
transcription levels. For optimised transferability of these promoter activities to the
conditions during rAAV production, selected promoters couldlsohave been tested

as cotransfections during rAAV transient triple transfections. This experimental
setup should be considered for future promoterdevelopmentsfor rAAV plasmid
systems as Rep and Helper functions are known to modulate the transcriptional
landscape to drastic measurefBabiss, 1989; L. S. Chang & Shenk, 1990; Di Pasquale
& Stacey, 1998; Farley et al., 2004; Marton et al., 1990; Shi et al., 1991; Song et al.,
1995; Timpe et al., 2006; Velcich & Ziff, 1985; Weger et al., 1999)
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6.5.1 Assembly of a Helper Plasmid Basedon Previous Plasmid
Optimisations for I ndividualised and Unimpeded Helper
Gene Expression

The task of creating Rep/Cap and Helper plasmids in which these promoters can be
easily inserted, exchanged, and utilized with as few restrictions as possible, was
broadly addressed in the previous chapters. For the Helper plasmid, the
L4-33K/22K-E2A gene order and plasmid design was most suited for this task.
Among these Helper plasmid designs, Helper 3.10.1 performed best and was
selected as the basis for creating a Helper plasmid that combines the knowledge and
results from previous experiments to achiee an optimized gene composition for the
exchange of promoters and achieve an optimized gene expression strength of helper
components Additionally, the aim was to use only heterologous promoters from
this point onward, if possible,to eliminate the uncontrollable regulation and
feedback loops of the viral promoters and their products. Thus, based on Helper
plasmid 3.10.1, a design was sed with CMV promoters driving expression of both
E2Aand E4orf6-6/ 7 (Helper 4.0).Considering the promoter competition theory and
the decreased VG titres observed with the double CMV Helpptasmid 2.3, an
alternative version was also constructed with the heterologous E4 promoter for
E4orf6-6/ 7 transcription (4.0e4p).

The SV40pAsignal was deemed sgjhtly advantageous folE2A(see3.10.2 vs 3.10.3)
and is commonly used for recombinant gene expression with strong viral promoters

in mammalian cells. Furthermore, it is known that promoter and terminator build a
functional unit that determines strength and efficiency of transcription awl should
therefore be attuned to each other (Al-Husini et al., 2020) With multi gene
containing plasmids like the Helper plasmid,transcriptional interference is of
specific importance when genes are close together as it is the case in plasmifis
West & Proudfoot, 2009) The SV40pA signal is one of the strongest for mammalian
recombinant protein expression and therefore often used in combination with CMV
promoters. Consequently, it seemed feasible to use it for both genes. However, there
are two versions of the SV40pAhie SV40 early (SV40EpA, here commonly referred
to as SV40pA) and SV40 late (SV40LpA) version, whereas one is simply the reverse
complement of the other. The strongeterminator is SV40EpA(Chao et al., 1999)

To give both genes the same termination sequence, the same SV40EpA sequences
were used downstream of each geneThe resulting structure was a double
terminator of SVA0EpASV40LpA due to the reverse complimentary nature of the
two polyA sites. The constructed Helper plasmids are shown schematically
alongside the corresponding VG tites in Figure 42.
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Figure 42: Helper plasmids based on Helper 3.10.1 with heterologous promoter and polyA
sequences, as well as eexpression of AdV5 E1 and E1A with Helper plasmid 4.0 for rAAV8
production. Schematic depiction of the Helper plasmids next to associated VG titres fadanges
compared to control Helper plasmid 0.1. Arrows denote promoters, black dots poly A sequences.

" AT AOh WTBRs,Alt Aot protnoters and polyA signals are drawn to approximate scale. Data
shown as means with error bars indicating standard deviatins of three biological replicates.
Ordinary one-way ANOVA was performed for statistical analysjpairwise comparisonsshown with
respectto Helper 3.104.

The newly constructed Helper plasmid 4.0 did not perform as expecte¥Gtitres
wereogob 11 xAO OEAT OEA 1 OECET Ahcontidst, m8 O DI AOI E
parental plasmids 3.10.1 and 3.10.4 achieved much higher rAAV, okéng 2.5-fold
and 2.1-fold of Helper 0.1 respectively With Helper 3.10.4 reaching titres similar to
3.10 (data not shown), it was confirmed again that foE40rf6-6/7 transcription in

the CMV promoter worked equally to the E4 promoter to achieve high rAAV titres.
Helper 4.0espalso confirmed this hypothesis, showing only slightlystatistically not
significant, decreased VG titres compared to 4.0 with its CMV promotdpbne-way
ANOVA p=0.3249). This also meant, in contrast to Helper 2.3, that the double CMV
composition of this Helper plasmid was not performing worse and transcription
factor competition seemed to be less of an issue. The Rep/Cap plasmid u¢etl 2)
without any additional CMV promoters probably had an influenceand the changed

gene orientation might be preferable for similar promoters.

However, the idea of two SV40 terminators in succession, intended as a backup for
enhanced efficiency of transcription termination, was likely flawed and responsible
for the substantial reduction in rAAV VG tites. It is possible that the SV40EpA is a
weaker terminator than the endogerous AdV5 polyA sites, and the convergent
transcription directions lead to polymerase collision (Hobson et al., 2012)
Improvements could be achieved with a more space@ut design orpotentially with
stronger polyA sites or a combination of both. Nevertheless, the decrease in rAAV
titre and the non-ideal gene orientation for the installation of different polyA signals
was regarded as problematic, particularly with the cooperation of polyA and
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promoter concept in mind. Further, convergent gene orientations can cause
downregulation of gene expression through RNA interference pathway®roudfoot,
2016).

The Helper 4.0 wasalso co-transfected with the AdV5 E1A gene or the full E1 gene.
E1A is an important helper function in AAV proliferation and rAAV production. Its
transactivation of the early AdV gene promotersand AAV promoters Particularly
p5 transactivation of E1Ais vital for efficient rAAV production. E1A enhances the
activity of the E4 promoter 10 to 56fold, E2E up to 2%fold and p5 up to 40fold (L.

S. Chang & Shenk, 1990; Gilardi & Perricaudet, 198@1B is essential for rAAV
production in its cooperative role with E4orf6, but also to counteract E14£0 prevent
premature apoptosis(Meier et al., 2020) Since the E1 gene is not transfected with
the other helper genes, there is no control over it yetPotentially varying copy
numbers of E1 in HEK293 clones open the possibility of reduced rAAV production
due to a lack of this geneAdditionally, the variation in genomic E1 copy numbers
could explain the potential for VG titre boosts by cell line development and cellular
cloning. To compensate for potential lack of E1 products and boost titres in general,
controllable E1 or E1A transcipts could be added. Pevious studies have shown
positive effects of overexpressing the E1A gene on rAAV productig®u & Wang,
2022; Tratschin et al., 1984)However, transfections with Helper 4.0 and E1A or E1,
respectively, resulted in a further significant decrease in rAAV VG titresThe
incompatibility of E1 or E1A overexpression with the current system could have
several reasons. Firstly, the published and patented system might benefit from
additional E1A expression due to a lower basal production from their HEK293 cell
line, which may not be the case for the present cell linaVith sufficient E1 product
levels in the system, overexpression might not have a benefit and could instead
imbalance component stoichiometries.Secondly, E1A causes apapsis, likely
explaining the low rAAYV titres with strong coeexpression driven by a CMV promoter,
either with E1A or the full E1 gene overexpresse(Rao et al., 1992; White, 2001b)
Measurement of VCD during the production period and at the cell harvesbuld have
confirmed this theory. Additionally, using CMV promoters instead of E2E and E4
promoters reduces the potential positive effects of E1A transcription activation in
this specific helper setup. Lastly, the presence of the CMV promoter on the
equimolar co-transfected plasmid may cause transcriptia factor competition or
depletion, as it was the third CMV promoter in the systenTFRE similarities of the
AdV and AAV promotergo CMV, and particularly the other CMV promoters in the
systemsuggestthat these promotersare likely affected by the use of multiple copies
of the strong CMV promoter titrating away TFsfrom each other and therefore
weakening their own protein expression.
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In summary, the overexpression of the E1 gene or only its first product, E1A
resulted in decreasal rAAV VG titres with Helper 4.0instead of the expected
increase in titres based on other studies. Furthermore, Helper 4.0 itself did not
perform as expected, with the convergent gene orientation with a double SV40
polyadenylation setup being a major issuel-urthermore, the use of a multitude of
CMV promoters is likely not ideal.Therefore, the suite of CMV derivatives and
synthetic promoters of different transcriptional strengths is a valuable funtonal
tool to address different genes in the system for distinct transcriptional activities.

