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2  Abstract  

Recombinant adeno-associated virus (rAAV) has established itself as the predominant 

in vivo gene therapy vector in clinical applications. AAVȭs outstanding biological traits and 

efficacy for in vivo gene 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 well-established HEK293-based transient triple 

transfection systems, involving Rep/Cap, Helper, and ITR/GOI plasmids, remain the most 

used manufacturing methods in academia and industry, a key aspect of vector production 

is the molecular design of rAAV expression plasmids. Therefore, an improved plasmid 

system was designed based on the industry standard expression system of REGENXBIO. The 

utilisation of the novel Rep/Cap and Helper plasmids with individually controllable genes 

yielded a 1.8-fold increase in virus genome (VG) titre. 

This thesis focuses 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 removal of redundant 

sequences and molecular genetic changes streamlined and modularized the plasmid, 

optimi sing its structure and simplifying future genetic engineering. The detailed analysis of 

the Helper plasmid genes provided novel insights into their influence on rAAV production 

and resulted in (i) optimised E4 open reading frame subsets increasing VG titres, 

(ii)  unveiling the in E2AȭÓ υȭ 542 ÌÏÃÁÔÅÄ L4-33K/22K as a new beneficial Helper function, 

and (iii)  nearly halving the plasmid size to 8.6 kb. 

A variety of genetic engineering and synthetic biology tools were then employed to assess 

the relative expression demands of individual components for 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 essential roles of Helper genes and foundational 

knowledge about their transcription requirements. Sufficiently strong E2A 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 plasmid system. 

Enhancement of the Helper plasmid composition was achieved through iterative genetic 

engineering, involving reconfiguration of gene positions and orientations, along with the 

integration of CMV-derived synthetic promoters. These innovative plasmid designs 

combined positive outcomes of this research, culminating in a significant 2.9-fold increase 

in rAAV yields compared to the initial Helper plasmid. 

Taken together, this project underscored the preeminent role of Helper plasmid functions 

in determining rAAV yields, improved both rAAV production titres  and the plasmid system 

itself, and established a solid foundation for further research and development of rAAV 

expression systems. 
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3  Introduction  

Gene therapeutics hold 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 to advance 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 effectively shuttlin g the genetic payload into target cells. The 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  AAVôs Field of 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 life-threatening inherited 

conditions are now treatable with FDA- and/or EMA-approved AAV-based gene 

therapeutics which are now in the clinic (ASGCT & Citeline, 2023; FDA, 2023). 

 

Figure 1: Milestones of the gene therapy field. 
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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 cell (Scheller 

& Krebsbach, 2009). The very first ideas and attempts to use viruses for gene 

delivery date back as far as 1960s/1970s (Nirenberg, 1967). Progress in ethical 

considerations, virology, and advancements in biological and genetic engineering 

during the 1970s and 1980s led to the 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 four-year-old patient 

afflicted with severe combined immunodeficiency (SCID) due to adenosine 

deaminase deficiency (Anderson et al., 2008; Blaese et al., 1995). However, 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 X-SCID died of leukaemia, while in the USA an 18-year-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 induced by 

antibody-dependent enhancement (Arabi et al., 2022; Howe et al., 2008). Although 

such tragedies reduced euphoria and posed a challenge to the field, slowing 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 single-gene 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 encompass 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 editing, recent breakthroughs in nuclease editing 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 
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therapeutics in the western world are solely targeted at somatic cells, and germline 

editing is prohibited in most jurisdictions, including the US, China, and Europe. The 

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). 

 

Figure 2: Timeline illustrating gene therapy milestones and advancement in treatment options 
towards approaches for prevalent diseases, from (Bulaklak & 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 pre-registration (Journal of 

Gene Medicine, 2023). Thus far resulting in 24 approved gene therapies (including 

genetically modified cell therapies, excluding RNA therapies). However, with the 

&$!ȭÓ ÇÏÁÌ ÏÆ ÁÐÐÒÏÖÉÎÇ ρυ ÔÏ ςπ ÃÅÌÌ ÁÎÄ ÇÅÎÅ ÔÈÅÒÁÐÉÅÓ ɉ#'4ÓɊ Á ÙÅÁÒ ÁÎÄ ÔÈÅ 

prediction of 13 new CGTs in 2023 the 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 ex vivo procedures. Ex vivo 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 T-cell) therapies, although ongoing pre-

clinical trials may result in the emergence of in vivo CAR-T therapies (Michels et al., 

2022; Xin et al., 2022). In contrast ex vivo approaches, in vivo gene 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 non-viral vectors are used. 

While both types have advantages and disadvantages, viral vectors have historically 

been the preferred choice due to their higher efficiency, despite their inferior safety 
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ÐÒÏÆÉÌÅȢ $ÕÅ ÔÏ ÖÉÒÕÓÅÓȭ ÎÁÔÕÒÁÌ ÁÂÉÌÉÔÉÅÓ ÔÏ ÔÒÁÎÓÆÅÒ ÇÅÎÅÔÉÃ ÍÁÔÅÒÉÁÌ ÉÎÔÏ ÈÏÓÔ-cells, 

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

ÐÁÙÌÏÁÄ ÉÎÔÏ ÔÈÅ ÔÁÒÇÅÔÅÄ ÃÅÌÌÓȭ ÎÕÃÌÅÕÓȢ $ÉÓÔÉÎÃÔÉÏÎÓ ÁÒÅ ÍÁÄÅ ÂÅÔ×ÅÅÎ ÉÎÔÅÇÒÁÔÉÖÅ 

vectors, like lentivirus or retroviruses, and non-integrative vectors, like the 

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

large amounts, efficiently transduce exclusively targeted cells, show long-term 

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

as inflammation, cytotoxicity, or any kind of immune responses. Unfortunately, the 

ideal vector has yet to be developed (Kaji and Leiden, 2001). 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 adeno-associated virus for gene 

therapeutic purposes is its replication incompetence in absence of a Helper virus, 

which is a significant safety feature. AAV is inherently non-pathogenic, non-

cytotoxic and causes a generally low immune response, which sets it apart from 

other viruses such as Adenoviruses. Unlike many other viruses, it can infect dividing 

and also non dividing cells in G0-phase. With its spectrum of serotypes AAV offers a 

broad range of tissues that can be infected with different specificities, and some can 

even cross the blood brain barrier. Wild-type (wt) AAV shows beneficially low 

random integration events. It even comes with the unique ability of site directed 

integration into the AAVS1 locus on chromosome 19, although this has little 

relevance for recombinant AAV vectors (rAAV) due to their lack of the rep gene. 

However, the inverted terminal repeats (ITRs) at both ends of AAV's genome enable 

it to persist long-term as an episomal concatemer (Hastie & 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 capsid-specific neutralizing antibodies and memory T cells 

against various serotypes (Büning et al., 2008; Calcedo et al., 2009; Klamroth et al., 

2022). Despite the existence of at least 14 natural serotypes and over 100 variants, 

these statistics indicate the need for capsid modifications (Gao 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 (Büning & 

Srivastava, 2019). Secondly, AAV's naturally small size and genome limit the payload 
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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, 2017). Further, 

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, production-

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). 

 

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

Regardless of the mentioned downsides and thanks to all its upsides, including its 

relatively simple manufacturing, AAV remains the most utilized in vivo gene therapy 

vector worldwide. rAAVs have been employed in 350 clinical trials, making up 9.5 % 

of all gene therapy clinical trials (Journal of Gene Medicine, 2023). Milestones on its 

way becoming the preferred vector of choice for in vivo gene therapies are shown in 

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

ÃÏÎÓÉÄÅÒÅÄ ÁÓ Á ÓÉÎÇÌÅ ÄÉÓÃÉÐÌÉÎÅȟ ÃÁÎ ÌÅÁÄ ÔÏ ÁÎ ÕÎÄÅÒÅÓÔÉÍÁÔÉÏÎ ÏÆ !!6ȭÓ 

therapeutic importance. To give an overview of this market and AAVs impact, a brief 

excerpt of a marketing exercise that was performed during this thesis is presented. 

It  should be note 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 
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estimated data, which can lead to significant discrepancies. Nevertheless, it is 

certain that the CGT market, as a whole, is experiencing substantial growth, with an 

estimated value of $1.9 billion in 2019 which is projected to reach $42.6 billion by 

2030. As of 2019, 38 % of this market value belongs to gene modified cell therapies 

(ex vivo gene therapies). In vivo gene therapies represent 45 % (bcc Research, 

2022). The referenced market report values non-modified cell therapies with only 

17 % of the CGT market value, demonstrating not only the importance of gene 

modifying therapies, but also their extraordinary price tags. Even in 2023, despite 

over 20 additionally gene therapies being approved, less than half of all cell and gene 

therapies are genetically modified. However, their compound annual growth rate 

(CAGR) for the next years (2021-2026) has a high evaluation with 31.9% for gene 

modified cell therapies and 34.1% for gene therapies, showing trust in upcoming 

pipeline products (bcc Research, 2022). Looking at those therapeutic pipelines, 

meaning products that are in between pre-clinical and pre-registration, currently 

72 % belong to ex vivo therapies. Cancer and rare diseases, of which most are also 

oncology based, being the predominantly targeted disorders (ASGCT & Citeline, 

2023). This demonstrates the current dominance of CAR-4ȭÓ in CGT 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 

advanced clinical stages compared to non-industry sponsored products. 

Additionally, a higher percentage of gene therapeutic products already advanced to 

phase II and III studies than cell-based immune-oncology 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 COVID-19 vaccines (ASGCT & Citeline, 2023; ASGCT & 

PharmaIntelligence, 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 COVID-19 

vaccines. 

A

 

B

 

Figure 4: Gene therapy market overview. A) Market value by disease area in 2024 estimated 
(EveluatePharma & BCG, 2020). B) 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 T-cells, liver, central nervous 

system (CNS), hematopoietic stem cells (HSC), and eye, account for 76% of all 

analysed products. The described emphasise on oncogenic gene therapy targets is 
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evident, as 22% of the considered products target T-cells. Among the diverse range 

of vectors that can be utilized for gene therapeutics, including mRNA-carrying lipid 

nanoparticles and other viruses, like Herpes simplex, Adeno- and retro viruses, 

lentivir us vectors are predominantly used for CAR-T and other ex vivo approaches. 

As a result, lentivirus vectors have a usage rate of at least 48% for products in 

ongoing clinical trials (see Figure 5).  

The current focus on lentivirus for ex vivo applications and adeno-associated virus 

(AAV) for in vivo applications is not as pronounced in total clinical trial figures, given 

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, 2023). Nevertheless, 

AAV remains the most widely used in 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 (cell-based immune-oncology) and AAV as in vivo gene therapy 

vectors (ARM, 2022)Ȣ &ÕÒÔÈÅÒȟ !!6ȭÓ ÉÎÆÌÕÅÎÃÅ ÁÎÄ ÕÓÁÇÅ ÒÁÔÅ ÍÉÇÈÔ ÉÎÃÒÅÁÓÅ ÉÎ ÔÈÅ 

future. More prevalent diseases will be treated with in vivo '4ȭÓ ÁÎÄ ÔÈÅÒÅ ÉÓ ÁÎ 

anticipated transition towards in vivo applications for numerous cell and gene 

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

this development will be novel, emerging strategies using AAVs in diverse cancer 

treatments, such as the innovative, universal AAV immune-gene therapy approach 

of the recently founded company Siren Biotechnology (Grinstein, 2023; Nawaz et al., 

2021). 
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Figure 5 ɀ Vectors used in gene therapy clinical trials. Graphic taken from the Alliance for 
2ÅÇÅÎÅÒÁÔÉÖÅ -ÅÄÉÃÉÎÅȭÓ ςπςς ÒÅÐÏÒÔ (ARM, 2022) 

AAV is not only the vector of choice for most in vivo gene therapeutics in clinical 

trials, such as genetic diseases like Duchenne muscular dystrophy, Wilson disease 

ÁÎÄ 0ÁÒËÉÎÓÏÎȭÓ $ÉÓÅÁÓÅ, butit is also the vector used for the first two FDA approved 

in vivo gene therapies. Luxturna (voretigene neparvovec), is an AAV2-based 

medication containing the RPE65 gene to cure retinitis pigmentosa and Leber's 

congenital amaurosis, two forms of the rare inherited retinal dystrophy. It was the 

first in vivo gene therapeutic approved by the FDA in 2017. Subsequently, 

Zolgensma (onasemnogene abeparvovec), an AAV9-based treatment targeting the 

rare genetic disease spinal muscular atrophy (SMA) type 1, received approval in 

2019. Like all other approved AAV based therapeutics it only requires a one-time 

application. Instead of facing paralysis over time and a fatal prognosis, 

administration of one dose of 1×1014 vector genomes/kg body weight, containing an 

intact SMA1 copy, is intended to cure the infants for their lifetime. However, a single 

dose also comes with a price tag of $2.1 million, making it the world's most 

ÅØÐÅÎÓÉÖÅ ÄÒÕÇ ÕÎÔÉÌ ÒÅÃÅÎÔÌÙȢ )Ô ×ÁÓ ÓÕÒÐÁÓÓÅÄ ÂÙ #3, "ÅÈÒÉÎÇȭÓ !!6υ-based 

haemophilia therapy Hemgenix (etranacogene dezaparvovec), costing $3.5 million. 

While these costs are significant, these medications bring tremendous 

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 in the long run. Nonetheless, the high price of over 

1 ÍÉÌÌÉÏÎ ÅÕÒÏÓ ÆÏÒ %ÕÒÏÐÅȭÓ ÆÉÒÓÔ !!6-based in vivo gene therapeutic Glybera 
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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 popular in vivo vector in the current praxis. However, 

numerous challenges persist. Among these are the aforementioned high drug prices, 

which represent a significant hurdle for gene therapy applications. Addressing these 

challenges requires improved production strategies to help reduce costs and 

enhance the accessibility of AAV-based therapeutics for a larger patient population. 

3.2  Virus Biology  

The production of recombinant adeno-associated virus (rAAV) involves a complex 

interplay between viral and cellular genes, their expression, and interactions. An 

integral aspect of this process is the natural transformation of the host cell into a 

virus manufacturing facility that is orchestrated by the viruses to enable efficient 

expression of viral genes and the formation of functional viral particles. Therefore, 

it is imperative to gain a comprehensive understanding of the biology of AAV and 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. The term ȰÄÅÐÅÎÄȱ refers to one of its most extraordinary and 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 

!!6ȭÓ ÆÕÎÄÁÍÅÎÔÁÌ ÂÉÏÌÏÇÙ ÔÈÁÎ ÃÏÉÎÃÉÄÅÎÃÅ ÔÈÁÔȟ ÉÎ ρωφυȟ !!6 ×ÁÓ ÆÉÒÓÔ Äiscovered 

as a contaminant in a preparation of Adenovirus (AdV) (see Figure 6A) (Atchison et 

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

ÏÎÅ ÏÆ !!6ȭÓ ÎÁÔÕÒÁÌ (ÅÌÐÅÒ ÖÉÒÕÓÅÓȢ /ÔÈÅÒ ÖÉÒÕÓÅÓ ÔÈÁÔ ÃÁÎ ÆÕÎÃÔÉÏÎ ÁÓ (ÅÌÐÅÒ ÖÉÒÕÓ 

for AAV are for example herpes simplex virus (HSV), vaccinia virus, or human 

papillomavirus (Georg-Fries et al., 1984; Grieger & Samulski, 2012; Ogston et al., 

2000; Schlehofer et al., 1986; Walz et al., 1997). AAV 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 in 3.2.1.2). The distinct Helper virus functions of the 

necessary Ad proteins are reviewed in chapter 3.2.2. 

AAV possesses a small (~22 nm), non-enveloped, icosahedral-shaped 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 
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and VP3, in a 1:1:10 ratio. Albeit recent research by Wörner et al. (2021) 

demonstrated that virus capsid assembly is stochastic, leading to considerable 

deviations from this paradigmatic VP-composition ratio. The resulting capsid is 

icosahedral with a T = 1 symmetry, comprising two-, three- and five-fold symmetry 

axes (Balakrishnan & Jayandharan, 2014; Gonçalves, 2005; Samulski & Muzyczka, 

2014; Weitzman & Linden, 2012). At each of the twelve five-fold symmetry axes a 

pore with a diameter of 1.2 nm is located (see Figure 6 B). Packaging of the genome 

into the assembled capsid takes palace through this pore (Bleker et al., 2005). 

A 

 

 

B

 

 

Figure 6 ɀ (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 particle. (B) 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 Å. 
Symmetry axes as well as capsid surface features are indicated by labelled arrows. Graphic from 
Tseng and Agbandje-McKenna (2014). 

All structural proteins of AAV share a common C-terminal sequence, which includes 

VP3 (62 kDa). Additionally, VP2 (73 kDa) and VP1 (87 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 N-terminus 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 

ÖÉÒÉÏÎȭÓ ÅÎÔÒÙ ÉÎÔÏ ÔÈÅ ÃÅÌÌ ÁÎÄ ÔÈÅÒÅÆÏÒÅ ÉÔÓ ÉÎÆÅÃÔÉÖÉÔÙ ÏÆ Á ÃÅÒÔÁÉÎ ÔÉÓÓÕÅȢ 3Ï ÆÁÒȟ ρτ 
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serotypes from both human and non-human primates have been identified, along 

with over 100 different variants (Gao et al., 2005). Additionally, there are AAV 

serotypes of different other species, e.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 (Büning et al., 2008; Gao et al., 2004, 

2005). 

The discovery of post-transcriptional 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., 2019). Moreover, the 

significance of the production process on product quality has been underscored by 

Rumachik et al. (2020), who revealed expression system-dependent differences in 

PTMs. Post-translational 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 co-translational 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). 
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3.2.1.1  AAVôs Genome and Encoded Proteins  

The approximately 4.7 kb short, linear single-stranded DNA (ssDNA) genome of AAV 

consists of two genes, rep and cap, flanked by a 145 bases long inverted terminal 

repeat (ITR) at each end. 

 

Figure 7 - Genetic map of wtAAV. Rep mRNAs and gene in dark grey, cap and its mRNA 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 essential cis-elements for replication, integration, and 

packaging. This feature allows for the packaging of a gene of interest (GOI) in 

recombinant AAV by replacing rep and cap with the GOI for therapeutic applications. 

ITRs form a T-shaped hairpin structure, facilitated by a 125-base palindromic 

sequence forming a complementary base-pairing. The ITRs consists of two arms, 

B-B' and C-C', as well as a stem palindrome, A-A'. The inner 20 base pairs are 

unpaired and referred to as the D-sequence (Gonçalves, 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 self-priming strand-displacement or rolling hairpin replication 

mechanism (see Figure 8 B). This mechanism requires the binding of Rep78/68 

proteins at the Rep binding element (RBE), a 22-base pair sequence, as well as the 

5-base RBE' located at the tip of the hairpin. Rep protein-mediated nicking at the 

7-base terminal resolution site (trs) within the ITR allows for replication of the ITR 

and subsequent genome amplification (Brister & Muzyczka, 2000; Ryan et al., 1996; 

Snyder et al., 1993).  
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B 

 

Figure 8 ɀ (A) AAV2 ITR secondary structure. ("Ɋ 3ÃÈÅÍÁÔÉÃ ÉÌÌÕÓÔÒÁÔÉÏÎ ÏÆ !!6ȭÓ ÓÔÒÁÎÄ-
displacement DNA replication model. Illustrations taken from Gonçalves (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. The rep 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 driven 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, the cap 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 single-stranded genome (Weitzman & 

Linden, 2012). Notably, Rep78 has been demonstrated to arrest the host cell in the 

S-phase (Berthet et al., 2005). Its overexpression is known to be anti-proliferative, 

as e.g. shown in NIH3T3 and MEF cells, or even cytotoxic (Saudan et al., 2000; 

Schmidt et al., 2000). Rep78 encompasses all three primary functional Rep-domains: 

the N-terminal DNA binding and endonuclease activity, the central domain with its 

ATPase and helicase activity, plus a nuclear localisation sequence (NLS) and the C-

terminal zinc-finger domain, which interacts with a multitude of cellular factors. The 

other Reps, being translated from shorter mRNAs of the rep gene, lack some of these 

domains, but therefore provide different functions. All four Rep proteins possess a 

central helicase domain belonging to the superfamily 3 class, sharing similarities 

with AAA+ domain proteins. Rep68 acts as a site-specific endonuclease capable of 

unwinding DNA, while the two small Reps (Rep52 and Rep40) are 3'-5' DNA 

helicases crucial for packaging the viral genome into the capsid (Balakrishnan & 

Jayandharan, 2014; Collaco et al., 2003; James et al., 2003; Yoon-Robarts 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 (Kyöstiö et al., 1994, 1995; Murphy et al., 2007; Pereira et al., 1997). 

The cap Gene 

The cap gene is responsible for encoding the three viral capsid proteins, namely VP1, 

VP2, and VP3, as well as three non-structural proteins: the assembly activating 

protein (AAP), the proposed X-protein and the recently discovered membrane 

associated accessory protein (MAAP). Notably, all three of these proteins are 

situated in a different reading frame than the VPs. Pre-mRNA derived from the p40 

promoter is spliced into a minor splice (VP1) or the major splice (VP2, VP3, MAAP, 

AAP, X) (see Figure 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 mRNA initiates with the upstream positioned and weaker 

start codon ACG, which is often skipped by ribosomes due to leaky scanning (Daya 

& Berns, 2008).  

Within the alternate reading frame, translation of both, MAAP and AAP, commence 

with the weak start codon, CUG (Ogden et al., 2019; Sonntag et al., 2010). The 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 X-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 far (Cao 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 non-structural proteins of AAV, 

MAAP exhibits multiple 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 selectivity of packaging based on ITR specificity (Galibert 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 by Galibert et al. (2021). In summary, while 

the VP proteins form the capsid, the non-structural cap proteins have distinct roles 

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

3.2.1.2  AAVôs biphasic life 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 pathway, where its goal 

is to persist in the infected cell. When a Helper virus co-infects the cell, the lytic 

pathway and replication become available. 

Lysogenic pathway and genomic integration  

This infection pathway is characterized by a site-specific integration of the AAV 

genome into the host genome. The most frequent site for these Rep-dependent, 

specific integration events is the long arm of chromosome 19 (19q13.3-qter) termed 

AAVS1 (Adeno-Associated Virus Integration Site 1). The Rep-binding element or site 

(RBE / RBS) present in the AAV ITR is also found in AAVS1 (Kotin 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 3p24.3 (Hüser et al., 2010). The exact 

ÍÅÃÈÁÎÉÓÍ ÏÆ !!6ȭÓ ÔÁÒÇÅÔÅÄ ÇÅÎÏÍÅ ÉÎÔÅÇÒÁÔÉÏÎ ÉÓ ÃÏÍÐÌÅØ ÁÎÄȟ ÉÎ ÓÏÍÅ ÐÁÒÔÓȟ ÓÔÉÌÌ 

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 genome. Upon infection with a Helper 

virus, the provirus can be reactivated, leading to genomic rescue.(Beaton et al., 

1989; Hamilton et al., 2004; Kyöstiö et al., 1995). Genomic rescue and AAV 

replication can also be induced 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-qPCR experiments have shown that the frequency of site-specific genomic 

integration at the AAVS1 site of wild-type AAV is approximately 0.1% per infectious 

virus particle (previously reported as 0.1-0.5% in earlier studies), which should not 

be confused with transduction efficiencies that can reach up to 80% in vitro, 

depending on the serotype and cell type (Hamilton et al., 2004; Hüser et al., 2002; D. 

M. McCarty et al., 2004). AAV genome integrations are more likely than those of non-

integrating viruses like AdV, but less likely than those of retroviruses, which in 

contrast to AAV require integration for gene expression (D. 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, site-specific 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., 1999). These episomal concatemers enable long-

term persistence and gene expression. For example, a study by Penaud-Budloo et al. 

(2008) proved episomal persistence and gene expression in non-human primate 

muscles for up to 22 months. Canine studies promise long-term 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 long-term 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 non-dividing 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 Rep-mediated 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 non-dividing cells with varying efficiency 

depending on tissue and serotype (Podsakoff et al., 1994; Zincarelli et al., 2008). The 

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 DNA (Nonnenmacher 

& Weber, 2012). The virion enters the cell through receptor mediated endocytosis. 

Hence, the virus has to binding to a receptor on the cell surface. While AAV2ȭs 

primary receptor is heparin sulphate proteoglycan (HSPG), other serotypes engage 

different receptors due to variations in their capsid structures (Büning et al., 2008; 

Lux et al., 2005; Summerford & Samulski, 1998). Once the reversible capsid 

structural rearrangement takes place, it facilitates co-receptor mediated 

endocytosis and migration towards the nuclear area (Asokan et al., 2006; Sanlioglu 

et al., 2000). Although the precise mechanisms responsible for AAVȭÓ retrograde 

transport and endosomal escape remain incompletely resolved, acidification within 

the endosome exposes hidden capsid regions, such as the N-terminus of VP1. These 

regions contain important sequences for endosomal escape, particularly PLA2, as 

well as possible nuclear localisation sequences (NLS) like BR1-4 (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. However, this process takes time, 

with the majority of viral particles still located in a perinuclear compartment 16-20 

hours after infection (Bartlett et al., 2000).  

The presence of AAV capsids in the nucleus, as demonstrated by Sonntag et al. 

(2006) and as well as super resolution imaging by Kelich et al. (2015), suggests that 

the slow uncoating process occurs in the nucleus and not in the cytosol (Bartlett 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 (NPC). The interactions required for 

this process may vary among serotypes (Junod et al., 2021; Nicolson & Samulski, 

2014). Within the nucleus, AAV accumulates in nucleoli (Görlich 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 rate-limiting and was therefore optimized in some rAAV applications by the use 

of self-complementary genomes (scAAV) (Ferrari et al., 1996; D. McCarty et al., 

2001). However, the use of scAAV is limit ed, as it halves the genome 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. Double-strand synthesis, 

2. Expression of rep and cap genes, 3. DNA replication, and 4. Packaging of 

synthesized single-stranded DNA (ssDNA) into pre-assembled capsids.  

AAV DNA replication follows a 

unidirectional, self-priming 

strand-displacement, or rolling 

hairpin mechanism, requiring 

the AAV-encoded Rep78 and 

Rep68 proteins synthesized 

earlier, host cell DNA 

ÐÏÌÙÍÅÒÁÓÅ ɿ ɉ$.!ÐÏÌ-ɿɊȟ ÉÔÓ 

accessory proteins, replication 

factor C (RFC), proliferating cell 

nuclear antigen (PCNA), and 

the minichromosome complex 

maintenance (MCM). The 

folded left ITR with its free 

σȭ-OH serves as the replication 

primer. Initially, the host cell's 

replication machinery synthesizes the secondary 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 bottom strand site-

specifically at the trs (at nt ρςυɊȟ ÃÒÅÁÔÉÎÇ Á ÎÅ× σȭ-OH for replication of the ITR. 

4ÈÅÒÅÂÙȟ 2ÅÐχψȾφψ ÓÔÁÙÓ ÃÏÖÁÌÅÎÔÌÙ ÂÏÕÎÄ ÔÏ ÔÈÅ ÎÅ×ÌÙ ÃÒÅÁÔÅÄ υȭ-end of the 

parental ITR. Afterwards, the palindromic sequences of the linear duplex ITRs can 

ÒÅÎÁÔÕÒÁÔÅ ÉÎÔÏ ÔÈÅÉÒ ÔÅÒÍÉÎÁÌ ÈÁÉÒÐÉÎ ÓÔÒÕÃÔÕÒÅȟ ÐÒÏÖÉÄÉÎÇ ÎÅ× σȭ-OHs for single-

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 head-to-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 single-stranded 

displacement replication. The single-strand displacement synthesis uses the cellular 

complexes ÐÏÌ ɿȟ -#-ȟ ÁÎÄ ÔÈÅÉÒ ÁÓÓÏÃÉÁÔÅÄ ÐÒÏÔÅÉÎÓ ÆÏÒ ÁÍÐÌÉÆÉÃÁÔÉÏÎȢ 4ÈÅ ÒÅÓÕÌÔ ÉÓ 

 

Figure 9: Schematic model of entry and intracellular 
trafficking of AAVs (Nonnenmacher & Weber, 2012). 
Abbreviations: CCP=clathrin-mediated endocytosis, 
CAV=caveolar endocytosis, EE=early endosome, LE=late 
endosome, LY=lysosome, PNER=perinuclear recycling 
endosome, TGN=trans-Golgi network, ER=endoplasmic 
reticulum, NPC=nuclear pore complex, NP=nucleoplasm, 
No=nucleolus 
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one single-stranded genome plus one DM that can both be used to generate more 

DMs for replication. Alternatively, the ssDNA genome can be packed into capsids 

(Gonçalves, 2005; Samulski & Muzyczka, 2014). AAV 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 strands (Berns & 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 

the nucleus, while VP3 remains 

partially in the cytoplasm (Grieger et 

al., 2006; Ruffing et al., 1992; Wistuba 

et al., 1997). This discrepancy arises 

from the presence of nuclear 

localisation signals (NLSs) in the N-

terminal regions of VP1 and VP2. Hansen et al. (2000) revealed 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 by AAP, 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 dependence on AAP is serotype-specific, as elucidated by Maurer et 

al. (2018), showing AAP independent VP3 nuclearisation and capsid assembly for 

AAV4, AAV5 and AAV11. 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 formation. The icosahedron 

is assembled from VP oligomers, particularly pentamers that likely from already in 

the cytoplasm. Capsids show co-localisation with Rep proteins, but their detection 

in the absence of Rep proteins suggests that Rep proteins are not necessary for the 

assembly process (Myers & Carter, 1980; Wistuba et al., 1995, 1997). Furthermore, 

the specific role of nuclear proteins, such as nucleolin and nucleophosmin, in 

association with VPs and capsids, remains unresolved (Bevington et al., 2007; Qiu & 

 

Figure 10 - Intracellular localisation of AAV2 VPs 
(green, left picture) and assembled VP3 only 
capsids (red, right picture). Indirect double 
immunofluorescence of transfected HeLa cells. 
Immunostaining was obtained with VP antiserum 
VP51 (for VPs) and mAb A20 (for assembled 
capsids) from (Sonntag et al., 2010). 
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Brown, 1999). However, the presence of AAP as a scaffolding protein is essential for 

most serotypes for capsid assembly (Sonntag et al., 2010). 

The capsid formation process occurs rapidly, while packaging takes several hours 

(Myers & Carter, 1980). Packaging is facilitated through the 1.2 nm pore of the 

capsids, utilizing the helicase activity of Rep52/40. During the replication Rep78/68 

ÓÅÅÍ ÔÏ ÂÅ ÂÏÕÎÄ ÔÏ ÔÈÅ υȭ-ITR and serve as packaging 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 DNA-Rep78/68 complex can then bind via Rep78/68 to Rep52/40. 

