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Resumo 

O principal objetivo deste trabalho foi instituir os pilares para estabelecer linhas celulares de 

empacotamento de AAV baseadas em 293 contendo um mecanismo para controlar a citotoxicidade da 

Rep, através do silenciamento por shRNA e do sistema Cre/loxP.  

Quatro shRNAs direcionados para a rep foram desenhados e clonados individualmente entre 

sequências loxP. Na sua presença, a expressão de rep será silenciada. Após infeção com um 

adenovírus que expresse Cre (AdV-Cre), a sequência de shRNA deverá ser excisada, reconstituindo a 

expressão de rep. 

Este sistema foi testado em expressão transiente e estável e neste último por infeção com 

adenovírus. Em transiente, os níveis de rep foram semelhantes, independentemente da presença de 

shRNA. Na presença de rep, a expressão de cap foi 5 vezes superior. As populações estáveis 

apresentaram entre 0 e 1 cópia dos elementos genéticos do plasmídeo de empacotamento. A 

expressão de cap foi inferior à transiente. Após infeção com AdV-Cre, ocorreu amplificação de rep-cap 

na população controlo que expressa rep-cap (sem shRNA). No entanto, nas populações que expressam 

shRNA, os níveis de rep permaneceram baixos antes e após infeção. Assim, não foi possível validar a 

eficiência dos shRNAs. Neste trabalho conclui-se que será necessário integrar o rep em múltiplas 

cópias ou num locus de elevada expressão. Globalmente, esta tese contribuiu para estabelecer 

métodos essenciais, assim como para gerar conhecimento que serão utilizados no desenvolvimento de 

linhas produtoras de AAVs de elevadas produtividades, nomeadamente, através do aperfeiçoamento 

do desenho, seleção e entrega das cassetes de expressão de shRNAs e rep-cap. 

  

Palavras-chave: vírus adeno-associado, linha celular de empacotamento de AAV, células 293, 

citotoxicidade da Rep, shRNA, sistema Cre/loxP 
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Abstract 

The main goal of this work was to settle the pillars for establishing stable AAV packaging 293 

based cell lines harbouring a mechanism to control Rep induced cytotoxicity, based on shRNA-mediated 

silencing and the Cre/loxP system.  

Four different rep-silencing shRNAs were successfully designed and cloned separately between 

loxP sites. In their presence, rep expression should be silenced. Infection with an adenovirus expressing 

Cre (AdV-Cre) will excise the shRNA-coding sequence reconstituting rep expression. 

The system was tested in transient and stable expression and in the latter challenged through 

AdV infection. In transient, rep mRNA levels showed to be similar in all transfected cells, regardless of 

shRNA presence. In the presence of rep, cap expression was 5-fold higher than rep. The selected stable 

populations had integrated copies of packaging plasmid components ranging from 0 to 1 and cap 

expression was lower, when compared to transient. After AdV-Cre infection of the stable control 

population harbouring rep and cap without shRNA, we observed an increase in rep-cap levels. However, 

in the rep-silenced populations, rep mRNA levels remained low before and after infection. Thus, it was 

not possible to validate the silencing effect of each shRNA. In this work we conclude that either multiple 

copies or high expressing locus should be pursued to express rep. Overall this work contributed to 

establish important methods and generated knowledge that will be used to establish high producer AAV 

cell lines, namely through the further improvement of the design, selection and delivery of the shRNAs 

and rep-cap expression cassettes.  

 

Keywords: adeno-associated virus, AAV packaging cell line, 293 cells, Rep-induced 

cytotoxicity, shRNA interference, Cre/loxP system. 
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1 Introduction 

1.1 Fundamentals of adeno-associated virus biology  

 Discovery and classification  

In 1965, Atchinson and colleagues reported the existence of small virus-like particles in 

preparations of simian adenovirus. These were shown to be antigenically different from adenovirus 

(AdV) and replication-defective, since particle production, as well as cell escape, relied on AdV co-

infection. Hence, these particles were named adeno-associated virus (AAV) [1]. Two years later, AAV 

was also found in human isolates [2]. 

AAV belongs to the Parvoviridae family that is divided into two subfamilies: Parvovirinae, which 

infects vertebrates, and Densovirinae, which infects only invertebrates [2]. The subfamily Parvovirinae 

contains 8 genera: Amdoparvovirus, Aveparvovirus, Bocaparvovirus, Copinaparvovirus, 

Dependoparvovirus, Erythroparvovirus, Protoparvovirus and Tetraparvovirus [3]. AAVs belong to the 

genus  Dependoparvovirus and only replicate in the presence of a helper virus, such as AdV, herpes 

simplex virus (HSV) or cytomegalovirus (CMV) [4]. 

 

 AAV infection  

AAV is generally considered non-pathogenic since it has not been unequivocally associated 

with any human pathology [5]. AAV persistence requires latency in specialized cells in order to evade 

the host immune system until viral spread becomes possible. Reactivation can be induced by different 

stimuli, such as infection with a helper virus or cellular stress [6], [7]. In vivo, wild-type (wt) AAV2 has 

been detected in 5% of human tissue samples, mainly in circular episomal (extrachromosomal) form, in 

a head-to-tail array with deletions and rearrangements in the viral inverted terminal repeats (ITRs). 

Additionally, one integration event was shown in chromosome 1 [8].  

In cell culture, wt AAV2 displays a biphasic life cycle: a latent phase and a lytic phase. AAV can 

establish latency by integration in chromosome 19 (q13.4) in a specific site termed adeno-associated 

virus integration site 1 (AAVS1) [9] in a tandem head-to-tail conformation, mediated by the AAV ITRs 

and the non-structural viral Rep proteins [10]. The lytic phase begins when cells containing AAV are co-

infected with a helper virus. After the excision of the provirus from the host genome, AAV DNA 

replication, viral gene expression, protein production and packaging occur. Finally, the assembled virion 

is released by helper virus-induced lysis [11]. 

As discussed in more detail in section 1.2, recombinant AAV (rAAV) vectors, used in gene 

therapies, do not code for Rep proteins (required for integration), so genome integration is greatly 

reduced. Therefore, rAAV are predominantly maintained episomally [12], [13]. However, vector 

integration can still occur through homologous and non-homologous recombination [14]. 
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 AAV genome 

AAV is an icosahedral nonenveloped virus (18 – 26 nm) with a single-stranded DNA (ssDNA) 

genome of 4.7 kilobases (kb), which can encapsidate the sense or antisense strand. The viral genome 

(Figure 1.1) is flanked by ITRs of 145 base pairs (bp) [5]. These structures are composed of a 125 bp 

palindromic sequence [11] that forms a T-shaped hairpin by complementarity and contain cis-elements, 

such as the rep-binding site (RBS) and terminal resolution site (trs), necessary for replication and 

packaging [4]. The remaining 20 nucleotides are named the D-sequence [11] (Figure 1.2).  

 

Figure 1.1: Schematic representation of the wt AAV2 genome (created with BioRender). wt AAV2 genome is 
flanked by ITRs and contains three promoters (p5, p19 and p40) and two genes (rep and cap). p5 controls the 
expression of variants Rep78/68 while p19 promotes the expression of Rep52/40. The p40 promoter initiates cap 
gene expression where VP1, VP2 and VP3 are originated from alternative splicing and leaky scanning. VP2 is 
expressed from a non-canonical start codon (ACG). An alternate open reading frame (ORF) in the cap gene codes 
for AAP. 

There are three promoters, named after their map position in the genome: p5, p19 and p40, the 

first two regulate rep gene expression and the latter cap and AAP (assembly-activating protein) gene 

expression [5] (Figure 1.1).  

 

Figure 1.2: ITR illustrative scheme [15]. ITRs are T-shaped palindromic sequences with 145 bp containing several 
key elements for AAV replication and packaging: RBE/RBS and trs. The last 20 nucleotides are known as the D-
sequence (D). 

The rep gene encodes four non-structural replication proteins, the Rep proteins, designated by 

their molecular weight. The major, Rep78 and Rep68, are expressed from promoter p5 whereas p19 

activates the transcription of the smaller Rep proteins, Rep52 and Rep40 [11]. Unspliced mRNAs will 

encode for Rep78 and Rep52 while spliced ones will originate Rep68 and Rep40 [4]. Rep78/68 possess 

helicase and ATPase activity, as well as a site-specific endonuclease activity, which plays a crucial role 
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in DNA replication and site-specific integration into the host genome [15]. These proteins are required 

for fundamentally every phase of the AAV replication phase, including DNA replication [16], [17], site-

specific integration [7], integrated genome excision [18] and regulation of cellular and viral promoters 

[19]. Rep52/40 mediate the accumulation and packaging of the ssDNA genome into the capsid, thus 

exhibiting helicase (3’ – 5’) and ATPase activity [20], [21].  

In the absence of helper virus, it has been documented that Rep proteins repress p5, p19 and 

other heterologous promoters [22]–[25]. This repression is mostly achieved through the binding of 

Rep78/68 to p5 and other cellular proteins, such as YY1 and MLTF [19], [26]. In the presence of AdV 

co-infection, Rep can transactivate the transcription of all three AAV promoters, acting as both a 

repressor and an activator [19], [27], [28]. This feedback loop regulation can aid in controlling Rep-

induced cytotoxicity since it has been reported that Rep78 expression induces cell apoptosis mediated 

by caspase-3 and an accumulation of cells in the G1 phase [29], [30].  

The p40 promoter controls the expression of the cap gene, coding for the three viral proteins 

present in the icosahedral capsid: VP1, VP2 and VP3. Alternative splicing generates major and minor 

spliced products. VP1 is transcribed from minor spliced mRNA and major spliced products originate VP2 

and VP3. The VP2 is initiated with a non-canonical start codon (ACG). This mechanism is related to 

their abundance in the mature virion (VP1:VP2:VP3 – 1:1:10) [31], [32] 

The N-termini of VP1 possesses phospholipase A2 activity (PLA2), which is required for 

infectivity and endosomal escape [33], [34]. As for VP2, it was demonstrated to be nonessential for 

assembly and infectivity [35] but necessary for nuclear transport [36]. The VP3 capsid protein is 

composed of conserved β-Barrel motifs with antiparallel β-sheets, where the intra-strand loops are 

variable among serotypes [37]. This will determine receptor usage and serology [4].  

Sonntag et al. (2010) showed the existence of an alternative ORF in the cap gene, which from 

a non-conventional translation start site (CTG), coded for a 23 kilodalton (kDa) protein named AAP. It 

locates in the host cell nucleus and targets newly synthesized capsid proteins to this organelle, also 

participating in the assembly reaction and capsid stability [38], [39]. 

In 1999, at the far end (3929-4393 nucleotides) of the AAV genome, a gene named X was 

identified as well as a possible new promoter, the p81 [40], [41]. It has been suggested that it might have 

a role in AAV replication [42]. Additionally, in 2019 was detected a frameshift gene in the VP1 region 

coding for a protein named MAAP (membrane-associated accessory protein) which is hypothesized to 

have a role in viral production [43]. Further studies are still warranted to confirm the importance of these 

two proteins in the AAV life cycle. 

 

 AAV virion and serotypes  

The AAV2 icosahedral capsid is composed of 60 subunits of VP1, VP2 and VP3 in a 1:1:10 

molar ratio [4]. The function of the capsid is to protect the virion genome, serve as an intermediate for 

cell surface receptor binding as well as to facilitate intracellular viral trafficking [11].  

The structural topology of the capsid contains pores at each 5-fold axis, depressions at each 2-

fold axis and three protrusions that surround each 3-fold axis [44]. The pores serve as an exchange 

intermediate between the interior and the outside, such as for ssDNA packaging mediated by Rep 
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proteins [45]. Additionally, each VP has a core region that contains variable regions (VR), which 

determine serotype and are thought to control cellular tropism and transduction efficiency [11]. Currently, 

13 AAV serotypes have been isolated [46]. Table 1.1 shows data regarding each serotype, divided by 

their origin, primary receptors, and tropism. The existence of serotypes is of great importance for gene 

therapy since it allows the selective transduction of specific cell types.  

 

Table 1.1: AAV Serotypes – origin, primary receptors and tropism. 

Serotype Origin [11], [47] Primary receptor [46] Tropism [11], [48]–[51] 

AAV1 Non-human primate  SIA 
CNS, heart, RPE, Skeletal 

muscle, intestine 

 
AAV2 

 
Human  HSPG 

CNS, kidney, photoreceptor 
cells, RPE 

AAV3 Non-human  HSPG Inner ear 

AAV4 Non-human  SIA CNS, lung, RPE 

AAV5 Human  SIA 
CNS, lung, photoreceptor cells, 

RPE, intestine 

AAV6 Human  HSPG; SIA 
 

Lung, skeletal muscle, bone 
marrow 

AAV7 Non-human primate  N.D. Liver, lung 

AAV8 Non-human primate  N.D. 
CNS, heart, liver, pancreas, 
photoreceptor cells, RPE, 

skeletal muscle 

AAV9 Human  GAL-SIA 
CNS, heart, liver, lung, skeletal 

muscle, brain, fat 

AAV10 Non-human primate  N.D. RPE 

AAV11 Non-human primate  N.D. N.D. 

AAV12 Non-human primate  N.D. N.D. 

AAV13 Non-human primate  HSPG N.D. 

SIA, α2-3 and α2–6 N-linked sialic acid; HSPG, Heparan sulfate proteoglycans; GAL-SIA, Terminal N-linked galactose of 

sialic acid; CNS, central nervous system; RPE, Retinal Pigment Epithelium; N.D., not determined. 

 

Cell entry of non-enveloped viruses involves the interaction of the capsid with cell surface 

glycosaminoglycan receptors. Interactions with secondary co-receptors appear to dictate intracellular 

trafficking [48]. In 2019, a new transmembrane protein, termed AAV receptor (AAVR) was reported to 

serve as a critical host factor for all serotypes tested (AAV1, 2, 3B, 5, 6, 8 and 9). This indicated AAVR 

as a universal receptor for AAV infection [52].  

Classically, AAV is accepted as a non-pathogenic virus, however, it can elicit immune responses 

(extensively reviewed in [53]). Epidemiological studies have shown that 40 – 80% of the human 

population is seropositive for antibodies against AAV [54]. Despite the existent immunity, the most used 
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rAAV serotypes are the ones isolated from natural sources without any artificial modification due to their 

promising clinical features. However, to aid in immune system evasion, generate specific tropism and 

increase stability, different strategies of AAV capsid engineering can be applied [15], [55].  

 

 AAV cell entry and replication  

AAV infection consists of a dynamic set of processes that can be divided into attachment to the 

cell surface, internalization, endosomal trafficking, nuclear import and gene expression/replication [11]. 

In this section, AAV2 cell entry and replication will be described since it is the most well-known and 

studied serotype. 

 

Figure 1.3: Illustrative scheme of AAV cell entry and transduction (created with BioRender). (1) Cell 
attachment of the virion through receptor binding; (2)  AAV internalization mediated by clathrin-coated pits; (3) AAV 
trafficking through early endosomes; (4) AAV trafficking through the Golgi complex; (5) AAV nuclear entry; (6) AAV 
capsid uncoating, genome release and replication in the nucleus.  

The first step in viral entry is the attachment of the viral capsid to the target cell’s receptors 

(Figure 1.3 – (1)). When it comes to cellular receptors, glycan conjugates are the primary sources. O- 

and N-linked sugars, as well as proteins, serve as co-receptors [11]. AAVs are rapidly internalized 

through receptor-mediated endocytosis from clathrin-coated pits associated with dynamin (Figure 1.3 – 

(2)) [56]. Then, they transverse to the cytoplasmic space through early endosomes (Figure 1.3 – (3)) 

[57] in which the acidic pH (6.0 - 5.5) induces conformational changes in the VP1/VP2 capsid region, 

exposing the PLA2 domain required for endosomal escape and the nuclear localization signal [58]. 