Besides regulating the genes already present in the system, overexpression of other
potentially beneficial genes could be tested and fineuned using these synthetic
promoters. Although the overexpression of E1A was not successful in this case,
other groups have shown positive results(Gu & Wang, 2022) The assembly
activating protein (AAP) is a considerable target for overexpression, but in
experiments of Grosse et al. (2017)t did not increase rAAV titres.Changes to the
MAAP showed promising titre improvements, but its overexpressiondoes not
appearto be generally beneficial, as ibnly slightly enhanced VG titres but increased
packaging of contaminant sequence&alibert et al., 2021) Lastly, the combination

of AdV5 Helper genes with helper gene functions of other AAV helper viruses, such
as genes from human bocavirus 1 (NS2, NP1, and BocaSR) or common helperHSV
which modulate the cell and transcriptional landscape for improved virus
production, could provide benefits when ceexpressed (C. Li & Samulski, 2020;
Meier et al., 2020; Z. Wang et al., 2017, 2018)

Given the multiple drawbacks observed with Helper 4.0, particularly the substantial
drop in VG titre with the use of heterologous promoters and polyA sites, a new
design was required to optimee the system's component stoichiometries using
heterologous promoters with defined transcriptional activities. Consequently, a new
AAOCECT & O OEA 1 POEI EOAOQOEIT 1 &/ OEA OUOOAI 06
heterologous promoters with defined transcriptional activity was required.Instead

of attempting a new design based on Helper 3.10.1, it was decided to return to the
design of Helper 3.8.1, which included the shortenedARNAfragment separating
E2Aand E4 genes on different strands. For thé&4 gene, the optimized ORF subset
E4orf3+6+6/7 was utilized. A set of Helper plasmids was created using different
promoters from the synthetic promoter library and the CRMCMV library. The
production results of rAAV8 with these plasmids are shown ifrigure 43.
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Figure 43: Helper plasmid designs 4.1 to 4.4, based on the design of Helper 3.8.1, deploying different
promoters from the synthetic promoter library and the CRMCMYV library. Schematic depiction of the

Helper plasmids next to associated VG titres fold changes compdrto control Helper plasmid 0.1.

1 00T xO AAT T OA DPOTi1T OAOOKh Al AAE AUTRsObuthdt promoters OANOAT |
and polyA signals are drawn to approximate scale. The table indicates the promoter choices EZA

(-=TP17/ +=CRM1+4) and Edrf3+6+6/7 (- =CRM1+2 / +=CMV4.01). VG titre data shown as means

with error bars indicating standard deviations of three biological replicates. Ordinary onavay

ANOVA was performed for statistical analysis.

Unlike Helper 4.0, Helpers 4.1 to 4.4 did not use heterologous polgfnals Instead,

they employed heterologous promoters with much greater success, achieving

rAAV8 titres beyond 2.5x10M vg/mL with all four plasmid variations. The highest

titres overall were achieved with Helper 4.3, yielding 3.7x18 vg/mL or 2.86-fold

I £ OEA PAOAT OAI AAOA DI AOGIi EA (Al PAO- m8p j
4.4) only differed in their promoter composition, using stronger and weaker
promoters for both controllable genes For E2A TP17 with a relative strength of

49.3% compared to CMV and CRM1+4 with 85% of CNfenscription activity were

employed as stronger and weaker promoters, respectivelyi-or E40rf3+6+6/7,
#2-pC¢c xEOE xub T &£ #-6860 OOAT OAOEDPOEI T Al
promoter, while the stronger option was the strongest promoter of the CRNCMV

library, 4.01, which has an activity of 115% of the full CMV promotefJohari et al.,

2022). The promoter choices for the two genes were based on theeandogenous
promoters, E2E with 32% and E4P with 76% of the transcriptional activity of CMV.
Consequently, the promoters folE4 were chosen to be stronger than those foE2A

However, the best performing combination, Helper 4.3, demonstrated that the
stronger promoter option for E2Aand the weaker one forE4orf3+6+6/7yielded the

best results. Even though all four helpers showed high titre rAAV production, the

Helpers with the weaker TP17 promoterfor E2Atranscription performed worse.

These results areconsistent with the previous findings, showing that atoo low or

lower E2Atranscription limits rAAV VG titres. However, unlike the SV40 promoter,

the stronger CRM1+4 promoter did not diminish titres when used forE2A

transcription, indicating sufficient expression of the DBPwith promoters of
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strengths at least 50% of CMV andigher. Most likely, unlike the SV40 promoter,
there was no repression by E1A with the synthetic promoter, which is a fauoable
quality. Again, for theE4gene a difference intranscription strength did not seem to
matter as much. Further experiments should investigate lowered promoter
strengths for E4orf3+6+6/7. Additionally, it would be interesting to explore whether
E4orf6/7 could be omitted when E2A transcription is regulated by a synthetic
promoter that is not co-transactivated by E4orf6/7, instead of the E2E promoter.
Future experiments should test higher promoter strengths for theE2Acontrolling
promoter to find an optimal fine-tuning of promoter strengths for the two mRNA
producing Hdper genes. Ideally, such experiments should also include the AAV
genes.

6.5.2 Attempted  Rearrangement of the Rep/Cap Plasmid for
| ndividualised and Unimpeded Gene Expression

To change the promoters of the AAV genes, new plasmid compositions were created
based on Rep/Cap plasmids v3.7 and v5.4. These new plasmids were designed with
altered gene order and orientation, and the promoters of the genes were exchanged
to remove endogenouspromoters, except for the p19 promoter located in the 5' part
of rep. To control the small Reps, the second copglaced downstream ofcap, in the
v5.4 derived plasmids, was equipped with the TP14 promoter. TP14 has a
transcription activity of 27% relative to CM\, which is similar to the one of p5, the
promoter that was previously used to control the transcription of the second
smallRepcopy in v5.4. Although the CMV version used in the Rep/Cap plasmidas
not a full CMV, but a truncated version with a relative strength of 80% to the full
CMV, it was possibly still too strongas itwas leading to the production of mainly
empty capsids.On the other hand the far weaker p40 promoter (50% CMV without
AAYV production) was too weak, achieving titres no higher than 30%fdhe control
(Rep/Cap v1.2, sed.2.4). To find a suitablecap driving promoter, the CRMCMV
promoter CRM1 was chosen with a transcription activity of 67%, closer to but lower
than the truncated 80% CMV promoter. The weak, remnant p5 promoter upstream
of the rep gene had only marginally higher transcription activity than the CMV core
and was therefore nearly nontranscriptionally active. It was replaced with the
TPcore promoter, which has a transcriptional activity of 1% relative to CM\&imilar

to the reshuffled Helper plasmidsthe gene order ofrep and capwas changed for the
Rep/Cap v5.4 derived plasmids v7.2 and v7.3. The Rep/Cap ¥3lerived plasmid
v6.2 also had the orientation of thecap gene changed to a convergent gene
arrangement.
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Figure 44: Rep/Cap plasmid designs withchanged gene order and orientation, based on either
Rep/Cap plasmid v3.7 (light grey bars) or v5.4 (dark grey bars). Transfections for rAAV production
of respective Rep/Cap plasmids performed with Helper plasmid 4.0 and the regular ITR/GOI plasmid.
rAAV VGitres fold changes compared to control Helper plasmid 0.1 are presented next to schematic
depiction of Rep/Cap plasmid designs. Arrows denote promoters, black dots poly A sequences. Genes,

v & AUTRS, budnot promoters and polyA signals are drawn t@pproximate scale. Data shown as
means with error bars indicating standard deviations of three biological replicates-or statistical
analysisan ardinary one-way ANOVA was performedpairwise comparisons shown with respectto
Rep/Capplasmid v1.2.

