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A B S T R A C T

AAV-mediated gene therapy is a quickly growing segment of the pharmaceutical market; however, the current 
transient transfection process to produce rAAV has several challenges. The stable cells are ideal for large-scale 
continuous production, overcoming the drawbacks in the current transient transfection and streamlining rAAV 
production. In this study, we proposed to use synthetic inducible promoters to control the viral component 
expression and develop the baseline of HEK293T stable cells via site-specific integration mediated with CRISPR- 
Cas9, targeting safe harbor sites of human genome (ROSA26, AAVS1, and CCR5 locus). With a total of three 
round integrations, stable cell pools were developed and evaluated at each round of integration. Single clones 
were further characterized for each integration round. Regarding the stable pools, the 5’ and 3’ junction PCR 
results confirmed the site-specific integration to each locus. The genome copy result showed that AAV compo
nents, including Rep78/68, E2A, E4orf6, Cap, and Rep52/40, were successfully integrated into the host cell 
genome. Genome and capsid titer after induction confirmed rAAV production for stable cell pools in each round. 
The packaging cell line (after 2nd round integration) was able to produce rAAV. However, it was observed that 
the genome titer was ten-fold lower than that of rAAV products done with triple plasmids transfection. The out- 
to-out PCR and qPCR assay results further confirm the site-specific integration. This research demonstrates the 
feasibility of developing the inducible stable cell line with the refactored viral vectors via a site-specific 
integration.

1. Introduction

The gene therapy is rapidly expanding within the pharmaceutical 
market; however, the transient transfection method for recombinant 
adeno-associated virus (rAAV) production faces numerous challenges 
such as low productivity of rAAV from host cells, difficult scalability of 
the rAAV production process, and high levels of impurities (e.g. empty/ 
partial capsid) during production [1–3].

Developing stable cell lines that express AAV replication and pack
aging proteins will be very useful to ensure consistent and efficient viral 
vector production. However, numerous challenges still need to be 
overcome. A stable producer cell line requires the integration of not only 
the transgene, Rep and Cap genes for genome replication and encapsi
dation, but also helper genes that initiate the rAAV replication. The main 
barrier to establishing a stable cell line is the cytotoxicity induced by the 
continuous expression of rep and helper genes after integration. To meet 

the current and future demands of gene therapy products, developing an 
inducible stable cell line is a critical step for rAAV production.

Several inducible promoters have been reported to successfully 
control the expression of the most toxic protein Rep78/68 [4,5] and the 
adenovirus helper proteins E2A and E4 [6,7]. Recently, with the rapid 
advancements of synthetic biology, CEVEC Pharmaceuticals reported 
the development of producer cell lines through stable and sequential 
transfection of rAAV components controlled by Tet-inducible promoters 
using CEVEC’s Amniocyte Production (CAP) cells and human embryonic 
kidney (HEK293) cells [8,9]. Regarding academic insight, Lee et al. 
constructed the inducible stable cell line using synthetic biology com
bined with the strategy of transposon random integration, wherein 
multiple inducible promoters were utilized to regulate the expression of 
different rAAV components [10]. Separate control over replication and 
packaging activities further allowed the manipulation and regulation of 
empty/full capsid ratio [10]. Those results demonstrate the feasibility of 
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using inducible systems and applying synthetic biology in generating 
stable rAAV packaging and producer cell lines.

Compared to the random integration strategy, site-specific integra
tion allows the targeted integration of transgenes to pre-validated 
genome loci [11]. That can overcome fundamental problems in 
random integration, such as high clone variation, loss of transgene, and 
uncontrollable integration sites [12]. Furthermore, genomic safety 
harbors are regions of the human genome that allow stable expression of 
transgenes without affecting the host cells [13]. The genomic loci that 
are most extensively targeted in human cells are adeno-associated virus 
integration site 1 (AAVS1), C-C motif chemokine receptor 5 (CCR5), and 
reverse orientation splice acceptor 26 (ROSA26) [14]. These afore
mentioned loci are acceptable for research purposes, but the clinical 
application needs to be further validated.

In this study, synthetic inducible promoters were employed to 
regulate the gene expression of refactored viral components and develop 
the baseline of the HEK293T stable cells via site-specific approach tar
geting safe harbor sites of human genome (ROSA26, AAVS1, and CCR5 
locus); however, the refactored rAAV Rep, Cap, and helper genes under 
the control of inducible Tet-on promoters result in low AAV productivity 
in the stable packaging cell lines. Additional optimization strategies, 
such as optimization of gene expression level and timing for vector 
production, mitigation of toxic genes, and improvement of knock-in 
efficiency in targeted sites for large insertions, are proposed to achieve 
high rAAV titer in the stable cell lines. Overall, this study represents a 
significant leap forward in the realm of establishing stable cell lines for 
AAV production, although there are still numerous limitations and 

challenges, leaving plenty of room for future improvement.