Afterwards, the virions can circulate through the Golgi complex (Figure 1.3 – (4)) [59] and lysosome 

[57]. Then, the intact AAV virion enters the nucleus through the nuclear pore complex (NPC) (Figure 

1.3 – (5)) by the action of nuclear localization signals in the N-termini of AAV VP1 and VP2 [36]. It is 

suggested that this mechanism involves components of the canonical nuclear import pathway, such as 

the NPC and importins [60] or even host cell caspases, involved in nuclear envelope breakdown during 

apoptosis [60]. Often, AAVs are sequestered by autophagosomes or are degraded in proteasomes [61]. 
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AAV genome replication consists in unidirectional strand-displacement replication and can be 

divided into unidirectional DNA synthesis and terminal resolution, as exemplified in Figure 1.4. The ITRs 

form a double hairpin structure that provides a base-paired 3’-hydroxyl group (replication primer), from 

which unidirectional DNA synthesis can occur (Figure 1.4 – (1)). It is believed that helper viruses and/or 

cellular machinery mediate this step [11], [62]. It is suggested that replication factor C (RFC), 

proliferating cell nuclear antigen (PCNA), DNA polymerase δ [63] and minichromosome maintenance 

(MCM) complex play an important role in viral replication [64]. It was demonstrated that Rep proteins 

interact with several cellular proteins, such as the MCM complex (DNA replication), RCN1 (membrane 

transport), SMC2 (chromatin dynamics), EDD1 (ubiquitin ligase), IRS4 (signal transduction), and FUS 

(splicing) [65]. Once the AAV double-stranded DNA (dsDNA) is synthesized, terminal resolution occurs. 

The large Rep78/68 proteins specifically bind to the RBS and generate a strand-specific nick at the trs, 

which originates another 3’-hydroxyl primer (Figure 1.4 – (2)). Then, the ITR is unwound also by 

Rep78/68 and is replicated (Figure 1.4 – (3)). Afterwards, the ITR is reconfigured to its hairpin structure 

(Figure 1.4 – (4)) and the 3’-OH primer will lead strand displacement synthesis using cellular complexes 

[66]–[68] (Figure 1.4 – (5)). The replication process can generate either a double or single-stranded 

AAV genome. The first one would serve as a replication template whereas the last would be for genome 

packaging [11].  

Capsid assembly consists of two steps, first, the empty capsids are rapidly formed and then 

become slowly packaged with AAV ssDNA [69]. Both sense or antisense strands are packaged with the 

same frequency and efficiency through the five-fold axis capsid pore by a Rep-mediated process [11], 

[70].  

As previously mentioned, for a productive AAV infection helper functions are needed to induce 

changes in the cellular environment. However, it has been reported that AAV replication can occur 

independently in specific cells, such as keratinocytes [71]. Additionally, it was shown that purified nuclei 

from HEK 293 (293) and NIH3T3 cells contain all the machinery necessary for uncoating and viral 

second-strand DNA synthesis, even in the absence of a helper virus [72]. 
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Figure 1.4: Model of AAV DNA replication by unidirectional strand-displacement (Adapted from [73]). (1) 
The ITRs provide a base-paired hydroxyl group from which unidirectional DNA synthesis occurs. (2) Rep-specific 
nicking on the trs forms a new free 3’-hydroxyl group (3) from which the ITRs are replicated in a process mediated 
by Rep78/68, named terminal resolution. (4) After ITR renaturation, the AAV genome is elongated by single-strand 

displacement and the newly synthesized ITR is renatured into a terminal hairpin (5). 

 Viral helper functions 

1.1.6.1 Adenovirus  

The genes from AdV that provide helper functions have been identified: E1a, E1b, E2 and E4 

together with viral associated RNA (VA RNA) [4]. E1a is the first gene expressed during AdV infection 

and will transcriptionally activate other AdV early genes [74]. In AAV replication, E1a gene products bind 

to a cellular transcriptional repressor (YY1) [26] to control viral p5 and p19 promoters [74], [75], relieving 

its repression which leads to the expression of non-structural Rep proteins. It has been shown that E1b 

together with E4 are required for efficient and timely accumulation of AAV DNA, mRNA and proteins 

[76]. Additionally, these proteins also degrade the MRN complex, composed of DNA repair proteins, 

capable of limiting AAV transduction [77]. The E2a gene codes for a ssDNA binding protein present in 

replication centres that recruits AAV genome into the nucleus [78]. As for VA RNA, it inhibits the 

phosphorylation of interferon-inducible eLF-2 protein kinase, a cellular anti-viral mechanism that blocks 

viral protein translation, stimulating the expression of AAV proteins [79], [80]. 

 

1.1.6.2 Herpes Simplex Virus 

Initially, a group of proteins was identified as being able to induce AAV replication: the 

helicase/primase complex (UL5/8/52) and the ssDNA-Binding Protein, ICP8 [81]. It was shown that ICP8 

forms a complex with AAV Rep78 and AAV DNA to recruit them to subnuclear HSV replication 
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compartments [82]. Furthermore, it was demonstrated that HSV primase activity (UL52) is not necessary 

for AAV DNA replication, whereas the presence of a functional UL5 helicase increases replication 

efficiency [83]. It was also shown that immediate-early ICP0 protein, a known activator of viral gene 

expression, could promote rep gene transcription in latently infected cells with wt AAV2 [84]. Alazard-

Dany et al. (2009) [85] later demonstrated that HSV proteins ICP4 and ICP22 showed to have a 

synergistic effect with ICP0 and that the HSV-1 DNA polymerase complex (UL30/UL42) also contributes 

to enhancing AAV DNA replication.  

 

1.2 Recombinant AAV as a viral vector in gene therapy  

Gene therapy can be generally defined as the transference of genetic material, with the purpose 

of regulating, repairing, replacing, adding or deleting a genetic sequence to provide therapeutic or 

prophylactic effects [86]. Amid the available systems for gene delivery, AAV has been gaining increased 

attention due to its non-pathogenic nature, low immune and inflammatory responses, reduced toxicity 

[87], [88] and capability of long-term transgene expression in humans [89], [90]. Additionally, this virus 

can transduce dividing and non-dividing cells and the existence of several serotypes allows for tissue 

specificity and different infectivity efficiencies [91], [92]. Nevertheless, this vector also presents some 

challenges such as its small packaging capacity (< 5 kb) [93], potential pre-existing patient adaptive 

immune response [54] and possible risks of insertional mutagenesis [94].   

Historically, in 1982 Samulski et al. cloned the AAV2 genome in a pBR322 plasmid and were 

able to produce AAV particles when transfecting human cells and using AdV type 5 (AdV5) as a helper 

virus [95]. Additional studies demonstrated that was possible to delete AAV rep and cap sequences 

while keeping the ITRs to ensure genome replication and packaging. AAV genes could be 

complemented in trans, preventing the packaging of wt AAV [96], [97]. Thus, vectors containing only the 

ITRs became the standard approach for AAV-mediated gene therapy [98] (Figure 1.5). 

 

Figure 1.5: wt AAV versus AAV vector - genome comparison. In AAV vectors, the rep and cap genes are 
replaced by a transgene expression cassette and their functions are provided in trans. 

AAV vectors can be used in different gene therapy strategies, namely gene addition, editing and 

silencing. Gene addition consists in gene delivery to compensate for a loss of function caused by a 

genetic mutation. It is suitable for targeting monogenic diseases [99] and was successfully used in gene 

therapy treatments performed with Glybera and Luxturna, which will be further described in this section. 

For AAV vector-mediated gene editing, homologous recombination is performed through a transgene 

donor sequence with homology arms. To enhance efficiency and specificity, AAV vectors can be coupled 

with targeted nucleases (reviewed in [100]). As for gene silencing, the use of rAAV combined with RNA 

interference (RNAi) approaches, either short hairpin RNA (shRNA) or micro RNA (miRNA), can tackle 

diseases resulting from both loss-of-function or toxic gain-of-function [101], such as in Huntington’s 
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disease [102]. Furthermore, several strategies have been developed to overcome some of the inherent 

limitations of rAAV. Expanding AAV vector packaging capacity can be performed through the use of two 

rAAV coupled with homologous recombination (overlapping dual vectors), trans-splicing (trans-splicing 

dual vectors) or both (hybrid dual vectors) – reviewed in [103]. To overcome the limiting step that is 

dsDNA synthesis [104], self-complementary AAVs (scAAV), in which the uncoated DNA folds into a 

double strand, were also generated (reviewed in [105]). 

The therapeutic success of AAV vectors correlates with the increase of approved clinical trials 

in the last years, in a variety of pathologies, such as Parkinson’s disease [106], retinal disorders [107], 

Alzheimer’s disease [108] and Duchenne’s muscular dystrophy [109]. One important hallmark was the 

approval of the first gene therapy product, Glybera (alipogene tiparvovec), a rAAV1 carrying the 

lipoprotein lipase gene for the treatment of lipoprotein lipase deficiency (LPLD) by the European 

Medicines Agency (EMA) [110]. From there on, several AAV based gene therapy products have also 

been approved, such as Luxturna (voretigene neparovec-rzyl) an AAV2 containing a normal rpe65 gene 

for the treatment of Leber congenital amaurosis (LCA) [111] and Zolgensma (onasemnogene 

abeparvovec-xioi) a self-complementary AAV9 (scAAV9) based therapy to deliver a healthy smn gene 

to patients with spinal muscular atrophy type 1 (SMA1) [112].  

 

1.3 rAAV manufacturing platforms  

In a clinical setting, the application of rAAV should be supported by the creation of production 

and purification systems capable of generating a final product at acceptable costs that consistently 

presents high purity and potency. In vivo, viral vector dose requirements can reach the 1x1015 to 1x1016 

viral genome (VG) range [113]. For example, in an AAV-FIX based gene therapy study (NCT00979238) 

doses of 2x1011, 6x1011 and 10x1012 VG/kg were implemented [114]. The manufacture of such amounts, 

while being feasible remains a challenge for the currently available production methods [113]. Currently, 

rAAV vectors can be produced in insect cells using a baculovirus expression vector system (BEVS) or, 

in mammalian cells either using transient transfection protocols, rHSV infection (harbouring AAV 

components) or through packaging or producer cell lines followed by AdV infection (Figure 1.6).  

 

 

Figure 1.6: Representative scheme of the available rAAV manufacturing systems (created with BioRender). 
AAV vectors can be produced without helper viruses, using transient transfection protocols or with the use of helper 
viruses, namely with insect cells infected with baculovirus through BEVS, rHSV infection of mammalian cells or by 

the establishment of packaging/producer mammalian stable cell lines. 

 

https://www.zolgensma.com/
https://www.zolgensma.com/
https://www.zolgensma.com/
https://www.zolgensma.com/
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 Transient transfection of mammalian cells 

One of the most used methods for rAAV production is the plasmid transient transfection of 293 

or 293T mammalian cells, which constitutively express AdV E1a and E1b genes. This system, devoid 

of helper virus, requires three main components: (a) the transgene vector, with the gene of interest (GOI) 

and its regulatory elements (promoter, polyA, introns, etc) flanked by AAV ITRs; (b) the AAV rep and 

cap genes and (c) additional helper functions provided by other AdV helper genes, such as E2a, E4 and 

VA RNA [115].  

Most often, rAAVs are produced by a triple transfection approach using one vector plasmid with 

the GOI and two helper plasmids containing AAV rep-cap genes or AdV genes. This approach has 

evolved to a double transfection where only one helper plasmid (containing rep, cap and AdV-helper 

genes) is used [25]. The plasmid DNA is typically delivered to cells by calcium phosphate precipitation 

or by a cationic polymer, polyethylenimine (PEI) [115]. The main advantages of this approach are the 

absence of infectious AdV and a greatly reduced risk of replication-competent AAV presence in viral 

preparations, combined with great flexibility and simplicity of implementation, especially in the early 

stages of product development [116], [117]. 

 In addition, 293 cells have been adapted to suspension, which can facilitate the scale-up of the 

process [118], [119]. Blessing et al. (2019) [119] developed a scalable AAV production bioprocess using 

orbitally shaken bioreactors and HEKExpress suspension-adapted cells. From the cleared cell lysates, 

rAAV yields reached 1.14x1011 and 1.07x1011 VG/Batch, for AAV2 and 8, respectively. Also, it was 

shown that these rAAVs are bioequivalent and might display higher potency than the ones created with 

adherent 293 cells. Nevertheless, scale-up ultimately requires laborious and expensive preparation of 

large quantities of plasmid DNA [120], resulting in variability in transfection efficiency and a reduced 

batch to batch reproducibility, that can limit clinical needs [121], [122].  

 

 Establishment of mammalian stable cell lines 

To overcome transient transfection drawbacks, the establishment of AAV vector stable cell lines 

is a key strategy, since these can be easily characterized and allow for easy scale-up for commercial 

manufacture and can generate relatively high vector titers [121], [123] with increased reproducibility. In 

contrast to transient transfection methods, which only produce rAAV in the first 72 to 96 hours post-

transfection, stable cell lines can be productive for more prolonged periods [121].  

There are two types of stable cell lines: packaging and producer. A stable packaging cell line 

has AAV rep and cap genes integrated into the chromosome. So, rAAV vectors can be produced by 

delivering the vector genome by transfection and helper virus infection [120]. In a rAAV producer cell 

line, the vector transgene is also stably integrated into the host cell and viral vector production only 

requires the infection with the helper virus. Again, these cell lines can be adapted to grow in animal 

serum-free suspension conditions, reducing the costs and increasing the safety of the overall process 

[120], [124]. Despite the advantages, the selection process of a high-producer clone is laborious and 

requires the confirmation of certain key characteristics, such as the stable maintenance of the rep-cap 

and GOI sequences throughout culture time; the silencing of the AAV promoters during cell sub-culturing 
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and expansion; and the induction and amplification of rep-cap gene expression when co-infected with a 

helper virus [115]. Also, each vector and serotype combination requires the establishment of a cell line, 

which is complex and costly [113]. Nevertheless, if a variety of rAAVs are needed, a packaging cell line 

only containing the rep-cap sequence is particularly useful since it allows flexibility for transgene usage 

[120].  

Mammalian stable cell lines can be established in many different cell lines, namely HeLa, A549 

and 293 cells. Genetic characterization of some of these stable cell lines showed rep-cap sequences in 

a head-to-tail tandem configuration with varying copy numbers, from 2 to 60 [124]–[129]. One crucial 

observation that has been documented across plenty of studies is the relation between rep-cap 

amplification upon AdV infection and high rAAV productivities [123], [127], [129], [130]. It seems that 

stable cell lines mimic wt AAV lytic life cycle (post-adenoviral co-infection) by amplifying rep and cap 

genes [130]. However, it appears that genome integrated rep-cap copy number is not clearly related to 

rAAV productivity [123]. Nevertheless, it has been referred that increased productivity levels might also 

be attributed to a higher number of integrated copies [129]. In Liu et al. (2000) [130], HeLa cells with 4-

5 integrated copies and AAV vector productivity of 2x104 VG/cell reached lower yields than the ones 

described in Martin et. al (2013) [129], which produced 2x105 VG/cell in cell lines with 10-50 integrated 

copies of rep-cap. Another key point in AAV vector production is AdV multiplicity of infection (MOI) [130]. 