.Ï×ȟ 2ÅÐυς ÁÎÄ 2ÅÐτπ ÉÎÔÅÒÁÃÔ ×ÉÔÈ ÔÈÅ )42ȭÓ $-sequence and bind to the capsid. 

3ÕÂÓÅÑÕÅÎÔÌÙȟ ÔÈÅ ÈÅÌÉÃÁÓÅ ÁÃÔÉÖÉÔÙ ÔÒÁÎÓÆÅÒÓ ÔÈÅ ÓÓ$.!ȟ ÌÅÄ ÂÙ ÉÔÓ σȭ-end, into the 

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 kb (Dong et al., 1996). 

Genomes smaller than half the wild-type 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 

ÉÓ ÅÎÁÂÌÅÄ ÂÙ ÔÈÅ ÖÉÒÕÓȭ ÕÓÅ ÏÆ ÔÈÅ ÈÏÓÔ ÃÅÌÌȭÓ ÐÒÏÔÅÉÎ ÓÙÎÔÈÅÓÉÓ ÍÁÃÈÉÎÅÒÙȢ 4ÈÉÓ 

includes post transcriptional modifications of non-structural and structural AAV 

ÐÒÏÔÅÉÎÓ ×ÈÉÃÈ ÁÃÃÏÍÐÁÎÙ ÔÈÅ ÖÉÒÕÓȭ ÁÍÐÌÉÆÉÃÁÔÉÏÎȢ  

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 induced 

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 heparin-binding 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  AAVôs Prominent Helper ï Adenovirus ï Helper Functions, 

Gene Regulation and I 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 apoptosis (Meier et al., 2020). Viruses generally manipulate host cells 

to serve as ideal virus factories. Since 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 commonly 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 gene), E1B55K, E2A, and E4orf6, as well as 

the VA (viral-associated) RNA (Carter 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., 1998). Notably, the absence of Ad replication 

proteins (AdV polymerase, AdV terminal protein) and their minimal impact on AAV 

replication highlight that AAV replication is primarily executed by cellular 

replication proteins in the presence of Ad coinfection. 

 

Figure 11 - Summary of AdV5 Helper functions from Meier et al. (2020). 

3.2.2.1  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 shorÔ ÌÉÎÅÁÒ ÉÎÔÅÒÁÃÔÉÏÎ ÍÏÔÉÆÓ ɉ3,É-ÓɊȢ %ρ! ÁÃÔÓ ÁÓ Á ËÉÎÄ ÏÆ ȰÈÕÂȱ-

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., 2008). By hijacking the cellular nuclear import, it 

localizes in the nucleus and functions as a kind of general-purpose transcription 

factor, to enable and enhance viral gene expression, as well as to suppress antiviral 

host cell mechanisms (Bayley & Mymryk, 1994; Köhler et al., 2001; Lyons et al., 
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1987; Nevins et al., 1979; Spindler et al., 1985). Since 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 AdV and AAV (Matsushita et al., 2004; Nevins 

et al., 1979). These functions rely on %ρ!ȭÓ ÐÒÏÔÅÉÎ-protein interactions as E1A does 

not directly bind to DNA. Therefore, %ρ!ȭÓ TF-like functions and other DNA 

interactions are mediated by other proteins and only indirectly by E1A itself (Frisch 

& Mymryk, 2002).  

/ÎÅ ÉÍÐÏÒÔÁÎÔ ÉÎÉÔÉÁÌ ÆÅÁÔÕÒÅ ÏÆ %ρ!ȭÓ ÈÏÓÔ ÃÅÌÌ ÐÒÅÐÁÒÁÔÉÏÎ ÆÏÒ ÖÉÒÕÓ ÐÒÏÄÕÃÔÉÏÎ ÉÓ 

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 TATA-binding protein (TPB), a subunit of 

TFIID for transcription initiation, but also p300, CBP, RB1 and many more 

(Avantaggiati et al., 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 (CRE-binding protein) and 

ATF-1 (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 set of cellular functions, many of which are through 

activation of TFs like CREB. The phosphorylation of CREB by PKA is required for it 

to interact with the transcriptional coactivator CREB-binding protein (CBP) that 

then initiates the transcription (Chrivia et al., 1993a, 1993b; Edwards & Scott, 2000; 

Sassone-Corsi, 2012). This mechanism is particularly significant for AdV and AAV 

because most AdV promoters, including the ones of E2A and E4, contain CRE 

elements  (Sassone-Corsi, 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). Another known mechanism 

through which E1A activates transcription is by releasing the transcription factor 

E2F from its binding partners pRb, p107, and p130. E2F containing promoters 

showing increased activity in E1A presence include the immediate early promoter 

of human cytomegalovirus (CMV), c-myc and AdV E2 early promoter (Bagchi 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 

ÐÒÏÍÏÔÅÒ ÄÅÐÅÎÄ ÏÎ ÁÃÔÉÖÁÔÉÏÎ ÂÙ %ρ!ȭÓ ÌÁÒÇÅÓÔ ÐÒÏÔÅÉÎ ÐÒÏÄÕÃÔȟ ×ÈÅÒÅÁÓ ÉÔÓ ÓÅÃÏÎÄ 

largest product (243R) represses them (Dery et al., 1987). 

E1A also induces and even arrests S-Phase in cells that are in resting phase (G0), 

likely through interactions with p300/CBP, p107 and pRb triggering DNA 

replication, which even continues during the cell cycle arrest (Grand et al., 1998). 

Even though AdV provides its own replication machinery, it seems logical that a cell 

in a state of active DNA replication provides more required substrates and is more 

beneficial for virus production than a cell in basic survival mode. Another aspect for 

ÔÈÉÓ ÃÅÌÌ ÐÒÅÐÁÒÁÔÉÏÎ ÉÓ %ρ!ȭÓ ÉÎÔÅÒÁÃÔÉÏÎ ×ÉÔÈ ÈÉÓÔÏÎÅ-directed deacetylases 

(HDACs), histone-directed acetyltransferases (HATs), and other nuclear factors. 

Through these interactions, E1A remodels the chromatin of host cells, thereby 

regulating both host cell and viral gene transcription (Gallimore & Turnell, 2001). In 

ÁÄÄÉÔÉÏÎ ÔÏ %ρ!ȭÓ ÅÆÆÏÒÔÓ ÔÏ ÐÒÏÍÏÔÅ ÔÒÁÎÓÃÒÉÐÔÉÏÎ ÁÎÄ ÅØÐÒÅÓÓÉÏÎ ÏÆ ÖÉÒal genes, it 

ÁÌÓÏ ÉÎÔÅÒÆÅÒÅÓ ×ÉÔÈ ÔÈÅ ÈÏÓÔ ÃÅÌÌȭÓ ÅØÐÒÅÓÓÉÏÎ ÏÆ ÉÔÓ Ï×Î ÐÒÏÔÅÉÎÓȟ ÁÓ ×ÅÌÌ ÁÓ ÉÔÓ 

immune response (Olanubi et al., 2017; Zemke & Berk, 2017). Importantly, it 

changes PTMs of host cell proteins by altering the PTM-machinery itself, e.g. by 

altering SUMOylation pathways. As one way to reduce cellular immune activity 

against the virus intrusion, E1 interferes with MHC-I 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 of tumour 

suppressor gene TP53, a key protein of cell cycle, apoptosis and genetic stability. 

The stabilisÁÔÉÏÎ ÏÆ Ðυσ ÂÙ %ρ! ÌÅÁÄÓ ÔÏ ÔÈÅ ÃÅÌÌȭÓ ÁÒÒÅÓÔ ÉÎ 3-phase, but also drives 

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 p53 (Lowe et al., 1993; Querido et al., 1997). Further 

ÁÐÏÐÔÏÓÉÓ ÉÎÄÕÃÔÉÏÎ ÉÓ ÃÏÕÎÔÅÒÅÄ ÂÙ %ρ"ȭÓ ÓÅÃÏÎÄ ÇÅÎÅ ÐÒÏÄÕÃÔ ÉÔÓ ρω+ ÐÒÏÔÅÉÎ (Rao 

et al., 1992). The fine balance between E1A and E1B is central to Adenovirus' 

oncogenic properties, as it leads to cell immortalisation instead of apoptosis. As a 

result, the stable integration of approximately five 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)Ȣ $ÕÅ ÔÏ %ρȭÓ ÐÒÅÓÅÎÃÅ ÉÎ ÔÈÅ ÃÅÌÌ ÌÉÎÅȟ ÉÔ ÃÁÎ ÂÅ ÏÍÉÔÔÅÄ ÆÒÏÍ ÔÈÅ 

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). 

3.2.2.2  E1B  

The E1B gene encodes two proteins, namely E1B55K (55 kDa) and E1B19K 

(19 kDa), which play a crucial role in inhibiting apoptosis induced by E1A. Thereby, 

E1B19K interacts with Beclin-ρȟ ×ÈÉÌÅ %ρ"υυ+ ÂÉÎÄÓ ÔÏ ÐυσȢ %ρ"ȭÓ ρω kb protein 

prevents degradation of the antiapoptotic protein MCL1, induced by E1A, through 

mimicry and binding to BAK, which effectively halts the apoptotic cascade initiated 

ÂÙ -,ρȭÓ ÂÉÎÄÉÎÇ ÐÁÒÔÎÅÒ "!+ (Cuconati et al., 2003; White, 2001b). Although both 

proteins enhance AAV titres, only E1B55K is considered indispensable. The 

redundancy of E1B19K can be attributed to its cellular homologues, Bcl-2 and 

Bcl-xL, which likely compensate for its functions (Matsushita et al., 2004; 

Subramanian et al., 2015). 

The activity of E1B55K is regulated through phosphorylation and SUMOylation, and 

it also functions as a SUMO-1 ligase itself, leading to the polyubiquitylation of p53 

(Hidalgo et al., 2019). SUMO (small ubiquitin-like modifier) proteins comprise a 

protein family that covalently attaches to other proteins, thereby modulating 

various cellular processes such as nuclear-cytosolic transport, transcriptional 

regulation, protein stability, stress responses, cell cycle progression, and apoptosis 

(Geiss-Friedlander & Melchior, 2007).  

Moreover, the 55K protein facilitates the export of viral mRNA from the nucleus by 

providing a leucine-rich nuclear export signal (NES), while simultaneously 

inhibiting the export of cellular mRNA via the CRM-1 pathway. This mRNA export is 

further downregulated by E4orf6 (Endter et al., 2005; Pilder et al., 1986). E1B55K is 

also involved 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 studies. As 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 type of study. 
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3.2.2.3  E4  and the Proteins of its Open Reading Frames  

The E4 gene of the Adenovirus encodes at 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 (ORFs) can be removed 

without inhibit ing Adenovirus proliferation. However, the deletion of Orf6 leads to 

reduced Adenovirus yields. E4orf6 is consequently the only E4 ORF capable of 

providing sufficient functions for replication in the absence of all other E4 ORFs. 

Interestingly, in the absence of Orf6, Adenovirus replication remains possible with 

different ORFs as long as E4orf3 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., 1984). Nevertheless, 

studies by Huang and Hearing (1989) demonstrated that Orf6 is more efficient. 

Furthermore, Ferrari et al. (1996) and Samulski and Shenk (1988) established that 

the 34 kDa protein expressed from E4orf6 is 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 without Adenovirus could surpass 

the traditional method by relying solely on transient plasmid transfection. 

Additionally, their group established that E4orf6 alone represents the only 

indispensable component of E4 for rAAV production with transient transfection of 

plasmids. Consequently, regarding the E4 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 E1A-mediated 

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 post-transcriptionally through alternative splicing. 
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Figure 12 ɀ Illustration of the AdV5 genome with focus on the E4 gene from Leppard (1997). 

E4orf6  

E4orf6 plays a pivotal role in various aspects AAV proliferation. Experiments by 

Allen, Halbert, and Miller (2000) even demonstrated that 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 of Richardson 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 cascade of E1ĄE2AĄE4.  

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 by Ferrari 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. Hence, genotoxic stress may facilitate replication in a similar 

manner (Leppard, 1997). As previously mentioned, distinguishing the individual 

functions of E4orf6 and E1B55K proves difficult because many of these functions 

are performed by the complex formed by these two adenoviral proteins. These 

include promoting the degradation of newly assembled capsids and Rep52 through 

the ubiquitin pathway, which actually can be mitigated by co-expression of other 

Helper genes, particularly VAI, in stoichiometrically favourable amounts (Meier 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 functions for AAV, providing 

ÖÁÒÉÏÕÓ ÅÓÓÅÎÔÉÁÌ ÍÅÃÈÁÎÉÓÍÓ ÆÏÒ !!6ȭÓ ÒÅÐÌÉÃÁÔÉÏÎȢ Among the many functions of 

this complex are the facilitat ion 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 elongin B and C, 

Cul5, and Rbx1 are recruited by E4orf6 and E1B55K functions as the substrate. 

5ÂÉÑÕÉÔÉÎÁÔÅÄ ÔÁÒÇÅÔÓȟ ÉÎÃÌÕÄÉÎÇ Ðυσȟ $.! ÌÉÇÁÓÅ )6ȟ ÉÎÔÅÇÒÉÎ ɻσȟ ÁÎÄ !428 ÁÒÅ ÔÈÅÎ 

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 localisation 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 mRNA 

nuclear export. By disrupting the host cell mRNA export pathway, it promotes the 

viral mRNA 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 activity (Weitzman, 

2005). 

The interference of the E4orf6/E1B55K complex with host cell proteins is 

exemplified prominently by its degradation of MRE11, a homologous double-strand 

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 double-strand breaks and is involved in the repair 

pathways of homologous recombination (HR) and non-homologous end joining 

(Lamarche et al., 2010; Stracker et al., 2002). Moreover, previous studies have 

demonstrated that the MRN complex limits AAV transduction and replication (R. A. 

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

aspect of the ability of E4orf6/E1B55K to enhance AAV titres. The complex also 

contribut es to rAAV production through its capacity to enhance second strand 

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

%"υυ+Ⱦ%τÏÒÆφȭÓ %σ ÌÉÇÁÓÅ ÁÌÓÏ ÕÂÉÑÕÉÔÉÎÁÔÅÓ 2ÅÐυς ÁÎÄ 60Óȟ ×ÈÉÃÈ ÁÒÅ 

consequently degraded. It is not clear, however, if this is an evolved AdV mechanism 

against AAV, a mechanism of AAV for regulation of component amounts or just a 

ÂÙÐÒÏÄÕÃÔ ÏÆ ÔÈÅ ÃÏÍÐÌÅØȭ ÌÉÍÉÔÅÄ ÔÁÒÇÅÔ ÓÐÅÃÉÆÉÃÉÔÙ (Nayak et al., 2008).  

4ÈÅ ÃÏÍÐÌÅØȭ ÈÁÓ Á ÌÁÒÇÅ ÒÏÌÅ ÉÎ ÔÈÅ ÏÆÔÅÎ-quoted arms race between virus and host. 

An example is the competition against the nuclear protein SPOC1 (survival-time 

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

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

SPOC1 overexpression reduces AdV titres, and the protein was also detected 

interacting with E1B55K and E2AȭÓ ÇÅÎÅ ÐÒÏÄÕÃÔ ÔÈÅ !Ä6 $"0 ɉ$.! ÂÉÎÄÉÎÇ 

protein), showing that it is associated with a direct response to the adenoviral 

ÉÎÆÅÃÔÉÏÎȢ "ÕÔ ÔÈÅ ÖÉÒÕÓȭ %ρ"υυ+Ⱦ%τÏÒÆφ complex acting as a E3 ubiquitin ligase is 

ÁÂÌÅ ÔÏ ÃÏÕÎÔÅÒ ÔÈÉÓ ÂÙ ÄÅ35-/ÙÌÁÔÉÏÎ ÏÆ ÔÈÅ 30/#ρȭÓ ÉÎÔÅÒÁÃÔÉÏÎ ÐÁÒÔÎÅÒ +!0ρ ÁÎÄ 

proteasomal degradation of SPOC1 (Bürck et al., 2016; Schreiner et al., 2013). Next 

ÔÏ ÍÁËÉÎÇ ÓÕÒÅ ÔÈÅ ÃÈÒÏÍÁÔÉÎ ÓÔÁÙÓ ÁÃÃÅÓÓÉÂÌÅȟ ÔÈÅ ÃÏÍÐÌÅØȭ ÄÅÓÔÒÕÃÔÉÖÅ ÁÂÉÌÉÔÙ ÁÌÓÏ 

guarantees the transcription of viral genes by degrading the death domain 

associated protein (Daxx), which inhibits basal expression of viral genes. However, 

Daxx can also be degraded in the absence of E4orf6 in the case of AdV5. Whereas for 

AdV12 (but not AdV5), E4orf6 alone promotes the degradation of TOPBP1. 

Demonstrating that some cellular proteins can be degraded by subcomplexes of the 

ligase, formed either with E4orf6 or E1B55K alone (Blackford et al., 2010; Cheng et 

al., 2013; Forrester et al., 2011). 

E4orf1  

All open reading frames of E4orf1-4, particularly E4orf1, have been reported to 

exert immunomodulatory effects on the host (Sangare et al., 2021, 2022). The 

E4orf1 protein shares structural similarities with dUTPases, although no enzymatic 

activity has been detected (Leppard, 1997; Weiss et al., 1997). Instead, E4orf1 

activates the PI3-kinase/Akt pathway through protein-protein interactions, 
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specifically by associating with PDZ domain-containing proteins. These proteins 

primarily function as scaffold proteins for assembling signalling complexes at the 

plasma membrane (Sheng & Sala, 2001). By engaging the PI3-kinase, E4orf1 triggers 

the activation of Akt, mTOR, and p70S6K, consequently modulating protein 

synthesis and promoting cell survival. Moreover, it induces the phosphorylation of 

NF-ʆ"ȟ Á ÈÅÔÅÒÏÄÉÍÅÒ ÃÏÍÐÏÓÅÄ ÏÆ Ðυπ ÁÎÄ 2ÅÌ! ÓÕÂÕÎÉÔÓ, which functions as a 

transcription factor regulating cytokine release, cellular immune responses, and cell 

survival (Biancalana et al., 2021; Sangare et al., 2022; Thomas et al., 2009). Hence, 

E4orf1 exhibits oncogenic characteristics in AdV9, although its impact for other 

serotypes seems to be inferior. Other modes of interaction of E4orf1, 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 by E4 have yet not been 

fathomed. The Orf2 protein, which is detected in infected HeLa 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  

%τÏÒÆσ ÁÎÄ %τÏÒÆφ ÁÒÅ ÆÕÎÃÔÉÏÎÁÌÌÙ ÒÅÄÕÎÄÁÎÔ ÆÏÒ !Ä6ȭÓ ÌÙÔÉÃ ÐÁÔÈ×ÁÙÓ ÁÎÄ 

independently sufficient for efficient viral DNA replication, late viral protein 

synthesis, host protein synthesis shut-off, and virus production (Shepard & Ornelles, 

2004). E4orf3ȭÓ ÁÓÓÏÃÉÁÔÉÏÎ ×ÉÔÈ %ρ"υυ+ ÌÅÁÄÓ ÔÏ ÉÔÓ ÒÅÌÏÃÁÌÉÓÁÔÉÏÎ ÉÎÔÏ ÔÈÅ ÎÕÃÌÅÕÓȟ 

but no complex formation has been detected between 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 Mre11 complex, through alternative mechanisms (Araujo et 

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

E4orf3 is the most abundant E4 ORF on mRNA level and one of the earliest proteins 

being expressed after infection. It then acts in the nucleus, more specifically, it 

associates with the nuclear matrix and introduces the reorganisation 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. Reorganisation of 

PODs is thought to be advantageous for viral replication, as many viruses target and 
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rearrange these structures (Carvalho et al., 1995; Donovan-Banfield 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 

ÁÓÓÏÃÉÁÔÉÏÎ ×ÉÔÈ %ρ!ȟ %τÏÒÆσ ÉÓ ÐÁÒÔ ÏÆ ÔÈÅ ÖÉÒÕÓȭ ÃÈÒÏÍÁÔÉÎ ÒÅÍÏÄÅÌÌÉÎÇ ÁÎÄ 

enhances viral genome expression (Soriano et al., 2019). Similarly, E4orf6 also 

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

relief of E2F and therefore enhancing the transactivation of E2F-regulated 

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 by Orf3. However, in contrast to E4orf6, OÒÆσȭÓ ÍÅÃÈÁÎÉÓÍ ÉÓ %ρ"υυ+ 

independent and based on heterochromatin formation at p53 target promoters 

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

ÁÂÉÌÉÔÙ ÏÆ ÃÅÌÌ ÁÌÔÅÒÁÔÉÏÎ ÂÙ ÈÅÔÅÒÏÃÈÒÏÍÁÔÉÎ ÆÏÒÍÁÔÉÏÎ ÃÏÕÌÄ ÂÅ %τÏÒÆσȭÓ ÃÏÒÅ 

function for AdV proliferation. 

E4orf4  

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 response (Halbert et al., 1985; Müller 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 cycle (Pechkovsky, 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 dephosphorylating the otherwise 

hyperphosphorylated c-Fos and E1A proteins, E4orf4 counteracts the 

transactivation ability of the E1A protein on AP1-containing promoters, thereby 

attenuating their activity (Kleinberger & Shenk, 1993; Müller et al., 1992). 

Furthermore, E4orf4 downregulates the E4 promoter, forming a feedback loop, as 

well as the E2 promoter through dephosphorylation (Mannervik 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 c-Myc, to reduce host cell 

gene expression, and 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. 

)Î ÔÈÉÓ ÆÕÎÃÔÉÏÎ ÉÔ ÉÓ ËÎÏ×Î ÔÏ ÒÅÄÕÃÅ %ρ!ȭÓ ÕÐÒÅÇÕÌÁÔÉÏÎ ÏÆ ÔÈÅ %τ ÐÒÏÍÏÔÅÒȢ 

Additionally, E4orf4 downregulates the E2 promoter activation by E1A and to lesser 

extent the one by E4orf6/7 (Kleinberger, 2020). 

E4orf6/7  

E4orf6/7 is a fusion product of OÒÆφȭÓ .-terminus and Orf7. Its most prominent 

feature is the activation of the transcription factor E2F. Notably, E4orf6/7 can 

substitute for E1A in E2F-dependent transactivation or, more effectively, enhance 

the transactivation process through its unique binding mechanism. E4orf6/7 

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., 1990). While 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 establishing the favourable 

environment required for efficient viral production within the host cell. Numerous 

cellular genes possess E2F transcription factor-binding sites in their promoters, 

including critical genes involved in S-phase induction, such as E2F-1 (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 E2F-containing promoters may be affected (Melling, 

2018). 

3.2.2.4  E2A  

The gene product of E2A, known as AdVȭs 72 kDa DNA binding protein (DBP), 

functions as a single-stranded 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 VPs (Carter et al., 

1992; Matsushita et al., 1998; Stracker et al., 2004; Ward et al., 1998). 

Both E2A and E4orf6 have known post-transcriptional effects on AAV mRNAs. 

Although the underlying mechanism is unclear, the DBP is believed to enhance 

transcript levels and translation of AAV RNAs together with VAI RNA (Janik et al., 

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

ÉÎÔÅÒÁÃÔ ×ÉÔÈ 4&Ó ÓÕÃÈ ÁÓ ÔÈÅ ÎÕÃÌÅÁÒ ÆÁÃÔÏÒÓ ) ÁÎÄ ))) ɉ.&) ÁÎÄ .&)))Ɋȟ ×ÈÏȭÓ $.! 
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ÂÉÎÄÉÎÇ ÉÓ ÅÎÈÁÎÃÅÄ ÄÒÁÓÔÉÃÁÌÌÙ ÂÙ $"0ȭÓ ÂÉÎÄÉÎÇ ÔÏ ÔÈÅ .& proteins (Stuiver & van 

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 inhibit E2A 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 pathway (Fax, Lehmkühler, et al., 2000; Fax, Lipinski, 

et al., 2000).  

Contrary to E2A's promotion of AAV production, Carter 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 decreased. Matsushita 

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 

ÔÒÁÎÓÃÒÉÐÔÉÏÎÁÌ ÁÃÔÉÖÁÔÉÏÎ ÏÆ ÔÈÅ Ðυ ÐÒÏÍÏÔÅÒ ÁÎÄ !Ä6ȭÓ ÅÁÒÌÙ ÐÒÏÍÏÔÅÒÓȟ ÉÎÃÌÕÄÉÎÇ 

E1A and its own, as indicated by increased expression rates. In contrast, DBP slightly 

inhibits the E4 (L. S. Chang & Shenk, 1990). In 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 of Carter et al. (1992). Despite 

general findings that E2A significantly improved rAAV titres, this indicates the 

possibility of developing an E2A-less 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 concatemerisation, 

while the presence of E4orf6 favours a linearized form (Duan et al., 1999). However, 

this concatemerisation 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 ssDNA binding 

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 III transcribes the VA RNA gene, resulting in two virus associated 

RNAs (VA RNAs): VA RNAI (VAI) and VA RNAII (VAII), with VAI being the 

predominant species. VA RNA is indispensable for AAV production, but it has been 

demonstrated that only VAI is sufficient for AAV production. The abundance of 

VA RNA transcripts is remarkably high, with greater than 108 VAI copies per cell, 

whereas the minor species, VAII, is only expressed at about 5×106 copies per cell. 

The higher abundance of VAI is attributed to its stronger promoter outcompeting 

VAII transcription during infection (Bhat & Thimmappaya, 1984; Söderlund et al., 

1976; Vachon & Conn, 2016).  

VAI is a multifunctional non-coding RNA that is essential for AdV and AAV 

ÒÅÐÌÉÃÁÔÉÏÎ ÄÕÅ ÔÏ ÉÔÓ ÒÅÍÁÒËÁÂÌÅ ÆÕÎÃÔÉÏÎÓ ÉÎ ÉÎÔÅÒÆÅÒÉÎÇ ×ÉÔÈ ÔÈÅ ÈÏÓÔ ÃÅÌÌȭÓ ÁÎÔÉ-

viral defence and cellular processes, including nuclear RNA export, protein 

synthesis and miRNA gÅÎÅÒÁÔÉÏÎȢ 6!)ȭÓ ÓÉÎÇÌÅ ÓÔÒÁÎÄÅÄ 2.! ÆÏÒÍÓ ÉÎÔÏ Á ÃÏÎÓÅÒÖÅÄ 

secondary structure as a double stranded RNA, containing a terminal stem, a central 

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

and are typically around 160 nt (~150-200 nt). The variations origin in multiple 

ÔÅÒÍÉÎÁÔÉÏÎ ÓÉÔÅÓ ÁÎÄ 6! 2.!ȭÓ ÉÎÔÅÒÁÃÔÉÏÎÓ ×ÉÔÈ ÎÕÃÌÅÁÒ ÆÁÃÔÏÒ ρ ɉ.&ρɊ ÔÈÁÔ ÉÓ 

involved in RNA Pol III termination. Some readthroughs can reach up to 

690-950 nucleotides (Akusjärvi, 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 III promoter sequences and the 

complementary sequences GGGU and ACCC in the central domain, being conserved 

(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 and AAV, 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+2ȭÓ ÐÈÏÓÐÈÏÒÙÌÁÔÉÏÎ ÏÆ ÅÕËÁÒÙÏÔÉÃ ÔÒÁÎÓÌÁÔÉÏÎ ÉÎÉÔÉÁÔÉÏÎ ÆÁÃÔÏÒ ςɻ ɉÅÌ&ςɻ). The 

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; OȭMalley, 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 miRNA-related 

processes. VA RNAs influence miRNA biogenesis through several mechanisms. 

Firstly, it competes with cellular RNAs for Exportin 5-mediated 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 

dsRNA-binding proteins and RNAs into the cytosol, among these are tRNAs, pre-

miRNAs and Dicer mRNA (Gwizdek et al., 2003; Lu & Cullen, 2004; Yi et al., 2003). 

Secondly, VA RNAs saturate the pre-miRNA processing enzyme Dicer, preventing 

efficient miRNA maturation (Andersson et al., 2005; Vachon & Conn, 2016). Thirdly, 

the VA RNA molecule directly interferes with the assembly and function of the RNA-

induced silencing complex (RISC), which is essential for miRNA-mediated gene 

silencing. Dicer-processed VA RNAs are incorporated into RISC, enabling them to 

selectively target cellular genes (Aparicio et al., 2010; Bellutti et al., 2015).  

 

Figure 13: VA RNA interactions and actions against host cell mechanisms (Vachon & Conn, 2016). 

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

mechanisms, VAI has also non-miRNA-ÂÁÓÅÄ ×ÁÙÓ ÔÏ ÃÏÕÎÔÅÒ ÔÈÅ ÃÅÌÌȭÓ ÉÍÍÕÎÅ 

response against viral infections. Notably, VAI interacts with various immune 

proteins, including OAS1, which, like PKR, is involved in dsRNA detection (Kondo et 

al., 2014; S. L. Schwartz & Conn, 2019; Vachon et al., 2015). Despite its actions 
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against the cellular immune system VA RNA still activates cellular inflammatory 

cytokines and type I interferon expression. Activation of the RIG-I and MDA-5 

receptors initiates a signalling cascade leading to the phosphorylation and 

activation of IRF-3 and NF-ʆ" (Yoneyama & Fujita, 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 cascades (Darweesh 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 of Matsushita 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 PKR-mediated 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 their 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  

!!6ȭÓ 2ÅÐ ÐÒÏÔÅÉÎÓ ÎÏÔ ÏÎÌÙ ÆÁÃÉÌÉÔÁÔÅ !!6 ÒÅÐÌÉÃÁÔÉÏÎ ÁÎÄ ÐÁÃËÁÇÉÎÇ ÂÕÔ ÁÌÓÏ ÁÃÔ ÁÓ 

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 interacti ng 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 pro-viral purpose as the Ad Helper genes. These 

interactions modulate host cell functions to ensure enhanced viral proliferation, 

downregulation of HCP production, and suppression of anti-viral responses. Many 



Introduction  

 

- 37 - 

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 S-phase. Rep78 achieves this by binding 

to p53 and preventing adenoviral degradation of the cell cycle and tumour 

suppressor gene. As a result, Rep78 inhibits cell growth and cell cycle progression. 

However, Saudan et al. (2000) report that both Rep78 and Rep68 induce cell cycle 

arrest. Rep68 seems to arrest cells more in the G1 and G2 phases, while Rep78 in 

S-phase. Cells expressing Rep78 and arrested in the S-phase accumulate 

hypophosphorylated pRb. The retinoblastoma protein (pRb) is a tumour suppressor 

protein that inhibits cell cycle progression at the G1-checkpoint by blocking S-phase 

entry by repressing the transcription of genes required for cell cycle progression. 