2. Materials and methods

2.1. Vector design and plasmids construction

sgRNA-Cas9 plasmid construction: The sgRNA sequences targeting 
the ROSA26, AAVS1 and CCR5 locus were designed based on a prior 
publication [15], annealed, and then integrated into the sgRNA-Cas9 
backbone plasmid (pU6-(BbsI)_CBh-Cas9- T2A-mCherry) using golden 
gate assembly.

Donor plasmid construction: Homology arms were amplified via PCR 
from donor backbone plasmids (AAVS1-eGFP donor, ROSA26-eGFP 
donor, and CCR5-eGFP donor, gift from KAIST) [15,16]. The compo
nents of the AAV were generated either through synthesis by Twist 
Bioscience or PCR cloning from corresponding plasmids. Subsequently, 
they were assembled according to the vector design depicted in Fig. 1b 
using the golden gate assembly method. Then the homology arms se
quences, selection genes, and well-prepared AAV components were 
assembled using NEBuilder HiFi DNA Assembly master mix (New En
gland Biolabs, United States) followed by transformation using E. coli 
DH5α competent cells. Plasmids were verified by sequencing and pre
pared with the EndoFree plasmid maxi kit (Zymo, United States), ac
cording to the manufacturer’s instructions. The information on the 
sgRNA sequences, donor sequences for AAVS1, ROSA26, and CCR5 loci, 
plasmids, and primers used in cloning is listed in Tables S1−S3.

Fig. 1. (a) Workflow and (b) vector design. Three viral cassettes, including assembly, replication, and transfer cassettes, were constructed and integrated into three 
different genomic safety harbor sites sequentially via site-specific integration methods. Several assessment criteria, such as junction PCR, genome copy number, and 
rAAV productivity, were employed to evaluate the established stable cell pools, and single clones for the 2nd and 3rd rounds were fully characterized as packaging 
cell lines and producer cell lines. More details can be found in the result sections.
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2.2. Cell culture, stable transfection, and single clone isolation

HEK293T/17 (ATCC, CRL-11268) cells were grown in Dulbecco’s 
modified Eagle’s medium (DMEM) (Gibco, United States) supplemented 
with 10 % fetal bovine serum (Gibco, United States). The cells were 
cultured in T-flasks (GenClone, United States) with a working volume of 
5 mL at 37 ◦C under 5 % CO2 and passaged every 4 days. To establish 
stable cell pools, we transfected donor and sgRNA-Cas9 vectors targeting 
safety harbor sites at a 1:1 (w:w) using Lipofectamine 2000 (Invitrogen, 
United States) followed by 2 weeks of selection with antibiotics: 5ug/mL 
blasticidin (InvivoGen, United States), 200ug/mL zeocin (InvivoGen, 
United States), and 2 μg/mL of puromycin (Sigma-Aldrich, United 
States). The viable cell density (VCD) and cell viability were assessed 
using a Nova Flex2 Analyzer (Nova Biomedical, United States). The 
single-cell clones were isolated from the stable pools using an MA900 
cell sorter (Sony, Japan) and seeded individually into 96-well plates.

2.3. Genomic DNA extraction for junction PCR & copy number analysis

Site-specific integration of the target gene was evaluated using 5′ and 
3′ junction PCR and out-to-out PCR was utilized for further confirmation 
[17,18]. The cell pellets from stable pools were collected for genomic 
DNA extraction. Genomic DNA was extracted from stable cell pools 
using Quick-DNA Miniprep Plus Kit (Zymo, United States) following the 
manufacturer’s instructions. Approximately 100 ng of extracted DNA 
was used as the template for junction PCR, as described below. For 
single-cell clones [17], DNA was isolated by adding 20 μL of Quick
Extract DNA extraction solution when cells were confluent in 96 well 
plates. The mixture was then incubated at 65 ◦C for 15 min, followed by 
5 min incubation at 98 ◦C. Of this mixture, 2 μL were used as the tem
plate for junction PCR, as described below. The 5’/3’ junction PCR was 
performed using PrimeSTAR HS Premix (Takara Bio, Japan) by touch
down PCR (98 ◦C for 3 min; 10⨉: 98 ◦C for 10 sec, 65 ◦C-55 ◦C 
(–1◦C/cycle) for 30 sec, 72 ◦C for 2 min; 30⨉: 98 ◦C for 10 sec, 55 ◦C for 
30 sec, 72 ◦C for 2 min; 72 ◦C for 10 min.). The primer sequences used 
for the 5’/3’ junction PCR are listed in Table S3.