In general, 293 cell lines require a lower MOI value when compared to HeLa and A549 [123]–[129], 

[131]. In table 1.2 is an overview of some of the cell lines discussed below, regarding clone screening 

and rep integrated copies as well as its amplification.  

 

Table 1.2: Summary of established mammalian stable cell lines for the manufacturing of rAAV. Clones 

screened and integrated rep copy number as well as its amplification upon AdV infection are specified.  

N.I. – not indicated 

 

1.3.2.1 HeLa based stable cell lines 

Clark et al. (1995) [125] were the first group to develop a producer HeLa based stable cell line 

with rep-cap genes and the transgene vector integrated into the genome. It paved the work for further 

improvements in the generation of cell lines able to provide high titer preparations of rAAV.  

Inoue et al. (1998) [132] generated a HeLa-derived packaging cell line where AAV rep-cap 

sequences and the transgene expression cassette are under the dependence of a doxycycline-inducible 

Cell line 
Clones 

screened 

High 
producer 

clones 

Integrated 
copies 

rep 
amplification 

Reference 

HeLa 
(B50) 

708 7 5 100-fold Gao et al. (1998) [126] 

HeLa 
(HeRC32) 

N.I. N.I. 1-2 100-fold Chadeuf et al. (2000) [131] 

HeLa S3 409 25 12-50 600-fold Martin et al. (2013) [129] 

A549 
(SY69) 

1296 1 8-10 300-fold Farson et al. (2004) [128] 

A549 
(K209) 

800 3 2.7 1000-fold Gao et al. (2002) [127] 

293 
(293-GFP-145) 

N.I. N.I. 50 10-fold Qiao et al. (2002) [124] 

293 48 10 10-50 10 to 20-fold Yuan et al. (2011) [123] 
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promoter. In the presence of the inductor and with posterior AdV infection, rAAV production occurs with 

a yield of approximately 104 viral particles/cell. Furthermore, copy numbers of the integrated AAV helper 

and vector constructs increased up to 10-fold after doxycycline induction, reaching 25 to 100 copies per 

cell. In the same year, Gao and colleagues [126] developed a stable cell line containing integrated 

copies of rep-cap. Helper virus functions were then provided by infection with an AdV defective in E2b 

and the transgene was provided by subsequent infection with an AdV-AAV hybrid vector. Out of the 708 

isolated clones, 8 of them were able to trans-complement rep-cap. The best producer clone, B50, 

possessed 5 copies of the rep-cap plasmids arranged in a head-to-tail conformation and yielded 5.9x105 

total genome copies/cell. 

Chadeuf et al. (2000) [131] developed a clone derived from HeLa cells (HeRC32) with two 

integrated copies of rep-cap genes. After transient transfection with the transgene vector, adenoviral 

helper activities were delivered either by wt AdV or an adenoviral plasmid. Results showed that efficient 

rAAV yields correlated with a 100-fold amplification of rep-cap genes when infection with wt AdV 

occurred, yielding 1.4x1011 total particles (using 20x15 cm plates). However, rAAV yields significantly 

decreased when the adenoviral infection was replaced by a helper plasmid delivery (≤108 total particles 

using 20x15 cm plates). This cell line is routinely used for some rAAV characterization tests, namely 

infection/replication assays (see section 1.4.2). 

The first scalable upstream process for clinical-grade rAAV production was based on a HeLa 

producer stable cell line [133]. This process uses a suspension adapted HeLa subclone (HeLa S3) at 

the 250 L scale for rAAV1 production in animal components-free medium with high productivity (> 

1x105VG/cell) [129], [134]. In 2013, a new HeLa S3 based suspension producer cell line was designed 

by the transfection of a plasmid containing the wt AAV2 rep-cap genes and  the vector transgene 

(expressing the secreted embryonic alkaline phosphatase (SEAP) gene and a cell selection marker) 

(Figure 1.7). These cells were then infected with wt AdV using a MOI of 100. Out of 409 screened 

clones, only 25 of them were high producers. Upon infection with AdV, rep-cap was amplified 100-fold 

with rAAV yields reaching up to 2x105 VG/cell. Productivity remained stable over 60 population doublings 

[129].  

 

Figure 1.7: Schematic representation of the plasmid used to develop the HeLaS3 producer cells in Martin 
et al. (2013) [129]. The plasmid is composed of AAV2 rep and cap genes controlled by their native promoters and 
a SEAP gene, controlled by a constitutive CMV-Ub hybrid promoter (Cubi). A puromycin drug resistance selection 

marker is also present (PuroR). 

 Establishment of stable cell lines in HeLa cells ultimately results in a low frequency of high 

producer clones and raises safety concerns, since for rAAV production a step with replication-competent 

AdV is required, thus demanding further purification protocols and might result in the presence of 

pathogenic AdV in the final clinical product [120].  
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1.3.2.2 A549 based stable cell lines 

In 2002, Gao et al. [127] designed an approach to establish an A549 based stable cell line 

through the transfection of cells with a construct containing the rep-cap genes from AAV2. From the 800 

clones screened, the best producer, K209, had 2.7 rep-cap integrated copies that, after AdV infection, 

were amplified to 5240. 72 hours post-transfection and infection with AdV (MOI of 10), rAAV-CMVGFP 

yields reached 262 TU/cell. Two years after, a suspension stable cell line was established by 

transfecting the cells with two plasmids: one carrying the rep-cap genes (with a mutated start codon 

following p5 promoter). Out of 1296 clones, only one (clone 10) was found to be positive for rep-cap. 

Genetic characterization showed 8 to 10 copies of rep-cap in the genome and after AdV infection, the 

number increased 300-fold. Clone SY69 that carried an EF1α-GFP transgene demonstrated high yields 

of 2.1x105 viral particles/cell and clone SP53.26 containing a CMV-GFP transgene provided 3.5x104 

viral particles/cell.  

Similarly to HeLa based cell lines, AAV vector production requires the infection with wt AdV and 

the frequency of finding a high producer clone is lower when compared to 293 cells. On the other hand, 

this cell line has already a broad clinical application in the manufacturing of vectors to be used in clinical 

trials and for AdV production [135]. 

 

1.3.2.3 293 based stable cell lines 

As indicated above, the presence of adenoviral E1a/E1b genes in 293 based cell lines allows 

the use of a non-pathogenic replication-defective AdV for helper functions. These types of AdV have 

been widely applied in gene therapy and have shown an overall safe profile [123].   

Nevertheless, for a successful rAAV production in these cells, rep expression must be tightly 

controlled and engineered, since the AdV5 E1 gene can trigger the production of Rep proteins, known 

to exert cytostatic and cytotoxic effects, if constitutively expressed [136]–[138]. For instance, Chadeuf 

et al. (2000) [131] tried to develop a packaging cell line based on 293 (293RC21) similarly to HeRC32 

cells, however, the obtained rAAV titters were lower than the ones obtained with the HeLa based cell 

line and after 1 month of passages, rAAV productivity decreased more than 10-fold. 

Several attempts have been made to overcome Rep-induced cytotoxicity. Okada et al. (2001) 

[139] and Qiao et al. (2002) [124] developed two different strategies based on rep coding region 

disruption. In the first study, a cell line (293CR) was genetically engineered to constitutively express an 

antisense rep-cap mRNA, whose expression was driven by a loxP-flanked CMV promoter. In the 

absence of Cre recombinase (recognizes loxP sites), this antisense orientation silenced the expression 

of rep-cap. After infection with an AdV-Cre, the CMV promoter is excised and rep and cap gene 

expression occurs through their endogenous promoters (Figure 1.8). With this, titers of up to 1x109  

vector particles per 3.5 cm dish were obtained after infection with AdV-Cre (MOI of 1) [139]. In the other 

study, a control mechanism named “dual splicing switch” was developed, in which the rep gene was 

disrupted through the insertion of a DNA sequence flanked by loxP sites downstream of the AAV p19 

promoter (Figure 1.9). Rep expression was then restored after infection with an AdV-Cre. One cell line 

(293-GFP-145) achieved high yields of 8.6x109 transducing units (TU) per 10 cm plate with an AdV-Cre 
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MOI of 5. The rep-cap gene sequence was amplified from 50 (integrated) copies to more than 500 per 

cell. Despite the good AAV productivity in the first screenings, a decrease in rAAV production was also 

observed over cell passages, possibly due to the cell line instability.  

 

 

Figure 1.8: Schematic representation of the rep-control mechanism developed in Okada et al. (2001) [139] 
(adapted from [139]). The pre-packaging cell line constitutively expresses the antisense rep-cap driven by a loxP-
flanked CMV promoter. Upon infection with AdV-Cre, the CMV promoter sequence is excised, and rep-cap 
expression occurs through their endogenous promoters (packaging cell line).  

In 2011, the strategy developed by Qiao et al. (2002) [124] was simplified and optimized (Figure 

1.9), resulting in a packaging cell line with a normal growth rate and morphology after multiple passages. 

Out of the 48 clones screened, 10 of them were considered to be high producers. Integrated rep-cap 

copies per cell varied from 10 to 50 and, after AdV-Cre infection (MOI of 5), were amplified 10-20 times. 

As for yields, it reached up to 2.8x1013 VG per 20x15 cm plates. Additionally, this methodology was 

successfully applied in the production of ssAAV and scAAV vectors as well as AAV2, AAV8 and AAV9 

[123]. Mizukami et al. improved the methodology present in Okada et al. (2001) [139] by also controlling 

cap gene expression by using Cre/loxP technology. After transfection with a LacZ plasmid vector and 

infection with AdV-Cre (MOI of 1), a packaging titer of 2.1x1010 VG/10 cm plate was achieved. This 

study highlights the importance of controlling separately cap expression for successful AAV vector 

production [140]. 

 

 

Figure 1.9: Schematic representation of the rep-control mechanism developed in Qiao et al. (2002) [124] and 
simplified by Yuan et al. (2011) [123] (Adapted from [123]). The AAV rep gene sequence is disrupted by a DNA 
sequence flanked by loxP sites. Upon AdV-Cre infection, this DNA sequence is excised, and rep expression is 
restored.  

Despite the reported instability and Rep-induced cytotoxicity, the use of 293 cell lines displays 

some significant advantages when comparing to HeLa or A549. The use of replication-defective AdV 

provides a better safety profile when compared to wt AdV [123]. Moreover, the frequency of finding a 

high producer clone is higher than for HeLa based cell lines, as it is shown by the previously mentioned 

studies (Table 1.2). 
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 Infection of insect cells with recombinant baculovirus  

As an alternative to mammalian cells, rAAVs can be produced in Sf9 insect cells by the 

baculovirus expression vector system (BEVS). Insect cells can grow in suspension at high cell densities 

and perform post-translational modifications [113]. However, as AAV introns and promoters do not 

function properly in these cells [141], most of the strategies were developed to overcome these 

constraints.  

The first approach was performed in 2002 by Urabe et al. [142] where suspension Sf9 cells were 

infected with three recombinant baculoviruses (rBV): one containing the cap gene (Bac-VP), the other 

the rep78/52 gene (Bac-Rep), and the last with the GOI flanked by AAV ITRs. Despite obtaining good 

yields (5x104 VG/cell), the Bac-Rep vector revealed genetic instability through serial passages. Further 

improvements were performed, such as the genetic engineering of rep-cap sequences to correct VP 

stoichiometry, increase AAV vector potency and increase Rep protein stability [143], [144]. In other 

approaches, the number of rBV used was reduced to two (one expressing Rep and Cap proteins and 

the other the GOI) [143].  

Stable packaging cell lines were also established. In 2009, a Sf9 packaging cell line with 

integrated copies of rep-cap was established, yielding 1.4x105 VG/cell [145]. A production system 

named OneBac was also developed, which consists of a plethora of Sf9 cell lines harbouring silent 

copies of rep and cap genes from AAV1-12 [146]. Five years after, it was upgraded to provide serotype 

and GOI versatility through the generation of rBV carrying both a cap gene and the rAAV transgene and 

the creation of a Sf9 stable cell line, coding for the AAV2 rep gene. rAAV2, 8 and 9 yields exceeded 105 

VG/cell and had similar properties to the ones produced in 293 [147].  

The Baculovirus-Sf9 cell line approach has several advantages when compared to the ones 

previously discussed: the use of animal serum-free media and the absence of a pathogenic helper virus, 

since baculoviruses do not actively replicate in mammalian cells [115]. As disadvantages, are the 

reported AAV cassette instability when expansion at an high titer is performed, the assembly of rAAV 

particles with an incorrect ratio of capsid proteins and the decreased potency of produced rAAV  [113], 

[148]. Moreover, clinical applications demand more extensive research on baculovirus-derived 

contaminants (infectious baculovirus particles, residual DNA and proteins) [115].  

 

 Infection of mammalian cells with recombinant HSV vectors 

The use of HSV to produce rAAV is based on its role as a helper virus on wt AAV life cycle. For 

safety concerns and yield optimization, recombinant HSV vectors (rHSV) are based on the d27.1 

replication-deficient HSV variant, that lacks ICP27 expression, thus, these viral stocks are produced in 

V27 cells [113]. This method, designed by Conway et al. in 1999 relies on two rHSV, one carrying the 

GOI flanked by AAV ITRs and another with the rep and cap genes, which are used to transduce 293 

derived cells [149]. rHSV transduction can also be done in baby hamster kidney (BHK) cells that can be 

adapted to suspension culture and achieve yields as high as 2.4x1014 VG/L [150]. Additionally, 

Adamson-Small and colleagues described a rAAV9 production and purification method using rHSV/293 

capable of reaching yields of more than 1x105 VG/cell with increased vector infectivity [151]. 
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Nevertheless, the removal of animal-derived components use during production and efficient scale-up 

remain challenges for this method [152]. Also, infection with rHSV only generates about 8% of viral 

particles containing genome while in other systems can go up to 30% [115].  

 

1.4 Purification and characterization of rAAV 

 Downstream processing of rAAV 

For clinical manufacturing, the implemented purification methods should be scalable and 

reproducible in order to obtain a safe final product with high purity and potency. The rAAV purification 

steps are mostly based on vector physicochemical parameters such as size, density and charge [153]. 

rAAV vectors are highly resistant to extreme conditions of temperature (from 4°C to 55°C), pH (from 3 

to 8.5) and detergent use [154]. Downstream processing of AAV vectors comprises harvest, clarification, 

capture chromatography, polishing, concentration and formulation, sterile filtration and finish [155]. 

rAAV particles are usually harvested from the supernatant after cell lysis, which can be 

performed through freeze-thaw, homogenization, osmotic shock [115], [155] or with detergents, such as 

Triton X-100 [156]. After cell disruption, a nuclease treatment using benzonase is typically performed to 

eliminate free nucleic acids. Other insoluble cell components are removed through clarification by 

centrifugation or filtration, for example [115].  

In most research laboratories, rAAV vectors are routinely purified by density gradient 

ultracentrifugation with caesium chloride (CsCl) isopycnic gradients [157] or iodixanol step gradients 

[158]. Despite presenting similar recovery yields, the CsCl method ensures that the final product has 

less than 1% of empty particles, comparing to 20% when using iodixanol [159]. However, CsCl is toxic 

for humans and its elimination requires additional steps [115]. rAAV can also be purified by 

chromatographic processes, such as ion-exchange chromatography (IEC) or immune affinity 

chromatography (IAC). IEC relies on rAAV net surface charge alteration, depending on the isoelectric 

point (pI) and the pH [155]. This chromatography can be optimized to separate full and empty capsids 

[160], despite their small difference in pI (5.9 and 6.3, respectively [161]). Nevertheless, it lacks 

selectivity, since many impurities can display a similar pI to rAAV [155] and specific conditions must be 

defined for each AAV serotype [153]. Alternatively, IAC is an extremely specific capture step that can 

also be used to purify different rAAV serotypes. An example of a broad affinity column is the POROSTM 

Capture SelectTM AAVX by Termofisher that can purify rAAV1-9, AAVrh10 and synthetic serotypes. IAC 

has the advantage of binding very few impurities due to high avidity and stringent washing conditions, 

allowing for a high yield after one step of purification [155].  