All in Figure 44 shown transfections were performed with Helper 4.0, which
performed worse than Helper 0.1 with Rep/Cap v1.2. Surprisingly, the combination
of Helper 4.0 and Rep/Cap v3.and v5.4 improved the performance of both Helper
and Rep/Cap plasmids. rAAV VG titres of v3.7 and v5.4 were improved by about
1.2-fold compared to Rep/Cap v1.2 when used in combination with Helpd).1. The
combination of Helper 4.0 with v3.7 or v5.4, increased rAAVG titres by 1.65 and
1.23-fold, respectively, compared to Rep/Cap v1.2 combined with Helpd).1. The
synergistic effect could be attributed to Helper 4.0's two CMV promoters combined
with the use of a CMV promoter for transcriptional control ottapin v3.7 and v5.4.
Even though Helper 2.3 that also used two CMV promoters did not increase VG titres,
it improved full/empty ratios and significantly reduced the very high amount of
empty capsids produced by the two Rep/Cap plasmids v3.7 and v5Phe decrease

in empty capsids and TF competition could be the trigger for other mechanistic
effects leading to he synergistic VG titre improvement seen with the combination
of these plasmids. This example highlights the importance of an optimized
combination of Rep/Cap and Helper plasmids and their specific promoters.

All five of the newly created Rep/Capplasmids (6.1-7.3) generated much lower
rAAV VG titres than their parental plasmids, achieving only-81% of the parental
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VG titre. The intention behind these Rep/Cap plasmid changes was to increase VG
titres through favourable cap positioning and promoter choice.As downstream
genes in consecutive gene arrangements are known to be expressed at a reduced
extent (Eszterhas et al., 2002)it was anticipated that the convergent gene
orientation of Rep/Capv6.2 would outperform Rep/Capv6.1. Surprisingly, despite

no statistical significance(ANOVA p=0.6116), Rep/Cap v6.2xhibited a lower VG
titre than v6.1. The presence of two adjacenpolyA sites, similar to Helper 4.0, might
have resulted in polymerase crashes or distorted termination, which could be a
contributing factor. Additionally, VP overproduction could still occur with the CRM1
promoter, but it might have been lowered due to the consecutive gene arrangement,
potentially influencing VG titres.Changes in other gene orders and orientations did
not seem to impact VG titres. Since different gene arrangements and promoter
changes were tested together, the exchange of promoters appeared to be the
common factor leading to the decreased VG titres. lebame necessary to identify
which specific change wasesponsible and needed to be reverted

When analysng the results in combination with the results of the v5.4 derived
Rep/Cap plasmids v7.1 and v7.2ywo features were consistently present: the CRM1
promoter and the TPcore promoter, which replaced the 80% CMV and remnant p5
promoter, respectively. The use of CRM1 in all plasmids focap transcription
activation might have caused a drop in VP production, which was initially favoed.
However, the expression with the promoter exhibiting only 67% of CMV might have
been too weak in the split Rep/Caplasmid system, similar to p40 with its 50%
activity respective to CMV.Further experiments should be conductedo explore
different gene orientations, including various promoter choices for the essential
expression of cap-originated proteins. Additionally, the routine measurement of
total capsids would be favourable Considering costslow throughput, and labour
intensity of these analysis with tre PROGEN ELISA kitgvailable HPLGbased
methods should be established firs(Khatwani et al., 2021)

The reinstallation of the p5 remnant promoter in plasmid v7.3 resulted in even
lower VG titres, possibly because it is even weaker than the TPcore promoter,
leading to too low Rep78/68 production. Although it is commonly accepted to
reduce the quantity of large Rep proteins to improve rAAV titres due to their toxicity,
they are still essential and, in some caseslimiting for AAV replication when
expressedtoo low quantities, leading to no or low virus production (Sha et al., 2021)
For instance, the resultsof the manuscript draft clearly indicated that the loss of
Rep78 significantly reduced rAAV productionTherefore, it is conceivablethat all
the newly created Rep/Cap plasmids (v6.47.3) generatel insufficient Rep78/68
levels. Itwas hypothesised that Rep78/68 amounts are higher with the previous
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plasmids (v3.7 and v5.4) because @iresence othe p5 promoter downstream ofcap
or second Rep52/40 copy, and still drives large Rep expression. This full p5
promoter, only separated from its regular gene product by the plasmid backbone
might still serves itsnatural function z the transcription of Rep78/68 The Rep/Cap
research presented in6.3 AAT T T OOOAOA O OE Abenkficial EfldddamA AT D u
rAAV production that is associated with its function as a p5 remnant competitor and
its transactivation features for p19(Lackner & Muzyczka, 2002)It was speculated
that its significance in common rAAV production might beextendedto its function
as a distant promoter for its gene products Rep78/68This hypothesis does not
interfere with th e loweredexpression of the large Rep proteing/hich were reported
previously (Xiao et al., 1998) but are rather caused bythe increased distance
between gene and promoterthan the loss of the promoter However, similarly low
rAAV titres with plasmids containing other promoters, butstill the full downstream
p5 promoter and the remnant p5in front of rep refuted this theory (6.5.3). It is to
note that this function would only have beenpossible in plasmid transfectionsdue
to the circular nature. An experiment using linearized DNA could tesif there is a
benefit of the full p5 as a distant promoter for the expression of the large Rep
protein.

As it was hypothesisedat the time that the lowered rAAV VG titresobserved with

Rep/Cap plasmids v6.17.3 might be attributed to the disruption of the potential p5

distant promoter function and the absence ofthe complete p5-BB-p5remn-rep

constellation, further promoter exchangesfor the rep and cap genes were planned
with Rep/Cap v5.4 Furthermore, the p5 sequence wasconsidered potentially

valuable due to its contained CARE sequenckhis cis-Acting Replication Element
(CARE),located in the p5 promoter downstream of cap, is capable of plasmid
replication as shown by Nony et al. (2001) potentially redudng the required

ITR/GOIlplasmid quantity.

Lastly, nodefinitive statement can be made about the exchange of p5 to TP14 for the
control of the secondRep52/40 copy. There might not be a subtantial difference
due to the similar promoter strengths, except for the elimination of E1A activation
required for p5's activity and other control mechanisms like feedback loops of Reps
repressing p5 Consequently, a heterologous, preferably synthetic promoter should
be consideredasit could be asgood or even advantageoudt is recommended for
future improvements with this plasmid configuration to exchange the promoters for
cap and both rep gene varieties, ideally in combination with the promoters of all
other genes in the system, including the Helper plasmid genes.
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6.5.3 Improving Promoter Exchanges for rAAV Production: A First
Experimental Attempt

The foundation for broadranging promoter exchanges of all viral genes to enhance
rAAV production was established, enabling the addressability of individual Rep/Cap
genes and the exchange of promoters. In addition, suites of synthetic promoters
tailored for this purpose were developed.A first experimental attempt towards
achieving this goalis presentedin the following. A set of Rep/Cap plasmids was
created, each containing options for a stronger and weaker promoter for the three
individually controllable genes of v5.4. The design of these Rep/Cap plasmids and
their respective VG titres produced in a design of experimen{®OE) approach can
be observed inFigure 45 A. Transfections were carried out using Helper plasmids
4.1 to 4.4, which also featured two levels of promoter strength for each of the two
MRNA-producing Helper genesE2Aand E4orf3+6+6/7. The promoter setups of the
plasmids and the respective promoters for each of the individually controllable
genes, along with their strengths, are listed in tables éfigure 45 B.

