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ABSTRACT
Gene therapy has been shown to be a feasible approach to treat inherited disorders in vivo. 
Among the currently used viral vector systems, adeno-associated virus (AAV) vectors are 
the most advanced and have been applied in patients successfully. An important drawback 
of non-integrating AAV vectors is their loss of expression upon cell division, while repeating 
systemic administration lacks efficacy due to the induction of neutralizing antibodies. In 
addition, a significant percentage of the general population is not eligible for AAV-mediated 
gene therapy due to pre-existing immunity. Development of additional viral vectors may 
overcome this hurdle. Simian virus 40 (SV40)-derived vectors have been reported to transduce 
different tissues, including the liver, and prevalence of neutralizing antibodies in the general 
population is very low. This renders recombinant SV40 (rSV40) vector an interesting candidate 
for effective (re-)administration. Clinical use of SV40 vectors is in part hampered by less 
advanced production methods compared to AAVs. To optimize the production of rSV40 and 
make it better suitable for clinical practice, we developed a production system that relies on Cre 
recombinase mediated removal of the bacterial plasmid backbone.
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INTRODUCTION
Recent clinical successes demonstrate that gene therapy is a novel and effective treatment option 
for inherited genetic disorders1-4. The choice of gene therapy vector depends on the tissue 
and disease targeted. For rapidly dividing tissues, integrating vectors, i.e. lentiviral vectors, 
are essential to provide long term correction5. For in vivo treatment of quiescent tissues, like 
the retina and the liver, non-integrating Adeno Associated Vectors (AAV) vectors have been 
shown to provide long term correction in pre-clinical animal models and in patients6, 7. However, 
the efficacy of AAV mediated liver directed gene therapy is lost rapidly in young animals due to 
continuous hepatocyte replication in the growing liver8, 9. Loss of efficacy is a hurdle towards this 
approach, since repeated treatment is not possible due to the host’s immune responses towards 
the AAV vector induced by the first treatment10-13. Presently, AAV mediated liver directed gene 
therapy therefore is not applicable in young children. In addition, natural exposure to AAV 
is frequent early in life and results in prevalence of neutralizing antibodies towards AAV in 
a significant percentage of the general population14. This renders gene therapy treatment with 
AAV in a part of the patients suffering from an inherited liver disease in-effective. Developing 
therapeutic strategies to overcome this problem will allow treatment of these patients and also 
of patients who have received a nontherapeutic vector dose in early phase studies. 

Simian Virus 40 (SV40)-based vectors could be a promising alternative to AAV vectors for 
gene replacement therapy for liver diseases. This virus has been widely studied as a gene delivery 
vector and it was the first eukaryotic virus of which the entire genome was sequenced15, 16. SV40 
is a non-enveloped polyomavirus, containing a circular double-stranded DNA genome of 5,234 
base pairs16, 17. The SV40 early promoter drives the expression of the early gene encoding the large 
and small T antigen (LTag and STag). LTag is essential for genome replication and activation 
of the late promoter that drives the expression of the late gene encoding the capsid proteins 
VP1, VP2 and VP318. To generate replication-defective SV40 vectors, the early gene is removed 
leaving 2.7 kb of available space to clone exogenous genomic material. Absence of the early 
protein, the major SV40 antigen, prevents production of all viral proteins19, 20. Such replication- 
defective SV40 vectors are presumed to be non-immunogenic in humans and systemic injection 
of SV40 vector particles does not elicit a detectable neutralizing antibody response, allowing 
repeated treatments21. Furthermore, the  pre-existing immunity towards SV40 in the general 
population is very low22, 23. In view of the limitations of the currently used vectors, the low 
prevalence of pre-existing immunity and the possibility to re-inject make SV40 highly appealing 
vector for treating mono-genetic disorders. 

Other properties that render SV40 promising as a gene delivery vector are: i) its wide host 
range. SV40 enters the cell by binding the major histocompatibility complex class 1 (MHC1) 
present on the membrane of most cell types24-28; ii) transduction of different tissues, such as 
liver, spleen, kidney, and bone marrow, gene transfer percentages as high as 80-90% have been 
reported29-31; iii) long-term transgene expression. When transgene expression is achieved, 
the level is generally consistent in experiments lasting well over one year in vivo and in vitro, 
random integration could play a role in prolonged expression, albeit lower than the levels 
obtained with AAV vectors29-31.