For relative genome copy number analysis, qPCR was performed on 
genomic DNA samples using SYBR Green qPCR Master Mix (Thermo, 
United States) on the Bio-rad system (Biorad, United States). According 
to the manufacturer’s instructions, qPCR reaction mixtures contained 2X 
SYBR Green master mix, 400 nM of forward and reverse primers, 20 ng 
of genomic DNA, and up to 20uL molecular biology water. Amplification 
was executed with the following conditions: 50 ◦C for 1 min; 95 ◦C for 
10 min; 40 cycle: 95 ◦C for 15 s, 60 ◦C for 30 s, 72 ◦C for 1:30 min. The 
primer sequences used for Cap, Rep52/40, Rep78/68, E2a, E4orf6, 
codon-optimized green fluorescent protein (GFP), and glyceraldehyde 3- 
phosphate dehydrogenase (GAPDH) are listed in Table S3.

2.4. RNA isolation for gene expression evaluation

The gene expression assay, including RNA isolation, cDNA reverse 
transcription and gene expression by RT-PCR, was previously described 
[3]. The comparative cycle threshold (2-ΔΔCt) method was used to 
analyze the transcript level fold changes between different conditions, in 
this case the induction of different doxycycline (dox) concentrations. 
The primer sequences used for the Cap, Rep52/40, Rep78/68, E2a, 
E4orf6, codon-optimized GFP, and GAPDH assessment are listed in 
Tables S3.

2.5. rAAV vector production, rAAV preparation and analytical methods 
(genome titer, capsid titer)

Triple plasmid transfection was performed for rAAV production. 
Three AAV-related plasmids were used, sourced from Addgene: pAd
DeltaF6, pAAV2/2, and AAV-CMV-GFP. Plasmid information is listed in 
Table S2. Cells in the logarithmic growth phase were seeded at a density 

of 5×105 cells per well in a 6-well plate. After a 24-hour incubation, 
transfection for stable pool evaluation was performed following the 
PEIpro manufacturer’s instructions (Polyplus, United States), and the 
optimal condition of transfection obtained from the literature was uti
lized for single clone evaluation [19–21]. Specific transfection condi
tions can be found in Tables S4 and S5 of the Supplementary material.

After 68 hours post-transfection, harvested cell cultures were ali
quoted to 1 mL volume (cells and supernatant inclusive) in 1.5 mL 
centrifuge tubes either for immediate analysis or stored at −80◦C for 
future analysis. The genome titer and capsid titer assays followed the 
previously published paper [2].

2.6. Statistical analysis

GraphPad Prism 9 was used for processing raw data and statistical 
analysis. The workflow diagram and vector design were made in 
Biorender.

3. Results

1. Strategy and workflow 
We aimed to utilize CRISPR-Cas9 technology to accomplish site 

specific integration of refactored viral components and develop a 
stable cell line that can be induced for rAAV production in HEK293T 
cells, serving as the baseline for HEK293 stable producers. Fig. 1(a) 
shows the integration strategy and workflow. To achieve this goal, 
three essential viral cassettes were first constructed, including the 
assembly cassette, the replication cassette, and the transfer cassette. 
Detailed information about the components of each cassette can be 
found in the vector design section. Three cassettes were integrated 
into three different genomic safety harbors (ROSA26, AAVS1, and 
CCR5) respectively and sequentially. The first round of a stable pool 
was generated after the stable integration of the assembly cassette 
and corresponding antibiotic selection. As intermediate checkpoints, 
this stable pool was evaluated by junction PCR for targeted inte
gration at the ROSA26 locus, relative genome copy analysis of as
sembly components, and its capability to produce AAV with two 
other plasmids transfection. Once the results met those criteria, the 
stable cell pool was maintained for the single clonal screening and 
the next round of the integration to expedite the overall integration 
process. The same integration and assessment process was applied to 
the replication and transfer cassettes targeting AAVS1 and CCR5 
locus. The isolated single clones with intact target integration units 
in the specific sites after the second round of integration were further 
characterized as packaging cell lines. Similarly, the single clones 
with correct integrations after the third-round integration were then 
assessed as producer cell lines.