Phosphorylation of pRb inactivates it, relieves repression, and allows the cell to 

enter the S-phase. Repression is then achieved through chromatin remodeling and 

binding to E2F sites in the promoters of these genes (Giacinti & Giordano, 2006). 

Interference with these cellular mechanisms is 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 induces S-phase arrest. One of them 

involves Rep78 binding to cell cycle regulatory phosphatases, while another 

involves Rep78 causing DNA damage response (DDR)-mediated cell cycle arrest by 

nicking cellular chromatin (Berthet et al., 2005; Saudan et al., 2000). DDR pathways 

ÁÒÅ ÁÃÔÉÖÁÔÅÄ ÔÈÒÏÕÇÈ 2ÅÐȭÓ ÂÉÎÄÉÎÇ ÔÏ ÁÎÄ ÕÎ×ÉÎÄÉÎÇ ÏÆ $.!Ȣ (Ï×ÅÖÅÒȟ $$2 ÃÁÎ 

also be provoked by the inverted terminal repeats (ITRs) and the single-stranded 

nature of the AAV genome. Interference of AAV with DDR may serve to facilitate 

second-strand synthesis and promote AAV replication in general (Vogel, 2013). 

The indirect transcriptional regulation of Rep78, achieved through pRb inhibition 

and activation of E2F-containing promoters, is one of many mechanisms by which 

AAV regulates its own, Helper, and cellular protein expression. Rep78 also interacts 

with the t ranscription cofactor PC4, resulting in transcriptional interference. 

However, the relief of this effect in the presence of Adenovirus indicates the 

involvement of Helper functions in these regulatory 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 of E1A and E4, but transactivates E1B without E1A 

expression. Co-expression of E1A causes Rep78 to repress all these promoters (Jing 
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et al., 2001; Timpe et al., 2006). Studies exploring the inhibition of heterologous and 

endogenous promoters 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 that the inhibition of heterologous promoters is mainly mediated 

through protein-protein interactions, rather than Rep directly binding to DNA. 

(Hörer 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; Hörer 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) titre (J. 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 of Adenovirus 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 Reps. Repression of 

p5 occurs despite the involvement of YY1 and MLTF. This repression can then be 

relieved by E1A and E2A, respectively. YY1 acts as a repressor, but in its presence, it 

becomes an activator of the p5 promoter. YY1 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. Down-regulation of p19 is also Rep mediated 

and just as with p5, this inhibition is relieved in the presence of Helper virus (Beaton 

et al., 1989; Kyöstiö 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 promoter 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 activators (Pereira 

et al., 1997). Both, ITR and p5 RBEs have an activating function for p19 and p40 in 

the presence of Adenovirus Helper functions. The mechanism by which Rep78/68 

activates p19 transcription involves the interaction of Rep78/68 bound to the RBE 

with the SP1 transcription factor. SP1 can bind to p19 at positions -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, Sp1 

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 Sp1 can form a complex that acts as a scaffold, positioning the p5 YY1 

complex next to p19 and thereby delivering 5'-enhancer 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 Rep78/68-Rep52 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 

CArG-140 element in the p19 promoter and the SP1-50 element in the p40 promoter 

(Pereira et al., 1997; Pereira & Muzyczka, 1997a, 1997b). These 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 proteins.  

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 

least, followed by p19 transcripts, which are increased due to Rep enhancement, and 

p40 transcripts as the most abundant AAV mRNA species. Additionally, spliced 

variants of all AAV mRNAs increase during infection of Adenovirus due to adenoviral 

stimulation of splicing and mRNA export. In the late stage of infection up to 90 % of 

all p40 mRNAs and up to 50 % 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 p5 mRNAs being transcribed first and predominant p40 in 

the late stage when capsids are required (Mouw & Pintel, 2000). 
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3.3  Recombinant Production of AAV  

As the interest in recombinant adeno-associated viruses (rAAVs) as delivery vectors 

for gene therapy continues to grow and an increasing number of AAV gene therapies 

enter pre-clinical and clinical trials, there is growing demand for efficient and 

scalable platforms for high-titre 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 (pSM620) (Samulski 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 vector (Tratschin et al., 1984, 1985). It was discovered 

that the ITRs are the only cis elements required 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 HeLa or Detroit 6, e.g. by DEAE-dextran method, along with co-

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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Figure 14: Schematic overview of the used transient triple transfection 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 co-infection, 

whilst investigating E4orf6ȭÓ ÁÃÃÅÌÅÒÁÔÉÎÇ ÅÆÆÅÃÔ ÏÎ Ò!!6 ÔÒÁÎÓÄÕÃÔÉÏÎ ÔÈÒÏÕÇÈ 

increased second strand synthesis. However, this approach isolated the DNA for 

transfection from previously produced dl309 AdV. About two years later, the same 

group performed the cloning of plasmid pXX5 and 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 wildtype-like, replication-competent AAV 

contaminations (Aucoin et al., 2008; Matsushita et al., 1998; Natsoulis, 1997; 

Samulski et al., 1989; X.-S. Wang et al., 1998). This all plasmid-based 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 Helper plasmid. 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 convenience 

(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 

2×105 vg/ cell, matching the improved specific titres achieved with wild-type AAVs 

(Samulski & Muzyczka, 2014; J. F. Wright, 2008). Triple transfection of adherent 

HEK293 cells is a well-established laboratory approach for relatively quick small-

scale production, allowing screening of various rAAV constructs by simply changing 

one or two plasmids. Albeit this method is used for production of material for many 

clinical trials, adherent cell cultures suffer from poor scalability due to the two-

dimensional growth limitation, as opposed to suspension cultures that can expand 

in three dimensions. For instance, just a single preclinical study for Duchenne 

muscular dystrophy (DMD) would require 1250-25000 Corning 10-CellSTACK 

devices for production, equivalent to up to 2 million 10 cm-dishes, assuming three 

cohorts of three patients and the currently tested DMD doses ranging from 5x1013 

to 5×1014 vg/kg (Deng et al., 2022; Merten, 2016). Other AAV based drugs that are 

applied intravenously, are similarly dosed, e.g. Zolgensma 1.1x1014 vg/kg. Notably, 

downstream processes for these GMP grade, highly purified doses have a limited of 

up to efficiency 65-80 %, but due to requirement of multiple purification steps, 

recovery rates are often only between 5-25 %. That means with a current upstream 

process which can achieve a crude titre of up to 1×1014 vg/ L and a 5 kg weighting 

infant, about 10 to 100 L cell culture would be required per treatment (Clément, 

2019; Florea et al., 2023; Zhao et al., 2020). These calculation examples demonstrate 

scale-up difficulties and limitations of adherent systems, but also the general 

demand for scalable production (and purification) methods and their improvement 

even with current suspension cell-based bioreactor 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 large-scale current Good 

Manufacturing Practice (cGMP) quality production (Cameau et al., 2019; Merten, 

2016). However, unlike adherent systems, suspension-based approaches can be 

scaled up instead of scaled out. For example, Durocher et al. (2007) demonstrated 

the scalability of rAAV2 production using 293F cells in bioreactors, which allowed 

for process regulation and increased titres. Grieger, Soltys, and Samulski (2016) also 

showed the feasibility of large-scale production with transient triple transfection of 

293F cells in a 20 L wave bag reactor. Compared to adherent triple transfection, 

suspension cultures generally use serum-free, 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 in an approximately equal molar ratio. Initially, 

the achieved titres per cell in suspension cultures were only a tenth of those 

obtained in adherent production, at 1.4×104 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 1×105 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 1×1011 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, and limited scalability still remain 

challenges for transient transfection systems, particularly for the production of 

future mainstream therapeutics. Nevertheless, the inherent 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 in a multitude of 

ongoing studies (Clément, 2019; Merten, 2016; Zhao et al., 2020). 

For the sake of completeness, it is worth mentioning non-transfection-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 simplex 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) with separate baculovirus vectors encoding cap, rep, and ITR/GOI 

sequences. These systems are currently capable of large-scale production up to 

200 L and yield high titres of >1012 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 worse than HEK-based ones, the TESSA2.0 

system does not only show up to 30-fold higher titres than triple transfection, but 

also increased infectivity with the additional advantage of better scalability 

(Clément, 2019; Su et al., 2022). However, the second general approach offers even 

better scalability and involves the use of stably transfected cell lines, such as HeLa 

or BHK, that stably express the Helper and/or AAV genes. In these cases, the 

integrated genes are likely controlled by inducible promoters due to the cytotoxic 
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nature of the large Rep proteins. Cell lines with only the rep and cap genes 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 line that only 

requires the infection of a Helper virus or transfection of Helper virus genes (Aucoin 

et al., 2008; Clément & Grieger, 2016; Merten, 2016). Another approach, which is 

even more versatile and advanced, involves the stable integration of inducible rep 

and Helper genes in a cell line, followed transient transfection or stable integration 

of cap and ITR/GOI genes for rAAV production. An example of such an approach is 

the ELEVECTA® Alpha Cell Line developed by Cevec, which can yield titres 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 

ÓÅÑÕÅÎÃÅÓ ÏÆ ÔÈÅ ÖÉÒÕÓȭ ÇÅÎÏÍÅ ÕÎÔÉÌ ÏÎÌÙ ÔÈÅ ÅÓÓÅÎÔÉÁÌ ÐÁÒÔÓ ÆÏÒ ÔÈÅ ÐÒÏÄÕÃÔÉÏÎ ÏÆ 

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 basic 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 GOIs and optimize the expression of the therapeutic DNA by 

altering the sequences themself, their promoters, and 5'- and 3'-UTRs. Recent years 

have witnessed an increased emphasis on the development of new, synthetically 

designed, and modified capsids, making cap 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 production 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 first Rep/ Cap plasmids were created, 

by (J. Li et al., 1997). Their exchange of promoters for rep lead to the realisation that 

Rep overproduction is counterproductive and even cytotoxic. Consequently, the 

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

!ÄÄÉÔÉÏÎÁÌÌÙȟ Á Ðυ ÐÒÏÍÏÔÅÒ ×ÁÓ ÐÌÁÃÅÄ ÄÏ×ÎÓÔÒÅÁÍ ÏÆ ÔÈÅ ÇÅÎÏÍÅȭÓ ÐÏÌÙ-

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

Li et al., 1997; Xiao et al., 1998). Most 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. Reconstruction of the origin of this modification, 

when and by who it was carried out first, turns out challenging. It is uncertain if 

plasmids patented by Wilson 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, 2008). Other groups, including 

Wustner et al. (2002) and Grimm et al. (2003) explored similar ideas.  

'ÒÉÍÍ ÁÎÄ ÃÏÌÌÅÁÇÕÅÓ ÄÅÓÔÒÏÙÅÄ ÔÈÅ 4!4! ÂÏØ ÁÎÄ ÕÓÅÄ Á υȭ-UTR frt for large Rep 

expression in one experiment and used a MMTV-LTR promoter instead of p5 in 

another. The first of these experiments was performed along their attempt of cross-

packaging, meaning that rep and cap origin from different serotypes. Something that 

became the default solution for all rAAV, using different cap serotypes, because 

standardised use of serotype 2 rep, for packaging of ITRs of serotype 2, enables very 

convenient GOI exchanges. The second experiment, employing a MMTV-LTR 

promoter instead of p5, was performed to eliminate Rep-mediated 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 by Allen et al. (1997). In their experiment, 

Allen et al. (1997) additional exchanged promoters of rep and cap, an approach that 

was performed by several groups at the time (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 production enhancement were only revived recently. 

For the Helper plasmid, three initial designs were suggested. The 21.8 kb large pDG 

plasmid, which contains the AAV(2) genome with its p5 substitute to the MMTV-LTR 

promoter. The genes are arranged in the order: rep and cap, VA RNA, followed by 

E2A and E4 on 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 virus 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 13.9 kb and 11.6 kb of AdV5 
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and AdV2, respectively. Fragments were combined as such that the promoters of 

E2A and E4 for are next to each other and the genes are facing opposite directions, 

the VA RNA ÇÅÎÅ ×ÁÓ ÐÌÁÃÅÄ ÁÔ ÔÈÅ σȭ ÅÎÄ ÏÆ E4 and transcription was directed 

towards the E4 gene. By using subsets of the three essential genes, they could also 

demonstrate that only E2A or a combination of E2A and VA RNA or E4 are efficient 

for rAAV production in 293 cells, but only the combination of all three resulted in 

titres equivalent to AdV co-infections. Further, individual genes on individual 

plasmids, controlled by CMV showed that E4orf6 was equivalent to the full E4 gene. 

Heterologous promoters to control the AdV Helper genes were also used by Allen 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, VA RNA and E2A independence could only be achieved by the 

use of heterologous promoters for rep (MT promoter) and cap (CMV), whereby p40 

mediated VP expression was not possible with E4orf6 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 previous Rep/ Cap 

plasmid. Nevertheless, the approaches of heterologous promoters. Matsushita et al. 

(1998) and Allen et al. (1997) did not prevail. Instead, the two most used Helper 

plasmids for clinical trials are pXX6 (pXX6-80, now pALD-X80) and the 

ÃÏÍÍÅÒÃÉÁÌÌÙ ÁÖÁÉÌÁÂÌÅ Ð!$ɝ&φȢ "ÏÔÈ ÐÏÓÓÅÓÓ ÔÈÅ ÓÁÍÅ ÇÅÎÅ ÓÅÑÕÅÎÃÅ E4, E2A, 

followed by VA RNA on the non-ÃÏÄÉÎÇ ÓÔÒÁÎÄȢ ,ÉËÅÌÙ Ð!$ɝ&φ ÉÓ ÔÈÅÒÅÂÙ Á 

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 relevance, as the same or very similar plasmids are 

currently available from different sources. It offers a further size reduction to 

11.6 kb and practically resembles the Helper plasmid described by Matsushita et al. 

(1998), already patented by the same researchers (Colosi, 1996). 
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Figure 15 : Initial AdV Helper designs for Helper virus free rAAV production. (A) Construction of 
Ð!$ɝ&φ ÂÙ Hildinger et al. (2001). (B) Helper plasmid designs of pXX6  (Xiao et al., 1998) and pDG 
(Grimm et al., 1998) modified schematic from Chadeuf et al. (2005). (#Ɋ 0ÌÁÓÍÉÄ ÍÁÐ ÏÆ !ÖÉÇÅÎȭÓ 
pHelper, similar to design of Matsushita et al., (1998) (Colosi, 1996). 

The lack of optimisation of these plasmids, which have been in use for decades, bares 

opportunities for improvement of rAAV titre increases and vector quality. This is for 

example shown by the size reduced Helper plasmid of Emmerling et al. (2016),  

which achieved a >10-fold increase in vg/cell to the pDG plasmid. The research of 

Emmerling et al. (2016) also rediscovered the idea of previous approaches of 

separating rep 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 to ÏÐÔÉÍÉÚÅ ÐÒÏÍÏÔÅÒȟ '/) ÓÅÑÕÅÎÃÅȟ υȭ ÁÎÄ σȭ 542Ó ÆÏÒ 

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, promoteÒȟ ÁÓ ×ÅÌÌ ÁÓ υȭ ÁÎÄȾÏÒ σȭ-UTRs, for example 

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 during production, particularly for pseudotyped 

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

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 titres by 

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

to p5 promoter, involving introductions of spacer sequences, to 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 by Allen 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 hCMV-IE promoter (referred to as CMV) or the simian virus 40 early promoter 

(SV40) are used to express the heavy and light chains of the protein (Romanova & 

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 cell-cycle dependency (Prösen 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 capacities, as well as also 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). 



Introduction  

 

- 49 - 

Typically, synthetic promoters are generated either by screening randomized DNA 

sequences or by assembling publicized cis-regulatory 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, CMVȭs activity in different cells and tissues varies (Qin 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 TFREs 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 tissue-specific expression of the therapeutic gene packaged in rAAV (Chai 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 tr iple transfection of HEK293 cells (J. 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., 2022). Only recently, there has been renewed 

interest in modifying AAV promoters for transient transfection systems, as 

demonstrated by the modifications to p5 by Brimble et al. (2022) and the use of a 

tetracycline-regulated capsid expression system by Ohba et al. (2023). Therefore, 
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the consideration of synthetic promoters for regulated gene expression of rep and 

cap, as well as Helper genes, holds promises for enhancing rAAV production. 

3.3.4  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 capabilities, although the effectiveness varies depending on the specific 

cell line, process, and product (M. J. Allen et al., 2008; Johari et al., 2015; W. C. Yang 

et al., 2014). For example, a study by Yang et al. (2014) demonstrated that the 

addition of valproic acid (VPA) to antibody-producing CHO cells resulted in 

significant increases in one cell line but had no effect on another. It 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 MG132 (Jiang & 

Sharfstein, 2008; Kusaczuk, 2019; Mitchell & Samulski, 2013). However, often the 

cause of effect for many of these additives remain unknown, especially since large 

screening panels of small molecules are in use (J. Chang et al., 2020). For 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 diverse, similar to those of many other small molecule additives. These 

mechanisms include effects on glycolysis enzymes, induction of G0/G1 phase, 

chaperone proteins for PTMs, and more (J. Li et al., 2006; C.-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 1996, Ferrari et al.  showed that 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 vector. Mitchell 

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 10-fold 

increased VG titres can be achieved by adding salts like NaCl and KCl. Interestingly, 

the effects were not due to changes in osmolality, but were rather thought to be 

caused by cellular changes creating a favourable cellular environment for AAV 

production. However, these beneficial results were specific to their HSV-based 

platform and could not be replicated in a transient context, highlighting once again 

the individuality and process specificity of chemical additives. In the context of 

transient, PEI-mediated 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 30 %. 

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 production. 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 production.
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4   Aim  

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

recombinant adeno-associated 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 the genetic engineering the Rep/Cap and Helper 

plasmids, utilizing tools and principles derived from synthetic biology. The design 

criteria for these plasmids included two crucial aspects (i)  enhanced flexibility to 

facilitate subsequent genetic modifications and (ii) 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 project: exerting 

control over the individual genes of the system through the utilisation of synthetic 

promoters. As an integral part of this endeavour, these promoters were to be 

engineered to optimize the relative quantities of the system's components. 

Ultimately, the system was supposed to be fine-tuned 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 project involved two additional 

researchers for a portion of its duration. Consequently, this thesis focuses primarily 

on the optimisation of the Helper plasmid. 
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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. coli). Cultivation, cloning, and other 

methods involving this bacterium and the manipulation of DNA are described in the 

following. 

5.1.1  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 

ÁÍÐÌÉÆÉÅÄ ÉÎ $(υɻ ɉ)ÎÖÉÔÒÏÇÅÎɊȢ  

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 16 È ÆÏÒ $(υɻ 

cells, and about 20 h for NEBstable cells. 

Bacterial suspension cultures for plasmid isolations were grown in 50 mL centrifuge 

tubes in 10 mL of LB broth supplemented from 1000× stock solutions with the 

corresponding antibiotic for small scale (mini-prep) or 30 mL in a 250 mL glass 

Erlenmeyer flask for medium scale plasmid preparations (Midi-prep). Cultures were 

incubated at 37°C for 15 to 17 È ɉ$(υɻɊ ÏÒ ςπ to 24 h (NEBstable) in a shaking 

incubator (Infors) at a speed of 200 rpm. 

5.1.2  Creation of Chemically Competent E. coli  Cells  

Transformation competent E. coli ÏÆ ÔÈÅ ÓÔÒÁÉÎ $(υɻ ×ÅÒÅ ÐÕÒÃÈÁÓÅÄ ÆÒÏÍ 

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 cryo-culture and 

an overnight pre-culture was grown in 5 mL LB broth at 37°C, 200 rpm orbital 

shaking. For the main culture five times 100 mL LB broth in glass 1L Erlenmeyer 

flasks were inoculated with 1 mL starter culture each. Incubation was performed as 

per usual. OD600 was measured hourly up to an OD600 of 0.2. Afterwards the culture 

density was determined every 20 min. At an OD600 of 0.35 to 0.4 the cultures were 

put on ice immediately and cooled for at least 20 min. Cells were afterwards spun 

down at 4°C and 3000 ×g for 15 min in 50 mL centrifugation tubes. After discarding 

the supernatant, cell pellets of each tube were washed with 20 mL sterile, ice cold 

100 mM MgCl2 solution and combined into eight tubes afterwards (50 mL each). A 
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spin at 4°C and 2000 ×g for 15 min was carried out to pellet the cells again, the 

supernatant was discarded and the cells in each tube resuspended in 50 mL sterile, 

ice cold 100 mM CaCl2 solution. Another spin at 4°C and 2000 ×g for 15 min was 

carried out and cells resuspended in a total of 50 mL of sterile, ice cold 85 mM CaCl2 

solution with 15 % glycerol. The suspension was split into two 50 mL centrifuge 

tubes and spun at 4°C and 1000 ×g for 15 min. The resulting supernatant was 

decanted, and the cell pellet resuspended in 2 mL of the previous solution. 50 µL 

aliquots of the cell suspension were transferred into 1.5 mL 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 1.05 bar. Pipette tips, plate lids and other laboratory 

equipment that required sterility were treated the same way for 20 min. 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. 

5.1.4  Isolation of Plasmid DNA  

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

ÆÏÒ ÍÅÄÉÕÍ ÓÃÁÌÅ ÐÒÅÐÁÒÁÔÉÏÎÓ ÁÎÄ 1ÉÁÇÅÎȭÓ 1)!ÐÒÅÐ 3ÐÉÎ -ÉÎÉÐÒÅÐ ËÉÔÓ ÆÏÒ ÓÍÁÌÌ 

ÓÃÁÌÅ ÐÒÅÐÁÒÁÔÉÏÎÓȢ 4ÈÅ ÐÒÏÃÅÄÕÒÅÓ ×ÅÒÅ ÃÁÒÒÉÅÄ ÏÕÔ ÁÃÃÏÒÄÉÎÇ ÔÏ ÔÈÅ ÍÁÎÕÆÁÃÔÕÒÅȭÓ 

protocols. For molecular cloning purposes Miniprep plasmid isolations were used, 

which were eluted in 30 µL 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 step 100 µL and 400 µL of the kits EB buffer were used. 

The incubation step of the elution buffer was prolonged in all cases to 5 min for 

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

with TE buffer (pH 7.4). 

5.1.5  Agarose - Gel Electrophoresis  

DNA fragments were separated via agarose-gel electrophoresis. Gels were prepared 

with 1 to 2.5 % w/v of agarose in 70 mL TAE buffer (8.3 pH). Analytical gels were 

loaded with 20 µL of a mixture of DNA containing solution and 6x loading dye. 

Preparative gels with 60 µL of this mixture. The agarose TAE solution was heated in 

a microwave until boiling. For DNA staining 5 µL 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 30 min 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 4 µL 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 V. Ethidium bromide-stained DNA bands were 

visualised on a blue light table DNA fragment excision or in a UV transilluminator 

(ImageQuant-RT 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 2 mL reaction tube and weighted. All following 

steps were carried out according to the manufacturers protocol and the DNA eluted 

in 20 µL of the kits EB buffer. 

5.1.7  PCR 

For DNA amplifications by polymerase chain reactions Q5 high-fidelity polymerase 

(NEB) was used. Table 1 lists the reaction mixture concentrations and volumes. 

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

Component  Concentration  Volume / µL  

Q5 2x MM 2× 25 

Forward primer  10 µM 2.5 

Reverse primer 10 µM 2.5 

DMSO 100 % 1-2.5 

Template DNA 
Variable 

(0.002-0.2 ng/µL)  
Variable 

HPW - 
Add to 50 µL total 

volume 

DMSO (final concentration up to 5%) was only used if previous optimisation PCR 

attempts were not useful. Table 2 shows the utilised thermal cycler programs. 
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Table 2: Temperature profile of Q5 PCR programs of regular and touchdown (TD) gradient variants. 

Tmanneal = annealing temperature of primer w/o overhang. 

Step 

Temperature / °C  Duration / s  

regular 
TD 

gradient 
regular 

TD 

gradient 

Lid heating 115 115 Permanent Permanent 

Initial denaturation  98 98 60 60 

Denaturation     1) TD: 10 ×                   

-1°C per cycle 

2) TD: 25-30 ×            

at Tm 

98 98 6 6 

1) Annealing 

2) Annealing 

Tmanneal 

 

1) 10°C >Tm 

2) Tmanneal 
20 20 

Elongation 72 72 20 per kb 20 per kb 

Final extension 72 72 120 420 

Storage 4 4 Њ Њ 

 

5.1.8  PCR Cleanup  

To remove buffer, di-nucleotides, primers, and the polymerase enzyme from the 

0#2 ÒÅÁÃÔÉÏÎ ÓÏÌÕÔÉÏÎ 1ÉÁÇÅÎȭÓ 1)!ÑÕÉÃË 0#2 Purification Kit was used. The 

ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ ÉÎÓÔÒÕÃÔÓ ×ÅÒÅ ÆÏÌÌÏ×ÅÄ ÁÎÄ ÔÈÅ ÅÌÕÔÉÏÎ ÐÅÒÆÏÒÍÅÄ ×ÉÔÈ ςπ µL of the 

ËÉÔȭÓ %" ÂÕÆÆÅÒȢ 

5.1.9  Determination of DNA Concentrations  

DNA purities and concentrations are determined by the UV-Vis-spectrometer 

NanoDrop Onec with 1 µL of sample. DNA concentrations were measured at 260 nm, 

where DNA shows an absorbance peak due to its base pairs. In contrast, proteins 

show an absorbance maximum at 280 nm due to their aromatic amino acids. Thus, 

the ratio of the absorbance at 260 and 280 nm 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 1 µg or up to 4 µg DNA in volumes of 20 µL for 

analytical digests or 50 µL for preparative digests, respectively. The reaction mix 

contained corresponding volumes of the for the specific enzymes required buffer 

(normally rCutSmart Buffer), ddH2O and no more than 10 % of enzyme solution. 

Reaction times were chosen according to the enzymes either 20 min or 60 min. 

Digests were performed at 37 °C if not stated otherwise by the enzymes 

manufacturer. 
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5.1.11  5ô- Dephosphorylation of Vector DNA  

To reduce self-ligation of vector backbones, especially of blunt end cut constructs, 

ÓÏÍÅ $.! ÆÒÁÇÍÅÎÔÓ ×ÅÒÅ ÄÅÐÈÏÓÐÈÏÒÙÌÁÔÅÄ ÐÒÉÏÒ ÔÏ ÌÉÇÁÔÉÏÎȢ 4ÈÉÓ υȭ-

ÄÅÐÈÏÓÐÈÏÒÙÌÁÔÉÏÎ ×ÁÓ ÐÅÒÆÏÒÍÅÄ ÂÙ ÁÄÄÉÎÇ ÂÕÆÆÅÒ ÁÎÄ ÅÎÚÙÍÅ ÏÆ .%"ȭÓ !ÎÔÁÒÃÔÉÃ 

Phosphatase to the restriction digest mix. After an incubation of 30 min to 60 min at 

37 °C the reaction was stopped with a heat-inactivation at 80 °C for 2 min. 

5.1.12  DNA Ligation  

&ÏÒ ÌÉÇÁÔÉÏÎ ÏÆ Ô×Ï ÐÕÒÉÆÉÅÄ $.! ÆÒÁÇÍÅÎÔÓ .%"ȭÓ 4τ ÌÉÇÁÔÉÏÎ ËÉÔ ×ÁÓ ÕÓÅÄȢ )Î Á ÔÏÔÁÌ 

reaction volume of 20 µL, 1 µL of enzyme and 2 µL of the T4 DNA ligase reaction 

buffer (10×) were utilised. The reaction was performed with a total of 100 ng 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 16 °C 

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

reaction tubes on ice. 

5.1.13  Chemical Transformation of DNA into E. coli  

To transform plasmid DNA in E. coli cells, 2 µL of the ligation mix or in case of 

retransformation 100 pg ɀ 100 ng (usually 10 ng) of purified plasmid DNA were 

added to 50 µL chemically competent cells in a 1.5 mL tube. After gentle mixing cells 

were incubated for 20 min on ice. Subsequently, the cells were heat shocked at 42 °C 

for 45 seconds. Directly afterwards 450 µL of SOC or NEBstable outgrowth medium 

were added, and the mixture was incubated for 1 h at 37 °C and 850 rpm in a thermo 

mixing block. Then 100 µL of the culture were plated out on an agar plate containing 

the required antibiotic for overnight incubation. For difficult transformations the 

transformation culture was spun down at 5000 ×g for 5 min and resuspended in 

100 µL 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 

ÕÓÅÄȟ ÁÓ ×ÅÌÌ ÁÓ 4ÈÅÒÍÏ &ÉÓÈÅÒ 3ÃÉÅÎÔÉÆÉÃȭÓ -ÕÌÔÉÐÌÅ 0ÒÉÍÅÒ !ÎÁÌÙÚÅÒ ÔÏ ÍÉÎÉÍÉÓÅ ÔÈÅ 

presence of primer dimers, self-binding, 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 according 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 

ÁÐÐÒÏÁÃÈÅÓȢ .%"ȭÓ 1υ 3ÉÔÅ-Directed Mutagenesis kit was used for altering DNA with 

an SDM cloning approach. The procedures were carried out according to the 

ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ ÐÒÏÔÏÃÏÌÓȢ $.A amounts for the HiFi DNA assemblies and ratios of 

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 SARS-COV2 spike protein. 

All mammalian cell cultivations were carried out at 37 °C with 5 % CO2. Transfected 

cultures in 24-well plates or in 50 mL TubeSpin bioreactor tubes were cultivated 

with humidification to 80  % relative humidity and shaken at 230 rpm (25 mm 

throw). The shaking speed for larger cultures in Erlenmeyer flasks was 200 rpm 

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 4B9-11A4). Both 

REGENXBIO HEK cell lines were cultivated in Dynamis medium (Gibco) 

supplemented with 6 mM Glutamine (Gibco). HEK 293-F 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 8 mM Glutamine. All cell lines were cultivated as described in 5.2 

and split on a three-day basis. For the routine passaging cells were diluted to 0.2 or 

0.3×106 vc/ mL.  The regular culture and vessel volumes are listed in Table 3. 

Table 3: Tissue culture vessels working volumes and growth areas. 

Cultivation 

vessel / - 

Volume medium 

/ mL  

Cultivation 

vessel / - 

Volume medium 

/ 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 at 200 ×g for 5 min. The supernatant was discarded, and 

the cell pellet resuspended in 4 °C cold culture medium supplemented with 

10 % v/v DMSO. The volume of the of the DMSO containing medium was chosen to 

adjust the viable cell density to 1×106 cell/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 in a -80 °C freezer for 24 h. 
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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 37 °C 

warm water bath until the cell suspension was fully thawed. Further, the 

cryopreserved culture was transferred quickly into a 125 mL 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 1.5 mL 

reaction tube and mixed with an equal volume of Accumax (Thermo). The mixture 

was incubated for 20 min at 37 °C and 140 rpm before the cell count. The final 

volume of diluted and undiluted samples loaded into the cell counter was 550 µL. 