96

Despite these promising characteristics, the use of SV40 vectors to correct inherited diseases 
in pre-clinical animal models is very limited, which in part is due to the lack of an efficient 
production method. One of the steps complicating the production of rSV40 is the need to excise 
the vector genome from the bacterial backbone. This step is needed because of the size restraints 
of the SV40 capsid29. In addition, this removal is needed for reasons of safety as the presence 
of the E. coli origin and an antibiotic resistance gene is unwanted. Currently, removal of 
the bacterial backbone is done by restriction enzymes cutting, gel purification, and self-ligation 
to generate the circular SV40 vector genome that can be transfected into a packaging cell 
line, such as COS-1 or COS-7 and propagated32-35. This method however, is time consuming, 
expensive, and results in lower transfection efficiencies due to the relaxed DNA conformation 
of the re-circularized plasmids. To overcome this we tested the feasibility of producing SV40 
vector particles using Cre recombinase-mediated removal of the bacterial backbone. To this 
end, an SV40 vector destination plasmid pSVac was used in which the vector genome is flanked 
by Lox-P sites to allow specific removal of  the bacterial backbone by Cre recombinase expressed 
in SV40 vector packaging cells36.  We here show that expression of Cre recombinase in COS-1 
and SuperVero cells results in efficient removal of the bacterial backbone.

MATERIALS AND METHODS
Generation rSV-hUGT1A1
The primers hUGT1A1F (5’-CACCGCCCTGTCTCCTCAGCTTCA-3’) and hUGT1A1R 
(5’-TCAATGGGTCTTGGATTTGTG-3’) were used to amplify the hUGT1A1 cDNA for 
gateway mediated entry into pENTR™/D/ TOPO® (Invitrogen)., After sequencing to check for 
mutations, the hUGT1A1 was inserted into the attR1, and attR2 sites of the destination vector 
pAM310 (AMARNA, Leiden) by LR recombinase resulting in rSV-hUGT1A1.

Production of rSV40
Not1 mediated excision of the rSV40 genome from the plasmids was performed as reported in21. 
In short, 20 µg of plasmid was cut and the rSV40 genome band was isolated from a 0.7% agarose 
gel using Zippy Clean (Zymoresearch, Freiburg, Germany), and ligated in an overnight ligation 
using 10 units/µg DNA of T4 DNA ligase (Promega, Benelux, Leiden). The re-circularized 
rSV40 genome was transfected into COS-1 or SuperVero cells using PolyEthylenImine (PEI).  
Three days after the transfection the medium was collected, filtered through a 0.45µm filter, 
aliquoted and stored at -80°C.

Cre recombinase excision of the bacterial backbone was performed by co-transfecting 
rSV40 plasmids with a CMV-Cre plasmid, in a ratio of 2: 1 using PEI into COS-1 cells, with 
a CMV-GFP plasmid as a negative control. The medium from the transfected COS-1 cells, 
was collected at day 5 after transfection, filtered through a 0.45µm filter, aliquoted and stored  
at -80°C. 

These seeding stocks were used to infect fresh COS-1 cells using 400 vector genomes/cell 
and medium was collected at day 3, filtered and aliquoted and stored at -80°C. The titer of these 
vector batches varied between 107 and 108 vg/ml.
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Southern blot hybridization of rSV40
Vector DNA from rSVLuc batches was purified and isolated using phenol-chloroform 
extraction. The luciferase and SV40 capsid gene VP2 primers (see table 1) were designed for 
making DIG-labeled probe by PCR using the Roche DIG-probe synthesis kit (Roche, Germany). 
As a positive control rSVLuc plasmid was linearized by Not1 digestion and different number of 
DNA copies were loaded alongside the purified rSVLuc vector DNA on a 0.8% agarose gel. After 
electrophoresis the DNA was blotted to a Hybond XL membrane overnight and hybridized with 
luciferase and VP2 DIG-labeled probe, and visualized by LAS4000.

qPCR titer determination of rSV40
Samples were treated with 1µl/10µl medium DNAse (1 unit/µl) (Promega, Benelux, Leiden) 
for 30 minutes at 37 °C. DNAse was inactivated at 95°C for 5 minutes. Primers towards firefly 
luciferase, GFP, luciferase, UGT1A1 or the SV40 capsid gene VP2 were used to perform the qPCR. 
Standard curves were generated using 10-fold serial dilutions of the rSV40 production plasmids. 
The qPCR was done using Fast SYBR Green Master Mix (Thermo Fisher Scientific, CA, USA) in 
an LC480 (Light Cycler; Roche) with 95 °C for 5 min, followed by 45 cycles with 95 °C for 10 s, 
60 °C for 10 s and 72 °C degree for 15 s.