- 144 -



Results and Discussion

H41 E42 @43 [O44
plg page | CRWMI TPLL | ozak® pao* ps —
> > A P> 2P a4l —
[ ] cap - —
I
p3remnant 1 page [ M1 [emv201 ]y e page s _
> > P PA 2P gl —
| Cap )
pS remnant pl9 pao* TPl Kozak* p40* p5
> > P PAr> 2P aa
Rep 78/68, 52/40 [ ] cap
pS remnant p19 pao* Kozak'pAO* p5
> > P PA> 2P a4
| cap ’
CRM1 11
pl9 pa0* Kozak* p40* p5
> > AP DR g5
|| Cap ’
p19 pao* CRML cmvz.01 Kozak* p40* p5
> o> PA > PR >R g6
| Cap
p19 o (om0 |yoee p40* ps ——
[ > P > PAC> 2 o> ya7d
|| Cap |
I
p19 pao* TPl Kozak* pd0* p5
> >R > PAC> "> a8
- cap I
pls pao* Kozak* pa0* p5
> >y > Pe> > o> ygof —
| cap |
I
I L] T 1
0.0 0.2 0.4 0.
VG titre (fold change)
41 . . :g-; - : z 1.Rep pSrem (0%) TP16 (30%)
4.2 + + v8.3 - - 2. Cap TP19 (34%) CRM1 (67%)
) v8.4 - - +
v8.5 + + 3. smallRep TP11 (21%) CMV2.01 (87%)
4.3 + - .
v8.6 + + + 4. E4(orf3+6+6/7) CRM1+2 (77%) CMV4.01 (114%)
v8.7 + -
44 | - + V8.8 + + 5. E2A TP17 (49%) CRM1+4 (86%)

Figure 45: DOE approach for Rep/Cap and Helper plasmids with two levels of promoter strengt
for each individually controllable gene. (A)Schematic depiction of Rep/Cap plasmids next tc
associated VG titres fold changes compared to control Helper plasmid 0.1 combined with Rep/C
Op8¢8 1 00T xO AATT OA POTIiI 1T OAOOR Al AAUWERSABUOGE
promoters and polyA sgnals are drawn to approximate scale. VG titre data shown as means wi
error bars indicating standard deviations of three biological replicates. Rep/Cap plasmids v88.8
were transfected with the Helpers 4.14.4 in a DOE approach. Rep/Cap 8.9 (separatby dotted
line) was transfected in parallel with the same Helper plasmids, its design and promoter use a
depicted, too (TP11tp =10% of CMV). (B) The tables indicate the promoter setups of the individu
Helper and Rep/Cap plasmids. Additionally, the tw@romoter levels (high + / low -) of each gene
are translated to the respective promoters that were utilised and their relative strength comparec
to CMV.

The combination of the Rep/Cap plasmids of the v8.x designs with the Helper
plasmids of the 4.x designsrevealed that these plasmid combinations were
incompatible for high titre rAAV production. While all four Helper plasmids (4.1
4.4) achieved very high VG titres with Rep/Cap plasmid v1.@igure 43), ranging
between 2.0 and 2.86fold of the control (Helper 0.1+Rep/Cap v1.2), the maximum
VG titre fold change achieved with the best Rep/Cap 8.x design (v8.9) was Gf4ki
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respective to the control. Unfortunately,no clear trends were observed, and no
particular setup outperformed the others.The data was subjected to analysis using
the DOE platform tool Desice.io, and the main effects of the experiment can be
summarized as follows:(i) very marginal VG titre increases result from weaker
promoter option for Rep78/68 (ii) cap transcription activity should probably be
increased further (>67% CMV), (iii) the weaker promoter of the secondRep52/40
copy was the better choicer 87% CMV were too strong(iv) the stronger promoter
was marginally better for E2A (v) E4 promoter changes had no influence. It is to
note that all differences are very slim and only the factors Cap and small Rep had a
significant influence. Nevertheless, the obtained results of the analysis confirm
previous trends.

(i) A weaker expression of large Repsligns with previously published reports.
TP16, with its similarly strength to p5, was found to betoo strong, consistent with
previous studiesand our own results that increased rAAV titres by weakening the
p5 promoter (Emmerling et al., 2016; J. Li et al., 1997; Qiao et al., 2002; Xiao et al.,
1998). The positive results of Rep/Cap v8.9employing a mediumstrength
promoter option with TP11tp, in between the two DOE level options, shows likewise
to the insignificance of most parameters that the model results of this experiment
should only beconsideredas possible trends calling for further improvement and
optimi sation experiments with more promoter choices per gengwhich would be
much more complex, bupresumably more insightful.

(i) Increasing the transcription of VPs and othercap products appearslogical for
enhanced rAAV production.Other studies also recognized capsid production as a
limiting step and exchanged the p40 promoter accordinglyFarris & Pintel, 2008;
Vincent et al., 1997) It also makes sense that the weaker promoter was worse for
cap, sincethe even less transcriptionally active p40 promoter was already inefficient
for high rAAV titre production with the split Rep/Cap systemGiven the absolute
importance of balancedcaptranscription for efficient rAAV production, conductng
further testing of various promoters dedicated to this gene to optinge VG titres and
full/lempty capsid ratios is advised for future experiments.

(i) Increased transcription of Rep52/40 and consequently higher abundance of
small Reps was expected to boost full/empty ratios even more than the addition of
the secondRep52/40 already did. However, the CMV2.01 promoter with its 87%
activity of CMVseemed to be too strongFine-tuning of the promoter strength for

the secondsmallRepAT BUh AAOxAAT DuvdO opb AT A #-6¢8mpl

experiments.
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(iv) Similar to the swaps ofthe endogenousE4 promoter for a CMV, no substantial
changes in VG titre occurredwith the two CM\V-derived promoter variants. For
E4orf3+6+6/7 a sufficiently high expression seems to be enoughlherefore,
reducing the promoter strength for E4orf3+6+6/7 in future experiments may be of
interest to see how weak a promoter for this gene can be until an effect on VG titre
can beobserved

(v) Sufficiently strong transcription of E2Ais crucial for high rAAV titre production,
as already reported in previous chapters The promoter chosen to produce DBP
should preferably be at least as strong as the utilised uppéevel option CRM1+4
(86% of CMV activity). Additional experiments for promoter finetuning are advised
to use promoters with strengths only slightly below 80% of CMVand up to the
strongest options available.

Generally, the choice ofemploying very strong promoters, and multiple such
promoters for various genes in the plasmid system, may not be ide&Vhile strong,
often viral, consecutivepromoters are effective for pharmaceutical productions that
involve overexpressing one or two genesa complex multi gene expression system
like rAAV necessitatesat least four or five promoters in addition to the one forthe
GOl. Inevitably, competition for transcription factors (TFs) arises, potentially
leading to deregulaton and depletion of TFs required by crucial cellular
AT i i1 AT OO6h OOAE AO BI1T yh OEA -#- AlibDlAg
machinery, all essential for AAV replicationKarreth et al., 2014; Munteanu et al.,
2010; Samulski & Muzyczka, 2014; Zabet & Adryan, 2013specially when these
promoters are composed of similar TFREs and utilise the same pool of TFs,
competition can disrupt the functionality of the system.This experiment likely
encountered both issuestoo strong promoters and TF competitionThe observation
that stronger promoter choices often outperformed others for specific genes may be
attributed to competition among the promoters. Moreover, the CRMCMV library
and the synthetic TP promoter library share similar TFRE compositionsAlthough
these are diversly positioned, the TF pool the promoters address is very much the
same. It is therefore hypothesised that a more diverse promoter library could be of
greater potential for a multi gene expression system of thisomplexity. Additionally,
experiments with such a library might benefit from the utilisation of weak to
medium-strength promoters, allowing more transcriptional activity for host cellular
components, which ae also essential for rAAV proliferation.

In addition to a more diverse TFRE variety and a larger, more diverse synthetic
promoter library, alternative promoter functionalities and mechanisms should be
considered.The promoters used for the expression ofap-derived proteins serve as
an example of why the decoupling of promoter and product interactions, as done in
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this study with synthetic promoters, may not always be preferableThe truncated
CMV promoterx EOE ¢ymnb 1T £ OEA £O0Iipioduded ebnptydcapsidsOE OE OU h
(Figure 32). On the other hand, the slightly weaker promoter CRM1, with 67% CMV
activity, possibly did not provide sufficient strength for rAAV production. With a
promoter constitutively producing VP and capsids from about ®ours post
transfection until harvest, the issue of empty capsids may persist, considering the
AAV production model of Nguyen et al. (2021) The model study suggests a
decoupling of AAV replication and capsid production, which can be done with the
split Rep/Cap plasmid system developed by our group. Timshifted transfection of

a cap only plasmid could be used, butretransfection of cells might turn out
problematic. Alternatively, the use of inducible promoters or the creation of
promoter circuits should be considered to design a systewhere components are
produced in favourable stoichiometries and optimised quantities as needed, while
being shut off when not required orbeneficial (Das et al., 2016; Kitada et al., 2018;
Lienert et al., 2014) The CMV promoter analysis and the created promoter libraries
serve as valuable foundations for such endeavour@ohari et al., 2022) Further
developmentinvolving diversification and combination with concepts of promoter
engineering and synthetic biology could significantly enhance the control and
regulation of gene expression in this highly complex system.