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 Countess 3 FL 

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

ÕÎÉÖÅÒÓÉÔÙȭÓ ÆÌÏ× ÃÙÔÏÍÅÔÅÒ ÃÏÒÅ ×ÉÔÈ ÁÎ !ÔÔÕÎÅ ÁÃÏÕÓÔÉÃ ÆÏÃÕÓÉÎÇ ÃÙÔÏÍÅÔÅÒ 

(Applied Biosystems) until its abolition. For GFP measurements with the Countess 

cell counter, 10 µL of sample, if necessary diluted with PBS up to 8-fold, were 

ÉÎÊÅÃÔÅÄ ÉÎÔÏ ÔÈÅ ÄÅÖÉÃÅȭÓ ÓÉÎÇÌÅ ÕÓÅ cartridges. The fluorescence gain was adjusted 

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. 

5.3.1  Transient Transfection  

Cultivated HEK cells were seeded in a new vessel one day before transfection at 

2.2×106 vc/mL  (viable cells per millilitre). On the day of transfection, cells grown to 

4.5-5×106 vc/mL were transfected with a total of 0.63 µg DNA per 106 vc 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. PEIpro (Polyplus) and the DNA mix were mixed with 

Dynamis medium (Gibco) in separate tubes, before combining DNA premix and PEI 

premix. The combined transfection mix had a volume of 10 % of the cultivation 

volume. The PEI premix was always added to the DNA premix. Afterwards the 

solution was mixed by vortexing for 3-5 seconds, followed by an incubation of 10 to 

15 min at RT. The incubated mix was then 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 150 mM 

NaCl (Polyplus). The transfection mix was only incubated for 4 min, 0.8 µg DNA per 

106 vc and a DNA to PEI ratio of 1:3 was used, in accordance to Johari 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 4 h 

post transfection. In DMSO dissolved chemicals M344 (50 mM) and Nocodazole 

(10 mM) were diluted 1:100 to 500 µM and 1 µM in Dynamis medium prior to 

adding them to the cultures for final concentrations of 2.5 µM and 4 µM, 

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 450 µL were 

taken from the cell suspension and transferred into a 1.5 mL tube containing 50 µL 

of 10× lysis buffer. The lysis was carried out at 37 °C and 230 rpm for 1 h with the 

tubes horizontally placed in a tube rack in the incubator (25 mm throw). Tubes were 

vortex heavily before and after incubation. Afterwards, the cell debris was separated 

by centrifugation at 4 °C, 13000 ×g for 10 min. 

5.3.4  DNase  I Digest of rAAV Samples  

DNA not protected by AAV capsids was digested with DNase I prior to ddPCR 

measurement of genomic rAAV titres. Therefore, 5 µL of the lysed samples 

separated from cell debris were mixed into 45 µL of DNaseI reaction master mix. 

The master mix contained 2 µL of DNaseI (Roche), 5 µL 10× DNaseI reaction buffer, 

5 µL of 1 % Pluronic F-68 (Gibco) and 33 µL of nuclease-free water per sample. The 

reaction mix was incubated for 1 h at 37 °C in a PCR machine. Overnight storage was 

performed at 4 °C if necessary, otherwise samples were stored long term at -20 °C. 



Material and Methods  

 

- 64 - 

5.3.5  ddPCR for Determination of Viral Genomic Copy Numbers  

Genomic rAAV titres were determined by droplet digital PCR (ddPCR) ×ÉÔÈ "ÉÏ2ÁÄȭÓ 

Supermix for probes. At first, lysed and consequently DNase I digested samples were 

diluted 1:4000 with a PCR buffer mix containing one part 10× PCR buffer (Applied 

Biosystems), one part 1 of 1 % Pluronic F-68 (Gibco), and eight parts nuclease-free 

water, as well as 0.2 µg per mL single-stranded salmon sperm DNA. 2 µL of diluted 

sample were then pipetted into 18 µL of ddPCR master mix. The master mix 

contained 10 µL ddPCR mix for probes (BioRad), 5 µL nuclease-free water and 5 µL 

of a primer probe mix. This primer probe mix constituted of 40 µL forward and 

40 µL revers primers (100 µM), as well as 10 µL of the probe solution (100 µM) and 

910 µL 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 20 µL of the sample in the middle 

well and 70 µL of droplet generation oil for probes (BioRad). After the liquids were 

sucked through the microfluidics of the cartridge, 40 µL of the oil solution containing 

the aqueous micro droplets, were transferred into a ddPCR 96-well 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). The PCR program was 

run as described in Table 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, all droplet events below were 

regarded as negative. 

Table 4: ddPCR thermal cycling conditions. for quantification of genomic copy numbers with the 

BioRad supermix for probes. 

Step Cycles Temperature / °C  Duration / min  

Enzyme activation 1 95 10 

Denaturation 
40 

95 0:30 

Annealing/extension 57 1 

Enzyme deactivation 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 yield differences. 

5.3.6  AAV8 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 

ÒÁÎÇÅ ÏÆ ÔÈÅ ÔÅÓÔȭÓ ÓÔÁÎÄÁÒÄ ÃÕÒÖÅȢ 4ÈÅ ÍÁÎÕÆÁÃÔÕÒÅÓ ÐÒÏÔÏÃÏÌ ×ÁÓ ÓÔÒÉÃÔÌÙ ÆÏÌÌÏ×ÅÄ 

and the horseradish peroxidase catalysed colour reaction of TMB, halted by sulfuric 
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acid, was then measured in a SpectraMax iD5-3024 plate reader (Molecular Devices) 

at 450 nm, as well as at 650 ÎÍȢ &ÏÒ ÃÏÒÒÅÃÔÉÏÎ ÏÆ ÔÈÅ 4-"ȭÓ ÐÅÁË ÁÂÓÏÒÂÁÎÃÅ ÁÔ 

450 nm, the absorbance value at 650 nm was subtracted, as advised by the 

manufacturers protocol. 

5.3.7  Determination of Promoter Strength through GFP 

Expression  

The method was conducted as described in Johari et al. (2022). To summarise, cell 

densities were adjusted to 1×106 vc/mL the day before transfection in 10 mL of 

fresh medium. The transfection was then carried out with 8 µg plasmid DNA and 

24 µL PEImax. 48 h post-transfection GFP expression was measured with an iD5 

microplate reader as described. 

For the HEK promoter constructs instead of 10 mL, 5 mL culture were transfected 

with PEIpro instead of PEImax, DNA and PEI concentrations and ratios were 

unchanged. 

5.3.8  Measurement of mRNA Transcript Levels  

mRNA transcripts of the adenoviral E2A and E4 (orf6+orf6/7) genes were measured 

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

through a 5 min spin at 300 ×g. The pellets were then resuspended in 150 µL 

RNAlater (Thermo Fisher Scientific), stored overnight in at 4 °C and then transferred 

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

with 250 µL PBS and then spun down for 5 min at 600 ×g. The resulting pellet was 

resuspended with RLT ÂÕÆÆÅÒ ÏÆ 1ÉÁÇÅÎȭÓ 2.!ÅÁÓÙ ÐÌÕÓ ËÉÔ ÓÕÐÐÌÅÍÅÎÔÅÄ ×ÉÔÈ 

2-mercaptoethanol as recommended by the manufacturer. Cell lysis was performed 

with a QIAshredder. Therefore, the resuspended cells were transferred to the 

QIAshredder column and spun at 21000 ×g for 3 min. Thereupon, the protocol of the 

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

50 µL RNase-free water were used. The elution was then further purified with a NEB 

Monarch RNA Cleanup Kit (50 µg). The manufactures protocol was followed with 

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

100 ng/µL and then aliquoted and stored at -80°C.  

&ÏÒ ÍÅÁÓÕÒÅÍÅÎÔ ÏÆ ÔÈÅ ÒÅÓÐÅÃÔÉÖÅ ÇÅÎÅÓȭ Í2.! ÃÏÐÙ ÎÕÍÂÅÒÓȟ ÔÈÅ ÔÏ ρππ ng/µL 

total RNA adjusted samples were thawed and diluted 1:1000 with RNAse-free water. 

2 А, ÏÆ ÔÈÅ ÄÉÌÕÔÉÏÎÓ ×ÅÒÅ ÔÈÅÎ ÕÓÅÄ ×ÉÔÈ "ÉÏ2ÁÄȭÓ /ÎÅ-Step RT-ddPCR kit. Reverse-

transcribed cDNA copy numbers of E2A were measured with a FAM-labelled probe, 

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

were used as shown in Table 5.  
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Table 5: One-Step RT-ddPCR thermal cycling conditions. 

Step Cycles Temperature / °C  Duration / min  

Reverse transcription 1 50 60 

Enzyme activation 1 95 10 

Denaturation 
40 

95 0:30 

Annealing/extension 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 were performed with  unpaired, two-tailed 

t tests. Multiple means were compared by ordinary one-way ANOVA with Tukey 

post-hoc analysis for multiple comparison of means. Significances in figures are 

indicated as asterisks with P < 0.05 = *; 0. 005 = **; 0.0005 = ***; 0.0001 = **** . 

5.5  Materials  

Lists of the used materials and equipment can be found in 8.3. 

  



Results and Discussion  

 

- 67 - 

6  Results and Discussion  

6.1  Examination and Modification of the Helper Plasmid 

and its Components for I mproved rAAV Production  

A primary objective of this work was the creation of an innovative Helper plasmid 

with enhanced characteristics 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 genome titres . The starting point was 

ÔÈÅ ×ÉÄÅÌÙ ÕÓÅÄ Ð!$ɝ&φȟ ×ÈÉÃÈ ÈÁÓ ÒÅÍÁÉÎÅÄ ÕÎÃÈÁÎÇÅÄ ÆÏÒ over two decades. 

Despite being 3 kb smaller than the other highly popular Helper plasmid, pXX6, 

Ð!$ɝ&φȭÓ large size of 15.8 kb poses challenges for plasmid uptake in transient 

transfection (Hildinger et al., 2001; Kreiss, 1999; Xiao et al., 1998). Consequently, 

the intention was to streamline the plasmidȭÓ ÓÔÒÕÃÔÕÒÅ, reducing it to its essential 

components for high-titre rAAV production, while also enhancing its functionality.  

6.1.1  Assembly of Essential Helper Sequences to Create an 

Advanced and More Versatile Basis Plasmid  

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

ÇÅÎÅÔÉÃ ÅÌÅÍÅÎÔÓ ÏÆ ÔÈÅ Ð!$ɝ&φ (ÅÌÐÅÒ ÐÌÁÓÍÉÄ ÆÏÒ Ò!!6 ÐÒÏÄÕÃÔÉÏÎ ÎÅÅÄÅÄ ÔÏ ÂÅ 

determined. Existing literature established VA RNA, E2A, and E4 as essential AdV5 

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

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

AdV5 regions beyond these essential genes (Colosi, 1996; Grimm et al., 1998; 

Hildinger et al., 2001; Matsushita et al., 1998; Xiao et al., 1998). These extraneous 

Adenovirus genes and gene fragments are 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 believed to be irrelevant for 

rAAV production. Thus, efforts were made to eliminate as much of this non-essential 

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

Ð!$ɝ&φ ÉÎÃÌÕÄÅÄȡ ɉÉɊ ÔÈÅ ,υ ɉÆÉÂÒÅɊ ÇÅÎÅȟ ÐÏÓÉÔÉÏÎÅÄ ÄÏ×ÎÓÔÒÅÁÍ ÏÆ ÔÈÅ E4 gene, (ii) 

the UXP protein, with exons located upstream of the E2E promoter, inside E2AȭÓ 

second non-coding exon, and at the start of E2AȭÓ #$3ȟ ɉÉÉÉɊ ÇÅÎÅ ÆÒÁÇÍÅÎÔÓ ÏÆ %ς" 

ÃÏÄÅÄ Ð40ȟ !Ä6ȭÓ ÐÒÏÔÅÁÓÅȟ Á ÆÒÁÇÍÅÎÔ ÏÆ 6!))ȟ ÁÎÄ ÎÏÎ-coding DNA, flanking E2A 

and VAI, (iv) parts of the plasmid backbone and AdV ITR positioned upstream of E4, 

(v) the L4 coded 100K, 33K and 22K proteins located in the E2AȭÓ υ 542ȟ ÁÎÄ ɉÖÉɊ 

potentially unrequired E4 ORFs (see Figure 16 B). 
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A 

 

B

 

Figure 16: Creation of the new 12 kb Helper plasmid (Helper 1.0). (A) Plasmid map of (i) the 

ÏÒÉÇÉÎÁÌȟ ÐÁÒÅÎÔÁÌ ÐÌÁÓÍÉÄ Ð!$ɝ&φ (Hildinger et al., 2001). (ii) Plasmid fragments amplified by PCR 

with overhang primers containing new restriction sites for subsequent introduction and exchange 

of promoters, poly A sequences and other genetic elements. (iii) Assembled Helper plasmid 

without promoters and poly A sequences. (iv) New 12 kb Helper plasmid containing VAI, as well 

as the full E4 gene, E2A ÁÎÄ ÉÔÓ υȭ-UTR with the L4 products 33K/22K, together with their 

endogenous promoter and poly ! ÓÅÑÕÅÎÃÅÓȢ ɉ"Ɋ ,ÉÎÅÁÒÉÚÅÄ ÐÌÁÓÍÉÄ ÍÁÐÓ ÏÆ Ð!$ɝ&φ ɉ(ÅÌÐÅÒ πȢρɊ 

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

ÁÍÐÌÉÆÉÃÁÔÉÏÎ ÏÆ ÆÒÁÇÍÅÎÔÓ ÆÒÏÍ Ð!$ɝ&φ ×ÁÓ ÐÅÒÆÏÒÍÅÄ ÕÓÉÎÇ ÏÖÅÒÈÁÎÇ ÐÒÉÍÅÒÓ 

containing unique restriction sites, enabling straightforward exchanges of genetic 

parts and future plasmid modifications, as well as assembly of the 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 the E4 and E2A genes were then 

ÕÓÅÄ ÔÏ ÒÅÉÎÓÅÒÔ ÔÈÅ ÇÅÎÅÓȭ endogenous promoters but can also be used for further 

plasmid optimisations in the future 

providing a further novel feature to the 

new Helper plasmid. After the 

reintroduction of the endogenous 

promoters a size reduction of 3.8 kb 

was achieved. Virus genome titres 

measured with the new, 12 kb large, 

Helper plasmid were slightly lower with 

0.86-fold of the yield obtained with 

Ð!Äɝ&φ ɉFigure 17). This decrease was 

regarded as acceptable and recoverable 

with further optimi sations, considering 

that no plasmid ratio or other 

optimi sation that were previously 

performed for ÔÈÅ Ð!Äɝ&φ plasmid 

were conducted for the new Helper 

plasmid.  

6.1.2  Confirmation of L5 (fiber)  Gene Redundancy  

The largest fragment excluded in the new Helper plasmid contained the L5 (fiber) 

gene. L5 was of particular concern, because it is known that the adenoviral fiber 

protein can present one of the major contaminations for downstream processing. As 

pAdDeltaF6 and pXX6 lack the Major Late Promoter (MLP) responsible for driving 

the expression of all late Adenovirus 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 pXX6, likely due to a cryptic 

promoter upstream of the gene (Xiao et al., 1998). Consequently, the L5 gene was 

excluded from the new plasmid construct, providing a size reduction as well as the 

potential functional improvement.  

 

Figure 17: Virus genome titre per mL of the 

ÐÁÒÅÎÔÁÌ ÐÌÁÓÍÉÄ Ð!$ɝ&φ ɉÐÌÁÓÍÉÄ ÖÅÒÓÉÏÎ πȢρɊ 

and the newly assembled 12kb Helper plasmid 

(1.0). Display of mean and standard deviation, 

statistical analysis was performed as an 

unpaired t-test of biological replicates (n=19). 
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Figure 18: Analysis of the L5 (fiber) gene including 2.6 kb 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 the E4 σȭ ÅÎÄ ÁÎÄ E2AȭÓ ÐÒÏÍÏÔÅÒ %ς%Ȣ !ÒÒÏ×Ó ÄÅÎÏÔÅ 
ÐÒÏÍÏÔÅÒÓȟ ÂÌÁÃË ÄÏÔÓ ÐÏÌÙ ! ÓÅÑÕÅÎÃÅÓȢ 'ÅÎÅÓȟ υȭ ÁÎÄ σȭ-UTRs, but not promoters and polyA signals 
are drawn to approximate scale. Error bars display standard deviation, an unpaired t-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, the L5 gene was reinserted into the 12 kb Helper plasmid 1.0 (Figure 18). 

A non-significant 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 construct (see appendix Figure 

48). Besides L5, a fragment of pVIII and the nearly full sequence for E3 12.5K were 

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 of L5, as well as its promoter located in the L5 

gene. UXP locates with DBP in nucleoli and VLCs, is mostly uncharacterized but 

likely is associated with AdV DNA replication or RNA transcription (Tollefson et al., 

2007; Ying et al., 2010). However, UPX does not seem to play supporting role in rAAV 

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 of L5 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 upstream of E4 ÃÏÍÐÁÒÅÄ ÔÏ Ð!Äɝ&φȢ !Ó ÔÈÉÓ 

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 of E4ȭÓ ÐÒÏÍÏÔÅÒ 

sequence. 
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6.1.3  Assessment and Shortening of the VA  RNA  Fragment  

The final part omitted in the 3.8 kb size reduction was a 0.5 kb fragment located 

between the E2A gene and the VAI sequence. This likely non-coding DNA originated 

from a fragment of the L3 coded protease of AdV5. !ÄÄÉÔÉÏÎÁÌÌÙȟ Ð!Äɝ&φ ÏÎÌÙ 

contained less than half of the VAII sequence, which was fully eliminated during the 

assembly of the new Helper plasmid. Since VAI is the main VA RNA species, 

executing all essential functions, and only a fraction of VAII was present in the 

parental plasmid, its full elimination was not considered a restrictive change for 

rAAV titres. Although the low abundance VAII 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 VAI (Vachon & Conn, 2016). Moreover, in 

experiments for the promotion of AAV related parvovirus B19 proliferation with 

AdV genes of Winter et al. (2012) demonstrated that the presence of VAI, but not 

VAII, leads to increased VP expression. VAII, on its own, even reduces capsid protein 

amounts. Therefore, the elimination of the partial VAII sequence was not deemed 

substantial and subsequent plasmids were created only with the VAI sequence. 

However, a reinstallation of the full VAII, similar to the experiment performed with 

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

on rAAV production resulting from VAII. 

Subsequently, an attempt was made to further minimize the VA RNA 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 VARNA)ȟ ÅØÃÌÕÄÉÎÇ ÍÏÓÔ ÏÆ Ð!Äɝ&φ 

short E2B fragment, or to only VAI (160 bp). The 381 bp elimination was chosen due 

to the simplicity of a restriction digest approach using compatible restriction sites 

SalI and XhoI. This design resembled the approach used by Matsushita 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 5-plasmid transfection system was employed, segregating all 

three AdV Helper genes onto different plasmids. Cloning of short VA RNA fragment 

into a regular Helper plasmid was performed subsequently, but not for this 

experiment. The VAI-only construction involved overhang-primer PCR amplification 

of VAI followed by restriction and ligation into the new restriction sites of the 

assembled plasmid (PspOMI+SalI). Functionality of the truncated VA RNA fragment 

was tested by transfecting HEK293 cells with the 5-plasmid approach (separating 

all AdV Helper genes on different plasmids) for the short VA RNA fragment and usual 

3-plasmid transfection (Rep/Cap + Helper + ITR/GOI) for only VAI. 
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Unfortunately, the exchange to only 

the VAI only caused an extreme drop in 

VG titre. Presumably, the inserted 

sequence did not promote sufficient 

VAI expression or even none at all. 

While RNA transcription should have 

been possible due to VA RNA pol III 

promoters within the transcribed 

sequence, the results demonstrated 

context specificity of the surrounding 

sequence for VAI transcription. The 

ÃÌÏÓÅ ÐÒÏØÉÍÉÔÙ ÔÏ ÔÈÅ ÁÄÊÁÃÅÎÔ σȭ ÅÎÄ 

of E2A, halving the distance to 88 bp, 

might cause steric hindrance of the 

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 issue. Even though the primary terminator 

sequences T1A and T1B were present in the construct, the backup terminator T2 

was not. The sharp decrease in rAAV titre could have been caused by the insufficient 

VAI amount or reduced DBP amounts. Both could have been caused by the loss of 

the VA RNA backup terminator T2, leading to increased known RNA pol III read-

throughs and subsequently decreasing more frequent VA RNA reads and E2A 

transcription . As expected, the construct using the 572 bp VA RNA sequence 

performed as well  as the larger fragment. The deletion of nearly 300 bp upstream of 

the first VAI bases was not expected to have any negative effects, as these bases were 

also absent in the plasmids that are based on the study of Matsushita 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, it is possible that 

future Helper plasmids' sizes could be reduced by another 250 to 300 bp upstream 

of the VAI sequence. 
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Figure 19: Evaluation of shortening the VA RNA 

fragment. VG fold change related to the control 

Helper plasmid 0.1. Transfections of 5 plasmids 

with a all three Helper genes split to different 

plasmids for the full VA RNA assembly fragment 

(953 bp, n=2) and the shorter version (572 bp, 

n=2). Regular 3 plasmid transfections (Rep/Cap 

+ Helper + ITR/GOI) for the control and the short 

version of VAI (163 bp, n=4). Error bars show 

standard deviation, ordinary one-way ANOVA 

was performed for comparison of means. 
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6.1.4  Discovery of L4 - 33K/22K as a New AdV5 Helper Function for 

H igh Titre rAAV Production through Analysis of E2Aôs 5ôUTR 

The largest remaining sequence without defined rAAV Helper function is located 

between the E2A gene and its 3 kb distant promoter. To investigate whether this 

υȭ542 ÏÆ ÔÈÅ E2A gene is required for high titre rAAV production or if it could be 

omitted to further  reduce size, a plasmid was created without it. Instead, the E2E 

promoter was placed directly upstream of the E2A gene. This was done by inserting 

ÔÈÅ ÐÒÏÍÏÔÅÒ ×ÉÔÈ ÁÎÄ ×ÉÔÈÏÕÔ ÔÈÅ ÁÄÄÉÔÉÏÎÁÌ σ ËÂ υȭ-UTR upstream of E2A via the 

previously established restriction sites NdeI and XbaI. The promoter variants were 

amplified from the original plasmid via PCR with overhang primers. The resulting 

plasmids are the previously discussed 12 kb plasmid (Helper 1.0, E2A) and a 9 kb 

large Helper plasmid (Helper 1.1, E2Amin2) with the standardly used, extended E2E 

promoter (486 bp) right in front of E2AȭÓ CDS (Figure 20). 

 

Figure 20: Functional evaluation of the E2A and L4-33K/22K Helper components for rAAV8 
production. Schematic depiction of the E2A and L4-33K/22K open reading frames within Helper 
plasmid (E4 and VA RNA not indicated). A L4 promoter-driven plasmid expressing only L4-33K/22K 
was constructed and co-transfected (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 shortened E2A υȭ-UTR version E2Amin1 
including L4-33K/22K (n=11) was also created with mutated ATGĄTGA start codon of L4-33K/22K 
(E2Amin1mutȟ ÎЀυɊȢ 'ÅÎÅÓȟ υȭ ÁÎÄ σȭ-UTRs, but not promoters (arrows) and polyA signals (dots) are 
drawn to approximate scale. HEK293 cells were triple transfected with each Helper plasmid, 
Rep/Cap 1.2 plasmid and transgene plasmid at 2:1:0.1 weight ratio. rAAV8 crude VG titres analysed 
72 h post-transfection 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 one-
way ANOVA. 

Transient transfection results showed dramatically reduced rAAV titres for the 

smaller (9 kb) plasmid without the E2A-υȭ-UTR (E2Amin2). VG titres of E2Amin2 were 

about 36% of the titres of the 12 kb large Helper plasmid or, in other words, the 
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regular E2A ÇÅÎÅ ×ÉÔÈ ÉÔÓ υȭ-UTR (denoted E2A in Figure 20). The sharp decrease in 

VG titre demanded a deeper look into the excluded sequence and what it is encoding. 

Firstly, E2A is transcribed by two promoters: the E2early promoter (E2E) located 

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

1.8 kb 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 phase (Hemström et al., 1991; 

Imperiale & Nevins, 1984; Takako et al., 1988). Due to the omission of the 3 kb space 

between E2E and the gene, E2L is absent in the 9 kb plasmid. However, several 

studies demonstrated that E2E is the much stronger promoter (Donovan-Banfield 

et al., 2020; Westergren Jakobsson et al., 2021; Zhao et al., 2014). Even though E2L 

transcription strength increases in the intermediate and late phases ÁÎÄ %ς%ȭÓ ÕÓÁÇÅ 

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 

ÁÓÓÕÍÐÔÉÏÎ ÉÓ ÂÁÓÅÄ ÏÎ ÔÈÅ ÃÅÌÌÓȭ ÓÔÁÂÌÅ %ρ! ÅØÐÒÅÓÓÉÏÎ ÁÎÄ ÔÈÅ ÆÁÃÔ ÔÈÁÔ ÏÎÌÙ !Ä6 

early genes are present. Consequently, it is assumed that cellular conditions always 

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

of the AdV life cycle (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, E2A mRNA amounts could have been affected for 

different reasons.  

One potential reason is that E2A pre-mRNAs are known to contain introns and exons 

ÉÎ ÔÈÅ υȭ-UTR. The 9 kb Helper plasmid could therefore exhibit altered mRNA 

amounts and reduced rAAV titres caused by the missing of ÔÈÅ υȭ-UTR. E2A 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 untranslated υȭ-exons 

(Westergren Jakobsson et al., 2021)Ȣ 'ÅÎÅÒÁÌÌÙȟ υȭ-UTRs, in particular introns and 

their splicing, are known to affect protein expression to various extents (S.-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 expression and mRNA 

ÓÔÁÂÉÌÉÔÙȢ 4ÈÅ ÌÏÓÓ ÏÆ ÔÈÅÓÅ ÓÐÌÉÃÅ ÅÖÅÎÔÓ ÁÎÄ ÐÁÒÔÉÃÕÌÁÒÌÙ ÔÈÅ Í2.!ȭÓ ÕÎÔÒÁÎÓÌÁÔÅÄ 

υȭ-UTR could have consequently result in reduced or increased E2A mRNA amounts. 

The lack of a Helper component, as well as a 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 pol III 

promoter sequence. Although potential functions of the very low abundance E2E 
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pol III RNAs are unknown, the opposing activity regulation through competition of 

ÔÈÅ Ô×Ï ÄÉÆÆÅÒÅÎÔ ÐÏÌÙÍÅÒÁÓÅÓ ÌÉËÅÌÙ ÉÎÆÌÕÅÎÃÅÓ %ς%ȭÓ ÔÒÁÎÓÃÒÉÐÔÉÏÎ ÓÔÒÅÎÇÔÈ ÆÏÒ %ς! 

mRNAs (Ellsworth et al., 2001). The 9 ËÂ ÐÌÁÓÍÉÄ ÌÁÃËÓ %ς%ȭÓ ÏÒÉÇÉÎÁÌ ÄÏ×ÎÓÔÒÅÁÍ 

sequence from +13 bp onwards. Since A Box and B Box of its RNA pol III promoter 

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

cannot express these non-coding RNAs, resulting in no transcription reduction due 

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

ÄÏ×ÎÓÔÒÅÁÍ ÓÅÑÕÅÎÃÅÓ ÁÒÅ ÁÌÓÏ ÏÆ ÉÍÐÏÒÔÁÎÃÅ ÆÏÒ %ς%ȭÓ ÐÏÌ )) ÁÃÔÉÖÉÔÙȢ Specifically, 

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 pre-mRNA introns and exons.  

Lastly, there are several adenoviral coding sequences of the L4 gene embedded in 

the opposite strand of the E2A υȭ-UTR. These are the hexon assembly protein 

L4-100K, the L4-22K protein, and its splice variant, the L4-33K protein. All three are 

mainly transcribed from the MLP during the late phase of AdV infection (Donovan-

Banfield et al., 2020; Shaw & Ziff, 1980). As the MLP is not present in the Helper 

plasmids, there is no transcription of the L4-100K protein. However, the L4-33K 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 phase since these two proteins, along 

with E4orf4, pIX and Iva2, ÁÒÅ ÐÁÒÔ ÏÆ ÔÈÅ !Ä6ȭÓ ÍÅÃÈÁÎÉÓÍ ÔÏ ÓÈÉÆÔ ÉÔÓ ÅØÐÒÅÓÓÉÏÎ 

patterns from early genes to late genes (Backström et al., 2010; Biasiotto & 

Akusjärvi, 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, L4-22K suppresses 

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

ÁÌÔÅÒÎÁÔÉÖÅ ÓÐÌÉÃÉÎÇ ÆÁÃÔÏÒ ÆÏÒ ×ÅÁË σȭ ÓÐÌÉÃÅ ÓÉÔÅÓ ÁÎÄ ÒÅÇÕÌÁÔÅÓ ÔÈÅ ÁÃÃÕÍÕÌÁÔÉÏÎ ÏÆ 

AdV late gene mRNAs (Törmänen et al., 2006; Wu et al., 2012, 2013). For AdV 

infection, 33K is the more abundant of the two proteins, but 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 transcription, the expression of these two proteins 

could be expected (Morris & Leppard, 2009). To test the potential influence on rAAV 

production of these two proteins, two plasmids were created: one Helper 1.0 based 

plasmid with a truncated E2A υȭ-UTR, only containing the sequence of L4-33K/22K 

(E2Amin1), and the same sequence on its own ÕÐ ÕÎÔÉÌ ÔÈÅ υȭ ÅÎÄ ÏÆ ÔÈÅ %ς% ÐÒÏÍÏÔÅÒ 

extension to ensure an adequate polyadenylation of the L4 mRNAs on a separate 
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plasmid. The latter was used in a complementary co-transfection in an equimolar 

amount to the 9 kb Helper plasmid (E2Amin2).  