Confirming Cre recombinase excision of the rSV40 vector genome
rSV40 containing medium was treated with DNAse (1µl/10µl medium DNAse  
(1 unit/µl)) (Promega, Benelux, Leiden) for 30 minutes at 37 °C. DNAse was inactivated at 95°C 
for 5 minutes. A region encompassing the Lox-P site was amplified using a primer in the VP1 
sequence and a primer in the luciferase, GFP or hUGT1A1 gene sequence respectively, followed 

Table 1. Primers used to make DIG-labeled probe

Primer Sequences (5’-3’) Product (bp)

Luciferase_1_forward
Luciferase_1_reverse

ACACCCGAGGGGGATGATAA
TCTCACACACAGTTCGCCTC

126

Luciferase_2_forward
Luciferase_2_reverse

ACTGGGACGAAGACGAACAC
GGGTGTTGGAGCAAGATGGA

112

Luciferase_3_forward
Luciferase_3_reverse

TGGGCGCGTTATTTATCGGA
GCTGCGAAATGCCCATACTG

90

Luciferase_4_forward
Luciferase_4_reverse

TTTGGAGCACGGAAAGACGA
CTCCTCCGCGCAACTTTTTC

89

VP2_1_forward
VP2_1_reverse

TTGGTGGGGAACCTTTGGAG
GGATCAGGAACCCAGCACTC

175

VP2_2_forward
VP2_2_reverse

TGCTGTTGACATTTGTGGGC
ATCATAGGCTGCCCATCCAC

180

VP2_3_forward
VP2_3_reverse

CCTAGGCTCACCTCACAGGA
ACCCTTCCCTGTTGGCTACT

196
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by sequencing of the resulting amplicons. Primers used for the different constructs are listed  
in table 2.

Generating producer cell lines with inducible Cre-expression
Preparation of a Cre-expressing Lentiviral vector. Using LR recombinase, a GFP tagged Cre gene 
was introduced to pInducer2037 (Addgene) vector. The resulting pInducer-Cre-GFP plasmid 
was co-transfected with pMDLg, pRSV-REV and pVSVg to HEK293T cells using PEI to produce 
lentiviral vector as reported previously38. These lentiviral vectors were used to transduce COS-1 
or SuperVero cells followed by neomycin selection to generate a stable production cell line with 
inducible Cre expression.

Producing rSV40 vectors using inducible CreGFP-COS-1 or CreGFP-
SuperVero cells
COS-1 or SuperVero cells were incubated with 1 µg/ml doxycycline for different times before 
the PEI mediated transfection of rSV40 plasmids was performed. rSV40 particles were harvested 
from the medium 3 days after transfection, and the titer of the rSV40 vectors produced was 
determined by qPCR using primers towards the VP2 gene.

rSVLuc and rSVGFP transduction
COS-1 cells were transduced with 100µl rSVLuc with 400 vector genomes/cell in 96 well plate. 
At 3 days after transduction, the luminescence intensity of transduced cells was measured by 
ELISA reader using ONE-Glo™ Luciferase Assay System (Promega, Benelux, Leiden). COS-1 
cells were transduced with rSVGFP 400 vector genomes/cell in a 12 well plate. At 3 days 
after transduction the cells were harvested and GFP mean fluorescence was measured using  
flow cytometry.

rSV-hUGT1A1 transduction
COS-1 cells were transduced in 6 well plates with 400 vector genomes/cell of rSV-hUGT1A1 48 
hours after transduction, the cells were washed once with PBS and cells were lysed with RIPA 
(50 mM Tris PH 8.0, 150 mM NaCl, 1% Triton X-100, 0.5% Na-deoxycholate, 0.1% SDS) buffer 
and Protease-Inhibitor (1:100 dilution) (Roche, Germany) for 20 minutes. 30 µg of cell lysate 

Table 2. Primers used to amplify the Lox-P containing region

Primer Sequences (5’-3’)

VP2 TGGGCAGCCTATGATTGGAA
Luciferase GCGGAAAGATCGCCGTGTAA
GFP TTCGTAGAGCAGCACGAGAC
hUGT1A1 AGCCCACAAATCCAAGACCC



99

1

2

3 

4

5

6

7

8

&

was loaded on a 10% Acrylamide gel and blotted to PVDF membrane (semi-dry blotting, 1 hour, 
0.05 mA per gel). A monoclonal antibody towards UGT1A1 (1:700 dilution) followed by a goat 
anti-mouse HRP labeled second antibody (Dakoplast, the Netherlands) (1:5000) was used to 
detect expression of UGT1A1 as described previously39.