2. Vector design and construction 
The AAV production required components, including Rep (Rep78/ 

68, Rep52/40), Cap, Helper genes (E2A/DBP, E4orf6, VARNA), and 
the Gene of Interest (GoI) flanked by ITR, were refactored into three 
different cassettes based on the function of different viral compo
nents [10]. The detailed information for the assembly, replication, 
and transfer cassettes is shown in Fig. 1(b) and Figure S1. (1) The 
assembly cassette includes the Cap gene and Rep52/40 gene, both 
crucial for capsid assembly and packaging. These two genes are 
regulated under a tet-on inducible promoter and linked by an in
ternal ribosome entry site (IRES). IRES can effectively mitigate the 
cytotoxic effects of Rep52/40 expression by reducing its transcript 
level. The cassette also contains attB recombinase sites that allow the 
convenient switch between serotypes. Tetracycline-controlled 
transactivator repressor (rtTA) encodes proteins that regulate the 
expression of the gene of interest under the transcriptional control of 
the tetracycline-responsive promoter element (TRE). (2) The repli
cation cassette comprises two tet-on inducible switches: one controls 
Rep68/78 expression, and another one controls E2a/DBP and 
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E4orf6. Minimum required viral helper components (DBP, E4orf6) 
are included in this cassette to reduce their cytotoxicity. (3) The 
transfer cassette contains ITR flanked GFP, and another helper gene 
VA RNA. The inclusion of attB recombinase sites enables the easy 
transgene switch in the future.

3. Stable pool evaluation for each round 
Assembly, replication, and transfer cassettes were sequentially 

integrated to their corresponding target genomic safety harbor sites. 
After 2 weeks of antibiotic selection, the stable pool generated in 
each round was carefully evaluated. Genomic DNA was extracted 
from the stable pool. The targeted integration of each cassette in a 
designated locus was verified by 5’/3’ junction PCR. The relative 
genome copy number of integrated cassettes in the stable pool was 
further measured by qPCR assay. Lastly, the stable pool in each 
round was transiently transfected for rAAV production to assess the 
effect of integration on cassette expression and its functionality. To 
be more specific, transient transfection with three donor plasmids 
containing refactored viral components serves as donor control (DC). 
The first-round stable pool was transient transfected with the 
remaining two donor plasmids for rAAV production, and the second- 
round stable pool was transient transfected with transfer donor 
plasmid only. 5 μg/mL dox was added for all the conditions to induce 
gene expression and vector production [10]. Genome and capsid titer 
were used to evaluate the rAAV production. 

After each round of integration, 5′/3′ junction PCR was conducted 
to confirm the target integration in the stable cell pool. The gel image 
confirmed the integration of the assembly cassette in the first-round 
stable pool and the integration of the replication cassette in the 
second-round stable pool (Data not shown). The gel electrophoresis 
image (Fig. 2a) displayed the junction PCR results of the stable pool 
after the third round of integration, and the results affirmed the 
successful integration of all three cassettes at their intended target 
sites. 

The relative gene copy numbers of viral components, including 
Cap, Rep52, Rep68, DBP, E4orf6, and transfer cassette (GFP), were 

assessed through qPCR assays after each round of integration, with 
GAPDH serving as the internal reference. As indicated in Table 1, 
copy numbers of housekeeping gene GAPDH remained consistent 
across all three stable cell pools and negative control (NC)/parental 
cells. In comparison to the NC group, the Cq values for viral com
ponents were below 29 in the stable cell pool after each round of 
integration, indicating the detection and successful integration of 
each viral component into the host cell genome. 

To further assess the stable integration process, transient trans
fections with unintegrated donor cassettes were performed as in
termediate checkpoints. The genome titer (Fig. 2b) and capsid titer 
(Fig. 2c) after 68 hours of induction with 5 µg/mL dox were utilized 
to evaluate rAAV productivity. In general, the genome titer after the 
1st (2.32E+11 vg/L) and 2nd (2.77E+11 vg/L) round of integrations 
were comparable to that of the donor control (3.18E+11 vg/L), but 
no genome titer was detected after the 3rd round. Similarly, the 
capsid titer after the 1st (3.04E+11 cp/L) and 2nd (3.05E+11 cp/L) 
integrations was comparable to that of the donor control (3.01E+11 
cp/L). Although the amount of capsids in the 3rd round of integra
tion was detectable (8.32E+10 cp/L), there was a significant 
decrease compared to the amount in donor control, 1st, and 2nd 
round stable cell pools. In general, the genome titer and capsid titer 
confirmed the production of rAAV with refactored donor plasmids 
and the effective integration of viral components into the host 
genome. The detection of capsids after the 3rd round of integration 
confirmed capsid production. However, it was important to notice 
the absence of genome titer when utilizing the 3rd round stable pool 
to produce rAAV. This might result from inadequate viral replication 
due to the low transgene copy numbers compared to those achieved 
in transient transfection. Together with limited viral proteins pro
duction, the relatively low packaging efficiency, an inherent barrier 
in rAAV production, further contributes to the undetectable genome 
titer [22]. Such observation underscores the need to integrate mul
tiple copies of transgene and cap-encoding plasmids to enhance 

Fig. 2. (a) Junction PCR results for the stable cell pool after three rounds of integration. The sample names and expected sizes are shown in the right table. The green 
boxes in the gel image show the corresponding bands in the expected size. AAV production evaluation for each round of stable pool with 5 μg/mL dox induction (+). 
Donor control (DC) represents the transient transfection process with three re-constructed donor plasmids. Data represent the mean and standard deviation of 
biological duplicates (n=2). (b) Genome titer in vg/L harvest at 68 hours after transfection (HPT). (c) Capsid titer in cp/L at 68 HPT.
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overall productivity [22,23]. Stable cell pools after each round of 
integration were then maintained for single clone screening.