Furthermore, the high number of empty capsids produced with strong promoters
for cap transcription does not necessarily indicate a negative outcome. It rather
demonstrates that the cells possess a greater production capacity than what the
currently achieved rAAV VG titres reflectEnhancing packaging efficiency is crucial
to unlock this potential. Strategies to achieve this goal may include modifying
heterologous or synthetic promoters to exert more process control, improving
intron splicing, or optimizing Rep proteins through protein engineering. The
optimi sation of individual component concentrations at the molecular genetic level
presents a promising concept to improve rAAV production, as demonstrated by the
presented experiments. The advancement in synthetic promoter development could
play a key role in excuting and refining this concept.

6.5.4 Use of Small Molecule Chemical Additives for Augment ation
of rAAV Production

Another important aspect of rAAV production that carsignificantly influence the
expression levels of proteins and should therefore ideally be considered and
developed in parallel is process development, specifically cultivation conditions and
media optimisation. This aspect of rAAV production was also addressed in this
project. However, this work was performed by Dr. Joseph Scarrott and only minor
experimental work of this package was carried out by me. @urnal article titled
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O)T AOAAOGAA OA Aabsbciated vikis ProddcioA bylHEK293 cells using

Oi A1 1171 AAOGI A AEAI EAAI AAAEOEOAOG6 OAOOI O/
CMV promoter study, the main intellectual property of this process development

focused publiation does not belong to me and my part regarding this published

work was limited to some experimental work, scientific discourse about results and
interpretations, as well as reviewing and editing of the manuscriptAdditionally, a

follow-up experiment based on results of this publication was performed

afterwards. Therefore, the abstract of the article is being presented here to give an

overview of the relevant work. The full article is attached ir8.2.3

Increased Recombinant  Adeno -Associated Virus Production by HEK293 Cells
Using Small Molecule Chemical Additives

- Joseph M. Scarrott, Yusuf B. Johari, Thilo H. Pohle, Ping Liu, Ayda Mayer,
David C. James

02 AAT I AET AabsBriatddAvikus ((rAAV) has established itself as a highly
efficacious gene delivery vector with a well characterised safety profile allowing
broad clinical application. Recent successes in rAAYediated gene therapy clinical
trials will continue to drive demand for improved rAAV production processes to
reduce costs. Here, we demonstrate that small molecule bioactive chemical
additives can significantly increase recombinant AAV vector production by human
embryonic kidney (HEK) cells up tathree-fold. Nocodazole (an antimitotic agent)
and M344 (a selective histone deacetylase inhibitor) were identified as positive
regulators of rAAV8 genome titre in a microplate screening assay. Addition of
nocodazole to tripletransfected HEK293 suspensio cells producing rAAV arrested
cells in G2/M phase, increased average cell volume and reduced viable cell density
relative to untreated rAAV producing cells at harvest. Final crude genome vector
titre from nocodazole treated cultures was >2fold higher compared to nontreated
cultures. Further investigation showed nocodazole addition to cultures to be time
critical. Genome titre improvement was found to be scalable and serotype
independent across two distinct rAAV serotypes, rAAV8 and rAAV9. Furthermore, a
combination of M344 and nocodazole produced a positive additive effect on rAAV8
genome titre, resulting in a threefold increase in genome titre compared to
O1 OOAAOAA AAI 1l 086

Building on the promising outcomes Yyielding nearly threefold increased rAAV
VGtitres by adding nocodazole and M344 to the commonly used
Helper 0.1+ Rep/Cap v1.2 transfection system, the two small molecule chemicals
were also tested with the best Rep/Cap and Helper plasmids createtuiring the
presented work. The results of the chemical addition 4 hours post transfection with
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the highest rAAV producing Rep/Cap and Helper plasmids combinations v1.2+4.3,
v3.7+4.3 and v5.4+4.3 ar@resentedin Figure 46.
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Figure 46: Addition of small molecule chemical additives nocodazole (M) and M344 (2.5uM) 4h
post transfection to HEK293 cultures transfected with different combinations of Rep/Cap (v1.2/
3.7/v5.4) and Helper (0.1/4.3) plasmids for rAAV8 production. Results of rAAV VG titre analysis T2
post transfection presented as mean and standard deviation of three individual biological replicates
of cultures with (grey) and without chemical addition (black).

Surprisingly, the resulting rAAV VG titres with the addition of nocodazole (4 uM)
and M344 (2.5 uM) to different Rep/Cap and Helper plasmid combinations did not
align with expectations. While the crude VG titres of the combination of Rep/Cap
v1.2 and Helpe 0.1 previously increased nearly threefold due to the addition of
nocodazole and M344, they decreased to Gf6ld of the same plasmid combination
without chemical additives. The only observed increase in VG titre was with the
combination of Rep/Cap v5.4and Helper 0.1 This result was unexpected,
considering the consistently positive effects observed by the addition of these two
chemicals Additionally, the lowered titres of the combinations of Helpef.1 and
Rep/Cap v3.7/5.4 showed lower titres without chemical addition instead if an about
1.2-fold increase that was previously observed. Otherwise, titres of transfections
with Helper 4.3 werewithin the expected range, with the combination of Rep/Cap
v1.2 and Helper 4.3 reaching the highest titres of aboBx1011 vg/mL and a fold
change to the control of 2.9, respectively. The combination of the best Helper
plasmid 4.3 with the best Rep/Cap plasmids v3.7 and v5.4 demonstratgghceagain,
incompatibility of the high titre producing Helper plasmids with these Rep/Cap
plasmids, resulting in VG titresdecreasedby 62% and 41% compared to Rep/Cap
v1.2. The stronger, heterologous promoters used fdE2Aand E4orf3+6+6/7 in the
Helper plasmid, in combination with the CMV promoter controlling cap

- 150 -



Results and Discussion

transcription, seemed to compete in a way thatnegatively affected rAAV output.
Virus genome titres with chemical addition followed a similar trend as without.

The observed reduction in titre could have two underlying reasong=irstly, the use
of a different cell line may be a contributing factor. Although derived from the same
parental cell pool, the HEK293 cells used from the reshuffled Helper gene plasmid
experiments onward were monoclonal cells provided by the industrial paner
REGENXBICat that time. As it is known that small molecule addition effects are
cultivation conditions and media, but also cell line dependent, it could simply be that
the effects of rmcodazole and M344 are not as pronounced in the monoclonal cell
1 ETA8 (1 xAOAOh OEAEO CAT AOAI 1 AAEAT EOOEA
improvement of transfection efficiency that was also shown in CHO celland its
general cell cycle modulationshould genuinely be beneficial for rAAV production
(Tait et al., 2004) With regard to the latter, viral components modulate the cell cycle
similar to nocodazole, which is a main function of helpeand Rep proteins. Studies
have shown increased rAAV production, due to the cell modulation into G2/M phase
(Barnes et al., 2021; Berk, 2005; Berthet et al., 2005; Franzoso et al., 2017; Meyer et
al., 2017; Raj et al., 2001; Saudan et al., 2000; White, 200IR)is so to speak helper
function for rAAV production should be universal, but the proliferation reduction of
the molecule points out that adequate dosing is require@leyer et al., 2017) Thus,
observed VG titre decreases can be attributed to a potential reduction in VCD, likely
resulting from the addition of nocodazole and possibly M344Jnfortunately, due to
issues with the cell counter at the time, VCD measurements were not possible. It is
essential to include VCD evaluation in future experiments of this natur&econdly,
the chemical stock used might have contributed to the outcom&he same stock of
chemicals, dissolved in DMSO and stored aR0°C, was used as in previous
experiments. The time span between the experintgs could have meant a possible
breakdown over time.Although there was no time left to order new chemical stocks
and repeat the experiment, it is evident that the beneficial effect of these small
molecules on rAAV production is transferable to different cells and plasmid systems.
However, a change in cell line and plasmid system warrants a-evaluation of
chemical concentrations and application timing, as the efficacy and application of
these chemicals depend on cell line, process, and product paramet¢ks. J. Allen et
al., 2008; Johari et al., 2015; W. C. Yang et al., 2014)

Nocodazoleexerts extensive modulation of the cellular environment, cell cycle and
consequently the transcriptional landscapeAs plethora of small molecules possess
similar cell-modulating capabilities to nocodazole, incorporating chemical
screening and using specific chemicals in experiments for transcriptional control is
a logical approach. The development of synthetic promoterspew plasmid
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variations, and the use of small molecules in joint experiments, coupled with
detailed analysis, present a highly complex task but hold great potential for
informed and directed engineeringof the intricate multi-gene expression system
that rAAV production entails.