Several techniques, such as heating above 50ºC [155], high hydrostatic pressure [162] and the 

use of Triton X-100 detergent [152], [163] are frequently used to eliminate helper viruses (AdV, 

Baculovirus or HSV). This is a mandatory step to reduce or abolish the potential immunoreactivity and 

pathogenicity for the patients in the final clinical product [155]. 
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 Characterization of rAAV production  

Before reaching any research or clinical applications, rAAV are usually characterized in terms 

of total particles (TP), VG and infectious particles (IP). In this section, an overview of characterization 

parameters and techniques will be provided.  

rAAV productivity in TP can be determined using an enzyme-linked immunosorbent assay 

(ELISA). This assay is based on a monoclonal antibody that detects a conformational epitope, not 

present on unassembled capsid proteins [164]. For example, the A20 antibody recognizes a surface 

epitope of assembled AAV2 capsids [165] and is currently used in ELISA [164].  

One important criterion for AAV vector characterization is vector genome titer quantification, 

expressed in VG, which indicates the presence of full particles in the final product [166]. There are 

several quantification techniques available, such as UV spectrophotometry [167], dot-blot hybridization 

[168] and quantitative real-time PCR (qPCR) [169]. Currently, the latter is the most widely accepted and 

used for rAAV quantification as is simple and robust [166]. Recently, a new technology named digital 

PCR (dPCR) has emerged to overcome some limitations of qPCR, such as the need for a standard 

curve and the sensitivity to reaction-derived inhibitors [166], [170]. One important detail is that these 

systems will not indicate whether the virus is infectious or if the transgene cassette is functional. To 

determine the integrity of the packaged genome, the contained DNA should be extracted and analysed, 

for example by alkaline electrophoresis to determine its size and integrity [171] or by analytical 

ultracentrifugation (AUC) [172]. By using ELISA and qPCR quantification, empty-to-full capsid ratios can 

be indirectly estimated [169], [173]. Still, there are a few direct methods to directly achieve this ratio, 

such as sedimentation velocity AUC or electron microscopy [166], [171], [173], [174].  

Infectivity of the produced viral rAAV particles must be assessed. It is mostly based on two 

categories: transduction/expression assays or infection/replication assays [175]. 

Transduction/expression assays evaluate vector quality through transduction levels and rely on two 

main approaches: the transduction of cells with serial dilutions of rAAV stocks of unknown titer [176] or 

the transduction of cells with a defined quantity of VG [142]. Infection/replication assays analyse vector 

quality by determining whether the gene was trafficked into the nucleus [175]. They rely on HeLa rep-

cap-trans-complementing cells, such as C12 or HeLaRC32 [173], [177] and on the supply of AdV helper 

functions so that rAAV can replicate [175]. Then, vector genomes can be detected, usually by qPCR 

[178]. The latter is the most reliable method for assaying rAAV functionality, however, a universal titrating 

cell line should be made available for use [175]. 

Perceptibly, the purification protocols are not completely effective in removing all impurities, 

therefore contaminants should also be assessed. Illegitimate packaging of DNA sequences, such as 

rep-cap, plasmid fragments (as antibiotic resistance genes), portions of host cellular genome and 

oncogenes (e.g. SV40 large-T antigen and E1a) have been reported in final rAAV preparations [179]. 

Total DNA quantification can be performed with qPCR using primers to detect these specific target 

sequences. Also, host cell proteins and impurities derived from production and purification processes 

(such as raw materials, detergents, antibiotic resistance genes, etc) can be assayed by qPCR, ELISA 

or mass spectrometry [173]. 
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2 Aim and Strategy  

The main goal of this work is to establish the pillar methodologies to develop stable AAV 

packaging 293 based cell lines harbouring a control mechanism for viral rep gene expression. Thus, a 

Cre dependent shRNA-mediated rep silencing system strategy was designed (Figure 2.1). In the 

presence of a rep-specific shRNA (flanked by loxP sites) and absence of Cre recombinase, the AAV 

Rep protein expression is expected to be silenced. After infection with a non-replicative AdV expressing 

Cre (AdV-Cre), the recombinase should catalyse the excision of the loxP-shRNA site, restoring Rep 

expression. Through this strategy, we aim for the translational control of Rep proteins, therefore 

managing their cytotoxic effects in 293 cells. 

The first objective of this thesis comprised the construction and testing of different packaging 

plasmids, coding for rep-specific shRNA sequences. For that, we also optimized PEI-mediated 

transfection to improve transfection efficiency and cell survival. The second and last objective was to 

characterize the established stable populations regarding plasmid copy number integration, rep-cap 

gene expression and Rep protein production, before and after AdV-Cre infection. Genomic DNA, RNA 

and protein values were assessed by qPCR, RT-qPCR and western blot, respectively.  

 

Figure 2.1: Schematic illustration of the rep gene expression control mechanism (created with BioRender). 
This strategy is based on the action of shRNA and on the Cre/loxP system. In the presence of a rep-silencing 
shRNA, rep gene expression is silenced through the binding of the shRNA to the rep mRNA. However, when the 
helper AdV-Cre is provided, Cre recombinase cleaves the loxP sites and excises the shRNA-coding sequence, 
therefore enabling Rep protein expression. 
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3 Materials and Methods 

3.1 Bacterial strains, plasmids, and culture conditions 

In this work two cloning strains of Escherichia coli (E. coli) were used: NEB® Stable Competent 

E. coli (New England Biolabs®, Massachusetts, USA) and Stellar™ Competent Cells (Takara Bio, 

California, USA). The E. coli strains harboring the recombinant plasmids were selected and grown in 

agar or in liquid cultures in the presence of Ampicillin (Amp), using Fast Media Amp LB (InvivoGen, 

Toulouse, France), following the manufacturer’s instructions, at 37 ºC with aeration.   

Table 3.1 describes the vectors and recombinant plasmids used in this work. 

 

Table 3.1: Plasmids used and constructed in the scope of this work and their main properties.  
 

Plasmid Relevant characteristics Reference 

pSF-RC-loxPU6 
pUC19-derived plasmid with AAV2 rep-cap genes 

and loxP sites flanking the U6 promoter 

This study 
(Genscript, New 

Jersey, USA) 

pFIN-EF1A-GFP-WPRE 
Chicken β-globin HS4 core sequence (cHS4 

insulator) 
Addgene Plasmid # 

44352 [180] 

pSF-RC-loxPU6-cHS4 pSF-RC-loxPU6-derived with cHS4 insulator This study 

pJGD-RC-ΔshRNA 
(pRC) 

pSF-RC-loxPU6-cHS4-derived with eGFP-P2A-
BSD fusion gene expression under the control of 

hPGK promoter 
This study 

pJGD-C-ΔshRNAΔRep 
(pΔRepC) 

pJGD-RC-ΔshRNA–derived deleted for the rep 
gene 

This study 

pJGD-RC-shRNA1 
(pRC-sh1) 

pJGD-RC-ΔshRNA–derived expressing shRNA1 
under the control of promoter U6 

This study 

pJGD-RC-shRNA2 
(pRC-sh2) 

pJGD-RC-ΔshRNA–derived expressing shRNA2 
under the control of promoter U6 

This study 

pJGD-RC-shRNA3 
(pRC-sh3) 

pJGD-RC-ΔshRNA–derived expressing shRNA3 
under the control of promoter U6 

This study 

pJGD-RC-shRNA4 
(pRC-sh4) 

pJGD-RC-ΔshRNA–derived expressing shRNA4 
under the control of promoter U6 

This study 

pJGD-RC-shRNAscr 
(pRC-shscr) 

pJGD-RC-ΔshRNA–derived expressing a 
scrambled RNA under the control of promoter U6 

This study 

pSTD 
Plasmid used as the standard curve for qPCR, 
containing AAV2 rep and cap genes, GFP and 

partial human ALB genes. 
This study 

RC, rep-cap; WPRE, Woodchuck Hepatitis Virus Posttranscriptional Regulatory Element; cHS4, chicken hypersensitivity 

site 4 insulator; hPGK, human PGK promoter; GFP, green fluorescent protein; P2A, Self-cleaving 2A peptide from porcine 
teschovirus-1; BSD, blasticidin S deaminase protein; shRNA, short-hairpin RNA; ALB, human albumin gene; Between 
parentheses are the shorter versions of the used plasmids name.   

 

3.2 General methods and techniques of molecular biology in bacteria 

 DNA synthesis, PCR amplification and cloning 

The generation of recombinant plasmids was performed using gene synthesis services provided 

by GenScript (New Jersey, USA) and IDT (Integrated DNA Technologies, Iowa, USA) or through PCR 

DNA amplification using Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific, 
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Massachusetts, USA), in a Biometra T3 thermocycler (Analytik Jena, Germany). The PCR conditions 

were defined based on primers annealing temperature, size of product amplification and the 

specifications of DNA polymerase. When needed, vectors and recombinant plasmids were cleaved with 

restriction enzymes (New England Biolabs, NEB®, Massachusetts, USA).    

The PCR products and restriction fragments were resolved in 0.7% (w/v) agarose gel (NZYTech, 

Lisbon, Portugal), prepared in 1x Tris-Acetate-EDTA (TAE) buffer (Fisher Bioreagents, Massachusetts, 

USA) with 0.05 µL/mL RedSafe Nucleic Acid Staining Solution (INtRON Biotechnology, Hong Kong, 

China). The DNA was visualized in GelDoc XR+ system (BioRad, California, USA) and purified with 

NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel, Düren, Germany). DNA concentration and 

quality were determined by a Nanodrop 2000C Spectrophotometer (Thermo Fisher Scientific, 

Massachusetts, USA). Purity was measured through absorbance ratios at 260/280 nm and 260/230 nm. 

The obtained DNA fragments were cloned using In-Fusion HD Cloning Kit (Takara Bio, 

California, USA) following manufacturer’s instructions and cloned into E. coli NEB stable or Stellar. 

Stocks of transformed bacteria were prepared in 15% glycerol and stored at -80ºC. 

Sections 3.4 and 3.5 describe the specific steps employed in the generation of the different 

recombinant plasmids used in this work. 

 

 Plasmid purification and quality control 

Small scale plasmid recovery was performed using GeneJET Plasmid Miniprep Kit (Thermo 

Fisher Scientific, Massachusetts, USA), and resuspended in MiliQ water (HyClone HyPure Water – GE 

life sciences, Pennsylvania, USA). For mammalian cells transfection, high-pure grade DNA was purified 

using the large scale Genopure Plasmid Maxi Kit (Roche Applied Science, Penzberg, Germany) and 

resuspended in TE buffer (VWR, Pennsylvania, USA). Only plasmid DNA with a A260/A280 ratio of 1.8 

± 0.2 was considered acceptable and used. The sequence of resulting recombinant plasmids was 

screened by restriction enzymes digestion and DNA sequence analysis (Eurofins Genomics, Val Fleuri, 

Luxembourg).  

 

3.3 shRNA design and ssDNA annealing  

The design of four shRNA sequences targeting the AAV2 rep gene (shRNA1 – 4) and the non-

target scrambled control (shRNAscr) was based on results delivered by three different bioinformatics 

tools, namely BLOCK-iT™ RNAi Designer (Thermo Fisher Scientific, Maryland, USA), GPP Web Portal 

[181] (Broad Institute; Massachusetts, USA) and GenScript siRNA Target Finder [182] (GenScript, New 

Jersey, USA). Complementary single-stranded oligonucleotides (ss oligo) were synthesized (IDT, Iowa, 

USA), containing i) at least 15 bp extensions that are complementary to the ends of SbfI and MluI 

linearized plasmid pRC; ii) 21 nt of designed shRNA; iii) TCAAGAG hairpin and iv) U6 terminator TTTTT 

(table 3.2). To generate the double-stranded oligonucleotides (ds oligo), 30 µM of each ss oligo was 

mixed in 1X CutSmart® Buffer (New England Biolabs, Massachusetts, USA), in a final volume of 40 µL. 

The annealing reaction was conducted for 4 minutes at 95ºC followed by 25 minutes at 25ºC. The 

integrity of each ds oligo was verified in a 3% (w/v) agarose gel.  

https://international.neb.com/products/b7204-cutsmart-buffer
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Table 3.2: Sequences of the synthesized DNA oligonucleotides coding for the rep-specific and scrambled 
shRNAs. 

Black, homology arms for In-Fusion cloning; blue, shRNA coding sequence. 

 

3.4 Construction of rep-specific shRNA expressing constructs and 

plasmid controls 

To obtain the plasmid backbone (pRC) used for shRNA sequences cloning, several steps were 

performed. First, the generation of a pUC19-derived recombinant plasmid (pSF-RC-loxPU6) through 

synthetic synthesis (Genscript, New Jersey, USA), which contains i) AAV2 rep-cap genes (Genbank 

NC_001401.2, nt 190 – 4469); ii) wt loxP sequences flanking human U6 promoter and SbfI/MluI 

restriction sites (U6 as in pLKO.1, Sigma-Aldrich, Missouri, USA) and iii) a SV40 polyA. For cloning 

purposes, the BmrI, BsrDI and HpaI sites were included downstream loxP-flanking sequences. Then, 

this vector was digested with BmrI and BsrDI to allow the insertion of a 764-bp fragment containing 

chicken β-globin HS4 core sequence (Addgene #44352 [180]) by In-Fusion cloning (Takara Bio, 

California, USA). The resulting plasmid was named pSF-RC-loxPU6-cHS4. Third, an oligonucleotide 

containing the region P2A (porcine teschovirus 2A [183]) and BSD gene [184] was purchased as a 

gBlock from IDT and inserted downstream of the GFP gene from the pRRLSIN.cPPT.PGK-GFP.WPRE 

plasmid (Addgene #12252, kindly provided by Dr. Didier Trono), generating an intermediate plasmid, 

pSF-GFP-P2A-BSD. Lastly, using pSF-GFP-P2A-BSD as template, a 2414-bp fragment, containing 

human PGK (hPGK) promoter and GFP-P2A-BSD fusion gene was PCR amplified with primers pF-

hPGK (CTCGAATTACCGCGTTAGCTTGATATCGAATTCCCACG) and pR-WPRE 

(GGCGTCGTCAAAGGTTAACGTACCGAGCTCGAATTCCA) and inserted into HpaI site of pSF-RC-

shRNA  Oligonucleotide sequence (5’- 3’) 

shRNA1 

Oligo 1 
aggacgaaaccctgcaggGTTAGCTTAAACCGCATAGTTTCAAGAGAACTATGCGGTTTAAGCTA

ACtttttacgcgtcaattctcgac 

Oligo 2 
gtcgagaattgacgcgtaaaaaGTTAGCTTAAACCGCATAGTTCTCTTGAAACTATGCGGTTTAA

GCTAACcctgcagggtttcgtcct 

shRNA2 

Oligo 1 
aggacgaaaccctgcaggAACTGGTTCGCGGTCACAAAGTCAAGAGCTTTGTGACCGCGAACCA

GTTtttttacgcgtcaattctcgac 

Oligo 2 
gtcgagaattgacgcgtaaaaaAACTGGTTCGCGGTCACAAAGCTCTTGACTTTGTGACCGCGA

ACCAGTTcctgcagggtttcgtcct 

shRNA3 

Oligo 1 
aggacgaaaccctgcaggGGACAATGCGGGAAAGATTATTCAAGAGATAATCTTTCCCGCATTG

TCCtttttacgcgtcaattctcgac 

Oligo 2 
gtcgagaattgacgcgtaaaaaGGACAATGCGGGAAAGATTATCTCTTGAATAATCTTTCCCGC

ATTGTCCcctgcagggtttcgtcct 

shRNA4 

Oligo 1 
aggacgaaaccctgcaggAATATGCGGCTTCCGTCTTTCTCAAGAGGAAAGACGGAAGCCGCAT

ATTtttttacgcgtcaattctcgac 

Oligo 2 
gtcgagaattgacgcgtaaaaaAATATGCGGCTTCCGTCTTTCCTCTTGAGAAAGACGGAAGCC

GCATATTcctgcagggtttcgtcct 

shRNA 
scr 

Oligo 1 
aggacgaaaccctgcaggGTTAGCTTAAACCGCATAGTTTCAAGAGAACTATGCGGTTTAAGCT

AACtttttacgcgtcaattctcgac 

Oligo 2 
gtcgagaattgacgcgtaaaaaGTTAGCTTAAACCGCATAGTTCTCTTGAAACTATGCGGTTTA

AGCTAACcctgcagggtttcgtcct 
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loxPU6-cHS4, by In-Fusion cloning. To construct the shRNA-coding plasmids (pRC-sh1-4 and pRC-

shscr), 60 ng of ds oligo coding for each shRNA was used for cloning into pRC, double digested with 

SbfI and MluI.  