The presence of 33K and 22K in the transfected cells was tried to be determined by 

LC-MS. As expected, analysis confirmed the presence of 33K in the 12 kb plasmid, 

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 non-specialised MS 

method. Contradictory  results were received for the 9 kb plasmid and the 

co-transfected L4-33K/22 K plasmid, showing peptide hits for the 9 kb plasmid 

alone, which does not carry the L4-33K/22K gene, but not for the 9 kb Helper 

together with the L4-33K/22 K plasmid. Due to very similar labelling and the 

absence of the encoding L4 gene in the 9 kb plasmid it can be assumed that these 

samples were mixed up. The expression of 33K from the co-transfected plasmid can 

thereby be confirmed with reservations. L4-33K expression from the minimalized 

υȬ-UTR could also be confirmed. Expression was even detected from a plasmid with 

L4-33K/22KȭÓ ÓÔÁÒÔ ÃÏÄÏÎ ÍÕÔÁÔÅÄ ÔÏ Á ÓÔÏÐ ÃÏÄÏÎ ɉ!4' ÔÏ 4'!ɊȢ 4ÈÉÓ ÉÎÄÉÃÁÔÅÓ ÁÎ 

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 reintroduced L4-33K/22K in 

the same plasmid or co-transfected showed significant increases in rAAV production 

in both cases (p<0.0001 in both cases). The previous 64% reduction in VG titre due 

ÔÏ ÔÈÅ ÍÉÓÓÉÎÇ ÏÆ ÔÈÅ υȭ-UTR was mostly recovered with E2Amin1 to 90% of the titre 

with the full E2A υȭ-UTR. The co-transfection of the L4 gene elevated the titre to 69% 

compared to the full E2A ÓÅÑÕÅÎÃÅȢ 4ÉÔÒÅ ÉÎÃÒÅÁÓÅÓ ×ÉÔÈ ÔÈÅ ÍÉÎÉÍÁÌ υȭ-UTR could 

partly be explained by the reintroduced E2L promoter. Splicing could also be 

ÃÈÁÎÇÅÄȟ ÁÌÔÈÏÕÇÈ %ς%ȭÓ ÕÎÔÒÁÎÓÌÁÔÅÄ ÅØÏÎ ×ÁÓ ÎÏÔ ÒÅÉÎÓÅÒÔÅÄȟ ÍÁËÉÎÇ Óplicing 

changes less likely. The co-transfection 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 of E2AȭÓ υȭ-UTR.  

The reason why the presence of one or both proteins is beneficial for rAAV 

production can only be speculated. L4-22K and 33K are known to be essential for 

AdV packaging; however, this mechanism does not fully translate to AAV. Although 

the exact mechanisms are still not fully resolved, L4-22K requires a TTTG motif in 

the adenoviral DNA close to the ITRs for its role in packaging. Apart from the 

differences in ITRs and general packaging of the dsDNA of AdV, this motif is only 

present in the ITR/GOI plasmidȭÓ backbone and not in between the ITRs. L4-33K 

interacts with the E2A DBP and might act similarly in packaging to L4-22K due to 
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the shared N-terminus, where they form a portal complex for the 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, L4-33K 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 describe early gene 

silencing by L4-22K, others reported increased E1A and DBP expression, indicating 

more complex viral expression regulations by the two L4 products (Biasiotto & 

Akusjärvi, 2015; Wu et al., 2012). Finally, L4-σσ+ȭÓ ÁÎÄ ,τ-ςς+ȭÓ ÆÕÎÃÔÉÏÎ ÁÓ Á ÓÐÌÉÃÅ 

factor might be beneficial for Helper mRNAs, but also rep and cap originated mRNAs, 

all of which are extensively spliced. Of the two, mainly 33K is known for its splicing 

enhancing function located in its unique C-terminal domain (Biasiotto & Akusjärvi, 

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 splicing. 

L4-33K/22K could be indirectly involved through transcription cascades. On the 

other hand, Helper functions themselves, particularly the two L4 products could be 

directly involved, too. That the mutated plasmid, likely producing an N-terminal 

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 was also found to be essential (Nony et al., 2001; Su, 2021; Su 

et al., 2022). However, it is uncertain if the suggested (cis-acting replication element) 

CARE-based 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 of cap. Nevertheless, the observed rAAV titre 

increases could be originated in other beneficial functions of L4-33K/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 in Figure 20. This was also 

shown by Matsushita et al. (1998), who tried to figure out if the L4 region is required 

for rAAV production and exchanged it with a CMV promoter, resulting in similar 

rAAV titres. Nevertheless, our experiments demonstrate that the E2A intron and 

L4-33K/22K proteins are integral components for optimal, high-yield rAAV8 

production. Consequently, the intron or the shortened version including only L4 was 

kept as a standard feature in subsequent plasmid modifications. 
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6.1.5  Dissection and Analysis of E4  and its Open Reading Frames 

Leading to I ncreased rAAV Titres through ORF 

Recombination  

The Adenovirus Helper gene E4, which encodes seven proteins (E4orf1, 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 activities, but only the 34 kDa E4orf6 protein 

facilitates the essential AAV Helper function as previously demonstrated by Huang 

and Hearing (1989). While this knowledge was available for some time, many 

Helper plasmids included the entire E4 gene, with only a few carrying solely 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, ÐÒÏÇÒÅÓÓÉÖÅÌÙ ÅØÃÌÕÄÉÎÇ /2&ȭÓ ÆÒÏÍ ÔÈÅ υȭ 

end. This way six plasmids containing different combinations of E4orfs were created 

and tested for their ability to mediate rAAV8 production. As always, the different 

helper plasmids were used in equimolar amounts in transient triple transfections 

with  constant plasmid copy numbers, crude rAAV titres were then analysed 72 h 

post transfection (Figure 21).  

 

 

Figure 21: Sequential dissection of the E4 ORFs for evaluation of their individual functions as 
components for rAAV8 production. Schematic depiction of the E4 ORFs within the Helper plasmid 
(E2A, L4-33K/22K and VA RNA are not indicated). All components are drawn to approximate scale. 
rAAV8 VG titres are expressed as a fold change compared to the full-length 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 one-way ANOVA. 
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Confirming previously published results, E4orf6 alone demonstrated the capability 

of rAAV production and provided the essential E4 Helper 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 alone were equivalent to those observed with 

the full-length E4 gene, representing a 1.3-fold increase compared to E4. 

Interestingly, the removal of E4orf1 and E4orf2 resulted in increases in rAAV titres 

by 22% and 37%, respectively, when compared to the E4 control. However, the 

removal of E4orf3 reduced titres to the level of the E4 control and did not follow the 

occurring trend of shorter E4 sequences resulting in higher titres. In contrast, 

additional exclusion of E4orf4 resulted in the highest measured titres, showing a 2.1-

fold increase over the full-E4 control. The combination of E4orf6 and E4orf6/7  

performed much better than Orf6 alone, suggesting highly beneficial functions of 

E4orf6/7.  !Ô ÆÉÒÓÔȟ ÁÎ ÉÎÆÌÕÅÎÃÅ ÏÆ ÔÈÅ σȭ-UTR and polyadenylation was expected, 

because the plasmid carrying only E4orf6 was constructed differently at first, 

resulting in the exclusion of 92 bp of E4ȭÓ σȭ-UTR. However, a new E4orf6 construct 

×ÉÔÈ ÔÈÅ ÉÄÅÎÔÉÃÁÌ σȭ-UTR to the other E4 variants 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, as it is known to enhance E2A 

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 phase, supporting viral DNA replication (D. G. 

Johnson et al., 1993; Schaley et al., 2000). This function is similar to and probably 

cooperative with the induction of G1/S-Phase by Rep68 and followed 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, Ben-Israel 2002). Increased expression 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 E4orf6, facilitating 

S-Phase cell cycle entry and arrest. On the other hand, EτÏÒÆρȭÓ ÎÁÔÕÒÁÌ ÆÕÎÃÔÉÏÎÓ ÄÏ 

not seem to be required or beneficial for rAAV production. The same could be the 

case for E4orf2, although its functionality might be generally miniscule, since there 

are still not characterized. On the other hand, the functions of E4orf1 and E4orf2 do 

not seem to be required or beneficial for rAAV production. Their exclusion may 

enhance rAAV titres due to the closer proximity of the E4 promoter to essential and 

supporting ORFs 3, 6 and 6/7, as well as the removal of other splice variants, 

resulting in increased mRNA amounts for these beneficial mRNAs. 

The removal of E4orf3, the naturally most abundant ORF mRNA (Dix & Leppard, 

1993; Westergren Jakobsson et al., 2021), reduced 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 L4P (J. 

Wright & Leppard, 2013). Increased 33K/22K amounts likely  enhance rAAV 

production, as it was previously demonstrated here that these proteins contribute 

to rAAV VG titre improvements. 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 E4orf4 counteracts the actions of E4orf6/7, 

inhibiting E2F-dependent promoter activation, including essential E2E promoter 

activation (Mannervik et al., 1999)Ȣ !ÄÄÉÔÉÏÎÁÌÌÙȟ %τÏÒÆτȭÓ ÓÐÌÉÃÉÎÇ ÆÕÎÃÔÉÏÎ does not 

seem required or may even be counterproductive for rAAV production. In summary, 

it can be concluded that for rAAV production, only E4orf6 is essential, E4orf1 and 

E4orf2 are dispensable or even counterproductive. E4orf4 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 fragment E4orf6+6/7 was utilized in most of the subsequent plasmids.  

 

Figure 22: Combination of E4 ORFs demonstrating improvement of E4ȭÓ ÃÁÐÁÂÉÌÉÔÙ ÁÓ !!6ψ (ÅÌÐÅÒ 
function. Schematic depiction of the E4 ORFs within the Helper plasmid (E2A, L4-33K/22K and 
VA RNA are 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, statistical analysis was performed 
as an ordinary one-way ANOVA. 

It was further hypothesised that a combination of ORFs, specifically excluding the 

repressing E4orf4 and including the beneficial E4orf3, would maximise positive 

features of the E4 gene for enhanced rAAV production. Consequently, a plasmid was 

created containing a combination of E4orfs: 3, 6 and 6/7 . The achieved rAAV VG 

titres were 2.5-fold greater than those of the control plasmid Helper 0.1. While a 

direct comparison to the full E4 of Helper 1.0 could not be made, an extrapolated 

value suggested an approximately 2.9-fold higher VG titre based on the observed 

1.17-fold difference between Helper 0.1 and Helper 1.0 (Figure 17). The significant 
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increase in VG titre of E4orf3+6+6/7 compared to the other E4orf subsets confirmed 

the hypothesis of an optimized composition of E4orfs improving rAAV production. 

The increased titres demonstrated that by simple deletion and recombination of 

individual ORFs, desired functions can be incorporated and possibly even amplified, 

while the elimination of undesired functions also has a positive impact on rAAV 

titres . 

6.1.6  Change of the Helper Plasmid Backbone  

The last part of the plasmid optimisation of the more than 20-year-ÏÌÄ Ð!$ɝ&φ 

Helper involved changing the plasmid backbone, which is responsible for its 

amplification in bacteria. The attempt to reduce the plasmid size by eliminating 

Ð!$ɝ&φȭÓ 0.6 kb gap between ori and KanR and 0.3 kb gap between the antibiotic 

resistance and its promoter, using site-

directed mutagenesis (SDM), resulted 

in drastically reduced rAAV titres. 

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).  

Different factors can influence the 

transfection and transcription 

efficiency of a plasmid, many of these 

ÐÏÔÅÎÔÉÁÌÌÙ ÉÎÆÌÕÅÎÃÅÄ ÂÙ ÔÈÅ ÐÌÁÓÍÉÄȭÓ 

backbone. Most prominent are plasmid 

size and topology, as well as CpG 

content and CpG islands (Boye et al., 

2022; Coban et al., 2005; Hornstein et 

al., 2016; Kreiss, 1999; Maucksch et al., 

2013; Prösch et al., 1996). It is possible 

that the topology of the SDM-altered 

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 titres 

 

Figure 23: VG titres of E4orf6/7 (Helper 
plasmid 2.0) based Helper plasmids, differing in 
their plasmid back bones. VG titre fold change 
to the control plasmid 0.1. Means and error bars 
as standard deviation are shown of Helper 2.0 
ÃÏÎÔÁÉÎÉÎÇ ÔÈÅ Ð!$ɝ&φ ÂÁÃË ÂÏÎÅ ɉςφςυ bp, 
n=6), the SDM BB containing plasmid (1706 bp, 
n=4) and the AAV8 BB containing Helper 
plasmid (1897 bp, n=6), ordinary one-way 
ANOVA was performed for statistical analysis. 
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ÔÏ ÔÈÅ ÏÒÉÇÉÎÁÌ ÂÁÃËÂÏÎÅ ÏÆ Ð!$ɝ&φȢ 4ÈÅ AAV8 plasmid backbone is in total 900 bp 

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 FseI was inserted downstream of 

E2A, in front of its poly adenylation sites (pA) via site directed mutagenesis to 

expand the options of restriction  enzyme-based 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 option, with about 100 bp, their low production yields 

do not make them feasible for a transient transfection cGMP process. However, the 

recently created nanoplasmid vectors are supposed to yield similar plasmid 

amounts with only 500 bp backbone constructs, while enhancing the level and 

longevity of expression, as well as mitigating cell-transfection-related toxicity and 

suppression of transgene caused by CpGs in conventional backbones (Williams & 

Paez, 2023).   

6.1.7   Summ ary  

¶ Non-essential DNA fragments were removed to reduce the size of the popular 

and commonly used, but large and for 20 years unchanged Helper plasmid 

Ð!$ɝ&φ ɉρυȢψ kb) 

o Removal of non-essential and non-coding regions of the plasmid 

backbone, upstream and downstream of the E4, E2A and VAI genes 

o Removal of the L5 (fiber) gene did not affect virus production and 

eliminated a potential contamination which could be relevant for 

downstream processes 

¶ Introduction of restriction sites for simplified molecular engineering, 

including exchange of genes and genetic elements like promoters  

¶ Analysis of the E2A υȭ-UTR revealed a so far unrecognized AAV Helper 

function that increases rAAV titres, L4-33K/22K 

¶ Sequential truncation, analysis and recombination of the E4 ORFs resulted in 

highly increased rAAV virus genome titres through the creation of Helper 

plasmids containing E4orf subsets excluding adverse and recombining 

advantageous E4orfs 

o E4orf4 was identified as restrictive for high titre rAAV production 

o E4orf3 and E4orf6/7 are supportive E4orfs for rAAV production 

o The novel subset of E4orf3+6+6/7 increased rAAV8 titres 2.5-fold 
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6.1.8  Conclusion  

The initial phase of this work centred on the modernisation of the widely employed 

(ÅÌÐÅÒ ÐÌÁÓÍÉÄ Ð!$ɝ&φȢ 4ÈÅ ÓÕÃÃÅÓÓÆÕÌ ÒÅÄÕÃÔÉÏÎ ÉÎ ÐÌÁÓÍÉÄ ÓÉÚÅȟ ÆÒÏÍ ρυȢψ ËÂ ÔÏ 

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 integration of 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's endeavours. 

The comprehensive analysis of the AdV Helper genes VA RNA, E2A, and E4 and their 

influence on rAAV VG titres underscores the dependence of rAAV 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 engineering-based 

functionality analyses have unveiled an uncharted AdV helper function for improved 

rAAV proliferationɂL4-33K/22K. Additionally, they have highlighted the potential 

of E4 ORF subset recombination with an augmented capacity for enhancing rAAV 

production. These discoveries possess substantial commercial potential and could 

shape future plasmid designs beyond the confines of this study. As a consequence, 

the recombination of E4 ORF subsets has already been incorporated into patent 

Ȱ#ÏÍÐÏÓÉÔÉÏÎ ÁÎÄ -ÅÔÈÏÄÓ ÆÏÒ 2ÅÃÏÍÂÉÎÁÎÔ !!6 0ÒÏÄÕÃÔÉÏÎȱ by REGENXBIO (P. 

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 production by refining 

the stoichiometry of individual genetic components within the transient 

transfection system. The transition from virus replication to plasmid-based viral 

vector production introduces the possibility of an imbalance among AAV and AdV 

Helper components. Optimi sing viral gene expression and component ratios has the 

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

experimental methodologies were employed to identify the requirements of 

increased or decreased expression of individual genes. 

6.2.1  Plasmid Ratio A lterations  

In a first approach it was aimed to alter stoichiometry at the plasmid level. Changing 

the amounts of the three individual plasmids can influence the abundance of their 

connected group of functions. While this does not allow for individual control, it can 

indicate if a specific group of genes, in form of the individual plasmids ITR/GOI, 

Rep/Cap and AdV Helper, 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 optimisation can improve rAAV titres. As the 

general production process was predefined by REGENXBIO and the optimisation 

interest was focused on the gene abundancies, 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 utilisation 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 
ÔÒÁÎÓÆÅÃÔÉÏÎÓ ×ÉÔÈ ÔÈÅ ÏÒÉÇÉÎÁÌ ÐÌÁÓÍÉÄ ÓÙÓÔÅÍ ɉ2ÅÐȾ#ÁÐ ÖρȢςȟ Ð!$ɝ&φ ɉπȢρɊȟ )42Ⱦ'/)Ɋ ×ÉÔÈ ÔÈÅ 
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/GOI, the total plasmid amount was kept 
constant. Means with standard deviation as error bars are shown of two biological replicates for the 
DOE like approach (grey) compared the control (n=6, black). Variation of ITR/GOI plasmid amounts 
(dark grey) were transfected as biological duplicates in parallel. Ordinary one-way ANOVA was 
performed for statistical analysis. 

As shown in Figure 24, increasing the ITR/GOI plasmid amount five- or even ten-

fold did not result in increased rAAV titres. No statistically significant differences 

were observed between the different ITR/GOI plasmid amounts. It is possible that 

the AAV rolling hairpin-like genome replication process produces sufficient single-

stranded genomes even when copy numbers of the ITR/GOI plasmid per cell are low.  

However, the increase of the ITR plasmid amount seemed to decrease data variation, 

ÉÎÄÉÃÁÔÅÄ ÂÙ Á ÄÅÃÒÅÁÓÅ ÏÆ ÔÈÅ ÄÁÔÁȭÓ ÓÔÁÎÄÁÒÄ ÄÅÖÉÁÔÉÏÎȢ ! ÒÅÁÓÏÎ ÆÏÒ ÔÈÉÓ ÅÆÆÅÃÔ 

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 

homogenous distribution 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 amounts 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 (see 6.3.1). 
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Since changes of the ITR/GOI plasmid amount showed no effect, the DOE-like 

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 medium levels for the Helper plasmid were set at four and 

two times the control. As a result of the higher rAAV titres 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 the lower 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, they were not statistically 

significant, and not usable to create a model. Observing the three Helper plasmid 

levels individually (see dotted lines in Figure 24), revealed that neither increasing 

nor decreasing the Rep/Cap plasmid increased the 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 ratio, which resulted in a roughly 

doubled copy number of Rep/Cap plasmids due to the Helper's larger size. However, 

the relatively small and statistically insignificant differences in titres were 

unexpected, given the success of plasmid ratio variations in other studies. For 

example, Grieger et al. (2016) showed an about 3.2-fold 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 of Zhao et 

al. (2020) even yielded up to 6.1-fold increases in VG titre. Iterations 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 increasing proportion of Rep/Cap plasmid 

further. It was hypothesised that the expression of cap originated proteins is likely 

limiting and rAAV production can therefore be increased by increasing transcription 

of cap either with stronger promoters or by increasing the Rep/Cap plasmid amount 

as shown in previous studies (Vincent et al., 1997; Zhao et al., 2020). In their DOE 

experiments Zhao et al. (2020) varied plasmid ratios by up to 5-fold between 

different plasmids. Given the insignificant differences of the present experiment, the 

design space in would have needed to be extended much 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. A 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 optimum. A 

titre increase was not the main goal of the experiment, but more gaining more 

insight into ideal component stoichiometry. However, the marginal or no increases 

in titres suggest that the on the resolution level of plasmid ratios, the current 

stoichiometries are already near the optimum, supported by similar ratios used by 

other groups and the idea of lower 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 rAAV 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 genes rep and cap, respectively. The 

Helper plasmid's genes (E2A, E4, and VA RNA) were placed on different plasmids. 

This resulted in a 6-plasmid transfection system for rAAV production, with the 

ITR/GOI and all involved viral genes on separate plasmids, except for the 

genomically integrated E1. 

Similar to the plasmid ratio experiment with the regular 3-plasmid system, a DOE 

like approach was planned for this 6-plasmid 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 

VA RNA carrying plasmid up to three-fold had no effect on rAAV titres (see appendix 

Figure 49). Due to its internal RNA pol III promoter, variation of VA RNA amounts 

would have been difficult, making this observation a welcome result. A reason for 

the insignificance of increasing gene copy numbers of VAI is likely its general high 

transcription and resulting extraordinary abundance of ~108 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 and a lower level were utilised. As a control, the 

plasmids were transfected in an equimolar ratio. The equalised copy number was 

used as one of the levels. The other was chosen as follows. For pRep, the molar 

plasmid ratio level was halved for the lower level, for pCap and pE2A the upper ratio 

value was 2.5 and for pE4 it was doubled. Transient transfections were carried out 

in biological quadruplicates, the results are shown in Figure 25. 

 

Figure 25: Different plasmid ratios of transient transfections with a 6-plasmid system for rAAV8 
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 the control 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 decrease large Rep production for increased rAAV titres 

(J. Li et al., 1997; Xiao et al., 1998). However, not all samples with decreased pRep 

resulted in increased titres. For example, the sample with the lowest rep content  
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 (0.5/2.5/2.5/2 ) shows the lowest titre 

overall, indicating a too low amount of 

replicases for efficient rAAV production. 

The highest rAAV8 VG titre reached 

with  the 6-plasmid system originated 

from the sample 2/2/2/1,  which 

effectively displays a decreased E4 

amount. However, the lower level E4 

samples did not generally show higher 

titres. No obvious trends could be 

observed for pE2A and pCap. 

 Although the achieved results are not 

entirely unusable and meaningless, the 

experiment generally encountered 

three different errors, which did not 

allow the statistical evaluation required 

for a model and question the reliability 

these results. Firstly, one sample 

(0.5/2.5/1/2) was transfected with the 

low instead of the higher pRep level. 

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 therefore requiring 

normalisation to a control. The data was consequently presented as fold changes to 

each biological replicate of sample 1/1/1/1 in Figure 25, accounting for day-to-day 

biological and experimental variation. The dramatically decreased relative errors of 

all samples shows that inconsistencies 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 (4-plasmid 

system), as well as intact Helper and split Rep/Cap plasmid (5-plasmid system), 

were conducted. The resulting crude lysate rAAV8 VG titres are shown in Figure 26. 

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. 

 

Figure 26: rAAV production with different 
transient transfection systems allocating AAV 
and AdV Helper genes to 3 plasmids 
(Rep/Cap v1.2, Helper 1.0, ITR/GOI), 4 
plasmids (pRep, pCap, Helper 1.0, pITR/GOI), 5 
plasmids (pRep/Cap v1.2, pE2A, pE4, pVA, 
pITR/GOI) or 6 plasmids (pRep, pCap, pE2A, 
pE4, pVA, pITR/GOI). Data show means and 
standard deviations as error bars of two 
independent biological replicates, ordinary 
one-way ANOVA was performed for statistical 
analysis. 
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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 described in chapter 6.3. Other studies, however, demonstrated that the 

separation of rep and cap can be done successfully and even increase rAAV titres (J. 

M. Allen et al., 2000; Emmerling et al., 2016; Whiteway et al., 2003). Detection 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 been the 

missing p5 promoter downstream of cap, 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 with a 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 their endogenous promoter 

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 5-plasmid system (Rep/Cap v1.2, pE2A, pE4, pVA, pITR/GOI), 
transfected genes were expressed by either their endogenous promoter or a heterologous CMV 
promoter (grey). Bars of transfections containing E4orf6 instead of the full E4 gene are displayed in 
dark grey, the regular 5 plasmid system in black. VG titre fold changes to the 3-plasmid control 
(Helper 1.0) are displayed as means with standard 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 one-way ANOVA, pairwise 
comparisons displayed for selected data pairs. 

The experiment was designed similar to the ones of Matsushita et al. (1998) and 

shows similar results. Neither of the three Helper genes that were described as 

essential for AAV proliferation, namely E2A, E4, and VA RNA, were capable of 

promoting rAAV production on their own when transcribed by their original 

promoter. However, the use of the CMV promoter for E2A showed a slight increase 

in VG titre. Apart from a potential, marginal increase in rAAV production this result 

ÃÏÕÌÄ ÁÌÓÏ ÂÅ ÁÎ ÁÒÔÉÆÁÃÔ ÃÁÕÓÅÄ ÂÙ $"0ȭÓ ÎÁÔÕÒÁÌ ÆÕÎÃÔÉÏÎ ÏÆ ÂÉÎÄÉÎÇ ÓÉÎÇÌÅ ÓÔÒÁÎÄÅÄ 

DNA and thereby protecting AAV genomes from DNAseI digest prior to the ddPCR 

measurement, similar to the protection by the capsid. Therefore, it cannot be 

concluded that E2A alone is capable of promoting rAAV production to a minimal 

amount. Instead, a combination of at least one of the other two genes and E2A seems 

to be required. A high increase of these low rAAV titres (about 20% of the control) 

ÔÏ φσϷ ÏÆ ÔÈÅ ÃÏÎÔÒÏÌȭÓ ÔÉÔÒÅ ×ÁÓ ÁÃÈÉÅÖÅÄ ÂÙ ÕÓÉÎÇ Á #-6 ÐÒÏÍÏÔÅÒ ÆÏÒ %ς! 

expression in combination with pE4 or pVA. The addition of the third gene further 

boosted VG titres by 1.2-fold above control levels. 

Considering E4ȭÓ various actions and interactions to promote AAV proliferation, it 

was not surprising that E2A+VA rAAV titres with E4 are four times higher. The 

observed increase of only about two-fold when E2AȬÓ ÔÒÁÎÓÃÒÉÐÔÉÏÎ ÉÓ ÃÏÎÔÒÏÌÌÅÄ ÂÙ 



Results and Discussion  

 

- 92 - 

a CMV promoter might be associated with E4orf6/7Ȣ 4ÈÉÓ /2&ȭÓ ÐÒÉÍÁÒÙ ÆÕÎÃÔÉÏÎ 

enhances transcription from E2AȭÓ %ς% ÐÒÏÍÏÔÅÒȢ 3ÉÎÃÅ #-6 ÉÓ Á genuinely much 

stronger promoter and does not get co-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 pE4orf6cmv, pE2Acmv, 

and pVA could be conducted. When E4 or E4orf6 were tested alone or in 

combination with VA RNA, neither was capable of elevating rAAV production in the 

absence of E2A. This finding established E2A as the only indispensable AdV5 Helper 

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

al. (1998), stating that E2A contributes much more to AAV production than E4 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 E4orf6cmv alone was not capable of providing all the required 

functions for sufficient rAAV production, contradicting the results of Allen et al. 

(2000), who postulated that E4orf6 is the only essential Helper function when 

expressed with a CMV promoter. The discrepancy could be attributed to the study's 

use of heterologous promoters for rep 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 of Wang et 

al., (2018) showed that despite the present E1A in the genome of HEK293 cells, p19 

and p40 transcripts were >5-times 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, p19 and p40. The present results support that it is 

unlikely that this upregulation of p40 and p19 is facilitated by E4orf6. Consequently, 

heterologous promoters for rep and cap are required for efficient AAV protein 

expression when only E4 is utilized as a Helper function to modulate the cell for 

virus production.  

%τÏÒÆφȭÓ ÏÔÈÅÒ ÆÕÎÃÔÉÏÎÓ, including the promotion of second-strand synthesis and 

MRN complex breakdown, seem to be beneficial for rAAV production but not 

essential. Similar to results of the 3-plasmid system, transfection of E4orf6 instead 

of the full E4 gene demonstrated to be as efficient, confirming previous studies 

identifying Orf6 as the essential part of E4 for AAV production. A dissection of the 

gene was performed to test if benefits and drawbacks of individual E4orfs, similar to 

the 3-plasmid system, were present (Figure 28). 
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Figure 28: Sequential dissection of the E4 ORFs in the 5-plasmid system with individual plasmids for 
each gene of the AdV5 helper. The E4 ÇÅÎÅ ×ÁÓ ÔÒÕÎÃÁÔÅÄ ÆÒÏÍ ÔÈÅ υȭ-end and the resulting E4orf 
subsets were expressed either with their endogenous E4P (darker grey) or a CMV promoter (lighter 
grey). rAAV8 VG titres are expressed as a fold change compared to the full-length E4 gene transcribed 
from the E4 promoter. Data shown as means with error bars indicating standard deviations of three 
biological replicates. Statistical analysis was performed as an ordinary one-way ANOVA, pairwise 
comparisons displayed for selected data pairs. 

Presumably increased E4orf6 transcription with a CMV promoter did not change 

rAAV8 titres for the pE4orf6cmv transfections compared to the ones with pE4orf6. 

Usage of CMV for the whole E4 gene instead decreased titres by more than a quarter. 

Generally, the dissection of the E4 gene in the 5-plasmid system confirmed trends of 

the same experiment in in the 3-plasmid system (Figure 21). However, whereas the 

deletion of ORFs 1 and 2 did both have a positive impact in the 3-plasmid system, 

there was no effect for E4orf1 deletions regardless of the promoter in the 5-plasmid 

system. Deletion of E4orf1-2 increased titres , and further deletion of E4orf3 

decreased rAAV8 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 controlled E4orf-

subsets. The CMV promoter likely transcribes higher mRNA amounts. If these 

transcripts were mainly from ÔÈÅ ÂÅÎÅÆÉÃÉÁÌ /2&ȭÓ σȟ φ ÁÎÄ 6/7, it would  result in a 

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 titres. However, for the abundance 

of an individual  ORF, the splicing would need to change as well. To measure E4orf 

transcript abundances, mRNA deep sequencing could be deployed similar to 

experiments by Donovan-Banfield et al. (2020). 

In contrast to E2A, the use of a CMV promoter for E4 or E4orf6 did not increase rAAV 

production, even when unfavourable E4orfs were removed (Figure 28). However, 

the combination of pE2Acmv and pE4cmv increased rAAV production significantly 

compared to the 5-plasmid control, as well as 1.8-fold compared to the 3-plasmid 

control (Helper 1.0) (Figure 27). Contrary to the results of Matsushita 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 increased E2A transcription with enhanced transcription of 

E4 appeared to have a strongly positive effect on rAAV production in the utilised 

system. Encouraged by this result, CMV promoters were also deployed in the 3-

plasmid system.  