4. Knock-in efficiency results 
Approximately 30–70 single clones were isolated and screened 

from each round of stable cell pools. Two criteria were defined: site- 
specific integration with positive 5’/3’ junction PCR results; and 
detection of all the viral components in the host cell genome via 
relative genome copy assay. Any clones in the 2nd and 3rd rounds 
that passed the two criteria were further explored and fully charac
terized for rAAV production. 

Table 2 shows the summary of junction PCR screening results for 
targeted integration and the gel electrophoresis image of junction 
PCR screening is shown in Figure S2. Out of 55 clones picked from 1st 
round stable pool, 3 clones were 5’/3’ junction (ROSA26) positive. 
Out of 38 clones from 2nd round stable pool, 2 clones were 5’/3’ 
junction (AAVS1) positive. Out of 62 clones from 3rd round stable 
pool, 12 clones were 5’/3’ junction (CCR5) positive. It was observed 
that with the larger insertion size, CRISPR-Cas9 mediated knock-in 
efficiency tends to be lower. Further explanation can be found in 
the discussion. 

Clones with targeted integration were further assessed for their 
genome copy of viral components. Table 3 shows the relative genome 
copy of all the required viral components for the 1st round single 
clones (Cap and Rep52) and the 2nd and 3rd single clones (Cap, 
Rep52, Rep68, DBP, and E4orf6). Genome copy results for stable cell 
pool were listed again at the end of each table here for comparison. 
According to the Cq value of viral components in the NC group (Cq 
>30), any viral components in single clones with genome copy Cq 
value greater than 29 were defined as missing. Overall, 2 clones out 
of 3 had Cap and Rep52 successfully integrated in the first round, 2 
clones out of 2 had all viral components integrated for the second 
round, and no clones had all the components detected after 3rd 
round integration, either missing Rep or Cap genes. The observa
tions, such as the small number of single clones isolated and the 
missing gene components for each round, will be further explored in 
the discussion. Single clones picked up after 2nd round of integration 
were evaluated and fully characterized as the packaging cell lines in 
the next section.

5. Single clone evaluation (packaging cell line)

Single clone 4-7 in the 2nd round was selected and fully 

characterized as the packaging cell line. The relative transcript level of 
viral genes in the packaging cell 4-7 after induction was measured by 
qPCR assay. Different dox concentrations, 0 µg/mL, 0.5 µg/mL and 
5 µg/mL were added to induce the gene expression (Fig. 3/Table 4). 
Detected signals of viral components at 0 µg/mL induction shown in 
Table 4 indicated the leakage of the designed inducible promoter. The 
extent of leakiness varied among the genes. Despite being constructed 
within the same vector, DBP exhibited the lowest degree of expression 
leakage compared to Rep68 and E4orf6. The variations in transcript 
level and the extent of leakage could potentially relate to different 
primer amplification efficiencies and promoter interference [24]. 
Addition of 0.5 and 5 µg/mL dox were both able to induce the viral gene 
expressions. The fold change of transcript level in 0.5 and 5 µg/mL 
doxycycline relative to that 0 μg/mL dox was shown in Fig. 3. The trend 
further confirmed that 5 µg/mL dox can be used to maximize gene 
expression for later rAAV production. The transcript levels (Cq values) 
for Rep68, DBP, and E4orf6 following 5 µg/mL dox induction were 
comparable, suggesting the consistent expression from the same 
cassette. Compared with the Cap gene, the higher transcript level of 
Rep52 at 0 and 5ug/mL dox might result from the potential leakage 
expression of Rep68, although the p19 promoter was mutated to prevent 
any Rep52 synthesis from the replication cassette. Transcript levels of 
Rep and helper genes were elevated to a great extent as expected after 
the addition of dox. The transcript level of the Cap gene showed a 
roughly two-fold increase after induction, but this increase was 
comparatively lower than the changes in expression levels observed in 
other viral genes at 0 and 5 μg/mL dox induction. This suggests the need 
for further optimization of the inducible system.