As a control, a plasmid without the AAV2 rep gene, named pΔRepC, was generated through 

the digestion of pRC with NruI and SwaI to remove the rep gene. Afterwards, the plasmid was 

circularized using T4 DNA Ligase. 

The resulting plasmids were then transformed into NEB stable cells and selected in the 

presence of Amp. Plasmid sequence was confirmed using restriction endonucleases and by sequencing 

using SUPREMERUN service (Eurofins Genomics, Val Fleuri, Luxembourg). 

 

3.5 Construction of quantitative (q)PCR standard curve plasmid 

For the construction of plasmid pSTD, an ALB-FH-GFP gBlock was synthesized (IDT, Iowa, 

USA), which contains the 16001-16640 portion of the ALB gene, and the complete sequence of the GFP 

gene. Plasmid pSTD-SFqPCR, used as a backbone was digested with EcoRV/NsiI so that the gBlock 

could be cloned by In-Fusion (Takara Bio, California, USA).  The resulting plasmid was transformed into 

Stellar competent cells and selected in the presence of Amp. Plasmid cloning was confirmed through 

the digestion of the construct with XbaI/MluI and by sequencing using LIGHTRUN tube (Eurofins 

Genomics, Val Fleuri, Luxembourg).  

 

3.6 Cell lines and culture conditions 

293 (ATCC, American Type Culture Collection, CRL-1573) is a human embryonic kidney cell 

line containing Adenovirus 5 E1a/b genes. This cell line was used for transient transfections and stable 

population establishment. Cells were grown in Dulbecco’s modified Eagle’s Medium (DMEM; GibcoTM – 

Thermo Fisher Scientific, Massachusetts, USA) supplemented with 10% (v/v) Fetal Bovine Serum (FBS; 

GibcoTM – Thermo Fisher Scientific, Massachusetts, USA), under adherent conditions using standard 

polystyrene treated cell culture flasks (Corning Life Sciences, New York, USA). For cell selection, the 

culture medium was supplemented with Blasticidin (InvivoGen, Toulouse, France). All cells were 

cultured at 37 ºC in a humidified atmosphere with 8% (v/v) CO2. 

 

3.7 Determination of cell concentration and viability 

Cell concentration and viability were evaluated by the trypan blue exclusion method. Cells were 

diluted in 0.1% (v/v) trypan blue (Merck, Darmstadt, Germany) in Phosphate Buffer Saline (GibcoTM – 

Thermo Fisher Scientific, Massachusetts, USA) and counted manually using a Fuchs-Rosenthal 

hemocytometer (Marienfield-Superior, Lauda-Königshofen, Germany) on an inverted microscope 

(Olympus, Tokyo, Japan). 
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3.8 Transfection of 293 cells with PEI 

 Establishment of AAV packaging cell lines harbouring rep-specific shRNA 

293 cells were seeded at 1x105 cells/cm2, to reach 70-80% confluency at time of transfection 

(24 hours post-seeding). For traceability and quality control purposes, transfection was performed using 

linear 25 kDa PEIpro® (Polyplus transfection, Illkirsch, France) in a 1:1 (w/w) DNA:PEI ratio. Both 

plasmids and PEI solutions were prepared in serum free DMEM. Next, the PEI solution was added to 

the plasmid mix and incubated for 15 minutes at room temperature. Lastly, the transfection mix was 

added to each cell sample. The culture medium was exchanged 4 to 6 hours later. Cells were analysed 

48 hours post-transfection (48 hpt) by fluorescence microscopy and flow cytometry. Cell selection was 

performed by adding DMEM 10% (v/v) supplemented with blasticidin (InvivoGen, Toulouse, France). 

Cells in selection were observed every 48 hours and if necessary, passaged and/or re-splitted, into new 

medium with BSD. When cells reached approximately 80-90% confluence in a T75 and around 90% of 

them were GFP positive, master cell banks (MCB) were generated at 3x106 cells/mL in CryoStor® 

(STEMCELLTM Technologies, Vancouver, Canada). Afterwards, gDNA, RNA and protein were extracted 

(as in sections 3.10.3, 3.10.1 and 3.13, respectively) from all populations (n=3). The established 

population names are as described in Table 3.3. 

 

Table 3.3: Established stable populations based on 293 cells in this study and their main features. 

 

 

 Transient transfection of plasmids harbouring rep-specific shRNA 

To increase cell survival after PEI-mediated cell transfection, a protocol optimization was 

performed. Several DNA concentrations of vectors pRC and a control expressing GFP fluorescent 

reporter (pGFP) were tested, namely 2, 3, 4 and 5 µg per 106 cells, using a 1:1.5 (w/w) DNA:PEI 

(Polysciences Inc., Hirschberg, Germany) ratio. The protocol was performed as explained in section 

3.8.1. 48 hpt cell morphology and transfection efficiency were analysed by fluorescence microscopy and 

flow cytometry, respectively. gDNA, total RNA and protein were extracted from the best condition (as in 

sections 3.10.3, 3.10.1 and 3.13, respectively) (n=1).  

 

Cell population Features Used to study 

RepCap 293 based cell line harbouring pRC 
Evaluate constitutive expression of rep-

cap 

∆Rep 293 based cell line harbouring p∆RepC Control population without the rep gene  

RC-shscr 293 based cell line harbouring pRC-shscr 
Control population harbouring a 

scrambled shRNA.  

RC-sh1 293 based cell line harbouring pRC-sh1 
Evaluate rep knockdown mediated by 

shRNA1 

RC-sh2 293 based cell line harbouring pRC-sh2 
Evaluate rep knockdown mediated by 

shRNA2 

RC-sh3 293 based cell line harbouring pRC-sh3 
Evaluate rep knockdown mediated by 

shRNA3 

RC-sh4 293 based cell line harbouring pRC-sh4 
Evaluate rep knockdown mediated by 

shRNA4 
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3.9 Microscopy, flow cytometry data acquisition and analysis 

Cells were analysed by fluorescence microscopy, using a Leica DMI6000 inverted microscope 

(Olympus). Flow cytometry was conducted in a BD FACS CelestaTM (BD Biosciences, California, USA) 

to quantify the percentage and fluorescence intensity of GFP-positive cells. Gates were set using 

untransfected 293 cells as negative control. Single cells were isolated from debris and doublets based 

on their SSC vs FSC characteristics. All analysed samples were diluted in DPBS (GibcoTM – Thermo 

Fisher Scientific, Massachusetts, USA) to reach a final concentration of 2% FBS. Data analysis was 

performed with FlowJo Software (BD Biosciences, California, USA).  

 

3.10  Nucleic acid extraction from mammalian cells  

 RNA extraction 

Total RNA was extracted from cell pellets using QIAamp® RNeasy Mini Kit (Qiagen, Hilden, 

Germany) according to manufacturer instructions and eluted in RNase-free water. Cell extracts obtained 

from transient transfections were treated twice with DNase to eliminate contaminant plasmid DNA. RNA 

yields were quantified using Nanodrop 2000C spectrophotometer (Thermo Fisher Scientific, 

Massachusetts, USA), and purity was accessed through the absorbance ratios at 260/280 nm and 

260/230 nm. Only 260/280 nm absorbance ratios of 2.0 ± 0.2 of the RNA samples were considered to 

be pure. RNA was immediately used for complementary DNA (cDNA) synthesis or stored at -80 °C until 

further use. 

 

 cDNA synthesis 

cDNA synthesis was performed using Transcriptor High Fidelity cDNA Synthesis Kit (Roche 

Applied Science, Penzberg, Germany), following manufacturer’s instructions. 2 μg of total RNA and 

anchored-oligo(dT) primers for total mRNA reverse transcription were used. The cDNA products were 

either diluted in 80 µL of ultrapure water (Milli-Q®, Merck Millipore, Billerica, MA, USA) or left in the 

original reaction volume (20 µL) and then stored at -20°C until further use. 

 

 Genomic DNA extraction  

Genomic DNA (gDNA) extraction was performed using DNeasy Blood & Tissue Kit (Qiagen, 

Hilden, Germany) following the manufacturer’s instruction. Genomic DNA was eluted in 200 µL of AE 

buffer (provided in the kit) and stored at -20°C until further use. 
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3.11  Copy number determination of rep, cap and GFP by qPCR  

 Primers/probe set and thermal cycling  

The primers and probes used in copy number determination are listed in Table 3.4. 5 µL of each 

sample (always tested in duplicate) was added to a 20 µL final volume qPCR reaction with LightCycler® 

480 Probes Master Mix (Roche Life Science, Penzberg, Germany) and appropriate primers-probe sets 

at a final concentration of 0.5 µM and 0.25 µM, respectively. A no template DNA negative control (NTC) 

was included to monitor sample cross contamination. Thermal cycling was carried out in a LightCycler® 

480 Real Time PCR System (Roche Applied Science, Penzberg, Germany), at 95°C for 10 minutes, 

followed by 45 cycles of 95°C for 10 seconds, annealing at 62°C for 30 seconds, and extension at 72°C 

for 1 second (single acquisition) and a cooling step at 40 °C during 10 seconds. For all analyses, 

technical replicates with standard deviation (SD) higher than 0.3 were not considered. 

 

Table 3.4: Primers and probe sets for copy number determination by qPCR. 

Name Sequence 5´- 3 Reference 

pF-GFP GAACCGCATCGAGCTGAA 

This study pR-GFP TGCTTGTCGGCCATGATATAG 

Probe-GFP (FAM1) TTGCCGTCCTCCTTGAAGTCGAT 

pF-Cap CGACCCAAGAGACTCAACTTC 

This study pR-Cap GAACCGTGCTGGTAAGGTTAT 

Probe-Cap (FAM) AAAGAGGTCACGCAGAATGACGGT 

pF-Rep GGCAGCCTTGATTTGGGA 

Martin et al. 
(2013) [129] 

pR-Rep GACCAGGCCTCATACATCTCCTT 

Probe-Rep (FAM) AATGCGGCCTCCAACTCGCG 

pF-ALB GCTGTCATCTCTTGTGGGCTGT 

Pasmant et al. 
(2007) [185] 

pR-ALB ACTCATGGGAGCTGCTGGTTC 

Probe-ALB (HEX2) CCTGTCATGCCCACACAAATCTCTCC 

1FAM, 6-carboxyfluorescein; 2HEX, Hexachlorofluorescein  
 

 Experiment validation  

Primer/probe validation of rep, cap and ALB was carried out in singleplex and multiplex qPCR 

using plasmid pSTD as the calibration curve using the dilution method. The CT of pSTD 10-fold dilutions, 

ranging from 108-102 copies/µL were plotted against log (DNA concentration) and a linear regression was 

generated to determine slope and PCR efficiency (E), calculated as (1): 

 

𝐸(%) = 10
(−

1

𝑠𝑙𝑜𝑝𝑒
)−1

∗ 100  (1) 

 

Multiplex qPCR protocol was considered valid if singleplex and multiplex i) were within one CT 

value for each dilution, and presented similar amplification efficiencies, between 95-100% and ii) the 

coefficient of determination (r2) was greater than 0.98. qPCR for GFP was performed in a singleplex 

reaction and validated based on described amplification efficiency and r2.  
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 Gene copy number determination 

150 ng of total cellular DNA extracted from stable populations (as in section 3.10.3) was 

analysed in multiplex qPCR. Integrated plasmid copy number per cell was calculated by normalizing to 

albumin (ALB) with an assumed number of 2 copies per 293 cell, using the following equation (2):  

 

Copies 𝐶𝑒𝑙𝑙⁄ =  
𝐶𝑜𝑝𝑖𝑒𝑠 µ𝐿⁄  𝑜𝑓 𝑟𝑒𝑝,𝑐𝑎𝑝 𝑜𝑟 𝑒𝐺𝐹𝑃

𝐶𝑜𝑝𝑖𝑒𝑠 µ𝐿⁄  𝑜𝑓 𝐴𝐿𝐵
 × 2 (2) 

 

Cut-off values were established using non-transfected 293 cells and copies/cell values above 

0.5 were rounded to 1 copy/cell. 

 

3.12  rep, cap and GFP gene expression analysis by RT-qPCR  

 Primers/probe sets and thermal cycling 

Primers and probes used in gene expression analysis are listed in Tables 3.4 and 3.5. The 

primers/probe set of reference genes (RG) UBC (Genbank NM_021009.7, ID 7316) and TOP1 

(Genbank NM_003286.4, ID 7150) were designed using PrimeQuest® Tool from IDT 

(https://www.idtdna.com/pages/tools/primerquest). qPCR programme used is as depicted in section 

3.11.1. A NTC and a no reverse transcriptase (NRT) control were added. Samples were tested in 

duplicate and a CT with SD higher than 0.3 were not considered in the analysis. Sample CT values higher 

than 35 were not considered as gene amplification.  

 

Table 3.5: Primers and probe sets of reference genes used in gene expression analysis.  

Name Sequence 5´- 3 Reference 

pF-UBC GATTTGGGTCGCAGTTCTTG 

This study pR-UBC CCTTATCTTGGATCTTTGCCTTG 

Probe-UBC (HEX) TCGATGGTGTCACTGGGCTCAAC 

pF-TOP1 CTGTAGCCCTGTACTTCATCG 

This study pR-TOP1 CTACCACATATTCCTGACCATCC 

Probe-TOP1 CCTTCCTCCTTTTCATTGCCTGCTCT 

UBC, polyubiquitin-C precursor; TOP1, DNA topoisomerase 1  
 

 Validation of comparative (ΔΔCT) method for relative expression  

In an initial experiment the amplification efficiencies of target (Rep, Cap and GFP) and RG 

(TOP1 and UBC) were calculated running standard curves containing each amplicon in the same 

sample, following the method described by Livak and Schmittgen (2001) [186]. For that, 293 cells were 

transfected with pRC, total RNA was extracted, and cDNA synthesized (see sections 3.10.1 and 3.10.2). 