Statistics
All results are given as mean ± standard deviation. Statistical significance was determined by 
two-tailed Student t test using GraphPad Prism 7 (GraphPad Software, La Jolla, CA).

RESULTS
Cre recombinase mediated production of rSVLuc
COS-1 cells were transfected with: i) the rSVLuc36 plasmid with Lox-P sites flanking the rSV 
genome; ii) the rSVLucΔLox-P plasmid without Lox-P site co-transfected with a Cre expressing 
plasmid; iii) as a negative control, a GFP expressing plasmid. Five days after transfection, 
the medium was harvested and the titer of rSVLuc was determined using qPCR. The number 
of vector genomes produced by the Cre mediated excision of the SV40 genome from rSVLuc 
co-transfected with the Cre-plasmid was comparable to that produced by the Not1 mediated 
excision of the rSV40 genome from the rSVLucΔLox-P plasmid (Figure 1A). When co-
transfection with a CMV-GFP plasmid, not expressing Cre, did not result in significant 
production of rSV40 (Figure 1B). The Cre mediated excision of the rSV40 genome was 
confirmed by amplification with primers flanking the Lox-P sites, resulting in an amplicon 
of the expected size only upon co-transfection of rSVLuc with the Cre-expressing plasmid  
(Figure 1C). To further confirm Cre mediated removal, the amplicons were sequenced 
showing a single Lox-P site flanked by the expected viral genome sequences, thereby indeed 
demonstrating Cre mediated recombination (Figure S2). Furthermore, the southern blot 
analysis results showed that the vector genomes present in rSV40 preparations produced by 
both methods are very similar (Figure 1D). Furthermore, removal of the bacterial backbone was 
tested by performing a qPCR for the ampicillin gene. Using this highly sensitive method, with 
a lower detection limit < 10 copies, in all rSVLuc batches tested no signal for ampicillin could 
be detected (Table S1).

Inducible Cre expressing packaging COS-1 cell mediated 
production of rSV40
To further optimize the rSV40 production method, we generated a stable COS-1 cell line 
with doxycycline inducible expression of Cre-GFP. Upon the addition of doxycycline a strong 
increase of Cre recombinase protein and mRNA is seen (Figure 2A, B). To determine the optimal 
time of Cre-induction for efficient production of rSV40, rSVLuc and rSVGFP plasmids were 
transfected to the cells at different time points after doxycycline addition. The rSV40 containing 
medium was harvested at 3 days after transfection and used to infect COS-1 cells. The luciferase 
expression (Figure 2C) and GFP expression detected by FACS (Figure 2D), both showed that 
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Figure 1. Cre mediated production of rSVLuc vector. (A) COS-1 cells were transfected with Not1 cut 
and re-circularized rSVLucΔLox-P, or rSVLuc plasmid co-transfected with the Cre expressing plasmid 
(CMV-Cre) or a control plasmid (CMV-GFP) in a 2:1 ratio. At 3 to 5 days after transfection medium was 
analyzed for the presence of rSVLuc genomes using qPCR. Data represent the mean ± s.d. of triplicate 
experiments. (B) COS-1 cells were transfected with 2µg rSVLuc or 2µg rSVLucΔLox-P with Cre-GFP or 
CMV-GFP in a 2:1 ratio, 5 days later the presence of rSVLuc genomes was determined using qPCR. Data 
represent the mean ± s.d. of nine repeat experiments. (C) The medium of COS-1 cells co-transfected of 
rSVLuc with CMV-Cre or CMV-GFP plasmid was used to confirm the removal of the bacterial backbone 
using PCR. (D) Southern blot of rSVLuc vectors. Lane 1-3, 108, 107, 106 copies of Not1 linearized rSVLuc 
plasmid respectively; Lane 4 and 6, empty; Lane 5, 1010 copies vector genomes of an rSVLuc batch produced 
using Not1 mediated excision of the rSVLuc vector genome; Lane 7, 109 copies of an rSVLuc batch produced 
by Cre-recombinase mediated excision of the rSV40 vector genome. In rSVLucΔLox-P the viral genome 
was not flanked by Lox-P sites. NG, = no transfection.

16 hours of Cre induction prior to the transfection is sufficient for efficient rSV40 production. 
After 16 hours the efficiency of viral production did not increase further (Figure 2C and D). 
Thus 16 hours of doxycycline pre-treatment is sufficient to use these Cre inducible cell line to 
produce rSV40. 