Packaging cell line 4-7 was transfected with transfer donor plasmid 
for rAAV production. Cell cultures induced with 5 µg/mL dox and 
uninduced (0 μg/mL dox) cell culture were compared in parallel to 
understand the extent of promoter leakage. Positive control, traditional 
triple transient transfection with commercial plasmids (Addgene), and 
donor control (transient transfection with refactored donor plasmids) 
were used as the reference for later optimization of rAAV productivity in 
inducible stable cell lines. Fig. 4 demonstrated that compared to positive 
control, donor control resulted in approximately 10-fold lower genome 
titer (Fig. 4a) and 100-fold lower capsid titer (Fig. 4b), indicating 
spacious room to improve productivity based upon the optimization of 
inducible system and vector design. Packaging cell line SC4-7 was ex
pected to have no titer at 0 μg/mL dox induction. Sensitivity of qPCR 

Table 1 
Relative genome copy analysis summary of viral components for stable cell pools after each round of integration.

Footnote: The data here represent the mean and standard deviation of biological triplicates (n=3). NC represents negative control/parental cells. rtTA represents tet-on 
inducible promoter.

Table 2 
Knock-in efficiency summary for three rounds of integrations.

Integration Round Locus Targeted Insertion Size Isolated Single Clones One Junction PCR 5’ & 3′ Junction PCRs Knock-in Efficiency

1st ROSA26 8653 55 17 3 ~ 5.5 %
2nd AAVS1 8397 38 20 2 ~ 5.2 %
3rd CCR5 5982 62 24 11 ~ 17.7 %
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titer assay and leakage of the designed inducible system can be potential 
reasons for the SC4-7 0 dox genome titer result shown in Fig. 4a. With 
the addition of 5 µg/mL dox, genome titer for SC4-7 (8.46E+11 vg/L) 
was slightly lower than that for donor control (1.15E+12 vg/L); whereas 
capsid titer (8.79E+10 cp/L) was 3-fold lower than that for donor 
control (2.58E+11 cp/L). The big variation between genome and capsid 
titer might result from the sensitivity and limitations of each assay in the 
low titer profile.

The genome titer variation at 0 and 5 µg/mL dox induction was 
overall consistent with the transcript level changes of viral components. 
Low genome titer at 0 dox induction suggested that the leaky expression 

of viral components was not sufficient to support rAAV replication. After 
the addition of 5 µg/mL dox, there was a noticeable increase in genome 
titer together with the increase in transcript levels. However, there was a 
slight discrepancy observed in capsid titers. With only 2-fold difference 
in Cap gene transcript levels (Fig. 3), the capsid titer was undetectable at 
0 µg/mL dox induction but became detectable at 5 µg/mL dox induction. 
The Cap expression in 0 dox condition was largely due to the leakiness of 
the designed promoter, but incorrect VP stoichiometric ratio and 
improper assembly process potentially resulted from insufficient 
expression of other rAAV viral components might lead to the capsid titer 
lower than the detection limit. Overall, the performance in the transcript 
level, genome titer, and capsid titer confirmed that this cell line was able 
to produce rAAV, although the productivity was significantly lower than 
that in traditional triple transfection. The potential optimization stra
tegies will be depicted in the discussion.

Site-specific integration was further confirmed by out-to-out PCR 
(Figure S3). Due to the large insertion size, two pairs of primers were 
designed to separately amplify left (5’) and right (3’) insert fragments 

Table 3 
Genome copy analysis summary for isolated single clones from each stable cell pool.

Footnote: Red highlight represents the missing of corresponding viral genes. Green highlight means the isolated single clones have all the components integrated and 
can be confirmed by genome copy analysis.

Fig. 3. Transcript level of viral genes fold change with 0, 0.5, and 5 µg/mL dox 
induction at 68 HPT for packaging single clone (SC4-7), normalized to house
keeping gene GAPDH. Key viral components include Cap, Rep52, Rep68, DBP, 
and E4orf6. Presented numbers for dox represent the actual concentration of 
inducers used in µg/mL. Data represent the mean and standard deviation of 
triplicate wells (n=3).

Table 4 
Transcript Cq value summary of all the viral components in the single clone 
packaging cell line SC4-7 with 0, 0.5, 5 μg/mL dox induction via RT-PCR assay.