6.2.4  Effects of the CMV Promoter Driving Helper Gene 

Transcription and its Use w ith and without E2Aôs 5ô- UTR  

The pE2Acmv plasmid in the 5-plasmid system used a CMV promoter immediately 

upstream of E2AȭÓ ÔÒÁÎÓÌÁÔÉÏÎ ÓÔÁÒÔ ÓÉÔÅȢ (Ï×ÅÖÅÒȟ ÉÔ is uncertain whether placing the 

CMV promoter in this position or in the original position of the E2E promoter (3 kb 

upstream) would be preferable for high 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 abundance are 

unknown and uncertain variables when exchanging the promoter. On the other 

hand, the previously demonstrated benefits of L4-33K/22K, located in this sequence, 

were an argument in favour of using the υȭ-UTR. Therefore, one of the primary 

ÏÂÊÅÃÔÉÖÅÓ ÏÆ ÔÈÉÓ ÅØÐÅÒÉÍÅÎÔ ×ÁÓ ÔÏ ÄÅÔÅÒÍÉÎÅ ×ÈÅÔÈÅÒ ÔÈÅ υȭ 542 ÉÓ favourable for 

rAAV production when E2A expression is controlled by a CMV promoter. 

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

(containing E2AȭÓ υȭ-UTR), 1.1 (without E2A υȭ-UTR), and 2.0 with and without E2A 

υȭ 542Ȣ 4ÈÅ ÏÂÔÁÉÎÅÄ 6' ÔÉÔÒÅÓ ÏÆ ÔÒÁÎÓÆÅÃÔÉÏÎ ×ÉÔÈ ÔÈÅÓÅ ÐÌÁÓÍÉÄÓ ÁÒÅ ÓÈÏ×Î ÉÎ 

Figure 29. 
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Figure 29: Helper plasmids containing CMV promoters to control E2A an E4 transcription. Schematic 
depiction of the Helper plasmids next to associated VG titre fold changes compared to helper 0.1. 
!ÒÒÏ×Ó ÄÅÎÏÔÅ ÐÒÏÍÏÔÅÒÓȟ ÂÌÁÃË ÄÏÔÓ ÐÏÌÙ ! ÓÅÑÕÅÎÃÅÓȢ 'ÅÎÅÓȟ υȭ ÁÎÄ σȭ-UTRs, but not promoters 
and pAs are drawn to approximate scale. Data shown as means with error bars indicating standard 
deviations of three biological replicates. Constructs with E2A υȭ-UTR as dark grey bars, without in 
light grey, constructs that contain a CMV promoter instead of E4P for E4 expression control with 
hatched pattern. Data of bottom four bars (*) originating from separate experiment with 25% 
lowered total DNA concentration. Statistical analysis was performed as an ordinary one-way ANOVA, 
comparisons displayed to Helper 1.0 and Helper 2.0, respectively. 

As previously observed, rAAV8 VG titres decreased with the exclusion of the E2A 

υȭ-UTR (Helper 1.1) when the endogenous E2E promoters was used. Changing the 

promoter to a CMV promoter had no different effect. Additionally , titres were not 

increased with the CMV promoter driving DBP expression with and without  the 

υȭ-UTR (Helper 1.2 and 1.3), but remained similar to the E2E driven versions of the 

constructs. This result was not unexpected, as the slight 1.2-fold increase with the 

CMV promoter in the 5-plasmid transfection was not significant (one-way ANOVA 

p=0.2886). Nevertheless, it raises the question of whether further  VG titre increases 

could have been achieved with the 5-plasmid system using the L4-33K/22K 

including E2A υȭ-UTR. Combining CMV driven E2A transcription with the E4orf6-6/7  

containing Helper 2.0 containing the E2A υȭ-UTR decreased titres to levels similar to 

the full E4 containing Helper plasmids 1.0 and 1.1. However, no further reduction 

was observed when the L4-33K/22K containing υȭ-UTR sequence of E2A was 

removed. It was assumed that bÁÓÅÄ ÏÎ %τÏÒÆφȾχȭÓ %ς% ÐÒÏÍÏÔÉÎÇ ÆÕÎÃÔÉÏÎ ÔÉÔÒÅÓ ÏÆ 

Helper 2.2 being similar to the control could mean that the benefits of excluding the 

other E4orfs mainly increased E4orf6/7 and consequently E2A transcript levels, but 
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not E4orf6 levels. The alternative explanation would be that if E4orf6 levels were 

increased too, increased E4orf6 levels did not influence rAAV titres. Evidence for the 

latter hypothesis are the minor differences in VG titre of Helper 2.1 in comparison 

to Helper 2.0. However, a later analysis of mRNA transcripts revealed that E4 

transcript levels were similar between Helper 1.0 and 2.0, whereas E2A transcripts 

of Helper 2.0 were actually reduced at 72h post transfection (see Figure 40). 

The addition of a second CMV promoter, controlling E4orf6-6/7 , did not change VG 

titre s significantly, supporting the hypothesis of increased E4or6 levels having a 

neglectable influence on rAAV titres. In 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 the cap gene and E2A. The fact that the double CMV system 

was performing best in the 5-plasmid system but poorly in the 3-plasmid system 

indicates that a problem occurs when two of the strong CMV promoters are placed 

on the same plasmid. Less polymerase availability for E2A transcription is therefore 

likely the reason for these decreased titres. However, the same could be the case for 

the RNA pol III driven VAI, due to steric hindrance or other competition related 

effects reducing transcriptional activity.  

The decrease without the E2A υȭ-UTR was also observed with the double CMV 

construct (Helper 2.5), but not with Helper 2.4, containing E4P driven E4orf6-6/7  

and CMV driven E2A sequences. Helper 2.4 seems to be an exception that cannot be 

explained at this point. Nevertheless, all other comparisons between similar 

ÐÌÁÓÍÉÄÓ ×ÉÔÈ ÁÎÄ ×ÉÔÈÏÕÔ ÔÈÅ υȭ-UTR demonstrated the already described 

beneficial effect, most plausibly generated by the expression of L4-33K/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 the E4orf6-6/7  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 1.3-times as strong as the E4 promoter, while it is 

3-times as strong as the E2E in HEK293 cells (appendix 8.2.4.1). This might explain 

the little  changes in VG titres with the CMV promoter controlling expression of E4 

or E4orf6-6/7 , compared to CMV-induced changes for E2A expression. Another 

explanation would be that increased E4 protein expression or E4 products in 

general have less of an impact on AAV production than the DBP. The importance of 

E2A on rAAV production lies on one side in its stabilisation of ssDNA and the 

connected role in AAV genome replication and on the other side in its promoter 

transactivation, enhancing E1A 6-fold, p5 27-fold and its own E2E promoter 13-fold 
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(L. S. Chang & Shenk, 1990; Stracker et al., 2004; Ward et al., 1998). Subsequent 

experiments should, therefore, focus on ideal E2A transcription levels and 

guarantee a sufficient amount of E2A transcription, since both the E4orf6/7 change 

(Helper 2.0) and the pE2Acmv indicate that increased E2A transcription might 

improve rAAV production. Although it seems logical that the E4orf6-6/7  effect is 

mitigated by the exchange of E2E for a CMV promoter, the exhibited VG titre 

decrease was unexpected. This raises the question of what made the E4orf6-6/7  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 fine-tuning of expression levels. In contrast, the 

strong constitutive expression with the CMV promoter might produce too high DBP 

levels at the wrong time. Additionally, strong CMV promoter transcription in the 

opposite direction of L4-33K/22K could also cause a loss of function or strong 

reduction of this for rAAV production beneficial protein. However, the reduction in 

ÔÉÔÒÅ ÂÙ ÔÈÅ ÅÌÉÍÉÎÁÔÉÏÎ ÏÆ ÔÈÅ υȭ-UTR from Helper 2.3 to 2.5 and thereby complete 

loss of L4-33K/22K goes against this 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 cell (Johari 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  

¶ Varying Helper and Rep/Cap plasmid ratios, as initial attempt of altering 

component stoichiometries of plasmids, only marginally effects rAAV titres 

o Increasing ITR amounts without influence on VG titres 

o Current plasmid ratio of 2:1:0.1 likely already near optimum 

¶ Rep/Cap and Helper plasmids split into multiple plasmids to understand 

ideal genetic component abundance for rAAV production 

o Lowered rep amounts seem to be favourable, confirming results of 

other groups 

o Split Rep/Cap plasmid lowered titres significantly, challenging the 

relevance of 6-plasmid approach results 

o Split Helper plasmid is functional 

¶ Testing individual Helper genes' essentiality or benefit using split Helper 

plasmid system 

o No AdV Helper gene promotes rAAV replication on its own, regardless 

of Helper gene promoters 

o E2A is found to be the only indispensable Helper gene; E4 and VA RNA 

are required for optimal function 
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o Use of CMV promoter for E2A and E4 showed increased VG titres 

Á CMV driving E2A only led to slight increase 

Á CMV driving both genes led to strongly increased VG titres 

o 5-plasmid system results for sequential E4 ORF dissection confirm 

3-plasmid system results 

Á Confirmation of E4orf6 as essential part of E4 for AAV 

production 

Á Use of CMV promoter for E4orf subsets enhances positive and 

negative effects of ORFs, but does not increase rAAV 

production 

¶ CMV driven expression of E2A and E4/ E4orf6-6/7  in 3-plasmid system were 

tested to determine requirement for transcription activity enhancement of 

both genes 

o Only marginally improved titre with CMV driving E4 transcription  

o Exclusion of E2A 5' UTR led to decreased rAAV8 VG titres regardless 

of promoter change 

o No titre improvements with CMV driving E2A, regardless of position 

o CMV for E2A might make E4orf6/7 obsolete and reduces titre  

o Double CMV not boosting titre as in 5-plasmid system, but 

diminishing it, likely due to promoter interference and TF 

competition 

6.2.6  Conclusion  

To establish a general of favourable 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 DOE-like 

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 optimum, precluding drastic improvements as well as valuable insights 

into component requirements. Furthermore, the 3-plasmid system only allowed 

titration of gene combinations, necessitating a more intricate approach for 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 6-plasmid strategy suggested that 

reduced rep levels were advantageous, consistent with prior studies, the split 

Rep/Cap plasmid configuration substantially diminished titres, casting doubt on the 

applicability of the 6-plasmid system and the relevance of its results. 
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Transfection results with the split  Helper plasmid and 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 replication. E2A emerged as the only 

indispensable Helper gene, while E4 and VA RNA contribute to optimal function. The 

results underline specific importance of the DBP for enhanced rAAV production. Its 

involvement in ITR/GOI sequence replication could be of great importance, but also 

E2AȭÓ ÆÕÎÃÔÉÏÎ ÁÓ Á ÔÒÁÎÓÃÒÉÐÔÉÏÎ ÁÃÔÉÖÁÔÏÒ ÏÆ ÔÈÅ !!6 ÇÅÎÅÓ ÍÉÇÈÔ ÂÅ pivotal for 

adequate transcription of ÔÈÅ ÖÉÒÕÓȭ ÇÅÎÅÓ. Consequently, the results of the 

5-plasmid model suggested to increase DBP expression to improve rAAV 

production. 

Employing CMV promoters for E2A and E4 in the 5-plasmid system demonstrated 

mild VG titre increases with cmvE2A, while substantial improvements were 

achieved with combined CMV-driven E2A and E4 plasmids. This highlighted the 

potential of promoter substitutions within the Helper plasmid to elevate rAAV titres, 

alongside the possibility of required heightened expression of the two Helper genes. 

However, contrasting outcomes emerged from the 3-plasmid system, revealing 

diminished rAAV titres when two CMV promoters were employed, raising concerns 

about transcription factor competition and promoter interference. CMV-driven E2A 

expression seemed to compromise E4orf6/7's function, and CMV-regulated E2A 

transcription failed to elevate rAAV VG titres. The omission of E2A 5' UTR and the 

resultant L4-33K/22K loss led to decreased titres. Initial endeavours involving the 

introduction of heterologous promoters into the Helper plasmid showcased the 

general applicability of foreign promoters for the Helper genes. However, these 

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 CMV-driven 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, 

adjustments of promoter strengths are imperative for optimal expression of the two 

mRNA-generating Helper genes. Overall, the results highlight the complexity of 

rAAV production with transient transfection systems, underscoring the intricate 

interplay between gene expression and 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 Helper-focused 

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 Sheffield-based members, namely Dr. Joseph Scarrott, Dr. Yusuf 

Johari, and me. Several experiments with the Rep/Cap plasmid were executed by me 

or in cooperation with Dr. Johari. Furthermore, after he left the project, the Rep/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 circumstances, a 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 in 8.2.4, 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 changes are 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 by Xiao et al. (1998). 
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2. Separation of rep and cap genes: The rep and cap genes were split by cloning 

p40 and cap downstream of the rep ÇÅÎÅȭÓ ÓÔÏÐ ÃÏÄÏÎÓȢ 4ÈÅ ÓÅÐÁÒÁÔÉÏÎ 

required mutations of the p40 promoter, TATA box and start codon of 

remaining partial cap υȭ ÓÅÑÕÅÎÃÅ ÏÖÅÒÌÁÐÐÉÎÇ repȭÓ σȭ ÓÅÑÕÅÎÃÅ ÔÏ ÐÒÅÖÅÎÔ 

expression of truncated viral gene products. 

3. Introduction of restriction sites up- and downstream of rep and cap genes to 

enable simplification of further changes, including promoter replacements, 

to unlock improved controllability.  

4. 4ÈÅ υȭ cap intron 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 1.2-fold 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 in Figure 30. 

  



Results and Discussion  

 

- 102 - 

 

 

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) open reading frames are indicated, arrows denote promoters, asterisks denote 
sequence mutations, black circles poly As. HEK293 cells were triple transfected with each Rep/Cap 
ÐÌÁÓÍÉÄȟ (ÅÌÐÅÒ πȢρ ɉÐ!$ɝ&φɊ ÐÌÁÓÍÉÄ ÁÎÄ ÔÈÅ )42Ⱦ'/) ÐÌÁÓÍÉÄ ÁÔ ρȡςȡπȢρ ×ÅÉÇÈÔ ÒÁÔÉÏȢ rAAV8 crude 
viral genome (VG) titres were analysed 72 h post-transfection, 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 the E2A and 

E4 genes of the Helper plasmid, presented in chapter 6.1. 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 here. 

Of all constructed Rep/Cap plasmids, highest titres 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 (E4orf6-6/7) 

performed best of all the Helper 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 Helper 2.0 as seen by VG titres drops to 

68% (v3.7) and 74% (v5.4) compared to Helper 2.0 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. Consequently, the two Rep/Cap 

plasmids were also tested with versions of the E4orf6-6/7 Helper with CMV 
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promoters in exchange of the endogenous promoters to enhance transcription of the 

E4 and E2A Helper components. 

  

Figure 31: Evaluation of engineered Helper and Rep/Cap plasmid combinations for rAAV8 
production. (A) Schematic depiction of the Helper plasmid constructs (VA RNA not indicated). Arrows 
denote promoters, black circles poly A signal sequences. All components are drawn to approximate 
scale. (B) rAAV8 crude viral genome VG analysed 72 h post-transfection, expressed as a relative 
percentage compared to the Helper 2.0 and Rep/Cap 1.2 plasmid combination. Data shown as mean 
wit h error bars displaying standard deviation. Data were analysÅÄ ÕÓÉÎÇ ÕÎÐÁÉÒÅÄ 3ÔÕÄÅÎÔȭÓ Ô-test 
with respect to the Helper 2.0 and Rep/Cap 1.2 plasmid combination. 

Employing the CMV promoter for E4orf6-6/7  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 E2E 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 E4orf6ɀ6/7 and E2A expression. These findings were 

consistent with our idea of competing TF 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 sub-panel 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 post-transfection using rAAV8-
specific capsid ELISA and expressed as a relative percentage compared to the Helper 0.1 and 
Rep/Cap 1.2 plasmid combination. (B) The full/empty 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 replicates. Data were analysed ÕÓÉÎÇ ÕÎÐÁÉÒÅÄ 3ÔÕÄÅÎÔȭÓ Ô-test 
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 3.5-fold 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 plasmids 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 promoter and TF competition theory, it 

is possible that the CMV promoter employed for E4orf6-6/7 expression tuned down 

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

were increased with this helper construct and the otherwise mostly empty capsid 
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producing Rep/Cap plasmids v3.7 and v5.4, highlights the importance of adjusted 

component stoichiometries. Further, it might demonstrate that also a time 

component is important, as shown in the modelling experiments by Nguyen et al. 

(2021). Although Helper 2.0 facilitated more capsids with v3.7 and v5.4, these could 

not be filled with genomes in time. Additionally, capsid production with the CMV 

promoter was presumably consistently high until the harvest 72 h post transfection. 

But according Nguyen et al. (2021) genome replication is not and strongly declines 

after about 24 h, which would mean that for the next 48 h mostly empty capsids 

were produced. Measurement of full and empty capsids at different time points with 

the different promoters would be great to analyse these events and kinetics. 

Likely, a significant factor affecting recombinant production of multiple component 

expression systems with strong promoters is cellular resource allocation. The highly 

abundant VPs expressed from the CMV promoter were potentially efficiently 

assembled, as assembly is a fast, non-limiting step in AAV proliferation, but due to 

the extensive allocation of resources for these processes, specifically the VP 

expression, rAAV genome replication, the expression of helper functions, or Rep 

might have been compromised. The use of a CMV promoter for E4orf6-6/7  

potentially alleviated this effect. The decrease in total capsids observed in 

transfections with the Helper plasmids 2.2 and 2.3 (the E2Acmv or double CMV, 

respectively) support this hypothesis. However, it remains unclear why the use of a 

CMV promoter for E2A decreased capsid amounts, whereas the cmvE4orf6-6/7  

construct did not exhibit the same effect. Lower 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 by the potentially cytostatic or 

cytotoxic effects of high DBP levels resulting from replacement of the self-regulating 

loop mechanisms of E4orf6/7 and E2A with high and uncontrolled CMV-driven E2A 

transcription  (Klessig et al., 1984). However, cell concentration/viability data 

showed no differences between the endogenous E2E and CMV promoter-driven E2A 

constructs (data not shown). It is speculated that the detrimental effects of high DBP 

level in HEK293 cells originated in negative regulation of capsid expression rather than 

direct exertion of cytotoxicity on the host cells. Another contributing factor  to the 

highly increased full to empty capsid ratios (up to 66%) could be attributed to  the 

increase in DBP, potentially leading to increased Rep levels and ITR/GOI replication. 

DBP itself, and increased large Rep levels due to DBP transactivation, could support 

large Rep-ITR mediated rAAV genome replication. Through transcription activation 

cascades elevated small Rep levels could improve ITR genome packaging. 

Comparing full/empty ratios of Rep/Cap plasmids v3.7 and v5.4, which are 

consistently higher with plasmid v5.4 containing a second Rep52/40 copy, also 
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demonstrates a higher packaging rate of the single-stranded DNA contained 

between the ITRs due to an increase in 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. Studies in 

the baculovirus system suffered from unfavourable VP stoichiometries, likely 

caused by the CMV promoter used for cap transcription , resulting in poor infectivity 

of the manufactured rAAVs (Mader et al., 2013; Mietzsch et al., 2015; Rumachik et 

al., 2020). Western blot analysis for VP ratios and transduction experiments are 

suggested for future quality controls and experiments with 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 VG titre decrease of the 

combination of 2.0 and v3.7/v5.4 could be reverted by the use of a CMV promoter 

for E4orf6-6/7 . The new systemsȭ VG titres were 1.8-fold higher than the ones of the 

original system, but >3-fold higher capsid titres suggest an even greater potential 

with an optimised balance of component amounts. The 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 fine-tuning of component 

amounts was enabled with the new Rep/Cap and Helper plasmids that were created 

during this work. Rather than using the constitutive, strong, and uncontrollable 

transcription from the diverse CMV promoter, synthetic 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 groups, such as the study 

Mietzsch et al. (2021), which reported 20% full virions with the AAV8 cap and AAV2 

rep combination that was also used in the present experiments. Their research also 

presents an alternative strategy to increase packaging by using alternative Rep 

proteins, yielding up to 43% full particles in rAAV8. Therefore, the combination of 

better-suited Rep proteins, respectively to the used serotype, and an optimised 

expression profile of Rep and VPs with synthetic promoters could possibly further  

boost packaging and VG titres. 

6.3.1  Transfection Process Adaptation for I ncreased Consistency  

In the course of the research presented so far, experimental day-to-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 was decided to optimise the 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 lowered, as a 

saturation by the regularly used 0.63 µg/106 cells was feared. This could lead to 

greater inhomogeneity and variation between transfections. Furthermore, reducing 

plasmid DNA usage is beneficial in rAAV production due to its immense contribution 

to upstream costs, particularly in cGMP processes (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 24-well plates with constant DNA to PEI ratio of 1:1.75 

but varying total DNA concentrations. 

 

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 shown in Figure 33 were highest with transfections of 

0.48 µg DNA per 106 cells. Notably, the lowest DNA concentration still yielded about 

9×108 vg/mL, which would be better visible on a logarithmic scaled y-axis. The 

chosen decimal scalation, however, is a better display of the linear increase of VG 

titre with the total DNA load up to its maximum at 0.48 µg DNA per 106 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 days, were high in all cases, with relative errors 

being slightly smaller at 0.48 µg compared to 0.4 and 0.63. Although, a sample size 

of n=5 is too small to give any meaning to this, the three-quarter 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 PEIpro, the low ITR/GOI plasmid amount relative to the other 

two plasmids and inhomogeneity of transfections with cells in different sub 

cultivation  passages. Experiments with different polyplexing times and methods 

revealed that the usual method with a 10 to 15 minute polyplex formation period 

was still the preferable choice (see appendix Figure 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 24-well plates. The 

transient transfections were carried out at 0.48 µg/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. 

 

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 (1-, 5-, and 10-fold of the regular amount of the 
plasmid ratio 1:2:0.1) transfected at different sub cultivation passages (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 deviation of the biological replicates. Statistical analysis was performed as an 
ordinary one-way ANOVA on the means of each cultivation passage, pairwise comparison displayed 
to the mean of P3. 

The bars in Figure 34 represent the average VG titres of biological replicates and the 

error bars represent the standard deviation of these, whereas VG titre 

measurements of the technical replicates (transfections of the same cell pool in 

different wells) were averaged beforehand. Therefore, the results 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 amounts. However, the at that 

time best and most used Helper plasmid, Helper 2.0, showed slightly higher titres at 

5x ITR/GOI plasmid amounts. This increase in ITR/GOI amount changed the 

concentrations of the other two plasmids only marginally but prevented a possible 

inhomogeneous distribution of the ITR/GOI plasmid in polyplexes. Such 

inhomogeneities could mean that some cells that take up DNA have no or only small 

amounts of 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 

the verÙ ÌÏ× )42Ⱦ'/) ÁÍÏÕÎÔ ÔÈÁÔ ×ÁÓ ÐÒÅÖÉÏÕÓÌÙ ÃÈÏÓÅÎ ×ÁÓ ÎÏÔ ÌÉÍÉÔÉÎÇ ÁÎÄ ÄÉÄÎȭÔ 

cause more inconsistency (Nguyen et al., 2021; Pollard et al., 1998). Furthermore, 

these low triple transfection numbers are also confirmed by a study of Dash 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, but it was not supposed to be addressed 

in this work, as the focus of this work layed on the molecular engineering of the 

plasmid system. 

The increased ITR amount was chosen for upcoming transfections. It was 

additionally decided to carry out transfection at cell sub cultivation passage number 

three, whenever 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, although Grieger et al. (2016) 

suggested a much longer usage of cells up to passage 30-40. Notably, the volumetric 

rAAV virus genome titres and VG titre trends of plasmid constructs were consistent 

between different passages, except for Helper 2.0 in passage 5 (labelling 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 onwards, 

attention was paid to perform transfections of the same experiment but different 

replicates always with the same plasmid stocks. 

Lastly, the transfection in 24-well plates was investigated, because it was 

hypothesised that transfections with larger culture volumes in 50 mL 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 uniformity. Moreover, it 

was speculated that larger vessels might provide better cultivation conditions, 

leading to higher cell densities 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 50 mL TubeSpin reactors with 5 mL culture volume 

and 24-well plates with their usual 0.7 mL culture volume. 

The results of the investigation showed 

that the measured rAAV8 VG titres were 

consistently higher with transfections 

in the 50 mL TubeSpin reactors. 

Calculated t-tests demonstrated 

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 24-well 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 

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 50 mL 

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 24-well 

plate titres was determined (48.8%). Whereas the 50 mL TubeSpin reactor 

transfections only showed a relative error of 17.1%. Comparing these results to the 

previously described experiment (Figure 35), the general higher variability of the 

plate transfections becomes obvious. 

 

Figure 35: Comparison of rAAV8 VG titres from 
transfections of different plasmids in either 
50 mL TubeSpin reactors (5 mL culture volume, 
black) or 24-well plates (0.7 mL culture volume, 
grey). Data shown as means with error bars as 
standard deviation of three individual 
biological replicates. 
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Figure 36: Comparison of transfections in 50 mL TubeSpin reactors (5 mL culture volume, black) and 
24-well plates (0.7 mL culture volume, grey). rAAV8 VG titres (A) and viable cell densities (B) were 
measured at the time of cell harvest 72 h post transfection, transfection efficiency as GFP positive 
cells 48 h 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 t-tests 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 detected (Figure 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, are responsible for the higher transfection efficiency. Since the cells used 

for both 50 mL TubeSpin reactor and 24-well plate transfections came from the 

same culture of origin, other factors that influence transfection efficiency such as 

passage number, cell health, cell cycle phases, and DNA quantity and quality were 

guaranteed to be consistent. 

As a consequence of all the conducted experiments concerning transfection quality 

and consistency, the method was adapted as follows: whenever possible, HEK293 

cells were transfected at passage number three; using the same plasmid DNA stocks 

of high Midi or Maxi prep grade; at a total DNA concentration of 0.48 µg per 106 cells; 

with a mass plasmid ratio of 1:2:0.5; in 5 mL culture volume in 50 mL TubeSpin 

reactors. 

6.3.2  Summary  

¶ Rep/Cap plasmid with separated and individually controllable largeReps, 

cap, and smallReps were created  
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o Modifications restored rAAV titres and slightly above (Rep/Cap v3.7 

and v5.4 ~1.2-fold of v1.2) 

o Rep78 essential in this system 

o p5 downstream of cap or additional Rep52/40 beneficial 

o Intron of cap and short CMV promoter (80% activity of CMV) instead 

of p40 required for high rAAV titres 

o p5 is essential downstream of cap or additional Rep52/40 

¶ Compatibility  of new Rep/Cap plasmids with E4orf6-6/7  based Helper (2.0) 

required CMV controlled E4 transcription (Helper 2.1) 

o VG titre 1.8-fold higher compared to the original system 

¶ CMV controlled cap in Rep/Cap plasmids v3.7 and v5.4 boosted capsid 

production up to 3.5fold, but with mainly empty capsids 

¶ TF competition by multiple CMV promoters 

o Reduced CMV controlled capsid production when CMV promoters 

also control Helper genes, especially with two CMV promoters in the 

helper plasmid 

¶ Packaging increased with second Rep52/40 copy 

¶ Lowering total plasmid amount per million cells to 0.48 µg 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 titres due to enhanced transfection efficiency 

likely because of improved mixing and cultivation conditions 

¶ Refined method parameters were established, involving transfection at 

passage three, coherent plasmid DNA stocks, 0.48 µg total DNA per 106 cells, 

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 Helper plasmids engineered for individual control  over 

AAV and AdV Helper genes elevated rAAV VG titres on their own and could be used 

together. However, the new Rep/Cap plasmids v3.7 and v5.4 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 packaging. The shortened 

CMV promoter used for cap lead to uncontroll ed VP expression, and consequently 

very high amounts of capsid, which were predominantly empty. CMV controlled E2A 

expression decreased capsid numbers and increased full/empty ratios. The 

competition between CMV promoters and Helper promoters raised questions about 

transcription factor availability  and cellular resource allocation, with CMV-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 synthetic promoters with defined transcription strength. While 

yielding valuable insights, further research is required to optimize the full/empty 

and harness the full 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 day-to-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 concentrations0.48 µg total DNA 

per 106 cells with an increased ITR/GOI plasmid ratio in 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 I 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 

optimi sation in this work. The creation of simplified and size-reduced helper 

plasmids (6.1and the use these with CMV promoters for 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 in multigene expression vectors (Eszterhas et al., 

2002; Patel et al., 2021). As the 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 plasmid 2.0 and therefore contained 

the genes E4orf6-6/7 , E2A with its L4-33K/22K ÃÏÎÔÁÉÎÉÎÇ υȭ-UTR and VAI, in the 

about 1 kb large VA RNA 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 AAV8 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 

0.5 kb to 10.1 kb, or by changes in mRNA contents. The latter might be caused by the 

minor ÓÅÑÕÅÎÃÅ ÃÈÁÎÇÅÓ ÔÏ ÔÈÅ ÇÅÎÅÓȭ σȭ-UTR and E2E environment due to the new 

restriction sites. The schematic configuration of all eleven plasmids and the titres 

resulting from transfections with them are shown in Figure 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 as means 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 3.10) exhibited a 

range of rAAV production capacities, with differences in VG titre fold changes from 

1.08 to 1.83-fold 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 same might also apply to 

the helper plasmid in any kind of tandem gene arrangements (same transcription 

direction, E4ĄE2A or E2AĄE4), but is probably less likely with the presence of 

VA RNA or BB sequences between the genes. Polymerase 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 titres. Two of the three best performing vectors have the VAI 

sequence on the same stand right in front of their promoters of E2A and E4, 

respectively. 
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Some trends were discernible regarding gene arrangements, but no definite rules 

could be observed regarding gene preferred arrangements of the genes. Constructs 

with  consecutive E4 and E2A or E2A and E4 gene sequences were in the bottom half 

achieved of VG titres, with the Helper 2.0 like configuration of Helper 3.0 being the 

best of these and exactly in the middle of all configurations. Transcriptional 

interference caused by the run-through of the RNA II polymerase transcribing the 

upstream gene might be a reason for the lowered titres (Shearwin et al., 2005). The 

tandem arrangement favours expression of the upstream gene vectors (Eszterhas et 

al., 2002; Patel et al., 2021), leading to the hypothesis that the two Helper genes are 

likely required to be transcribed similar amounts, as none of the two configurations 

E4ĄE2A or E2AĄE4 was generally much better than the other.  