The ∆CT (CT rep, cap or GFP - CT UBC or TOP1) was calculated for each serial 3-fold dilution, and plotted against 

log(cDNA concentration) to create a semi-log regression line and respective slope. The experiment was 

considered valid if the absolute value of the slope of ∆CT vs. log input was below 0.1. 
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 Relative gene expression determination 

 5 µL of cDNA (diluted 1:5) from stable populations and transient transfections was analysed in 

singleplex qPCR for the detection of rep, cap, GFP, TOP1 and UBC. mRNA transcripts were normalized 

to both UBC and TOP1 mRNA levels within the same sample, and the results were calculated as fold 

change relative to control cells using the ∆∆CT method [187]. 

 

3.13  Whole cell protein extraction and quantification 

To assess protein expression of AVV2 Rep, whole cell protein extraction was performed from 

the 293 stable populations and transient transfections. Cells were harvested, counted, pelleted at 300 g 

for 10 minutes and washed with DPBS. Cell lyses was conducted using Mammalian Protein Extraction 

Reagent (M-PER) (Thermo Fisher Scientific™, Massachusetts, USA) with 1x cOmplete™ EDTA-free 

Protease Inhibitor Cocktail (Roche Applied Science, Penzberg, Germany), using 100 μl per 2 million of 

cells. The mixture was vortexed and placed at 4ºC for 10 minutes. Extracts clarification was done by 

centrifugation (14,000 g for 10 minutes). Samples were stored at -20ºC for short-term and -80ºC for 

long-term storage.  

Total protein quantification was performed with BCA Protein Assay Kit (Thermo Fisher 

Scientific™, Massachusetts, USA) according to the manufacturer’s instructions. Bovine serum albumin 

(BSA) (Thermo Fisher Scientific™, Massachusetts, USA) was used to establish the standard calibration 

curve. Samples were diluted and applied in duplicates. 

 

3.14  Western blot 

Protein levels of AAV Rep protein were evaluated by Western blot, using NuPAGE® 

electrophoresis system (Invitrogen-Thermo Scientific™) for protein electrophoresis separation. A 

normalized quantity of 30 μg of total protein per sample was prepared in denaturing conditions according 

to manufacturer’s instructions. Reduced samples were separated in a 4–12 % (w/v) Bis-Tris NuPAGE® 

gel, with NuPAGE® MOP SDS Running Buffer, at 180 V for 60 minutes. SeeBlue® Plus2 Pre-Stained 

protein standard (Thermo Scientific™) was used as the molecular weight marker. 

The protein solutions were transferred into iBlot™ 2 Transfer Stacks mini nitrocellulose 

membrane (Thermo Fisher Scientific, Massachusetts, USA), according to manufacturer’s instructions, 

using an iBlot™ 2 Gel Transfer Device (Thermo Fisher Scientific, Massachusetts, USA). After 

transferring, membranes were blocked with a blocking solution 0.1% (w/v) Tween 20 (Sigma-Aldrich, 

Missouri, USA) and 5% (w/v) skim milk powder (Sigma-Aldrich, Missouri, USA) in Tris-Buffered Saline 

(TBS) (Sigma-Aldrich, Missouri, USA), for 1 hour at room temperature. Membranes were washed 3 

times during 10 minutes with washing solution 0.1% (w/v) Tween 20 in TBS (TBST). An anti-AAV2 

replicase mouse monoclonal antibody, 303.9 (American Research Products - ARP, Massachusetts, 

USA)  and a mouse monoclonal anti-α-tubulin (Sigma-Aldrich, #T1199) antibody were diluted in 1:500 

and 1:2000, respectively, using blocking solution and incubated overnight with gentle agitation, at room 

temperature. Membranes were washed 3 times during 10 minutes with TBST and incubated with a 
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horseradish peroxidase-linked ECL Anti-Mouse IgG (NA931) (GE Healthcare, Chicago, United States) 

secondary antibody, which was diluted 1:1000 in blocking solution, for 2 hours at room temperature. 

Chemiluminescence detection was performed by incubating the membranes with Amersham™ ECL™ 

prime western blotting detection reagent (GE Healthcare, Chicago, United States), according to 

manufacturer’s instructions and analysed using ChemiDoc XRS System (BioRad, California, USA). 

 

3.15  Western blot by Jess 

AAV Rep protein levels were also evaluated by Western blot using JESS (Protein Simple, 

California, USA). First, protein extracts were diluted to have a concentration lower than 3 µg/µL. Then, 

they were prepared and run according to manufacturer’s instructions. For Rep detection, an anti-AAV2 

replicase mouse monoclonal antibody, 303.9 (American Research Products - ARP, Massachusetts, 

USA) was used in a 1:5 dilution.  

 

3.16  Adenovirus production and purification   

A non-pathogenic, non-replicative human AdV5 (E1/E3 deleted), expressing a codon optimized 

Cre (iCre) under the dependence of a CMV promoter (Ad-CMV-iCre, SignaGen Laboratories, Rockville, 

USA) was amplified in 293 cells. This virus was used in subsequent assays, named in this work AdV-

Cre. 

293 cells were seeded at 1.1x105 cells/cm2, in order to reach 70-80% confluency at time of 

infection (24 hours post-seeding). Cells were infected in a MOI of 5 using human AdV5 expressing Cre 

recombinase (Ad-CMV-iCre, SignaGen Laboratories, Rockville, USA). 44 hours post-infection, 293 cells 

from nine 75 cm2 tissue culture flasks were recovered and centrifuged in a Hettich ROTINA 420R 

centrifuge at 3000 g for 10 min at 4ºC. The supernatant was collected and filtered through a 0.45 µm 

filter and stored at -80ºC in 1 mL aliquots. The cell pellet was resuspended in lysis buffer (0.1% Triton 

X-100 10 mM Tris Buffer pH 8.0), vortexed for 5 – 15 sec and centrifuged in a Hettich ROTINA 420R 

centrifuge at 3000 g for 10 min at 4ºC. The resulting supernatant containing the produced AdV vector 

(AdV-Cre) was purified by a caesium chloride (CsCl) density gradient through ultracentrifugation. The 

supernatant was layered onto a gradient of CsCl 1.25 g/mL and CsCl 1.45 g/mL, afterwards, mineral oil 

was added on top to avoid aerosol formation. The tubes were centrifuged at 35,000 rpm for 90 min at 

18ºC in a Beckman Optima LE-80K using a Beckman SW40Ti swinging bucket rotor. The lower virus 

band from each tube was collected using a needle and syringe. Subsequentially, a continuous gradient 

with CsCl 1.34 g/mL was performed. The tubes were centrifuged for 19 hours at 35,000 rpm at 18°C in 

a Beckman SW40Ti swinging bucket rotor. The virus band from each tube was aspirated and sent for 

desalting, using an AKTA system with a Hiprep 26/10 desalting column (Merck, Darmstadt, Germany), 

where the CsCl solution was exchanged by 10 mM Tris pH 8.0, 2 mM MgCl2 buffer. This solution was 

diluted by adding an equal amount of 1M Trehalose, 4 mM, MgCl2, 10 mM Tris Buffer pH 8 in order to 

achieve a final storage buffer of 10 mM Tris pH 8.0, 2 mM MgCl2 and 0.5 M Trehalose. Viral aliquotes 

of 250 µL were performed and stored at -80ºC. 
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3.17  AdV-Cre viral titering - TCID50 assay  

Adenoviral infectious titer was determined by TCID50, an end-point dilution method. In this 

assay serial dilutions of viral stock are plated in 293 cells growing in the wells of a 96-well plate to 

determine the dilution at which 50% of the wells are infected 

293 cells at 1.1x105 cells/cm2 were seeded in a 96-well plate, in culture media until reached a 

confluency of 80%. Then, 10-fold viral dilutions, ranging from 10-1 – 10-15 were prepared in dilution 

medium (DMEM, low glucose, pyruvate, no glutamine, no phenol red supplemented with 4 mM L-

Glutamine (GibcoTM, Thermo Fisher Scientific, Massachusetts, USA). 50 µL of each viral dilution was 

added, in triplicate to 8 wells containing the 293 cell monolayer and incubated at 37ºC with 5% CO2. 

After 1 hour of infection, 150 µL of dilution medium supplemented with 5% FBS (GibcoTM, Thermo Fisher 

Scientific, Massachusetts, USA) was added and incubated continued at 37ºC, 5% CO2. Plates were 

examined after 7- and 9-days post-infection. Infectious titer was determined using KARBER statistical 

method, which from 50 µL of dilution, the titer is given by T=101+d(S-0.5), where d= log 10 of the dilutions 

and S= sum of the rations of positive wells per row.  

 

3.18  Infection of 293 cells with AdV-Cre and AdV-Control 

To activate the expression of rep-cap, AAV packaging 293 stable cell populations were infected 

with AdV-Cre. As an infection control, the populations were also infected with another helper virus 

without Cre, a E1-deleted AdV serotype 5 (provided by Dr. Genevievè Libeau, CIRAD-EMVT, 

Montpellier, France), named AdV-Control in this work. Cells were seeded at 1.1x105 cells/cm2 in 6-well 

plates and infected with an MOI of 5, 24 hours post-seeding (confluency of 70-80%). 42 hours post-

infection, cells were collected and total RNA and gDNA was extracted as described in sections 3.10.1 

and 3.10.3, respectively. 
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4 Results 

4.1 Design and construction of rep-specific shRNAs 

This experimental work focuses on the post-transcriptional control of Rep expression based on 

shRNA-mediated knockdown. To our knowledge, there are no known sequences of shRNA for gene 

knockdown of AAV rep. The four rep-specific shRNAs (shRNA 1- 4) used in this work were empirically 

selected from a list of results obtained with three different software programs (Invitrogen, GPP Web 

portal and Genscript). The spliced full-length rep78 mRNA was used as the template sequence. The 

selected shRNAs 1 and 2 are specific for rep78/68 mRNA and shRNAs 3 and 4 also target rep52/40 

mRNA (Figure 4.1A). A scrambled shRNA (shRNAscr), with no known targets in human cells or viral 

transcripts was also generated and served as a negative control. A homology search of all five used 

shRNAs was performed using BLAST tools to avoid off-target effects. The designed shRNAs were 

synthesized in the form of two complementary ss oligos and then annealed. The integrity of the resulting 

ds oligos was confirmed by agarose gel electrophoresis (Figure 4.1B).  

 
 
Figure 4.1: rep-specific shRNA binding sites and annealing. (A) Schematic representation of shRNA targeting 
locations on each rep mRNA (created with BioRender). shRNA1 and shRNA2 bind to rep78/68 mRNA in position 
nt 119-140 and nt 388-409, respectively. shRNA3 and shRNA4 have affinity for all rep transcripts through binding 
to a common sequence. shRNA3 binds to rep78/68 in position 801-822 nt and to rep52/40 in position 129-150 nt, 
whereas shRNA4 binds to position nt 929-950 nt in the rep78/68 transcripts and position 257-278 nt in the rep52/40 
transcript; (B) The integrity of each annealed ds oligos was confirmed by electrophoresis in a 3% agarose gel, which 
revealed the presence of bands in the expected size region (89 bp). Lanes 1 - 5 correspond to the dsDNA sequence 
coding for shRNA1, 2, 3, 4 and scr, respectively. The MW lane correspond to NZYDNA Ladder IV (NZYtech, Lisboa, 
Portugal), with molecular weights in base pairs (bp). 
 
 

4.2 Development of AAV2 rep-specific shRNA packaging plasmids 

The AAV2 rep-specific shRNA packaging plasmids were constructed starting from the same 

backbone, pRC (Figure 4.2A), which contains the AAV2 rep and cap genes under the control of their 

native promoters (p5, p19 and p40) and a transcription fusion GFP-P2A-BSD, under the dependence of 

a hPGK promoter. Co-expression of the GFP reporter gene and the BSD S-resistance gene facilitates 

the monitoring of cell transfection efficiency and cell selection, respectively. The five generated ds oligos 

were cloned into the plasmid backbone pRC under the dependence of a U6 promoter and flanked by 

loxP sites (Figure 4.2A – pRCsh1-4 and pRC-shscr), to allow the recognition and excision by Cre 

recombinase. As a control, a plasmid without the rep gene nor shRNA was also generated (Figure 4.2A 
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- p∆RepC). The successful cloning of the resulting constructions was confirmed by restriction pattern 

analysis (Figure 4.2B and C) and DNA sequencing (data not shown).  

 

 
 
Figure 4.2: Construction of the rep-specific shRNA packaging plasmids. (A) Schematic representation of the 
plasmids constructed for this work. pRC is the plasmid control expressing AAV2 rep and cap genes and the vector 
backbone, from which the other plasmids were constructed. pRC-sh1-4 and pRC-shscr were generated through the 
digestion of the plasmid backbone with SbfI and MluI and posterior cloning of the shRNA-coding sequence. pΔRepC 
is a control plasmid that does not contain the rep gene; (B) Confirmation of plasmid sequence; Lanes 1 and 2 show 
the BpUEI restriction pattern of plasmids pRC-sh1 and pRC-sh4, respectively, with expected bands of 2690, 2080 
and 1529 bp. Lane 3 contains plasmid pRC-sh2 digested with XmnI with expected bands of 4768, 3801 and 1519 
bp. Lanes 4, 5 and 6 consist of plasmids pRC, pRC-sh3 and pRC-shscr, digested with MluI and NruI, respectively, 
with expected bands of 6886, 2261 and 941/899 bp; (C) Confirmation of plasmid sequence; Lane 1 shows the 
restriction pattern of plasmid pΔRepC through the digestion with SalI and MscI with expected bands of 7503 and 
1008 bp. The MW lane correspond to NZYDNA Ladder IV (NZYtech, Lisboa, Portugal), with molecular weights in 
bp.  
 
 

4.3 Establishment of stable AAV2 rep-specific shRNA packaging 

populations 

The AAV packaging populations based on 293 cells were established through the transfection 

with plasmids pRC, p∆RepC, pRC-sh1-4 and pRC-scr (RepCap, ∆Rep, RC-sh1–4, RC-shscr, 

respectively; Table 3.3) using 5 µg DNA/106 cells and PEIpro in a 1:1 (w/w) DNA:PEI ratio. As evident 

from Figure 4.3A, 48 hpt all transfected cells presented a remarkable impact in cell survival and 

morphology. As this was also observed in ∆Rep population, unable to express the rep gene, it might 
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indicate a phenomenon of PEIpro-induced cytoxicity. GFP expression was confirmed by fluorescence 

microscopy (data not shown) and flow cytometry (FC). The latter revealed different transfection 

efficiencies, ranging from 8% to 27% (Figure 4.3B). Interestingly, the highest percentage was achieved 

in cells harbouring the control plasmid without the rep gene (ΔRep) and the lowest was observed in cells 

transfected with the scrambled shRNA control (RC-shscr).  

 

Figure 4.3: Evaluation of cell confluency and transfection efficiency for the establishment of AAV2 rep-
specific shRNA packaging populations. 293 cells were transfected with different plasmids at 5 µg/106 cells at a 
DNA:PEIpro ratio of 1:1 (w/w) and collected 48 hpt for analysis by (A) phase contrast microscopy and (B) flow 
cytometry (n=1). The scale bar corresponds to 100 µm. 
 