6.5.5 Summary

1 Based on thefindings of the ccA O OE 1 O A AEngindebn§ ©f thé CMV
poT i T OAO &£ O AiT1T 60111 AA APPOAOOET I
(Johari et al., 2022) a library of g/nthetic promoters was created

o TFRE extensions o€CMVACRM1were not as strong as expected and
showed repressive effects on CRM1

A TP17 achieved the highest activity at 49.3% of CMWhich is
only 0.74-fold the activity of CRM1 (67% activity of CMV)

0 The synthetic promoters covered a wide range oéctivity, which is
useful for transcription titration of the rAAV plasmid system

o YY1, which repressed CMV, improved synthetic promoters'
performance, outperforming YY llessconstructs

1 A Helper plasmid was designed to accommodate the exchange of promoters
with minimal restrictions on promoter activity and efficient gene expression

o A first approachusedHelper 3.10.1 as the basis for optinsing gene
composition and expression strength using heterologous promoters
(Helper 4.0)

o Helper 4.0, using convergent gene orientation and double SV40
terminators, showed lower rAAV VG titres than expected

o Overexpression of E1A or E1 genes resulted in decreased rAAV VG

titres, possibly due to imbalanced component stoichiometries or
apoptosis induction
1 Revised Helper plasmid designbased on Helper 3.8.treated with synthetic
promoters achieved improved rAAV titres(Helpers 4.1 to 4.4)
o0 Helper 4.3 performing the bestwith the combination of the stronger
E2Apromoter and the weakerpromoter option for E4orf3+6+6/7
A Differences between Helper plasmids emphaske the
importance of promoter selection for different genes
1 Attempted rearrangement of the Rep/Cap plasmid gene orders and
orientations based on Rep/Cap plasmids v3.7 and5# diminished rAAV
VGtitres
o Utilisation of CRM1 promoter for cap and TPcore promoter for
largeRepgpotentially with negative impacton VG titres
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1 The combination of the highly functional Helper plasmids 4.14.4 with
synthetic promoter containing Rep/Cap plasmidsgenerated similarly low
rAAV VG titres as the combination with thg@oorly performing Helper 4.0

1 Despite low titres and many statistically nonsignificant results, the DOE
approach with two promoter strength levels confirmed many previously
seen trends

o First experimental attempt to improve rAAV production by
simultaneously exchanging promoters for Rep/Cajand Helpergenes
using aselection of promoters from the CMV(CRM andsynthetic TP
promoter libraries

1 The use of small molecule chemical additives to enhance rAAV production
was explored in the co-authored article ©) T AOAAOAA OAAT I AET A
associated virus production by HEK293 cells using small molecule chemical
A A A E Q&cardtOad al., 2023)

1 Results identifying nocodazole and M344 as positive regulators of rAAV8
production with the original plasmid system in HEK293 cell{up to three-
fold increase) could not be reproduced ina slightly different cell line with
engineered Rep/Cap and Helper plasmids

6.5.6 Conclusion

The synthetic promoter library based on CMV analysis generated a range of
promoter strengths, contributing to a wide spectrum of transcriptional activities for
precise gene expression regulation. While the synthetic TP promoter library
encompasses the lower range of activities, the upper range, extending up to 115%
of CMV's activity, is covered bthe CM\i(derived promoters developed by Dr. Johari.
These promoters hold the potential for finely tuning rAAV component quantities,
given their subtle strength differences. Further investigations could explore their
applicability in rAAV plasmid systems across varying conditionsNonetheless, a
greater TFRE pool should be considered an expansion of these synthetic promoter
libraries to avoid transcription factor competition and depletion. Furthermore,
innovative promoter modifications addressingtime and concentration-dependent
regulation needsof the transient rAAV production systemwere deliberated and
should be considered for future promoter exchanges in Helpeand Rep/Cap
plasmids.

The Helper plasmid 4.3 embodies the culmination of pivotal findings from this

thesis, converging into a design that attains the highest overall rAAV8 VG titre of
3.7x101vg/mL. This achievement signifies aremarkable 2.86-fold VGtitre

AT AGAOGET 1T AiTi BDAOAA Oi OEA ETEOEAI bl AOI EAI
of novel features transforms it into a modernized plasmid, facilitating streamlined
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genetic manipulation and enhanced controllability Although further improvements
to the designof the plasmid and itstranscriptional control might be possible the
current iteration already delivers a substantial advancement in industrial rAAV
production.

In contrast, the Rep/Cap plasmidiesigns and promoter exchanges made in this part
of the work did not yield any improvements.Substantial alterations in sequence
design and promoter development are likely necessary for this plasmid.
Nevertheless, theseparated gene configuration holds great promise for future
process optimisation, which could result in notable enhancements in VG titre and
product quality.

The general benefits of small molecule additives for rAAV productioas highlighted

by remarkable VG titre enhancements resulting from the media supplementation
with nocodazole and M344, are highly promisingzuture endeavours should involve
comprehensive screening for celimodulating chemicals, providing a coseffective
avenue for boosting production yields. Chemical compounds can be viewed as
supplementary Helper functions which demonstrated to be most efficient in
increasing rAAV titres in the currentwork. Consequently, thecombination of likely
synergetic small molecule chemicals and genetic engineerirghould be considered,
as it holds the potential to amplify VG titres and enhance process control on various
levels.
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7 Conclusion and Outlook

This PhD thesis represents a comprehensive investigation into the optisation of
recombinant adencassociated virus (rAAV) production through systematic genetic
engineering and synthetic biologymethodologies The primary researchobjective
was to enhance the production of rAAV through the development of an engineerable
and controllable plasmid system with particular emphasis on the Helper plasmid.
By engineering this system, it was aimed to optimise component quantities to
increase rAAWirus genome (VGlitres.

While there is potential for further enhancementsand promoter fine-tuning is still
pending, the thought after plasmid systemwas successfully createdThis novel
system enables control of individual componenéxpression,and its modular design
simplifies genetic engineering.This new Rep/Cap and Helper plasmid system
already exhibited a remarkable 1.8old increase in rAAV8 VG tites compared to the
initial plasmid system.The combination of the most advanced Helper plasmidvith
the initial Rep/Cap plasmid resulted in even higher VG titreswith a nearly threefold
increase compared to the original configuration

The initial phase of ths researchinvolved the modernisation and streamlining of
OEA xEAAT U OOAA (Al esdfaundatiodalOriodifidationd psived ¢ 8 4 E
the way for subsequent experimentsDissectionand analysing the Helper plasmid
unveiled L4-33K/22K in E2As 5' UTR as a component of the Helper plasmid that
serves AAV helper functions and enhances rAAV yieldaurthermore, an optimised
subset of E4 open reading frames was engineered, excluding adverse ORFs and
including beneficial set of E4orf3+6+6/7 for high-titre rAAV production. This
detailed analysis of the Helper plasmid genes provided novel insights into their
influence on rAAV production resulting in streamlined and optimized gene variants
that are novel in the realm of rAAV production systemsEven though, the
combination of these improved Helper genes required additional genetic
modifications, they resulted ina highly advantageous Helper plasmid configuration.
These structural improvements to the Helper plasmid and its genes represent
important knowledge about this plasmidand its genedor rAAV production, as well

as valuable improvements. The commercial value of these enhancements is
underscored by the inclusion of theE4 subset findings in theREGNEXBIO owned
patent (P. Liu et al., 2023)

To make well-informed design decisions,it would be ideal toknow OEA OUOOAIT O
exact demands of specific component quantitiesimplementing these necessary

quantities through a top-down engineering strategy would be the ideal course of

action. Consequently, experiments involving transfections of virus genes on
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different plasmids and variation of their ratios were conducted. Unfortunately,
problems with this experiment made this approach of deciphering the system
unsuccessfulFurthermore, it must be acknowledged in hindsight that an attempt of
unravelling the complex interactionsand component demands of rAAV production
would necessitate significantly more comprehensive and detailed analyticé\s a
result, the strategy shifted towards a continued focus on changing and optimizing
individual components of the system in an iterativenanner before integrating them
into a complete system.This bottom-up engineering approach proved to be more
successful, just as it was for the endogenous components of the Helper plasmid, as
well as for the Rep/Cap plasmid and their modularisations.