Transcripts House 
keeping

Assembly cassette Replicaton cassette

GAPDH Cap Rep52 Rep68 DBP E4orf6
sc 4–7 0 dox 17.86 

±0.05
23.03 
±0.04

21.23 
±0.08

24.07 
±0.06

25.19 
±0.07

22.38 
±0.1

sc 4–7 0.5 
dox

17.91 
±0.06

22.61 
±0.05

19.32 
±0.07

21.13 
±0.07

20.63 
±0.02

19.85 
±0.06

sc 4–7 5 dox 17.64 
±0.04

22.17 
±0.05

18.94 
±0.06

20.57 
±0.01

20.14 
±0.04

19.39 
±0.05
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with 376 bp overlap. The primer design strategy is shown in Figure S3. 
PCR products were further purified and assessed for their relative 
genome copies of viral components via qPCR assay. This validated that 
Rep68, DBP, and E4orf6 was precisely integrated into the target locus 

AAVS1.
The cell growth performance and the cell line stability of the estab

lished packaging cell line were further evaluated, with results shown in 
Fig. 5. Regarding the cell growth performance (Fig. 5(a)), both parental 

Fig. 4. Genome titer (a) and capsid titer (b) evaluation for packaging single clone SC4-7 with 0 and 5 µg/mL dox induction. Positive control (PC) represents 
traditional transfection with commercial triple plasmids. Donor control (DC) represents transfection with refactored donor plasmids with 5 µg/mL dox induction. 
LOD represents the lower limit of detection. Error bars represent the standard deviation of biological triplicates (n=3). Note: One data point for donor control and 
SC4–7 5 µg/mL dox was eliminated as an outlier for capsid titer measurement.

Fig. 5. Cell growth performance (a) and cell line stability (b & c) evaluation for packaging single clone SC4-7. In Fig. 5(a), the bottom two curves represent viable cell 
density, while the top two curves depict cell viability. Error bars represent the standard deviation of biological triplicates (n=3).
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and packaging cell line were plated at the same initial density (5E4 cells 
/ well) in 12-well plates. Daily viable cell density (VCD) and viability 
were monitored over 7 days. SC4–7 exhibited much slower growth rate 
compared to 293 T parental cells, with notably lower viability. The 
slower growth of SC4–7 demonstrated potential leakiness in the 
expression of viral components, leading to cytotoxicity. As for the cell 
line stability (Fig. 5(b & c)), isolated single clone was maintained for 
over 15 passages. The genome titer was assessed every five passage to 
evaluate the stability of the cell line. The results showed that the titer 
was comparable, achieving a similar order of magnitude through 15 
passages.

4. Discussion

The goal of this study is to establish the baseline of an inducible 
stable cell line for rAAV production with site-specific integration. High 
expression levels of viral components, such as Rep and helper genes, and 
cytotoxicity associated with these components were the challenges in 
constructing stable cell lines for viral vectors. With the design of an 
inducible circuit, it can effectively regulate the level of gene expression. 
Additionally, site-specific integration allows the targeted integration of 
transgenes to pre-validated genome loci [11]. In contrast to the widely 
used random integration method for generating stable monoclonal 
antibody production in CHO cells, this approach necessitates less 
time-consuming isolation and screening of clones to obtain stable high 
producers [11,25].

We were able to isolate several 293 T clones as packaging cell lines 
and fully characterize the established stable cell line. In the selected 
single clone 4–7, at least one copy of each viral component was detected. 
With the addition of the inducing reagent, the transcript levels of the 
integrated viral components were significantly boosted. It can result in 
genome titer 8.46E+11 vg/L and capsid titer 8.79E+10 cp/L. The site- 
specific integration was confirmed by 5’/3’ junction PCR and out-to- 
out PCR for replication cassette targeting the AAVS1 locus.

The proof of concept for developing a stable AAV cell line in this 
study was demonstrated by the characterized packaging cell line. This 
involved redesigning viral components and regulating them with 
inducible promoters, along with using site-specific integration methods. 
However, there are several inherent limitations expected for this study: 
overall low knock-in efficiency for CRISPR-Cas9 mediated large frag
ment insertion; low genome titer resulting from refactoring of viral 
components; and promoter leakage and inducibility.

Low knock-in efficiency and potential strategies to improve: 
Approximately 400–500 single clones were isolated from stable cell 
pools in each round initially. Only 30–60 clones were able to survive and 
grow. Out of these viable clones, only 5 % of clones had inserts suc
cessfully integrated into the target loci. This observation aligns with the 
reported challenges and limitations of existing CRISPR-Cas9 technology, 
including low knock-in efficiency, which is even more problematic with 
larger inserts (greater than 3000 bp) in mammalian cell lines [26,27]. 
Double strand break (DSB) induced by active Cas9 can be repaired by 
two major pathways: non-homologous end joining (NHEJ) and homol
ogy directed repair (HDR). Targeted integration utilizes CRISPR/Cas9 
and HDR to precisely insert transgenes containing homology arms (HA) 
into the desired locus. NHEJ is one of the fastest and an active repair 
pathway existing in almost all the cell cycle phases, whereas HDR is 
primarily active in G2/S phase [28]. Low HDR efficiency became the 
major reason for relatively low knock-in efficiency. This might also 
explain why important viral components integrated earlier were lost for 
the majority of isolated producer clones, after three rounds of integra
tion and selection process. It is also worth noting that both HEK293 and 
293 T cells were initially used for stable cell line development. After 
integrating the replication cassette in the second round, the HEK293 
stable cell pool encountered a loss of integrated assembly components 
(data not shown). Consequently, HEK293 was discontinued, and we 
proceeded with 293 T cells. Thus, to develop stable cell lines in the 