 

After transfection, the cells were grown in the presence of blasticidin for cell selection and 

monitored by FC. The selection proceeded for a period of almost nine weeks, until populations presented 

more than 90% of GFP positive cells. Due to some unforeseen events, after four weeks of cell selection, 

a master cell bank had to be performed for all populations, which may have compromised cell viability 

and the selection process. Compared to other stable populations, RepCap took the longest time to 

recover and achieve confluences of approximately 80%. All the populations expressing shRNAs, 

including the scrambled control, were selected almost at the same pace, alongside ∆Rep. After 

selection, all populations presented the same growth and proliferation profile as parental 293 cells, 

determined by cell confluency observation. 
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4.4 Optimization of transfection conditions  

To increase cell survival while maintaining or increasing transfection efficiency, transfections 

using different DNA concentrations were performed. 293 cells were transfected with 2, 3, 4 and 5 µg 

pRC/106 cells using in-house PEI at a DNA:PEI ratio of 1:1.5 (w/w). In parallel, the same conditions 

were mimicked using a control plasmid, expressing GFP (pGFP). Figure 4.4A shows that an increased 

concentration of DNA:PEI complexes inhibits cells growth, with both plasmids. However, in general, the 

transfection with pRC resulted in decreased cell confluency for all tested conditions, when compared to 

pGFP. For the same amount of DNA (5 µg DNA/106 cells) transfection of plasmid pRC complexed with 

PEIpro (Figure 4.3A - RepCap) was more toxic to cells than with in-house PEI (Figure 4.4A – pRC, 5 

µg). In cells transfected with pGFP, the percentage of GFP positive cells increases as the concentration 

of DNA increases as well. For pRC, the transfection efficiency peaks when using 3 µg DNA/106 cells 

(Figure 4.4B).  

 

Figure 4.4: Effect of transfection conditions on 293 cell growth and transfection efficiency. 293 cells were 
transfected with pGFP or pRC at 2, 3, 4 and 5 µg DNA/106 cells with 1.5 x in-house PEI and collected 48 hpt for 
analysis by (A) phase contrast microscopy and (B) flow cytometry (n=1). The scale bar corresponds to 100 µm. 
 
 

To study the knockdown of different rep-specific shRNAs in transiently transfected 293 cells, 

the best condition identified was applied (3 µg DNA/106 cells) using in-house PEI in a DNA:PEI ratio of 

1:1.5 (w/w) (Figure 4.4). Transfection efficiencies remained below 30% (Figure 4.5B). Regarding phase 

contrast microscopy (Figure 4.5A), cell death is still predominant in almost every transfection, except 

for cells transfected with pRC-sh4 and scr, which also have the lowest transfection efficiency (Figure 
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4.5B). Again, when comparing phase contrast microscopy images of cells transfected in this assay 

(Figure 4.5A) with the images of the establishment of stable populations (Figure 4.3A), cells have an 

overall better morphology in the first one, which means that DNA ratio alongside the used PEI type in 

the population establishment might be causing increased cytotoxicity.  

 
Figure 4.5: Evaluation of cell confluency and transfection efficiency in cells transiently transfected with the 
AAV2 rep-specific shRNA packaging plasmids. 293 cells were transfected with different plasmids at 3 µg/106 
cells at DNA:PEI ratio of 1:1.5 (w/w) and collected 48 hpt for analysis by (A) phase contrast microscopy and (B) 
flow cytometry (n=1). The scale bar corresponds to 100 µm. 
 
 

4.5 Gene expression analysis  

First, a method validation was carried out to assess whether the target and reference gene PCR 

amplification efficiencies were approximately equal, as described in Livak and Schmittgen (2001) [187]. 

Graphics in Figure 4.6 show the results of this experiment validation where a log of cDNA diluted over 

a 3-fold range was plotted against the ΔCT (CT target gene – CT RG). As the absolute slopes were below 

0.1, the assumption where target and RG amplification efficiencies are similar can be taken and the 

ΔΔCT method was considered valid to be used. 
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Figure 4.6: Validation of the ΔΔCT method. The amplification efficiency of the target genes (rep, cap and GFP) 
and reference genes (TOP1 and UBC) was examined by RT-qPCR using specific primer/probe sets (Tables 3.4 
and 3.5). cDNA was synthesized from 2 µg of total RNA extracted from 293 cells transfected with pRC then serially 
diluted 3-fold. The ΔCT (CT rep, cap or GFP – CT UBC or TOP1) was calculated for each dilution. The data was plotted using 
linear regression analysis (n=2). 

 

Expression of AAV genes as well as GFP was analysed 48 hpt and in the established stable 

populations by RT-qPCR, in the absence of helper factors. As depicted in Figure 4.7A, rep, cap and 

GFP were expressed 48 hpt and as expected, at higher levels in transient than in stable populations 

(Figure 4.7C). No rep gene silencing potential was observed with the four designed shRNAs in 

transiently transfected cells (pRC-sh1 – 4) since their rep levels were similar to pRC transfection (Figure 

4.7A and B). 

In stable, rep mRNA levels in populations RC-sh1 and RC-sh3 were slightly higher (below 2-

fold) compared to RepCap population, which might serve as an indicator of shRNA1 and 3’s inefficiency 

in silencing rep (Figure 4.7D). The rep CT in RC-sh2 and RC-sh4 populations was below level of 

detection, what could indicate a rep repression phenomenon (or absence of the rep gene), probably not 

related with shRNA, as this was also observed for RC-shscr control population (Fig. 4.7C).  

It is well known that cap gene expression is regulated by Rep proteins [188], [189]. Consistent 

with this, in transient transfection, cap mRNA levels were in average 5-fold higher than rep levels, in 

most populations (Figure 4.7A). In the absence of rep (p∆RepC), the levels of cap mRNA were the 

lowest (Figure 4.7A), being 6-fold inferior when compared to pRC (Figure 4.7B). Stable packaging 

populations showed a decreased level of cap, which seems not to be related with rep levels (Figure 

4.7C).  

GFP amplification was detected in all tested populations, in higher levels in transient cells than 

in stable populations (Figures 4.7A and C, respectively). In transient transfection, the highest amount 

of GFP transcription was observed in cells transfected with p∆RepC and the lowest in cells transfected 

with pRC-sh2 and scrambled control (Figure 4.7A). In stable, the GFP mRNA is the most abundant 

transcript (compared to rep-cap) and similarly expressed in all established populations, except for pRC-

sh2 whose expression is reduced only slightly (less than 2-fold) compared to RepCap (Figure 4.7C).  
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Figure 4.7: Relative gene expression analysis of rep, cap and GFP in transiently transfected cells, 48 hpt (A 
and B) and stable populations (C and D). cDNA was synthesized from 2 µg of total RNA extracted. Gene 
expression was assessed by RT-qPCR normalized against TOP1 and UBC reference genes within the same 
sample and are shown as gene expression (2-∆CT) (A and C) or fold change relative to the respective levels in 
control cells harbouring the pRC plasmid (2-∆∆CT) (B and D). (A) Arrows indicate the *cap expression ratio vs rep 
expression in the same sample. Data is shown by mean ± standard deviation (A and B n= 1; C and D n= 3). 

 

4.6 Integrated plasmid copy number 

The integrated plasmid copy number was calculated by qPCR, targeting rep, cap and GFP in 

the established stable populations. Firstly, to increase method throughput, a dual-colour detection 

protocol was implemented, in which rep, cap and GFP probes were labelled with FAM while the ALB 

probe was conjugated with HEX. Primer/probe validation of rep, cap and ALB was carried out in 

singleplex and multiplex qPCR. Figure 4.8 shows similar amplification efficiencies (between 95-100%) 

amid singleplex and multiplex qPCR in all sets used, therefore, dual-colour qPCR can be carried out. 

The detection of GFP was performed in singleplex with an efficiency of 98.5%. 



40 
 

 

Figure 4.8: Primers/probe validation for rep, cap and ALB for multiplex qPCR and GFP for singleplex qPCR. 
(A, B, C) Amplification efficiency for rep, cap and ALB in singleplex and multiplex qPCR; (D) GFP singleplex qPCR 
amplification efficiency. The calibration curves were established with pSTD dilutions ranging from 108 to 102 
copies/μL (CT- crossing threshold). 
 

As shown in Table 4.1, the integrated plasmid copy number varied between 0 and 1 in all cell 

populations, for all tested genes. Furthermore, the populations which do not express rep (RC-sh2, 4 and 

scr – Figure 4.7C) do not have any rep integrated copies. The inconsistency in amplified copy number 

(Table 3.1) and mRNA levels (Figure 4.7C) in populations RC-sh1 detecting 0 rep copies and a gene 

expression of 0.19, and populations RC-shscr, 2, 3 and 4 detecting 0 copies of GFP but having a gene 

expression of 1.23, 0.69, 1.74 and 2.06, respectively, is likely attributed to the heterogeneity of stable 

populations, since most of the cells may have 0 – 1 copies, limitations of qPCR protocol and/or poor 

cellular DNA extraction. 

 
Table 4.1: Analysis of integrated plasmid copy number. qPCR analysis of rep, cap and GFP plasmid sequences 
was carried out using primers/probe specific sets (Table 3.4). Copy number calculation was performed through the 
normalization to ALB gene copies, with an assumed number of 2. The data is shown by mean ± standard deviation 
(n=3). 

 Copy number 

Cell population rep cap GFP 

293 0.00 ± 0.01 0.00 ± 0.01 0.00 ± 0.00 

RepCap 1.00 ± 0.12 1.00 ± 0.30 1.00 ± 0.32 

∆Rep 0.00 ± 0.02 0.00 ± 0.10 1.00 ± 0.19 

RC-shscr 0.00 ± 0.00 0.00 ± 0.02 0.00 ± 0.11 

RC-sh1 0.00 ± 0.26 1.00 ± 0.30 1.00 ± 0.30 

RC-sh2 0.00 ± 0.00 1.00 ± 0.19 0.00± 0.26 

RC-sh3 1.00 ± 0.10 1.00 ± 0.07 0.00 ± 0.12 

RC-sh4 0.00 ± 0.04 0.00 ± 0.09 0.00 ± 0.29 
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4.7 Rep protein detection 

AAV2 Rep protein expression was assessed in the established stable populations. As shown in 

Figure 4.9A, no Rep protein was detected in samples by this technique. Since no Rep protein was 

visualized by traditional western blot methodology, preliminary testing was carried out in another western 

blot equipment named Jess. Samples with different whole protein concentrations as well as several 

target protein amounts were analysed. The first sample to be tested (Figure 4.9B – p1) consisted in 

cells transiently transfected with plasmid pRC, which had higher rep expression (assessed by RT-qPCR) 

although lower whole protein concentration. The second sample (Figure 4.9B – p2) is a concentrated 

protein extract from stable population RC-sh3, with low Rep protein expression. Results show the 

detection of two protein bands around 50 kDa in both samples. The band with higher size can be 

assumed to be Rep52 and the one bellow, Rep40 or non-specific detection. However, Rep78 was not 

detected in neither of the samples. More testing in this equipment and with other anti-Rep antibodies 

must be carried to allow the specific detection of all Rep proteins. The addition of a positive control 

sample which expresses Rep78 is of great interest as well. 

 

 

Figure 4.9: Assessment of AAV2 Rep protein expression in AAV2 rep-specific shRNA packaging stable 
populations. (A) Immunoblotting of protein extracts of 293 cells (p1), positive control (p2) and stable populations 
RepCap (p3), ΔRep (p4), RC-sh1 (p5), RC-sh2 (p6), RC-sh3 (7), RC-sh4 (p8) and RC-shscr (p9) for the detection 
of AAV2 Rep and α-tubulin. The indicated molecular weights in the figure correspond to bands of SeeBlue Plus2 
Pre-Stained Protein Standard (Invitrogen, California, United States); (B) Jess immunoblotting of protein extracts 
from cells transiently transfected with pRC (p1) and from stable population RC-sh3 (p2).  

 

4.8  Characterization of AAV2 rep-specific shRNA packaging cell 

populations after AdV-Cre infection 

To assess the effects of helper virus infection on the amplification of AAV viral genes and GFP, 

stable populations were infected with two different AdVs. In the scope of this project, an AdV coding for 

Cre-recombinase (AdV-Cre) was produced and its infectious titer was determined by TCID50 as 1.1x1010 

± 0.4x1010 IP/mL (n=3). The expression of Rep and Cap was determined after the infection of established 

stable populations, RepCap, ∆Rep, RC-sh1 and RC-sh3, with AdV-Cre and as control, with another AdV 

(without Cre recombinase – AdV-Control) in a MOI of 5.  
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24 hours post-infection, all cell populations and control exhibited cytopathic effects typical of 

adenoviral infection: loss of cell adhesion and cell rounding (data not shown). 42 hours post-infection, 

rep, cap and GFP levels were analysed by qPCR and RT-qPCR. Overall, both adenovirus infections did 

not show increased DNA copy number, apart for the RepCap population, that increased from 1 to 2 rep 

copies when infected with AdV-Control (Table 4.2).  

 

Table 4.2: Analysis of copy number amplification before and after AdV infection. qPCR analysis of rep, cap 
and GFP plasmid sequences was carried out using primers/probe specific sets (Table 3.4). Copy number calculation 
was performed through the normalization to Albumin gene copies, with an assumed number of 2 (n=1). The data is 
shown by mean ± standard deviation of technical replicates (n=1). 
 
 

 rep copy number cap copy number 

Cell population 
No 

infection 
AdV-

Control 
AdV-Cre 

No 
infection 

AdV-
Control 

AdV-Cre 

293 0.00 ± 0.03 0.00 ± 0.08 0.00 ± 0.05 0.00 ± 0.01 0.00 ± 0.03 0.00 ± 0.05 

RepCap 1.00 ± 0.03 2.00 ± 0.02 1.00 ± 0.01 1.00 ± 0.06 1.00 ± 0.04 1.00 ± 0.06 

∆Rep 0.00 ± 0.10 0.00 ± 0.06 0.00 ± 0.01 0.00 ± 0.03 0.00 ± 0.14 0.00 ± 0.13 

RC-sh1 0.00 ± 0.04 0.00 ± 0.03 0.00 ± 0.07 0.00 ± 0.02 0.00 ± 0.10 0.00 ± 0.14 

RC-sh3 1.00 ± 0.02 1.00 ± 0.06 1.00 ± 0.19 1.00 ± 0.02 1.00 ± 0.06 1.00 ± 0.03 

 

 GFP copy number 

Cell population 
No 

infection 
AdV-

Control 
AdV-Cre 

293 0.00 ± 0.06 0.00 ± 0.06 0.00± 0.05 

RepCap 1.00 ± 0.05 1.00 ± 0.03 1.00 ± 0.02 

∆Rep 1.00 ± 0.02 1.00 ± 0.07 1.00 ± 0.01 

RC-sh1 1.00 ± 0.07 1.00 ± 0.02 1.00 ± 0.03 

RC-sh3 0.00 ± 0.02 0.00 ± 0.07 0.00 ± 0.06 

 

Both adenoviral infections altered expression levels of UBC and TOP1, as shown in Table 4.3, 

which does not allow to normalize the infected samples to the non-infected.  

 

Table 4.3: Impact of adenoviral infection on UBC and TOP1 reference gene expression. Adenovirus infection 
altered the expression of the two chosen reference genes: UBC and TOP1. 
 