4ÈÅ Ô×Ï ÂÅÓÔ ÃÏÎÓÔÒÕÃÔÓ ÒÅÓÅÍÂÌÅÄ ÅÁÃÈ ÏÔÈÅÒȭÓ ÃÏÎÆÉÇÕÒÁÔÉÏÎ ×ÉÔÈ ÃÏÎÖÅÒÇÅÎÔ E2A 

and E4 genes in a polyA-to-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 Helper (3.8), with a separation 

by the VA RNA fragment. No divergent constructs were created with head-to-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 separating E2A and E4 with the VA RNA fragment 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 3.8 was chosen instead of 

σȢω ÂÅÃÁÕÓÅ ÏÆ σȢωȭÓ ÓÉÍÉÌÁÒÉÔÙ ÔÏ σȢρπ ÁÎÄ ÔÈÅ ÐÏÓÓÉÂÌÅ ÂÅÎÅÆÉÔ ÅÎÔÉÒÅÌÙ ÄÉÆÆÅÒÅÎÔ 

transcription directions of 3.8 and 3.10 with a separation of the divergent promoters 

by the VA RNA fragment in Helper 3.8. Additionally, the 2.0 configuration resembling 

Helper 3.0 (E4ĄE2AĄVA) and Helper 3.2, which has put E2A upstream of E4 

(E2AĄE4ĄVA), 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 the E2A 5' UTR to its essential part, 

the L4-33K/22K gene, resulted in a slight but insignificant decrease in rAAV VG 

titr es. The 1.8 kb reduction in plasmid size made it reasonable to use the smaller 

υȭ-UTR (E2Amin1) 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 experiments published 

by Kreiss (1999). Additionally , the reduced size might then 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 E2Amin1 υȬ-UTR was constructed in the 

Helper plasmids 3.0, 3.2, 3.8 and 3.10. 

 

 

Figure 38: Size reduction of the E2A υȭ-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. 
!ÒÒÏ×Ó ÄÅÎÏÔÅ ÐÒÏÍÏÔÅÒÓȟ ÂÌÁÃË ÄÏÔÓ ÐÏÌÙ ! ÓÅÑÕÅÎÃÅÓȢ 'ÅÎÅÓȟ υȭ ÁÎÄ σȭ-UTRs, but not promoters 
and polyA signals are drawn to approximate scale. Data shown as means with error bars indicating 
standard deviations of four biological replicates. Ordinary one-way ANOVA was performed for 
statistical analysis. 

All four Helper plasmids exhibited strong drops in VG titre with the smaller E2A 

υȭ-UTR. Although not all changes were statistically significant, rAAV8 titres dropped 

for Helper 3.0 and 3.8 by nearly 60% and for Helper 3.2 and 3.10 by about 70% on 

average when the E2A υȭ-UTR was reduced to the L4-33K/22K gene (E2Amin1). It 

remains unclear why E2Amin1 υȭ-UTR restored VG titres compared to E2Amin2 and 

showed similar titres to the full E2A υȭ-UTR when used in the Helper 1.0 plasmid, 

but not in these plasmid versions 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 L4-33K and 

22K, as confirmed by mass spectrometry with the Helper 1.0 E2Amin1 plasmid, and 

no changes were made to the gene's close environment.  
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The second change that was tested with the E2Amin1 versions of plasmids 3.8 and 

3.10 involved exchanging of the VA RNA fragment for the smaller version, 

VA RNAshort, which had already been successfully used in the 5-plasmid system. Here, 

no significant differences were observed, confirming the results of the 5-plasmid 

system. Therefore, it was decided to use the 400 bp smaller VA RNA sequence in 

upcoming plasmid versions. However, further investigation was deemed necessary 

for the E2A 5' UTR, or it should be left intact. For promoter exchanges, this is not 

ideal, as the 3 kb distance between promoter and translation start site induces 

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 υȭ-UTR, including L4-33K/22K, or keeping it 

intact and having a 3 ËÂ ÇÁÐ ÂÅÔ×ÅÅÎ ÐÒÏÍÏÔÅÒ ÁÎÄ ÇÅÎÅȟ ÏÒ ÕÓÉÎÇ ÓÈÏÒÔÅÎÅÄ υȭ-UTR, 

a fourth option was explored. Versions of Helper plasmids 3.8 and 3.10 were 

designed to move the promoter right in front of the E2A gene while retaining the 

beneficial L4-33K/22K gene upstream of the promoter used for E2A transcription 

control. To ensure termination of L4P transcripts, a rabbit beta-globin poly 

adenylation signal was placed downstream of the gene (Lanoix & Acheson, 1988).  

The divergent gene configuration of E2A, 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 directions. E2A 

transcription was controlled by a CMV or SV40 early promoter (SV40) and also the 

terminator of E2A was exchanged to the commonly in recombinant mammalian 

processes used SV40 poly adenylation site (SV40pA).  

Furthermore, Helper plasmids were designed containing an internal ribosome entry 

site (IRES) from encephalomyocarditis virus (EMCV) or the 2A self-cleaving peptide 

P2A for a bicistronic expression approach of E2A and E4 helper genes for rAAV 

production (Bochkov & Palmenberg, 2006; Douin et al., 2004; Z. Liu et al., 2017). To 

achieve efficient 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 cassette (Higashimoto 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 a bicistronic E2A/ E4 gene expression, and Helper plasmids with relocated L4-33K/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 usual stop codon. 
'ÅÎÅÓȟ υȭ ÁÎÄ σȭ-UTRs, IRES and P2A, but not promoters and polyA signals are drawn to approximate 
scale. Data shown as means with error bars indicating standard deviations of three biological 
replicates. Ordinary one-way ANOVA was performed for statistical analysis comparisons displayed 
to parental Helper 3.0, 3.8 or 3.10. 

Synthetic biology methods for bicistronic protein expression are not new to AAV 

production systems. Many GOI combination constructs deploy an IRES, and also Rep 

expression was previously controlled with an IRES in the TESSA-DS-Cap-EMCV-Rep 

construct (Su, 2021). The present work represents the first use of this synthetic 

biology technique for the AdV Helper transient triple plasmid method used for rAAV 

production, although not for AdV Helper genes in general. While this work was 

conducted, Gu et al. (2020) worked on stably integrated, bicistronically 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 7.8×109 vg/mL (3.0.3), which is still far above the 

detection limit of the ddPCR for the utilized 4000-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% with the 
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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 of E2A and utilized the IRES or P2A for the 

E4orf6-6/7 expression, showed only a decrease from 2.1×1011 vg/mL to 

1.1×1011 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 work, the 

greater importance of adequate E2A than E4 expression. Both IRES and P2A worked 

better with the gene order E2AĄE4. It is known for both bicistronic expression 

mechanisms, despite their different mechanistic foundations, that the expression of 

the second gene is usually lower. For EMCV IRES constructs, the second, IRES-

dependent protein is usually expressed 0.2-0.5-times the level of the first protein  

(Mizuguchi et al., 2000). For P2A, the second protein is typically expressed at a 

similarly decreased level of about 0.3-fold of the first protein (Z. Liu et al., 2017). 

Consequently, the results suggest that the E2A gene seems to require higher 

transcription al activity or is inherently more important for high titre rAAV 

production than the E4 gene. This is confirming the findings of the 5-plasmid system. 

However, the E4orf6-6/7  based CMV containing systems showed slightly positive or 

no titre changes for cmvE4 and titre decreases with cmvE2A. This discrepancy 

seems contradictive as long as it is assumed that CMV driven E2A expression much 

stronger than E2E driven expression. That this is not the case is shown in 6.4.3. 

Furthermore, the patented system of Gu et al. (2020) also utilises the gene order 

E2AĄE4 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 CMV (~75% of CMV), also 

resulted in very low VG titres when the IRES was used. Likely, E2A transcription is 

far too low with this promoter and plasmid configuration, leading to low rAAV 

production due to insufficient DBP levels. The generally higher VG titres achieved 

with the consecutive monocistronic gene arrangement instead of the bicistronic 

approach could also be due to the downstream promoter increasing expression 

levels. This effect was shown by Sakaguchi et al. (2014) with different promoters 

ÂÕÔ ×ÁÓ ÓÔÒÏÎÇÅÓÔ ×ÉÔÈ ÔÈÅ ÔÒÉÐÌÅ ÐÒÏÍÏÔÅÒ ÓÅÔÕÐ ÄÏ×ÎÓÔÒÅÁÍ ÏÆ ÔÈÅ σȭ polyAsignal 

of hTERT, SV40 and CMV promoters, making it uncertain if such effects are present 

with E4P and E2E promoters, especially since the uninterrupted E2AĄE4 and 

E4ĄE2A 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 missing L4-33K/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 the L4-33K/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 contrast, when an SV40 promoter was used instead to control DBP 

ÅØÐÒÅÓÓÉÏÎȟ ÖÉÒÕÓ ÇÅÎÏÍÅ ÔÉÔÒÅÓ ÃÒÁÓÈÅÄ ÔÏ ρρϷ ÏÒ ÌÅÓÓ ÏÆ ÔÈÅ ÐÁÒÅÎÔÁÌ ÐÌÁÓÍÉÄÓȭ 

titres. This clearly indicated that the SV40 promoter was too weak for E2A 

transcription. Although our measurements with production of empty rAAVs showed 

that the E2E promoter is only about ~32% as strong as CMV (appendix 8.2.4.1) and 

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

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 T antigen present in 

293T cells acts as a transactivator for different promoters, but specifically for the 

SV40 promoter (Gruda et al., 1993; Gruda & Alwine, 1991). Therefore, transcription 

strength of the promoter is likely much lower in the used HEK293 cells compared to 

the numbers of the 293T cells (Qin et al., 2010; Toktay et al., 2022). Most promoter 

strength experiments containing SV40 were carried out with HEK cell containing the 

large T antigen, but data of Green et al. (2023) suggest a strength in Expi293F cells 

of about 30% of CMV, whereas data of Raup 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 E1A (Cockett 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 HEK293 

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 of E2AȭÓ ÒÅÇÕÌÁÒ σȭ542 ÁÎÄ ÐÏÌÙ ÁÄÅÎÙÌÁÔÉÏÎ ÓÉÔÅ 

lowered the already low VG titre with the SV40 promoter only slightly. Both polyA 

sites seem to be function adequately for E2A. Taken together, the results of Figure 

39 suggest a strong promoter like CMV for the E2A Helper 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 genes E2A and E4 was attempted. RNA extractions were performed and 

normalised RNA samples were measured using two different primer -probe sets in 

the same OneStep-RT ddPCR reaction. The results of these measurements for 

different Helper plasmid constructs and their corr esponding titres from the same 

transfections are presented in Figure 40. 
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Figure 40: Determination of mRNA levels of the AdV5 Helper genes E2A and E4orf6+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 with 
different primer -probe sets in the same ddPCR reaction. Data presented as mean and standard 
deviation of three biological replicates. (B) rAAV8 VG titre fold changes respectively to control 
plasmid Helper 0.1 (black) of transfection samples presented in A. Samples of the same plasmid 
generation in same grey shade, CMV promoter-controlled plasmids marked with hatched pattern. 
Data presented as mean and standard deviation of three biological replicates. Ordinary one-way 
ANOVA was performed for statistical analysis, pairwise comparisons displayed to 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 12 kb 

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 3.10.2, which clearly demonstrate 

that a sharp decrease in E2A transcripts is associated with 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 1.0, as well as all other created Helper plasmid 

in this work , as they are descendants of Helper 1.0, could originate in the used E4 

σȭ-UTR sequence and the included polyA site. As this sequence does not fully 

resemble the one of Helper 0.1, polymerase run-through might be a bigger issue. The 

distance between E4 and E2A might also play a role, suggesting that the excluded L5 

gene could have an influence on E2A transcripts, even if it was not resembled in 

rAAV VG titres. The assumption of decreased of E2A mRNAs with the deletion or 

part deletion of the E2A υȭ-UTR could not be unconditionally confirmed. It 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 to Ellsworth et al. (2001) could still be reasons for reduced E2A 

transcription in this plasmid. However, E2Amin1, which features this E2E 

downstream sequence, has only slightly decreased E2A mRNA levels, refuting the 

hypothesis of this element being the cause for decreased VG titres. The fact that 

mRNA levels between E2Amin2, E2Amin1 and the co-transfection with L4-33K/22K 

showed similar mRNA amounts for both genes is further evidence that the 

differences in VG tire caused by the E2A υȭ-UTR are in fact associated with 

L4-33K/22 K.  

Contrary to expectations, the CMV promoter did not increase mRNA levels of E2A 

compared to the E2E promoter. This finding is a surprising as in-house promoter 

activity measurements showed that the E2E promoter had only an activity of 32% 

of CMV when expressing the reporter protein GFP, refuting the hypothesis of 

decreased VG titres due to DBP overexpression and cytotoxicity. The influence of 

context specificity, promoter and gene environment become evident when the E2A 

mRNA levels of the Helper plasmid 3.10 with 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 4.7-fold increase compared to Helper 2.0. This suggests 

that the change in 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 cells, but high E2A 

transcript levels seem beneficial, alternative 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 promoters like EF-ρɻ ÏÒ #!' ÍÁÙ ÂÅ ÓÔÒÏÎÇÅÒ ÔÈÁÎ #-6ȟ ÂÕÔ ÔÈÉÓ ÉÓ ÎÏÔ 

always the case (Johari et al., 2022; Qin et al., 2010; Xu et al., 2019). Therefore, 

another alternative could be the modification of the endogenous E2E promoter to 

increase E2A transcript levels. Both the E2L and E2E promoters lack an ideal TATA 

box. Optimising E2L's TATA box by a single-point mutation increased its activity by 

10-fold (D. H. Huang et al., 1988). A 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 as a 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 levels. However, as described earlier, 

the increase in E4orf6-6/7 mRNA 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 for E4orf6-6/7  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 utilized, E4 mRNA levels 

were increased 3-fold compared to Helper 2.0, but E2A mRNA levels only 1.6-fold. 

The consecutive gene order E4ĄE2A is 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., 2021). The use of an insulator gene 

element between the genes could minimize this effect (Hasegawa & Nakatsuji, 

2002). 

Many of the results of the mRNA determination align with the made changes and 

outcomes; however, amounts of the E2A and E4 transcripts, as well as their ratios, 

do not seem to tell the whole story and are no absolute indicator whether high rAAV 
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titres can be achieved with a certain Helper plasmid. Helper 2.0 shows greatly 

reduced mRNA levels of E2A, and the E4 mRNA amount is slightly reduced 

compared to Helper 0.1; however, VG titres are about 1.4-times 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 previously made hypothesis of high E2A levels 

as a requirement for high rAAV titres. Additionally, the overall transcriptional 

increase of Helper 1.1 compared 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 3.10 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.x cmvE2A constructs 

possessed the 3 ËÂ υȭ-UTR separating gene and promoter, whereas construct 3.10.1 

employed the promoter directly upstream of the gene. Therefore, CMV could not 

enhance E2A transcription 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, it is 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 exchanges are supposed to be tested. For a better 

result promoter exchanges and general plasmid development of a multi-plasmid 

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 plasmid. However, 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 production, 

specifically with the intricate viral gene regulations, the drawn picture might look 

very different 6, 10, 16, 24 or 48 hours post transfection. Despite the costs and the 

labour intensity of this mRNA-extraction-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 titres. The 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 its potentially upregulated E2A transcription , caused by increased 

E4orf6/7 levels. This hypothesis might still hold true, but only at earlier time points 

and not 72 hours post transfection when it E2A mRNA levels were even below those 

of Helper 1.0. Furthermore, observing mRNA levels of AAV genes simultaneously 

would be more informative. Although impossible with the used RT-Onestep ddPCR 

approach, mRNA sequencing techniques, microarray-based system or the novel 

nano-string technology could be employed (Heller, 2002; Stutika et al., 2016; Tsang 

et al., 2017). 

6.4.4  Summary  

¶ Plasmids with reshuffled Helper gene arrangements created based on the 

design of Helper plasmid 2.0 

o Helper plasmid gene order and orientation influenced VG titre from 

1.08 to 1.83-fold compared to the control 

o Two of the best designs, Helper 3.8 and 3.10, were taken forward for 

further genetic engineering 

¶ Minimalization of E2A υȭ-UTR not compatible with E4orf6/7 

o Contrary to Helper 1.0 E2Amin1 diminished VG titres compared to the 

full E2A υȭ-UTR  

o Alternative incorporation of L4-33K/22K upstream of E2AȭÓ promoter 

is functional for high -titre rAAV production (Helper 3.8.1 / 3.10.1) 

¶ Synthetic biology techniques for bicistronic gene expression of Helper genes 

in transient triple transfection system were explored 

o IRES superior to P2A in present Helper plasmid 

o Bicistronic Helper gene expression requires E2A upstream of the E4 

and a strong promoter, confirming published results for stable cell 

lines 

Á Indication of the greater importance of E2A than E4 for 

enhanced rAAV production 

¶ 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 and orientation had substantial impacts on 

transcription levels and VG titres 
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o CMV promoter did not increase E2A transcription in comparison with 

E2E, regardless of position or intron presence 

o CMV promoter did increase E4 transcription drastically, but VG titres 

only marginally 

o Reduced mRNA levels did not consequently lead to lower VG titres 

Á Complex interactions and intricacy of the system require 

individual titration and multi -time point analysis of further 

components additional to E2A and 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 enables further  

improvements by genetic engineering. Surprisingly, the attempt to streamline E2AȭÓ 

υȭ-UTR to its essential element, L4-22K/33K, proved unsuccessful within the 

reshuffled Helper plasmids. However, an alternative strategy involving the insertion 

of the gene upstream of the E2A regulating promoter resulted in the production of 

robust rAAV genome titres. This modification also established a more dependable 

platform for future promoter substitutions. Notably, the successful integration of 

E2Amin1 into Helper 1.0 underscored that certain alterations to the plasmid system 

may not be universally applicable and could necessitate additional optimisation 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, the manipulation of 

polyA sites to finely tune transcriptional control and achieve optimal Helper 

component ratios. 

The application of bicistronic expression to E2A and E4orf6-6/7 demonstrated the 

feasibility of leveraging these synthetic biology tools within the Helper plasmid 

framework for transient rAAV production. Given further optimisation, these could 

prove valuable as they reduce the number of required promoters, at least if similar ly 

strong and simultaneous expressions of both Helper genes turned out to be ideal. 

The bicistronic Helper plasmids also highlighted the pivotal role of adequate E2A 

transcription and emphasize its significance in comparison to E4.  

Although the mRNA analysis indicated a similar trend in Helper gene expression, no 

experiments testing weak promoters or conditions that might diminish E4 

transcript levels have been conducted. Conceivably, both genes demand robust 

transcription, with a potential bias towards higher E2A transcript levels. Since the 

CMV promoter did not alter E2A transcript levels, the observation that gene order 

and orientation exert a substantial influence on mRNA levels underscores 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 mRNA 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. This would entail employing a diverse array 

of analytical techniques to investigate all pertinent components at various stages 

during production, offering deeper and more dependable insights. 
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6.5  Molecular Design for a 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 rAAV titres . 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 the multitude of their resulting proteins with 

promoters as unimpeded and 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 control. For the second task, the 

CMV promoter, renowned for its strength and ubiquitous utility , along with its TFRE 

composition and its cis-regulatory modules (CRMs) underwent in-depth analysis. A 

set of deletion variants of the CMV promoter was then constructed to exhibit distinct 

transcriptional strengths in HEK293 cells. While I contributed to some experimental 

work, scientific discussions, idea conceptualisations, and review and editing 

processes, it is important to note that the primary authorship and intellectual 

property belong to Dr. Yusuf Johari. Therefore, only the abstract of the co-authored 

article will be quoted and presented here, with the full article is presented in 8.2.2. 

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, Ayda Mayer, 

Adam J. Brown, David C. James 

Ȱ%ØÐÒÅÓÓÉÏÎ ÏÆ ÒÅÃÏÍÂÉÎÁÎÔ ÇÅÎÅÓ ÉÎ (%+ςωσ ÃÅÌÌÓ ÉÓ ÆÒÅÑÕÅÎÔÌÙ ÕÔÉÌÉÚÅÄ ÆÏÒ 

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 CMV-mediated transcriptional 

activation in HEK293 cells is unknown and consequently there are no strategies 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 TFREs (cis-

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 
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AhR:ARNT, CREB, E4F, Sp1, ZBED1, JunB, c-Rel, and NF-ʆ"Ȣ 7Å ÁÌÓÏ ÉÄÅÎÔÉÆÉÅÄ 

critical Sp1-dependent upstream activator elements near the transcriptional start 

site that were required for efficient transcription and YY1 and RBP-*ʆ ÂÉÎÄÉÎÇ ÓÉÔÅÓ 

that mediate transrepression. Our study shows for the first time that novel, compact 

CMV-derived 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 wild-ÔÙÐÅ ÃÏÕÎÔÅÒÐÁÒÔȢȱ 

Based on this work, particularly the identification  of active and repressive TFREs 

within  the CMV promoter in HEK293 cells, a suite of synthetic promoters was 

created following $ÒȢ *ÏÈÁÒÉȭÓ ÄÅÐÁÒÔÕÒÅ ÆÒÏÍ ÔÈÅ ÐÒÏÊÅÃÔȢ 4ÈÅ #-6 ÓÔÕÄÙ ÕÓÅÄ ÔÈÅ 

exact TFRE sequences from the CMV promoter for the 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, Oct, E2F), all of which exhibited higher transcriptional 

activity than the versions present in CMV (measured as relative fluorescence levels 

of GFP compared to GFP expressed with  a CMV promoter). Consequently, consensus 

sequences for the utilised TFREs, obtained from the JASPAR open-access database 

of transcription factor binding profiles, were employed instead of the original CMV-

derived sequences (Castro-Mondragon et al., 2022). The selected TFREs for the 

synthetic promoter assemblies were the 12 most active ones from the paper, along 

with  YY1 as a repressor. The following design principles were applied for the 

synthetic enhancer elements: (i) no spacers between TFREs, (ii) length <500 bp, (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, as depicted 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 in Figure 41 B. 
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A

 

B 

 
Figure 41: (A) Synthetic promoter designs conceptualised in this work. Indicated are sequence 
length in base pairs, relative to the transcription start site (TSS, +1). Important TFREs of the 
proximal promoter region here called extended core (-36 to -81 of CMV, orange, red, brown), CRM1 
(-48 to -195 of CMV, purple) and the alternative extended core (-1 to -110 of promoter consensus 
sequences, blue) are listed. These three mentioned proximal and core promoter regions were 
equipped with synthetic enhancer sequences of five different TFRE composition designs. Through 
random shuffling of TFREs a number of synthetic promoters (indicated in the depiction) of the five 
basic TFRE composition designs were created (by DNA synthesis). All designs utilized a CMV core 
promoter, except for the TPcore based ones (blue) which used a synthetically designed promoter 
core based on consensus sequences of mammalian core promoter elements. Top x TFREs refer to 
homotypic screening in Johari et al. (2022), ranked sequences listed in appendix Figure 51. 
(B) Relative transcriptional activity exhibited by synthetic promoters compared to the full CMV 
promoter. Synthetic promoter controlled GFP expressing reporter plasmids were transfected into 
HEK293 cells using PEIpro and cultured in 50 mL TubeSpin reactors (5 mL culture volume) at 
37°C. GFP expression was quantified 48 h post-transfection. Data are expressed as a percentage 
with respect to the GFP expression of a vector containing the CMV promoter. Data shown are the 
mean value and standard deviation of three independent biological replicates. 
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The previous study had demonstrated that the CMV CRM1, encompassing the CMV 

core promoter (48 to -36 bp relative to TSS (+1)) and the CMV proximal enhancer 

sequence up to -195 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 promoters were created with transcriptional highly 

active TFREs as 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). Nevertheless, due to the usage of 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 behaviour, 

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 designs. The extended CMV 

core used in the constructs contain the important TFREs Sp1-CREB/AF1-SP1. The 

Sp1 sites are also known as GC box and the CREB/ATF1 element is similar to the 

CAAT box, both of which are essential elements 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 transcription would be guaranteed. As expected, all 

synthetic promoters that were designed 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 CMV), meaning 

that the used enhancer elements only increased its activity by 2.5 to 6.8-fold, with 

TP16 performing best at 30% of CMV.  

In the CMV study, it was clearly shown that YY1 acts as a repressor in the CMV 

promoter. Exclusion of a YY1 containing segment of CMV (-241 to -373, CRM1+2+7, 

named CMV4.01) resulted in a 1.15-fold stronger CMV promoter. Surprisingly, 

almost all synthetic promoters containing YY1 outperformed the YY1-less 

constructs that were also designed based on the extended CMV core. TP16 even 

performed better than two of the CRM1-based constructs. The reason for this 

behaviour is uncertain. While YY1 is known, for example, from repȭÓ Ð5 promoter, 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 study (Lee et al., 1995; Pereira et al., 1997; Shi 

et al., 1991).  

The newly, fully synthetically designed TPcore and its proximal region, composed of 

mammalian consensus sequences of the specific regions and elements, did 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 their extCMVcore-based 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 particularly 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 HeLa cells (Juven-Gershon et al., 2006).  

In summary, transcriptional activity of the synthetic promoter library, based on the 

CMV analysis study, was lower than expected. Nevertheless, the library provided a 

range of different promoter strengths, which was one of the primary  goals. In 

combination with the CRM-CMV 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 CMV. These 

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 could also have been tested 

as co-transfections during rAAV transient triple transfections. This experimental 

setup should be considered for future promoter developments for rAAV plasmid 

systems, as Rep and Helper functions are known to modulate the transcriptional 

landscape to drastic measures (Babiss, 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 Based on 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 achieve 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 used with CMV promoters driving expression of both 

E2A and E4orf6-6/ 7 (Helper 4.0). Considering the promoter competition theory and 

the decreased VG titres observed with the double CMV Helper plasmid 2.3, an 

alternative version was also constructed with the heterologous E4 promoter for 

E4orf6-6/ 7 transcription (4.0E4P).  

The SV40pA signal was deemed slightly advantageous for E2A (see 3.10.2 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 and should 

therefore be attuned to each other (Al-Husini et al., 2020). With mult i gene 

containing plasmids like the Helper plasmid, transcriptional interference is of 

specific importance when genes are close together as it is the case in plasmids (S. 

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 SV40pA, the 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 stronger terminator is SV40EpA (Chao et al., 1999). 

To give both genes the same termination sequence, the same SV40EpA sequences 

were used downstream of each gene. The resulting structure was a double 

terminator of SV40EpA-SV40LpA due to the reverse complimentary nature of the 

two polyA sites. The constructed Helper plasmids are shown schematically 

alongside the corresponding VG titres 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 co-expression of AdV5 E1 and E1A with Helper plasmid 4.0 for rAAV8 
production. Schematic depiction of the Helper plasmids next to associated VG titres fold changes 
compared to control Helper plasmid 0.1. Arrows denote promoters, black dots poly A sequences. 
'ÅÎÅÓȟ υȭ ÁÎÄ σȭ-UTRs, but not promoters and polyA signals are drawn to approximate scale. Data 
shown as means with error bars indicating standard deviations of three biological replicates. 
Ordinary one-way ANOVA was performed for statistical analysis, pairwise comparisons shown with 
respect to Helper 3.10.4. 

The newly constructed Helper plasmid 4.0 did not perform as expected. VG titres 

were σσϷ ÌÏ×ÅÒ ÔÈÁÎ ÔÈÅ ÏÒÉÇÉÎÁÌ (ÅÌÐÅÒ ÐÌÁÓÍÉÄ πȢρ ɉÐ!$ɝ&φɊȢ In contrast, the 

parental plasmids 3.10.1 and 3.10.4 achieved much higher rAAV, reaching 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 for E4orf6-6/7  transcription in 

the CMV promoter worked equally to the E4 promoter to achieve high rAAV titres. 

Helper 4.0E4P also confirmed this hypothesis, showing only slightly, statistically not 

significant, decreased VG titres compared to 4.0 with its CMV promoter (one-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 used (v1.2) 

without any additional CMV promoters probably had an influence, and 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 titres. It  is possible that the SV40EpA is a 

weaker terminator than the endogenous AdV5 polyA sites, and the convergent 

transcription directions lead to polymerase collision (Hobson et al., 2012). 

Improvements could be achieved with a more spaced-out design or potentially  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 



Results and Discussion  

 

- 137 - 

promoter concept in mind. Further, convergent gene orientations can cause 

downregulation of gene expression through RNA interference pathways (Proudfoot, 

2016). 

The Helper 4.0 was also 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 promoters and AAV promoters. Particularly  

p5 transactivation of E1A is vital for efficient rAAV production. E1A enhances the 

activity of the E4 promoter 10 to 50-fold, E2E up to 21-fold and p5 up to 40-fold (L. 

S. Chang & Shenk, 1990; Gilardi & Perricaudet, 1986). E1B is essential for rAAV 

production in its cooperative role with E4orf6, but also to counteract E1A to 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 yet. Potentially varying copy 

numbers of E1 in HEK293 clones open the possibility of reduced rAAV production 

due to a lack of this gene. Additionally, 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 transcripts could be added. Previous studies have shown 

positive effects of overexpressing the E1A gene on rAAV production (Gu & 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 titres. The 

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 line. With sufficient E1 product 

levels in the system, overexpression might not have a benefit and could instead 

imbalance component stoichiometries. Secondly, E1A causes apoptosis, likely 

explaining the low rAAV titres with strong co-expression driven by a CMV promoter, 

either with E1A or the full E1 gene overexpressed (Rao et al., 1992; White, 2001b). 

Measurement of VCD during the production period and at the cell harvest could 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 transcription factor competition or 

depletion, as it was the third CMV promoter in the system. TFRE similarities of the 

AdV and AAV promoters to CMV, and particularly  the other CMV promoters in the 

system suggest that these promoters are likely affected by the use of multiple copies 

of the strong CMV promoter titrating away TFs from 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 decreased rAAV VG titres with Helper 4.0 instead 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 issue. Furthermore, 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 functional 

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 fine-tuned 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) it did not increase rAAV titres. Changes to the 

MAAP showed promising titre improvements, but its overexpression does not 

appear to be generally beneficial, as it only slightly enhanced VG titres but increased 

packaging of contaminant sequences (Galibert 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 helper HSV 1, 

which modulate the cell and transcriptional landscape for improved virus 

production, could provide benefits when co-expressed (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 optimise the system's component stoichiometries using 

heterologous promoters with defined transcriptional activities. Consequently, a new 

ÄÅÓÉÇÎ ÆÏÒ ÔÈÅ ÏÐÔÉÍÉÓÁÔÉÏÎ ÏÆ ÔÈÅ ÓÙÓÔÅÍÓȭ ÃÏÍÐÏÎÅÎÔ ÓÔÏÉÃÈÉÏÍÅÔÒÉÅÓ ÃÏÎÔÒÏÌÌÅÄ ÂÙ 

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 shortened VA RNA fragment separating 

E2A and E4 genes on different strands. For the E4 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 CRM-CMV library. The 

production results of rAAV8 with these plasmids are shown in Figure 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 CRM-CMV library. Schematic depiction of the 
Helper plasmids next to associated VG titres fold changes compared to control Helper plasmid 0.1. 
!ÒÒÏ×Ó ÄÅÎÏÔÅ ÐÒÏÍÏÔÅÒÓȟ ÂÌÁÃË ÄÏÔÓ ÐÏÌÙ ! ÓÅÑÕÅÎÃÅÓȢ 'ÅÎÅÓȟ υȭ ÁÎÄ σȭ-UTRs, but not promoters 
and polyA signals are drawn to approximate scale. The table indicates the promoter choices for E2A 
(- =TP17 / + =CRM1+4) and E4orf3+6+6/7 ( - =CRM1+2 / + =CMV4.01). VG titre data shown as means 
with error bars indicating standard deviations of three biological replicates. Ordinary one-way 
ANOVA was performed for statistical analysis. 