future, it is essential to increase HDR efficiency for site-specific inte
gration. Several strategies have been attempted and developed in 
different models, such as adding small molecules to inhibit NHEJ 
pathways [29–32], controlling cell cycles to keep cells in HDR rich S/G2 
phase [33–35], enriching the donor near Cas9-induced DSB [33–35], 
and co-expressing DNA repair protein involved in HDR [36,37]. These 
strategies can be applied and explored in future studies.

Low genome titer and future directions to optimize: In this study, 
rAAV Rep, Cap, and helper genes were refactored and regulated under 
three inducible Tet-on promoters. The genome titer obtained by tran
sient transfection with refactored donor plasmids was significantly 
lower than that by traditional transient transfection with commercially 
available plasmids. With the same viral gene sequences, the low titer in 
donor control indicates the potential for optimization and improvement 
in inducible systems. In our scenario, we only utilized Tet-on inducible 
promoter with a total number of three to separately control the different 
viral components. The use of one type of Tet-on inducible promoter 
simplifies the production process by minimizing the addition of various 
inducible reagents [10]; however, the modulation of gene expression 
levels and timing for diverse viral components to achieve optimal pro
duction demands becomes challenging. To better regulate the gene 
expression level and timing, the inducible promoters can be tuned by the 
number and the spacing between of tetO sites [38–40]. Protein expres
sion control can be achieved by screening Kozak sequence variants and 
modulating the translational efficiency [41,42]. Various factors in cir
cuit designs, such as inducibility, leakage, control of gene expression, 
and expression timing, can be screened and evaluated during transient 
transfection. The inducible system can be adjusted to achieve maximum 
productivity and optimal quality before progressing to stable 
integration.

The cytotoxicity associated with viral components remains a 
challenge in stable cell line development. In our case, we found that the 
cells in stable pools after the second round of integration and packaging 
cell line SC4-7 grew much slower than parental cells. Moreover, the 
transcript data revealed detectable levels of all viral components in the 
packaging cells at 0 μg/mL dox induction, indicating the leakage of the 
designed inducible circuit. We attribute the low cell growth rate in the 
stable pools and packaging cell line to the leaky expression of the toxic 
genes, particularly the Rep78. Rep78 has been shown to activate 
caspase-3 and induce cell apoptosis [43], decrease Cdc25A activity, and 
block the cell cycle in the S phase [44]. Therefore, we hypothesize that 
the leakage of these toxic genes could significantly impact cell physi
ology, thereby potentially impeding AAV production. In future studies, 
additional regulations, such as the use of a second inducible circuit [1]
can be proposed to tightly control the expression of those toxic genes. In 
addition, the literature reported that a conditional degron tag can be 
used to modulate protein stability and regulate protein expression at the 
post-translational level [45]. Therefore, the degron tag can be used in 
the future to tune Rep78/68 lifetime, regulate its degradation, and 
eliminate the cytotoxicity associated with it. Furthermore, the mecha
nistic study of the cytotoxicity associated with Rep genes and helper 
genes from the host cell perspective [46,47], such as utilizing omics and 
CRISPR-Cas9 genome wide screening tools, will also be necessary and 
useful for rational modifications to enhance the tolerance of the host 
cells.

5. Conclusion

In conclusion, this study successfully established an inducible stable 
packaging cell line for AAV production through a site-specific integra
tion strategy. The introduction of the inducing reagent resulted in a 
significant increase in transcript levels of integrated viral components, 
yielding a genome titer of 8.46E+11 vg/L and a capsid titer of 8.79E+10 
cp/L. Site-specific integration was confirmed through junction PCR and 
out-to-out PCR. The successful characterization of the isolated inducible 
packaging cell line indicates the potential of developing stable producer 
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cell lines in the future. Efforts can be focused on the improvement of 
transgene cassette copy numbers. Additionally, addressing challenges 
such as low knock-in efficiency, optimizing gene expression levels, and 
timing for various viral components, and minimizing the leakage of toxic 
genes can further help achieve the goal of the inducible rAAV high 
producing stable cell line.
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