 UBC CT TOP1 CT 

Cell 
population 

No 
AdV 

AdV-
Control 

AdV-
Cre 

No 
AdV 

AdV-
Control 

AdV-
Cre 

293 23.10 27.63 26.13 25.47 28.66 28.08 

RepCap 22.54 26.30 25.10 25.20 28.38 28.32 

∆Rep 22.72 26.44 25.15 24.92 27.55 27.89 

RC-sh1 22.96 25.81 24.96 25.06 27.51 28.13 

RC-sh3 23.29 24.51 23.85 25.39 26.58 26.63 

 

rep expression was only slightly amplified in RepCap population, upon AdV infection (below 2-

fold) (Figure 4.10A), which is coherent with rep DNA amplification regarding AdV-Control infection 

(Table 4.2). Among the rep-silencing populations, only RC-sh1 suffered a slight rep amplification (less 
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than 2-fold) when infected with AdV-Control (Figure 4.10A). Furthermore, there is no rep expression 

amplification of RC-sh1 and 3, relative to RepCap after AdV-Cre infection (Figure 4.11B). cap gene 

expression appeared to have increased very slightly with levels below 0.1 in population RC-sh1 and 

increased around 3-fold and 0.5-fold in populations RepCap and RC-sh3, respectively, upon AdV 

infection (Figure 4.10B). Still, cap mRNA amplification was not accompanied by cap DNA increase 

(Table 4.2). As expected, cap levels were the lowest in the population deleted for the rep gene (∆Rep) 

(Figure 4.11B). Again, GFP copy number of RC-sh3 (~0), cap copy number of ∆Rep (~0) and rep and 

cap copy number of RC-sh1 (~0) are not coherent with mRNA levels shown in all tested conditions 

(Figure 4.10A, B and C). To confirm gene expression tendencies, more biological replicates need to be 

performed. 

 

 

Figure 4.10: Gene expression analysis of rep (A), cap (B) and GFP (C) of RepCap, ∆Rep, RC-sh1 and RC-
sh3 stable populations, non-infected and infected with AdV-Control and AdV-Cre (42 hours post-infection). 
cDNA was synthesized from 2 µg of total RNA extracted. Gene expression was assessed by RT-qPCR normalized 
against TOP1 and UBC reference genes within the same sample and are shown as gene expression (2-∆CT). Data 
is shown by mean ± standard deviation of technical replicates (n=1). 

 

 

 



44 
 

 

Figure 4.11: Fold change of rep and cap gene expression relative to RepCap population of ∆Rep, RC-sh1 
and RC-sh3 stable populations infected with AdV-Control (A) and AdV-Cre (B) (42 hours post-infection). 
cDNA was synthesized from 2 µg of total RNA extracted. Gene expression was assessed by RT-qPCR normalized 
against TOP1 and UBC reference genes within the same sample and are shown as fold change relative to the 
respective levels in control cells harbouring the pRC plasmid - RepCap (2-∆∆CT). Data is shown by mean ± standard 
deviation of technical replicates (n=1). 
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5 Discussion and conclusions 

There has been an increasing demand for AAV based viral vectors. An effective production 

method able to deliver a reproducible product in high amounts during extended culture time periods  is 

the one based on the AAV production through packaging stable cell lines [121], [123]. 293 cells are very 

well characterized and receptive to transfection and infection with non-pathogenic AdV, due to the 

integration of adenoviral genes E1a/b [123]. However, these genes are able to support basal constitutive 

expression of Rep proteins, with known cytostatic and cytotoxic effects through time [136]–[138].  So, 

the main goal of this thesis was the development of 293 based AAV packaging cell lines harbouring a 

Cre/loxP shRNA-dependent system to control the expression of the rep gene.  

The first reported attempts to control AAV Rep-induced cytotoxicity in 293 cells focused on the 

replacement of rep gene promoter p5 with heterologous inducible promoters [190]. However, after 

induction, the levels of Rep52/40, essential for AAV assembly, were too low to allow rAAV production 

[190]. Much of the published data highlights the importance of keeping the AAV native promoters for a 

more effective rAAV production in stable cells [191]–[193]. Later strategies were then based solely on 

rep (and cap)-coding region disruption and restoration using the Cre/loxP system [124], [139], [140]. To 

the best of our knowledge, a rep silencing mechanism based on RNAi system was never attempted. 

Therefore, four different shRNAs, complementary to different regions of the rep mRNA were designed 

and individually cloned in the same backbone, containing AAV rep-cap genes under the dependence of 

AAV2 native promoters (pRC). All shRNAs sequences (shRNA1-4) are complementary to Rep78/68, 

the main responsible of cytotoxicity [29], [30], shRNA3 and 4 were designed to also target Rep52/40. 

The rational for this design was to ensure an approximate equivalence of rep-cap and shRNA 

components and the integration of both critical components within the same site in the host genome. 

Since rep-cap amplification and expression profile are different in transient transfections and 

packaging/producer stable cell lines [130], the rep-specific shRNA repression system was studied in 

both systems.  

For clinical vector manufacturing, the generation of stable cell lines through clone selection and 

characterization involves a significant time and effort. So, for the sake of time, population establishment 

was performed first, with 5 µg/106 cells of each generated plasmid (Table 3.3) using a certified PEI 

(PEIpro Polyplus) at 1:1 (w/w) DNA:PEI ratio. 48 h after transfection cells were placed in selection 

medium. The transfection effects were first analysed. A decreased cell survival was observed in all 

transfected cells, including the ones that received the vector deleted for the rep gene (p∆RepC) (Figure 

4.3A). Transfection efficiencies were variable, and the highest percentage was achieved with plasmid 

p∆RepC and the lowest with pRC-shscr (Figure 4.3B). We can hypothesize that the observed 

cytotoxicity can be derived from the expression of the rep gene, the amount of delivered DNA and/or 

the type of transfection reagent. To assess and surpass this, a transfection optimization assay was 

conducted, where 293 cells were transfected with plasmid pRC or pGFP (transfection control) using 

different amounts of DNA (2 - 5 µg/106 cells) complexed with in-house PEI (w/w ratio of 1:1.5). Phase 

contrast microscopy revealed that as DNA concentration increases, cell toxicity does as well, with both 

plasmids (Figure 4.4A). Additionally, cells transfected with pRC were less confluent than the ones 
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transfected with the control plasmid, indicating an increased cell death in this condition, for all tested 

concentrations. The transfection efficiencies were always higher with pGFP, above 40%, than with pRC 

(below 25%) (Figure 4.4B). The combined results seem to indicate that the delivery of higher amounts 

of DNA (4 and 5 µg/106 cells) was more toxic to cells, an effect that might had been accentuated by the 

presence of the rep gene, since we have less cell confluency at 3 µg/106 with pRC (Figure 4.4A). PEIpro 

might have also contributed for an increased cytoxicity, since when comparing images of cells 

transfected with pRC using in-house PEI (Figure 4.4A – 5 µg) and PEIpro (Figure 4.3A - RepCap) in 

the same transfection ratio (5 µg/106 cells), the latter seem less viable. Regarding transfection efficiency 

both provided similar results (Figures 4.3B and 4.4B). Using optimized conditions, 293 cells were again 

transfected with the AAV2 shRNA rep-specific packaging plasmids and controls using in-house PEI. 

The observed cell confluency and transfection efficiencies (Figures 4.5A and B) were within expected 

based on the previous assays.  

The results indicate that none of the used shRNAs were able to knockdown rep gene expression 

both in transiently transfected cells as well as in the selected packaging stable populations. In transient, 

analysis of rep gene expression, relative to control (pRC), revealed similar or slightly higher levels of 

rep mRNA in all transfected cells (Figures 4.7A and B). This was a first evidence that the used shRNAs 

were not being effective in rep gene knockdown, mainly when some reports point that shRNA-mediated 

gene silencing can be effective 48 hpt [194], [195]. Interestingly, even in the absence of helper factors, 

when the rep gene is expressed, the cap expression levels were 2.5 to 7.2-fold higher than rep, being 

the most abundant transcript is most transfections (Figure 4.7A). Comparatively, in cells transfected 

with p∆RepC, levels of cap mRNA where 6-fold reduced compared to transfection with pRC (Figures 

4.7A and B). The expression of Rep proteins, detected 48 h after transfection in the populations 

expressing rep, is probably acting as a positive regulator of the p40 promoter, leading to an increased 

expression of cap mRNA, an observation in line with published results [188]. Regarding GFP expression, 

it seems to be higher in cells deleted for the rep gene (p∆RepC) (Figure 4.7A). Accordingly, it has been 

documented that Rep is able to downregulate expression from heterologous promoters [129], [196]. 

To confirm the shRNA properties as well as to characterize the selected populations, rep-cap 

gene expression and amplification were quantified by qPCR, before and after AdV infection. In the 

absence of helper factors, rep expression was not detected in RC-sh2, RC-sh4 and RC-shscr 

populations while RC-sh1 and RC-sh3 had a slight increase compared to control, RepCap (below 2-

fold) (Figures 4.7C and D). The overall low rep gene expression results were further corroborated 

through traditional western blot analysis, since no AAV2 Rep proteins were detected in any of the 

populations (Figure 4.9A). Through a more sensitive western blot methodology (Jess), low Rep 

expression was confirmed (Figure 4.9B), although further tests are needed.  As expected, cap mRNA 

levels were detected in levels below of what was observed for transient transfections (Figures 4.7C and 

A, respectively). To investigate whether the absent/low expression of rep (and consequently cap) could 

be due to a downregulation driven by shRNA, the integrated plasmid copy number of rep, cap and GFP 

was also assessed in these populations. At the beginning of work, it was hypothesized that if the shRNAs 

were efficient in silencing rep expression, then clones with higher integrated copy number could have 

endured. Populations RepCap and RC-sh3 have an average number of 1 copy of rep while RC-sh1 did 
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not reach 1 (Table 4.1). Populations RC-shscr, RC-sh2 and RC-sh4 do not have any rep integrated 

copies, which can explain the lack of rep gene expression (Table 4.1 and Figure 4.7C). For other genes, 

the range was also between 0 and 1 (Table 4.1). It is important to point out that since these samples 

are populations, there is cell heterogeneity, meaning that the copy numbers obtained reflect only an 

average and do not represent each individual cell. Additionally, since these cells were transfected with 

a circular plasmid, that can be randomly linearized within the cell, there is an increased probability of 

generating clones that do not integrate essential genes [197]. It has been shown that the number of 

stable colonies can be increased through vector linearization, since foreign DNA integration into the 

chromosome likely occurs during nuclear replication, when linear DNA can be randomly copied into 

chromosomes [197]. It can also be hypothesized that despite the presence of Rep proteins, the lack of 

AAV ITRs in the constructions might have had a negative impact on integration. It has been described 

higher integration efficacy when using ITRs due to higher homology to the chromosome 19 sequence 

[198]. In contrast, it has been documented that ITRs are not required for integration and that the 

presence of a cis element, named AAV integration efficiency element (P5IEE) in the p5 promoter, 

alongside Rep proteins, is sufficient for this phenomenon. Thus, it has also been reported similar 

integration efficiencies between ITR-containing and ITR-deleted constructs [199]. Additionally, the 

severe cytotoxicity upon transfection during the establishment of stable populations may have 

compromised the survival of clones with a higher integrated plasmid copy number. 

Stable cell lines tend to mimic post-adenoviral infection wt AAV life cycle through the 

amplification of rep and cap genes [130]. Hence, successful rAAV production is dependent on an 

efficient rep and cap amplification, that is driven by the presence of adenoviral helper factors [123], 

[127], [129], [130]. Thus, RepCap, ∆Rep, RC-sh1 and RC-sh3 stable populations were infected with two 

AdV: one expressing Cre (AdV-Cre) and other not (AdV-Control) to assess if there is any rep gene 

amplification and if the shRNAs are indeed exerting a silencing effect on rep. Unfortunately, since RG 

UBC and TOP1 suffered expression changes due to AdV infection, in some samples of 3 CT 

(approximately 10-fold difference), the infected samples cannot be normalized to the non-infected ones 

(Table 4.3). Reports show that DNA topoisomerases are involved in AdV replication, transcription and 

packaging [200] and the ubiquitin system has a role in AdV disassembly and trafficking [201], which 

might explain gene expression changes. Nevertheless, a trend can be observed in the results depicted 

in Figure 4.10. For RepCap population, a slight increase in rep is observed (below 2-fold), after both 

AdV infection (Figures 4.10A). For RC-sh1 and RC-sh3 populations, there was no rep expression 

amplification after AdV-Cre infection when compared to RepCap (Figure 4.11B), which further 

reinforces the hypothesis that shRNA1 and 3 do not repress rep. Contrarily of what was expected, 

especially for the RC-sh3 population, cap expression seems to have been amplified after AdV infection, 

interestingly, the result was observed with both used AdVs (Figure 4.10B). cap gene expression is in 

fact amplified during AdV infection, however, it relies on Rep78-mediated transactivation of the p40 

promoter [16], [189] and rep was not amplified upon AdV infection in population RC-sh3 (Figure 4.10A). 

In the future, a relative quantification with a standard curve should be employed to understand if this 

reported result is real or an artefact, related with the normalization using abnormally expressed UBC 

and TOP1. Regarding plasmid integrated copy number in stable cell lines, some reports attribute no 



48 
 

clear relation with rAAV productivity [123], while others still consider that possibility [129]. After infection, 

only RepCap population showed an increase of rep gene amplification from 1 to 2 copies, upon AdV-

Control (Table 4.2), which aligns with the slight increase in rep mRNA levels, and consequently cap 

expression (Figure 4.10A and B). The combined results of this work point that only 1 copy of rep-cap 

per cell is not enough to trigger the desirable levels of rep-cap amplification required for an increased 

rAAV production. In line with our results, Chadeuf et al. (2000) [131] developed a 293 based AAV stable 

cell line with 1-2 rep integrated copies which ended up yielding 27-fold less AAV vectors than control 

293 cells. Successful 293 based AAV producer cell lines have between 10 to 50 rep integrated copies 

and can reach up to 20-fold of rep-cap amplification upon AdV infection [123], [124].  

Although, no AAV2 packaging cell line harbouring a rep-silencing mechanism based on shRNA 

was established, this work gave useful insights regarding transfection and rep-mediated cytoxicity, 

shRNA design and delivery, which will shape future assays. Moreover, the implementation and 

validation of several qPCR methods are definitely valuable for upcoming work. For the time being, 

functional assays for the validation of gene silencing mediated by shRNA and loxP-site excision by AdV-

Cre are being performed. In the future, to improve the strategy herein presented and increase the 

chances of success of this work, new approaches should be employed. To guarantee rep silencing, new 

rep-specific shRNAs should be designed and, for example, delivered first in a separate plasmid (without 

the AAV2 rep and cap genes) combining different shRNAs sequences. Weng et al. (2017) [195] 

designed a multi-shRNA vector with the capacity for cloning 3 shRNAs, under the dependence of U6 

promoters. The effectiveness of this vector was assayed in exogenously and endogenously expressed 

genes. Results shown that multi-site shRNA vector could maintain the silencing effect for longer periods 

of time, when compared to single-site and double-site shRNA vectors. Moreover, combinations of up to 

6 shRNAs in a head-to-tail tandem array using H6 promoters have already been tested and validated 

[194]. Regarding vector delivery, one of the most used mechanisms are lentiviral vectors, since it allows 

high levels of target gene suppression [202]–[204]. Satkunanathan and colleagues [204] established a 

293T based YB1 knockdown AAV producer cells through the delivery of a shRNA using lentiviral vectors. 

It was shown that this cellular endogenous gene was silenced for more than 80 days in culture. Still, the 

use of viral vectors can be avoided through the use other not PEI-based methods with reduced cell 

cytotoxicity, such as Lipofectamine [195], [205], [206] which may increase the overall transfection 

efficiency and recovery of a high producer clone.  

The development of a screening method for high producer clones, which relates integrated copy 

number, gene expression and/or protein production with rAAV productivity, as preliminarily explored in 

this work, is quite useful and should be further investigated. In addition to find a high producer AAV 

packaging stable cell line, it would be of interest to develop a mother cell that could allow the production 

of different rAAVs through the transfection with different transgenes, and ideally, with interchangeable 

cap gene cassettes permitting serotype versatility.   
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