The separation of the Helper genesonto different plasmids remained valuable,
pointing out their essential roles in rAAV production andoundational insights into
component stoichiometry requirements. Notably, E2A emerged as the only
indispensable Helper gene, highlighting its pivotal role in the current plasmid
system. The decomposition of the Helper plasmid, bicistronic helper gene
expression, and transcript analysis emphasized the importance of sufficiehelper
gene expression, specifically ofE2A and gave an idea about transcription
requirements. The need for strong=2Atranscription was postulated as an attribute
of high-titr e rAAV expressionHowever, mMRNA analysis revealed that overall mMRNA
transcript levels and Helper transcript ratios cannot solely indicate rAAV
production capabilities, illustrating the intricate nature of this multi-gene
expression system

The utilisation of stronger promoters for E4orf subsets yielded limitedbenefits yet
became crucial when combined with the new Rep/Cap plasmids that employ a
truncated CMV promoter for cap transcription regulation. Issues related to
increased empty capsid production due to the short CMV promoter for VP
expression were revealed with the new Rep/Cap plasmids. Titres were restored by
using the CMV promoter to regulatéE4 transcription. The effect of TF competition
became evident when a CMV promoter was alased for E2Atranscription, as E4P
and multiple CMV promotersall require the same transcription factors The use of a
weaker promoter for capto reduce empty capsid amounts decreased titres similar
as the endogenous p40 promoterlf a configuration allowing hightitre rAAV
production with lowered cap expression cannot be found, the surplus capsid
production needs to be regarded as an opportunity to be capitalized upon. Although
the strategy of overexpressing MAAP and AAP didn't yield successful outcomes for
enhancing rAAV titres in other groups’ more common systems, this high VP
production system, equipped with the capability for component adjustment, could
potentially benefit from the overexpression of these genes. Furthermore, it's
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plausible that the strong promoter forcapis not solely required for VP production
but also for ensuring sufficient AAP or MAAP production. If these genes were
expressed independently, a weaker promoter for the VPs might be applicable.

P pA 26 2L
[ —— - o

0.
[ sifibe) T PA T VARNA
4P

%k % %k %k

1 Ll L] T T
12.5 kb 0 1 2 3
VG titre (fold change)

Figure 47: Industry standard and starting point Helper plasmid 0.1 in comparison to the best
performing engineered Helper plasmid 4.3, displaying a 45% size reduction (15.8 kb to 8.6kb
including the plasmid backbone) and a 2.9old VG titre increase. Data displayeds means of three
biological replicates with error bars representing their standard deviation. Statistical analysis was
performed with an ordinary one-way ANOVA.

The new Helper plasmid design utilised for Helper 4.3 represents the culmination of
this work, combining all previous advantageous Helper plasmid concepts and
findings, while also incorporating the newly created CM\ased synthetic
promoters. Through iterative modifications and necessary genetic engineering
adaptations, the amalgamation of the individual Helper findings proved effective,
yielding the highest rAAV8 VG titres upo this point with 3.7x1011vg/, which
represents a 2.86fold increase overthe A OAT OA1 AAOA bl AOI EA
Additionally, this plasmid design stands outfor its adaptability in genetic part
exchange, distinguishing it from other Helper plasmidslts configuration ensures
controlled gene expression and transcription controllability using new promoters
and potentially other regulatory genetic elements.Future enhancements might
involve refining these promoters and polyA signalsAsthe full E2Av - TR was often
beneficial for rAAV VG titres,it should be tested to reinstallit, and modify the
promoter regardless of its distance. AlsgKozak ard codonoptimisations could be
considered. Apart from the further minimalization of the VARNA fragment, the
studyd O O E hnalys®apdsubsequentlyoptimisation of the Helper genesmply
that no further improvements in this regard are anticipated.Should the whole
system utilise only heterologous promoters, it could be tried to eliminate the short
E4orf7 sequence potentially increasing E4orf6 amounts by abolishingE4orf6/7
transcripts. Integrating Helper genes from other AAV helper viruses could
potentially amplify host cell modulation. The significantly reduced size of the new
Helper plasmids may allow such integration without exceeding the dimensions of
OEA 1 OECET Al bl AOi EA8 4EA OAAOAOQEI T EI
4.3), could al® facilitate production using a differentE. colistrain, distinct from the
currently utilized NEBstable strain. The NEBstable strain was necessary due to

( Al

OE L

bl AOi EA OAPI EAAOETT EOOOAO ET $(uy 8 ) A& OE£
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size of the plasmids rather than the viral sequences, the new plasmids, in
conjunction with a more efficient bacterial strain, could potentially elevate plasmid
yields and consequently mitigate costsThe implementation of the engineered
Helper plasmids in industrial transfection processe€ould diminish upstream costs
even more due totheir notable improvements in titres. Helper plasmid 4.3's VG titre
increase translates to an approximate cost reduction of $3000 per dose, assuming
manufacturing costs of 5000 per dose of 1x1®* VG/kg and a UPS cost amount of
35% (Cameau et al., 2019; Lyle et al., 2023)

To enhanceVGtitres even further by plasmid engineering currently the greatest
potential lies within the Rep/Cap plasmids The promoter changes made to Rep/Cap
plasmid v5.4 resulted in greatly diminished rAAV8 VG titres, similar to the v7.x
Rep/Cap plasmids A re-evaluation of the plasmid designshould be considered, as
the tandem sequenceaepA capis possibly not ideal for increasedcaptranscription.
Comprehending the reasons behind the difficulties encountered in separatingp
and capgenes within this system, in contrast to the experiences of other groups with
their plasmid systems, should stand as a central objective for forthcoming inquiries.
Additionally, tweaking the designto enhance performanceand reach usability with
different promoters is imperative. High capsid production capabilities hold promise,
but packaging and expression control need refinement, potentially involving
staggeredcap transcription induction and very finely regulated expressionof both
Rep species and theifferent caporiginated proteins.

The exploration of synthetic promoters and chemical additives showcased
promising avenues for boosting rAAV production. The synthetic promotesuites
exhibited a spectrum of strengths, enabling precise transcriptional control, while
small molecule additives demonstrated potential for enhancing VG titresThe
created promoter libraries are valuable resources for future modifications to rAAV
production systems, be it transient or stable manufacturingParticularly, insights
from the CMV promoter study provide novel understandings of this renowned
transcription regulatory element, with potential applications in recombinant
protein production in HEK293 cells for rAAV and other products Similar to
recombinant protein production, the use ofsmall molecules could amplify product
titres for rAAV manufacturing, representing a norviral approach to cell modulation.
Utilisation of this cost efficient and effectiveway of cell and process manipulation
should be further explored, not only in parallel but potentially in combination with
genetic engineering.