Unlike Helper 4.0, Helpers 4.1 to 4.4 did not use heterologous polyA signals. Instead, 

they employed heterologous promoters with much greater success, achieving 

rAAV8 titres beyond 2.5×1011 vg/mL with all four plasmid variations. The highest 

titres overall were achieved with Helper 4.3, yielding 3.7×1011 vg/mL or 2.86-fold 

ÏÆ ÔÈÅ ÐÁÒÅÎÔÁÌ ÂÁÓÅ ÐÌÁÓÍÉÄ (ÅÌÐÅÒ πȢρ ɉÐ!$ɝ&φɊȢ 4ÈÅ ÆÏÕÒ (ÅÌÐÅÒ ÐÌÁÓÍÉÄÓ ɉτȢρ-

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 CMV transcription activity were 

employed as stronger and weaker promoters, respectively. For E4orf3+6+6/7, 

#2-ρϹς ×ÉÔÈ χυϷ ÏÆ #-6ȭÓ ÔÒÁÎÓÃÒÉÐÔÉÏÎÁÌ ÁÃÔÉÖÉÔÙ ×ÁÓ ÕÓÅÄ ÁÓ ÔÈÅ ×ÅÁËÅÒ 

promoter, while the stronger option was the strongest promoter of the CRM-CMV 

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

2022). The promoter choices for the two genes were based on their endogenous 

promoters, E2E with 32% and E4P with 76% of the transcriptional activity of CMV. 

Consequently, the promoters for E4 were chosen to be stronger than those for E2A. 

However, the best performing combination, Helper 4.3, demonstrated that the 

stronger promoter option for E2A and the weaker one for E4orf3+6+6/7 yielded the 

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

Helpers with the weaker TP17 promoter for E2A transcription performed worse. 

These results are consistent with  the previous findings, showing that a too low or 

lower E2A transcription limits rAAV VG titres. However, unlike the SV40 promoter, 

the stronger CRM1+4 promoter did not diminish titres when used for E2A 

transcription, indicating sufficient expression of the DBP with promoters of 
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strengths at least 50% of CMV and higher. Most likely, unlike the SV40 promoter, 

there was no repression by E1A with the synthetic promoter, which is a favourable 

quality. Again, for the E4 gene, a difference in transcription  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 the E2A controlling 

promoter to find an optimal fine-tuning of promoter strengths for the two mRNA-

producing Helper genes. Ideally, such experiments should also include the AAV 

genes. 

6.5.2  Attempted Rearrangement of the Rep/Cap Plasmid for 

I 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 endogenous promoters, except for the p19 promoter located in the 5' part 

of rep. To control the small Reps, the second copy, placed downstream of cap, in the 

v5.4 derived plasmids, was equipped with the TP14 promoter. TP14 has a 

transcription activity of 27% relative to CMV, which is similar to the one of p5, the 

promoter that was previously used to control the transcription of the second 

smallRep copy in v5.4. Although the CMV version used in the Rep/Cap plasmids was 

not a full CMV, but a truncated version with a relative strength of 80% to the full 

CMV, it was possibly still too strong, as it was leading to the production of mainly 

empty capsids. On the other hand, the far weaker p40 promoter (50% CMV without 

AAV production) was too weak, achieving titres no higher than 30% of the control 

(Rep/Cap v1.2, see 8.2.4). To find a suitable cap driving promoter, the CRM-CMV 

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 non-transcriptionally active. It was replaced with the 

TPcore promoter, which has a transcriptional activity of 1% relative to CMV. Similar 

to the reshuffled Helper plasmids, the gene order of rep and cap was changed for the 

Rep/Cap v5.4 derived plasmids v7.2 and v7.3. The Rep/Cap v3.7 derived plasmid 

v6.2 also had the orientation of the cap gene changed to a convergent gene 

arrangement. 
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Figure 44: Rep/Cap plasmid designs with changed 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 VG titres 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, 
υȭ ÁÎÄ σȭ-UTRs, but not promoters and polyA signals are drawn to approximate scale. Data shown as 
means with error bars indicating standard deviations of three biological replicates. For statistical 
analysis an ordinary one-way ANOVA was performed, pairwise comparisons shown with respect to 
Rep/Cap plasmid 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 v3.7 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 Helper 0.1. The 

combination of Helper 4.0 with v3.7 or v5.4, increased rAAV VG titres by 1.65 and 

1.23-fold, respectively, compared to Rep/Cap v1.2 combined with Helper 0.1. 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 of cap in 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 v5.4. The decrease 

in empty capsids and TF competition could be the trigger for other mechanistic 

effects leading to the 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/Cap plasmids (6.1-7.3) generated much lower 

rAAV VG titres than their parental plasmids, achieving only 6-21% 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/Cap v6.2 would outperform Rep/Cap v6.1. Surprisingly, despite 

no statistical significance (ANOVA p=0.6116), Rep/Cap v6.2 exhibited a lower VG 

titre than v6.1. The presence of two adjacent polyA 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. It became necessary to identify 

which specific change was responsible and needed to be reverted. 

When analysing the results in combination with the results of the v5.4 derived 

Rep/Cap plasmids v7.1 and v7.2, two 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 for cap transcription 

activation might have caused a drop in VP production, which was initially favoured. 

However, the expression with the promoter exhibiting only 67% of CMV might have 

been too weak in the split Rep/Cap plasmid system, similar to p40 with its 50% 

activity respective to CMV. Further experiments should be conducted to 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 costs, low throughput, and labour 

intensity of these analysis with the PROGEN ELISA kits, available HPLC-based 

methods should be established first (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 cases, limiting  for AAV replication when 

expressed too low quantities, leading to no or low virus production (Sha et al., 2021). 

For instance, the results of the manuscript draft clearly indicated that the loss of 

Rep78 significantly reduced rAAV production. Therefore, it is conceivable that all 

the newly created Rep/Cap plasmids (v6.1-7.3) generated insufficient Rep78/68 

levels. It was hypothesised that Rep78/68 amounts are higher with the previous 



Results and Discussion  

 

- 143 - 

plasmids (v3.7 and v5.4) because of presence of the p5 promoter downstream of cap 

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 its natural function ɀ the transcription of Rep78/68. The Rep/Cap 

research presented in 6.3  ÄÅÍÏÎÓÔÒÁÔÅÓ ÔÈÅ ÄÏ×ÎÓÔÒÅÁÍ ÐυȭÓ beneficial effect on 

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 be extended to its function 

as a distant promoter for its gene products Rep78/68. This hypothesis does not 

interfere with th e lowered expression of the large Rep proteins which were reported 

previously (Xiao et al., 1998), but are rather caused by the increased distance 

between gene and promoter than the loss of the promoter. However, similarly low 

rAAV titres with plasmids containing other promoters, but still the full downstream 

p5 promoter and the remnant p5 in front of rep refuted this theory (6.5.3). It is to 

note that this function would only have been possible in plasmid transfections due 

to the circular nature. An experiment using linearized DNA could test if there is a 

benefit of the full p5 as a distant promoter for the expression of the large Rep 

protein . 

As it was hypothesised at the time that the lowered rAAV VG titres observed with 

Rep/Cap plasmids v6.1-7.3 might be attributed to the disruption of the potential p5 

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

constellation, further promoter exchanges for the rep and cap genes were planned 

with Rep/Cap v5.4. Furthermore, the p5 sequence was considered potentially 

valuable due to its contained CARE sequence. This 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 reducing the required 

ITR/GOI plasmid quantity. 

Lastly, no definitive statement can be made about the exchange of p5 to TP14 for the 

control of the second Rep52/40 copy. There might not be a substantial  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 considered as it could be as good or even advantageous. It 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 broad-ranging 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 goal is presented in 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 experiments (DOE) approach can 

be observed in Figure 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 genes, E2A and 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 of Figure 45 B. 
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A

 

B 

 

Figure 45: DOE approach for Rep/Cap and Helper plasmids with two levels of promoter strength 
for each individually controllable gene. (A) Schematic depiction of Rep/Cap plasmids next to 
associated VG titres fold changes compared to control Helper plasmid 0.1 combined with Rep/Cap 
ÖρȢςȢ !ÒÒÏ×Ó ÄÅÎÏÔÅ ÐÒÏÍÏÔÅÒÓȟ ÂÌÁÃË ÄÏÔÓ ÐÏÌÙ ! ÓÅÑÕÅÎÃÅÓȢ 'ÅÎÅÓȟ υȭ ÁÎÄ σȭ-UTRs, but not 
promoters and polyA signals are drawn to approximate scale. VG titre data shown as means with 
error bars indicating standard deviations of three biological replicates. Rep/Cap plasmids v8.1-8.8 
were transfected with the Helpers 4.1-4.4 in a DOE approach. Rep/Cap 8.9 (separated by dotted 
line) was transfected in parallel with the same Helper plasmids, its design and promoter use are 
depicted, too (TP11tp =10% of CMV). (B) The tables indicate the promoter setups of the individual 
Helper and Rep/Cap plasmids. Additionally, the two promoter levels (high + / low -) of each gene 
are translated to the respective promoters that were utilised and their relative strength compared 
to CMV. 

The combination of the Rep/Cap plasmids of the v8.x designs with the Helper 

plasmids of the 4.x designs revealed 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 v1.2 (Figure 43), ranging 

between 2.0 and 2.86-fold 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 0.46-fold 
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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 second Rep52/40 

copy was the better choice or 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 Reps aligns with previously published reports. 

TP16, with its similarly strength to p5, was found to be too strong, consistent with 

previous studies and 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 v8.9, employing a medium-strength 

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 be considered as possible trends, calling for further improvement and 

optimi sation experiments with more promoter choices per gene, which would be 

much more complex, but presumably more insightful.  

(ii) Increasing the transcription of VPs and other cap products appears logical for 

enhanced rAAV production. Other studies also recognized capsid production as a 

limiting step and exchanged the p40 promoter accordingly (Farris & Pintel, 2008; 

Vincent et al., 1997). It also makes sense that the weaker promoter was worse for 

cap, since the even less transcriptionally active p40 promoter was already inefficient 

for high rAAV titre production with  the split Rep/Cap system. Given the absolute 

importance of balanced cap transcription for efficient rAAV production, conducting 

further testing of various promoters dedicated to this gene to optimise VG titres and 

full/empty capsid ratios is advised for future experiments. 

(iii) 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 second Rep52/40 already did. However, the CMV2.01 promoter with its 87% 

activity of CMV seemed to be too strong. Fine-tuning of the promoter strength for 

the second smallRep ÃÏÐÙȟ ÂÅÔ×ÅÅÎ ÐυȭÓ σρϷ ÁÎÄ #-6ςȢπρȟ ÉÓ ÓÕÇÇÅÓÔÅÄ ÉÎ ÆÕÔÕÒÅ 

experiments. 
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(iv) Similar to the swaps of the endogenous E4 promoter for a CMV, no substantial 

changes in VG titre occurred with the two CMV-derived promoter variants. For 

E4orf3+6+6/7 a sufficiently high expression seems to be enough. Therefore, 

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 be observed.  

(v) Sufficiently strong transcription of E2A is 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 upper-level option CRM1+4 

(86% of CMV activity). Additional experiments for promoter fine-tuning are advised 

to use promoters with strengths only slightly below 80% of CMV and up to the 

strongest options available.  

Generally, the choice of employing very strong promoters, and multiple such 

promoters for various genes in the plasmid system, may not be ideal. While strong, 

often viral, consecutive promoters are effective for pharmaceutical productions that 

involve overexpressing one or two genes, a complex multi gene expression system 

like rAAV necessitates at least four or five promoters, in addition to the one for the 

GOI. Inevitably, competition for transcription factors (TFs) arises, potentially 

leading to deregulation and depletion of TFs required by crucial cellular 

ÃÏÍÐÏÎÅÎÔÓȟ ÓÕÃÈ ÁÓ ÐÏÌ ɿȟ ÔÈÅ -#- ÃÏÍÐÌÅØȟ ÁÎÄ ÃÏÍÐÏÎÅÎÔÓ ÏÆ ÔÈÅ ÔÒÁÎÓÃÒÉÐÔÉÏÎÁÌ 

machinery, all essential for AAV replication (Karreth et al., 2014; Munteanu et al., 

2010; Samulski & Muzyczka, 2014; Zabet & Adryan, 2013). Especially 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 issues, too strong promoters and TF competition. The observation 

that stronger promoter choices often outperformed others for specific genes may be 

attributed to competition among the promoters. Moreover, the CRM-CMV library 

and the synthetic TP promoter library share similar TFRE compositions. Although 

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 this complexity. Additionally, 

experiments with such a library might benefit from the utili sation of weak to 

medium-strength promoters, allowing more transcriptional activity for host cellular 

components, which are 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 of cap-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 preferable. The truncated 

CMV promoter, ×ÉÔÈ ψπϷ ÏÆ ÔÈÅ ÆÕÌÌ #-6ȭÓ ÁÃÔÉÖÉÔÙȟ ÍÁÉÎÌÙ produced empty capsids 

(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 6 hours 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. Time-shifted transfection of 

a cap only plasmid could be used, but retransfection of cells might turn out  

problematic. Alternatively, the use of inducible promoters or the creation of 

promoter circuits should be considered to design a system where components are 

produced in favourable stoichiometries and optimised quantities as needed, while 

being shut off when not required or beneficial (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 endeavours (Johari et al., 2022). Further 

development involving 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 reflect. Enhancing 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 executing 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 can significantly 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. A journal article titled 
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Ȱ)ÎÃÒÅÁÓÅÄ ÒÅÃÏÍÂÉÎÁÎÔ ÁÄÅÎÏ-associated virus production by HEK293 cells using 

ÓÍÁÌÌ ÍÏÌÅÃÕÌÅ ÃÈÅÍÉÃÁÌ ÁÄÄÉÔÉÖÅÓȱ ÒÅÓÕÌÔÅÄ ÏÕÔ ÏÆ ÔÈÉÓ ×ÏÒËȢ !Ó ×ÉÔÈ ÔÈÅ ÐÕÂÌÉÓÈÅÄ 

CMV promoter study, the main intellectual property of this process development 

focused publication 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 manuscript. Additionally , 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 in 8.2.3. 

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 

Ȱ2ÅÃÏÍÂÉÎÁÎÔ ÁÄÅÎÏ-associated virus (rAAV) has established itself as a highly 

efficacious gene delivery vector with a well characterised safety profile allowing 

broad clinical application. Recent successes in rAAV-mediated 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 to three-fold. Nocodazole (an anti-mitotic 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 triple-transfected HEK293 suspension 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 >2-fold higher compared to non-treated 

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 three-fold increase in genome titre compared to 

ÕÎÔÒÅÁÔÅÄ ÃÅÌÌÓȢȱ 

Building on the promising outcomes, yielding nearly three-fold increased rAAV 

VG titres 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 created during 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 are presented in Figure 46. 

 

Figure 46: Addition of small molecule chemical additives nocodazole (4 µM) and M344 (2.5 µM) 4 h 
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 72 h 
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 µM) 

and M344 (2.5 µM) 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 Helper 0.1 previously increased nearly three-fold due to the addition of 

nocodazole and M344, they decreased to 0.6-fold of the same plasmid combination 

without chemical additives. The only observed increase in VG titre was with the 

combination of Rep/Cap v5.4 and 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 Helper 0.1 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 were with in the expected ranges, with the combination of Rep/Cap 

v1.2 and Helper 4.3 reaching the highest titres of about 3×1011 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 demonstrated, once again, 

incompatibility of the high titre producing Helper plasmids with these Rep/Cap 

plasmids, resulting in VG titres decreased by 62% and 41% compared to Rep/Cap 

v1.2. The stronger, heterologous promoters used for E2A and E4orf3+6+6/7 in the 

Helper plasmid, in combination with the CMV promoter controlling cap 
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transcription , seemed to compete in a way that negatively affected rAAV output. 

Virus genome titres with chemical addition followed a similar trend as without. 

The observed reduction in titre could have two underlying reasons. Firstly, 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 partner 

REGENXBIO at 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 nocodazole and M344 are not as pronounced in the monoclonal cell 

ÌÉÎÅȢ (Ï×ÅÖÅÒȟ ÔÈÅÉÒ ÇÅÎÅÒÁÌ ÍÅÃÈÁÎÉÓÔÉÃ ÅÆÆÅÃÔÓ ×ÏÕÌÄ ÎÏÔ ÂÅ ÒÅÖÅÒÔÅÄȢ .ÏÃÏÄÁÚÏÌÅȭÓ 

improvement of transfection efficiency that was also shown in CHO cells, and its 

general cell cycle modulation, should 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 helper and 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, 2001b). This so to speak helper 

function for rAAV production should be universal, but the proliferation reduction of 

the molecule points out that adequate dosing is required (Meyer 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 M344. Unfortunately, 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 nature. Secondly, 

the chemical stock used might have contributed to the outcome. The same stock of 

chemicals, dissolved in DMSO and stored at -20°C, was used as in previous 

experiments. The time span between the experiments 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 re-evaluation of 

chemical concentrations and application timing, as the efficacy and application of 

these chemicals depend on cell line, process, and product parameters (M. J. Allen et 

al., 2008; Johari et al., 2015; W. C. Yang et al., 2014). 

Nocodazole exerts extensive modulation of the cellular environment, cell cycle and 

consequently the transcriptional landscape. As 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 promoters, new 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 engineering of the intricate multi -gene expression system 

that rAAV production entails. 

6.5.5  Summary  

¶ Based on the findings of the co-ÁÕÔÈÏÒÅÄ ÐÁÐÅÒ ȰEngineering of the CMV 

ÐÒÏÍÏÔÅÒ ÆÏÒ ÃÏÎÔÒÏÌÌÅÄ ÅØÐÒÅÓÓÉÏÎ ÏÆ ÒÅÃÏÍÂÉÎÁÎÔ ÇÅÎÅÓ ÉÎ (%+ςωσ ÃÅÌÌÓȱ 

(Johari et al., 2022), a library of synthetic promoters was created 

o TFRE extensions of CMV-CRM1 were not as strong as expected and 

showed repressive effects on CRM1 

Á TP17 achieved the highest activity at 49.3% of CMV, which is 

only 0.74-fold the activity of CRM1 (67% activity of CMV) 

o The synthetic promoters covered a wide range of activity, which is 

useful for transcription titration of the rAAV plasmid system 

o YY1, which repressed CMV, improved synthetic promoters' 

performance, outperforming YY1-less constructs 

¶ A Helper plasmid was designed to accommodate the exchange of promoters 

with minimal restrictions on promoter activity and efficient gene expression 

o A first approach used Helper 3.10.1 as the basis for optimising 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 

¶ Revised Helper plasmid designs based on Helper 3.8.1 created with synthetic 

promoters achieved improved rAAV titres (Helpers 4.1 to 4.4) 

o Helper 4.3 performing the best, with the combination of the stronger 

E2A promoter and the weaker promoter option for E4orf3+6+6/7 

Á Differences between Helper plasmids emphasise the 

importance of promoter selection for different genes 

¶ Attempted rearrangement of the Rep/Cap plasmid gene orders and 

orientations based on Rep/Cap plasmids v3.7 and v5.4 diminished rAAV 

VG titres  

o Utili sation of CRM1 promoter for cap and TPcore promoter for 

largeReps potentially with  negative impact on VG titres 
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¶ The combination of the highly functional Helper plasmids 4.1-4.4 with 

synthetic promoter containing Rep/Cap plasmids generated similarly low 

rAAV VG titres as the combination with the poorly performing Helper 4.0 

¶ Despite low titres and many statistically non-significant 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/Cap and Helper genes 

using a selection of promoters from the CMV-CRM and synthetic TP 

promoter libraries  

¶ The use of small molecule chemical additives to enhance rAAV production 

was explored in the co-authored article Ȱ)ÎÃÒÅÁÓÅÄ ÒÅÃÏÍÂÉÎÁÎÔ ÁÄÅÎÏȤ

associated virus production by HEK293 cells using small molecule chemical 

ÁÄÄÉÔÉÖÅÓȱ (Scarrott et al., 2023) 

¶ Results identifying nocodazole and M344 as positive regulators of rAAV8 

production with the original plasmid system in HEK293 cells (up to three-

fold increase) could not be reproduced in a 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 by the CMV-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 conditions. Nonetheless, a 

greater TFRE pool should be considered in an expansion of these synthetic promoter 

libraries to avoid transcription factor competition and depletion. Furthermore, 

innovative promoter modifications addressing time and concentration-dependent 

regulation needs of the transient rAAV production system were deliberated and 

should be considered for future promoter exchanges in Helper and 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 

3.7×1011 vg/mL . This achievement signifies a remarkable 2.86-fold VG titre 

ÅÌÅÖÁÔÉÏÎ ÃÏÍÐÁÒÅÄ ÔÏ ÔÈÅ ÉÎÉÔÉÁÌ ÐÌÁÓÍÉÄȟ (ÅÌÐÅÒ πȢρ ɉÐ!$ɝ&φɊȢ 4ÈÅ ÉÎÃÏÒÐÏÒÁÔÉÏÎ 

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 design of the plasmid and its transcriptional control might be possible, the 

current iteration already delivers a substantial advancement in industrial rAAV 

production. 

In contrast, the Rep/Cap plasmid designs 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, the separated 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 production, as highlighted 

by remarkable VG titre enhancements resulting from the media supplementation 

with  nocodazole and M344, are highly promising. Future endeavours should involve 

comprehensive screening for cell-modulating chemicals, providing a cost-effective 

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 current work. Consequently, the combination of likely 

synergetic small molecule chemicals and genetic engineering should be considered, 

as it holds the potential to amplify VG titres and enhance process control on various 

levels.  

  



Conclusion and Outlook  

 

- 155 - 

7  Conclusion and Outlook  

This PhD thesis represents a comprehensive investigation into the optimisation of 

recombinant adeno-associated virus (rAAV) production through systematic genetic 

engineering and synthetic biology methodologies. The primary research objective 

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 rAAV virus genome (VG) titres. 

While there is potential for further enhancements and promoter fine-tuning is still 

pending, the thought after plasmid system was successfully created. This novel 

system enables control of individual component expression, and its modular design 

simplifies genetic engineering. This new Rep/Cap and Helper plasmid system 

already exhibited a remarkable 1.8-fold increase in rAAV8 VG titres compared to the 

initial plasmid system. The combination of the most advanced Helper plasmid with  

the initial Rep/Cap plasmid resulted in even higher VG titres with a nearly threefold 

increase compared to the original configuration. 

The initial phase of this research involved the modernisation and streamlining of 

ÔÈÅ ×ÉÄÅÌÙ ÕÓÅÄ (ÅÌÐÅÒ ÐÌÁÓÍÉÄ Ð!$ɝ&φȢ 4Èese foundational modifications paved 

the way for subsequent experiments. Dissection and analysing the Helper plasmid 

unveiled L4-33K/22K in E2A's 5' UTR as a component of the Helper plasmid that 

serves AAV helper functions and enhances rAAV yields. Furthermore, 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 systems. Even though, the 

combination of these improved Helper genes required additional genetic 

modifications, they resulted in a highly advantageous Helper plasmid configuration. 

These structural improvements to the Helper plasmid and its genes represent 

important  knowledge about this plasmid and its genes for rAAV production, as well 

as valuable improvements. The commercial value of these enhancements is 

underscored by the inclusion of the E4 subset findings in the REGNEXBIO owned 

patent (P. Liu et al., 2023). 

To make well-informed design decisions, it would be ideal to know ÔÈÅ ÓÙÓÔÅÍÓȭ 

exact demands of specific component quantities. Implementing 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 

unsuccessful. Furthermore, it must be acknowledged in hindsight that an attempt of 

unravelling the complex interactions and component demands of rAAV production 

would necessitate significantly more comprehensive and detailed analytics. As a 

result, the strategy shifted towards a continued focus on changing and optimizing 

individual components of the system in an iterative manner 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 genes onto different plasmids remained valuable, 

pointing out their essential roles in rAAV production and foundational 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 sufficient helper 

gene expression, specifically of E2A, and gave an idea about transcription 

requirements. The need for strong E2A transcription was postulated as an attribute 

of high-titr e rAAV expression. However, mRNA analysis revealed that overall mRNA 

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 limited benefits 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 regulate E4 transcription. The effect of TF competition 

became evident when a CMV promoter was also used for E2A transcription, as E4P 

and multiple CMV promoters all require the same transcription factors. The use of a 

weaker promoter for cap to reduce empty capsid amounts decreased titres similar 

as the endogenous p40 promoter. If a configuration allowing high-titre 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 for cap is 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. 

 

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 2.9-fold VG titre increase. Data displayed as 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 CMV-based 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 up to this point with 3.7×1011 vg/ , which 

represents a 2.86-fold increase over the pÁÒÅÎÔÁÌ ÂÁÓÅ ÐÌÁÓÍÉÄ (ÅÌÐÅÒ πȢρ ɉÐ!$ɝ&φɊ. 

Additionally, this plasmid design stands out for its adaptability in genetic part 

exchange, distinguishing it from other Helper plasmids. Its 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 signals. As the full E2A υȭ-UTR was often 

beneficial for rAAV VG titres, it should be tested to reinstall it , and modify the 

promoter regardless of its distance. Also, Kozak and codon-optimisations could be 

considered. Apart from the further minimalization of the VA RNA fragment, the 

studyȭÓ ÔÈÏÒÏÕÇÈ analysis and subsequently optimisation of the Helper genes imply 

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 abolishing E4orf6/7 

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 

ÔÈÅ ÏÒÉÇÉÎÁÌ ÐÌÁÓÍÉÄȢ 4ÈÅ ÒÅÄÕÃÔÉÏÎ ÉÎ ÓÉÚÅȟ ÆÒÏÍ Ð!$ɝ&φͻÓ ρυȢψ ËÂ ÔÏ ψȢφ ËÂ ɉ(ÅÌÐÅÒ 

4.3), could also facilitate production using a different E. coli strain, distinct from the 

currently utilized NEBstable strain. The NEBstable strain was necessary due to 

ÐÌÁÓÍÉÄ ÒÅÐÌÉÃÁÔÉÏÎ ÉÓÓÕÅÓ ÉÎ $(υɻȢ )Æ ÔÈÅÓÅ ÉÓÓÕÅÓ ×ÅÒÅ ÐÒÉÍÁÒÉÌÙ ÌÉÎËÅÄ ÔÏ ÔÈÅ ÌÁÒÇÅ 
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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 costs. The implementation of the engineered 

Helper plasmids in industrial transfection processes could diminish upstream costs 

even more, due to their 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 $25000 per dose of 1×1014 VG/kg and a UPS cost amount of 

35% (Cameau et al., 2019; Lyle et al., 2023). 

To enhance VG titres 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 design should be considered, as 

the tandem sequence repĄcap is possibly not ideal for increased cap transcription. 

Comprehending the reasons behind the difficulties encountered in separating rep 

and cap genes 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 design to enhance performance and reach usability with 

different promoters is imperative. High capsid production capabilities hold promise, 

but packaging and expression control need refinement, potentially involving 

staggered cap transcription induction and very finely regulated expression of both 

Rep species and the different cap originated proteins. 

The exploration of synthetic promoters and chemical additives showcased 

promising avenues for boosting rAAV production. The synthetic promoter suites 

exhibited a spectrum of strengths, enabling precise transcriptional control, while 

small molecule additives demonstrated potential for enhancing VG titres. The 

created promoter libraries are valuable resources for future modifications to rAAV 

production systems, be it transient or stable manufacturing. Particularly, 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 of small molecules could amplify product 

titres for rAAV manufacturing, representing a non-viral approach to cell modulation. 

Utilisation of this cost efficient and effective way 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 slight changes on molecular genetic level can exert 

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 an imbalanced initial system was confirmed by the 

increased VG titres that were achieved through the alterations of genes, their 

positioning and promoters. Further fine-tuning of component quantities holds great 

potential to significantly enhance production capacities and qualities. To gain full 

control over the system, more fundamental work is imperative. 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 pathways. Such knowledge can 

then be leveraged to create optimised synthetic versions, in the form of controllable 

circuits, contributing to the development of a truly synthetically engineered rAAV 

production system. 

This project has established solid foundations for more advanced research and has 

already led to significant improvements in both the plasmid system itself and rAAV 

production yields. 

 



Conclusion and Outlook  

 

- 160 - 

  



Appendix  

 

- 161 - 

8  Appendix  

8.1  COVID - 19:  Research Project and Thesis I mpact  

The COVID-19 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 I was in the lucky position not to be restricted to work 

only from home during the first six months of the pandemic. Instead, I 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 SARS-COV-2 spike protein and optimize the production of this 

difficult to  express trimeric protein with 22 N-ÇÌÙÃÏÓÙÌÁÔÉÏÎ ÓÉÔÅÓȢ 4ÈÅ ÈÏÓÐÉÔÁÌȭÓ 

immunology department required the material to invent an ELISA based assay for 

antibodies against the virus. Basically, this was a first, plate-based, 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 spike protein 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 SARS-COV-2 infection. 

Preliminary tests of the ÈÏÓÐÉÔÁÌȭÓ ÉÍÍÕÎÏÌÏÇÙ ÄÅÐÁÒÔÍÅÎÔ ÓÈÏ×ÅÄ ÇÒÅÁÔÅÒ 

specificity for the spike protein than just 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 HEK293-transfectionbased 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. CHO cells were then used to generate a cell pool with stably 

integrated, consecutive expressed spike gene copies. The creation of these cells and 

a process optimisation with them was the primary area of responsibility of Dr. 

Stephen Jaffé and me, yielding a maximum of 53 mg/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., 2021). The 

ÐÒÏÄÕÃÅÄ ÓÐÉËÅ ÐÒÏÔÅÉÎ ×ÁÓ ÁÆÔÅÒ×ÁÒÄÓ ÐÕÒÉÆÉÅÄ ÂÙ $ÒȢ 4ÕÃË 3ÅÎÇ 7ÏÎÇȭÓ ÌÁÂ ÁÎÄ 

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 composed and uploaded to the biorxiv by the Wong group (Lan Tee et 

al., 2020). Since, this work during the pandemic is likely one of my most significant 

contributions to the scientific community with an immediate real-life impact on my 

life and also represents timewise a significant part of my PhD, the resulting research 

article is attached below 8.2.1. 
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8.2  Co- Authored Papers  

8.2.1  Production of trimeric SARS - CoV - 2 spike protein by CHO 

cells for serological COVID - 19 testing  
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