The overall conclusion emphasizes the complexity of the interrelated factors
governing rAAV production and the potential for advancements through a
combination of genetic engineering, synthetic biology techniques, and chemical
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interventions. The work demonstrates that rAAV production is a highly complex
biotechnological system where dight changes on molecular genetic level cagxert
profound impacts. Achieving balance within this system is critical, as evidenced by
the many modifications that did not enhanced VG titres but led to unexpected
reductions. The hypothesis of animbalanced initial system was confirmed by the
increased VG titres that were achievedhrough the alterations of genes, their
positioning and promoters. Further fine-tuning of component quantities holds great
potential to significantly enhance production capacities and qualitiesTo gain full
control over the system more fundamental work isimperative. AAV replication is a
highly regulated process.While decades of research have contributed to our
comprehension of this system, employing novel analytical and bioinformatic tools is
crucial for deeper insights into these regulations and pathway&uchknowledge can
then beleveragedto create optimised synthetic versionsin the form of controllable
circuits, contributing to the development ofa truly synthetically engineered rAAV
production system.

This project has established solidoundations for more advancedresearchand has
already led to significantimprovements in both the plasmid system itself and rAAV
production yields.
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8 Appendix

8.1 COVID -19: Research Projectand Thesis | mpact

The COVIB19 pandemic had an impact on all our lives, unfortunately also on the
research of this doctoral thesis. Caused by lockdowns in the UK and restrictions from
the University, our laboratory was closed from March 2020 until August 2020. Even
afterwards, the accessibility of the laboratories was partly restricted and material
shortages did their fair share too, delaying research progress. However, in contrast
to most other PhD students | was in the lucky position not to be restricted to work
only from home during the first six months of the pandemic. Instead, | could work
in the lab for nearly the whole period of time.

At the beginning of the pandemic a call for help from the Department of Immunology

of the Sheffield Teaching Hospitals NHS Foundation Trust reached the David James

Lab to produce the SAREOV2 spike protein and optimize the production of this

difficult to express trimeric protein with 22N-C1 UAT OUl AOETT OEOAOS
immunology department required the material to invent an ELISA based assay for
antibodies against the virus. Basically, this was a first, plateased, antibody COVID

test, when there were no quick lateral flow tests for antigen or antibody detection
developed yet. The tests and the biological material for it were required to test

hospital staff and keep the hospital running as safe as possible at the beginning of

the pandemic. The spikerotein is an important antigen of the virus that represents

one of the best possibilities for an accurate serological assay, which can declare if

the tested person carries antibodies in their blood due to a SARSOV2 infection.
Preliminary tests of the ET OPEOAI 60 Ei i1 O0TT1Tcu AAPAOOI
specificity for the spike protein than jug the receptor binding domain (RBD), so this

was the protein of choice, although it was more difficult to manufacture.

To produce enough material for testing, previously performed methods did not yield
sufficient amounts of spike protein. Also, these methods are very costly and labour
intensive. Consequently, a group of mainly six members of the David James Lab,
including me, tried to optimize the existing HEK293ransfectionbased system. In a
next step, the production was transferred in CHO cells, transfected with plasmids
carrying different promoter constructs regulating spike expression, similar to the
HEK approach. CHQells were then used to generate a cell pool with stably
integrated, consecutive expressed spike gene copies. The creation of these cells and
a process optimsation with them was the primary area of responsibility of Dr.
Stephen Jaffé and me, yielding a maximum of &&/L equalling an up to 25 to
50-fold increase compared to results reported by other groups using the original
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HEK transfection system(Esposito et al., 2020; Johari, Jaffé, et al., 2020he
DOl AOGAAA OPEEA bpOiT OAET xAO AAEOAOXxAOAO DOOE A&
used for the development of a serological assay by Dr. Ravishankar Sargur and his
group. Being part of this project was an amazing and fulfilling experience, albeit it
also meant progression in my PhD thesis was put on hold due to this extraordinary
situation. The results of the work are published in the journal Biotechnology and
Bioengineering. Additionally, a paper about the purification of the manufactured
material was @wmposed and uploaded to the biorxiv by the Wong groufLan Tee et

al., 2020) Sincethis work during the pandemicis likely one ofmy most significant
contributions to the scientific community with an immediate reatlife impact on my

life and also represents timewise a significant part of my PhD, the resulting research
article is attached below8.2.1
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Abstract

We describe scalable and cost-efficient production of full length, His-tagged severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike glycoprotein trimer
by Chinese hamster ovary (CHO) cells that can be used to detect SARS-CoV-2
antibodies in patient sera at high specificity and sensitivity. Transient production of
spike in both human embryonic kidney (HEK) and CHO cells mediated by poly-
ethyleneimine was increased significantly (up to 10.9-fold) by a reduction in culture
temperature to 32°C to permit extended duration cultures. Based on these data GS-
CHO pools stably producing spike trimer under the control of a strong synthetic
promoter were cultured in hypothermic conditions with combinations of bioactive
small molecules to increase vyield of purified spike product 4.9-fold to 53 mg/L.
Purification of recombinant spike by Ni-chelate affinity chromatography initially
yielded a variety of co-eluting protein impurities identified as host cell derived by
mass spectrometry, which were separated from spike trimer using a modified imi-
dazole gradient elution. Purified CHO spike trimer antigen was used in enzyme-
linked immunosorbent assay format to detect immunoglobulin G antibodies against
SARS-CoV-2 in sera from patient cohorts previously tested for viral infection by
polymerase chain reaction, including those who had displayed coronavirus disease
2019 (COVID-19) symptoms. The antibody assay, validated to 1SO 15189 Medical
Laboratories standards, exhibited a specificity of 100% and sensitivity of 92.3%. Our
data show that CHO cells are a suitable host for the production of larger quantities
of recombinant SARS-CoV-2 trimer which can be used as antigen for mass ser-

ological testing.

KEYWORDS
bioproduction, CHO cells, COVID-19, SARS-CoV-2, serological assay, spike trimer

Yusuf B. Johari and Stephen R. P, Jaffé contributed equally to this study.

Biotechnology and Bioengineering. 2021;118:1013-1021.

wileyonlinelibrary.com/journal/bit © 2020 Wiley Periodicals LLC 1013

ck for updates

- 163 -



Appendix

JOHARI et AL

1 | INTRODUCTION

Immune response represents the first line of defense against severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection
that has caused the coronavirus disease 2019 (COVID-19) pandemic.
The spike glycoprotein that protrudes from the surface of the virus is
highly immunogenic with the receptor-binding domain (RBD) being
the target of many neutralizing antibodies (Yuan et al., 2020). Uti-
lizing a stabilized version of the full-length SARS-CoV-2 spike pro-
tein, enzyme-linked
immunosorbent assay (ELISA) for antibodies in patient sera has re-

a very robust and accurate serological

cently been developed (Amanat et al., 2020) and approved for use by
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the US FDA. However, very low production titers (1-2 mg/L) of the
spike trimer were reported using the human embryonic kidney (HEK)
Expi293 Expression system (Esposito et al., 2020; see Figure S1),
therefore effectively limiting its widespread utilization as a preferred
antigen in serological assays for COVID-19. The low production titer
is not surprising considering that the SARS-CoV-2 spike is a large
homotrimer (~670kDa) with 22 N-linked glycosylation sites per
monomer (Watanabe et al., 2020). In this study, using improved
vector engineering and production process strategies we describe
the development of a stable recombinant spike manufacturing plat-
form utilizing Chinese hamster ovary (CHO) cells as a preferred
production host. Transient expression was initially employed to
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FIGURE 1 Transient production of recombinant spike in HEK and CHO cells. HEK Expi293F cells and CHO-S cells were transfected with
plasmids encoding spike gene using PEI under optimized conditions and cultured at 37°C or 32°C. CHO cultures were fed every 2 days with 5%
v/v EfficientFeed B. (a) Viable cell density and (b) cell viability posttransfection (>70%). (c) IVCD, recombinant gP and purified spike titer,
quantified using Bradford assay. We note that quantification using the A280 method produced ~25% higher titers. (d) Coomassie-stained
reducing SDS-PAGE gel of purified HEK and CHO cell-derived spike (~200 kDa) based on the improved imidazole gradient elution

method. CHO, Chinese hamster ovary; HEK, human embryonic kidney; IVCD, integral of viable cell density; PEI, polyethyleneimine; SDS-PAGE,

sodium dodecyl sulfate polyacrylamide gel electrophoresis
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