The significant difference in viral genome titer of doxycycline-treated and untreated cells 
clearly demonstrates that Cre expression is needed for efficient rSV40 vector production (Figure 
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3A). To further confirm Cre mediated recombination and excision of the rSV40 genome, 
the Lox-P flanking region was amplified. Amplicons with the expected size were present in 
the medium from cells both treated and untreated with doxycycline (Figure 3B), as subsequently 
confirmed by sequence analysis (sequencing data not shown). A comparison between this Cre-
expressing cell line and co-transfection of an rSV40 construct with a Cre-expressing plasmid, 
showed both method resulted in a comparable titer of rSV40 (Figure 3C).

COS-1-indCre mediated production of rSV- hUGT1A1
To demonstrate the efficacy of the novel rSV40 production method for a therapeutic application 
of rSV40, the human UGT1A1 cDNA was inserted in pAM310. A UGT1A1 encoding vector can 
be used to correct UGT1A1 deficiency as seen in Crigler Najjar Syndrome. A rSV-hUGT1A1 

Figure 2. Production of rSV40 by COS-1 cells with inducible Cre expression. (A) COS-1 cells were 
transduced with a lentiviral vector with inducible Cre expression and selected by neomycin. Selected cells 
(CreGFP-COS-1) and parental COS-1 cells were treated with 1µg/ml doxycycline for 48 hours. Presence 
of Cre protein was determined by western blotting (A), and Cre mRNA by RT-qPCR (B). CreGFP-COS-1 
cells were incubated with 1µg/ml doxycycline for 0, 8, 12, 16, 24, 48, and 72 hours before transfection with 
rSVLuc or rSVGFP plasmids. Medium containing rSVLuc or rSVGFP was collected 3 days after transfection 
and used to infect COS-1 cells followed by measuring the luciferase expression by luminescence (C), or 
to determine the GFP expression by FACS (D). Data represent the mean ± s.d. of triplicate experiments.
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plasmid was transfected to Cre-GFP-COS-1 cells which were pre-treated with doxycycline for 
16 hours. At 3 days after transfection, the medium was harvested and the titer of rSV-hUGT1A1 
was determined by using qPCR. The number of vector genomes in the medium, assayed by 
qPCR, demonstrates that rSV40 particles are formed and released into the medium upon 
induction of Cre expression (Figure 4A). Next, PCR (Figure 4B) and sequencing confirmed 
Cre mediated excision of the rSV40 genome. To demonstrate the functionality of the produced 
rSV-hUGT1A1, the viral vector was used to transduce COS-1 cells. The expression of hUGT1A1 
in the transduced cells confirmed that functional rSV40-hUGT1A1 vectors were produced  
(Figure 4C). 

Figure 3. Efficient rSV40 production by Cre-GFP COS-1 cells. (A) Cre-GFP COS-1 cells were incubated 
with doxycycline (1µg/ml) and after 16 hours transfected with rSVLuc or rSVGFP plasmid and 3 days later 
the titers in the medium were determined measured by qPCR. Data represent the mean ± s.d. of triplicate 
experiments. (B) PCR amplification of the Lox-P site remaining in the rSVLuc and rSVGFP vectors present 
in the medium. (C) The efficiency rSV40 production by COS-1 co-transfected with rSVLuc and a Cre-
expressing plasmid and by Cre-GFP COS-1 transfected rSVLuc plasmid only. The rSVLuc vectors produced 
were used to transduce COS-1 cells and luciferase expression was measured 3 days later. Data represent 
the mean ± s.d. of nine repeat experiments.
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SuperVero-indCre mediated production of rSV40s
To generate a cell line for efficient production of clinical grade rSV40s, we generated SuperVero 
cells with inducible Cre expression (Figure 5A and 5B), and used these cells to produce rSVLuc 
and rSV-hUGT1A1. The results showed that inducible Cre expressing SuperVero cells can 
produce rSV40 vector without contamination of detectable levels of replication competent Tag 
positive wt SV40 (The large T antigen was undetectable using qPCR). The number of vector 
genomes in the medium assayed by qPCR demonstrates that rSV40 particles are formed and 
released into the medium upon induction of Cre expression (Figure 5C) and PCR (Figure 5D) 
confirmed Cre mediated excision of the rSV40 genome. The luminescence intensity (Figure 5E) 
and western blot results (Figure 5F, 5G) demonstrate the functionality of the produced rSVLuc 
and rSV-hUGT1A1, respectively. 

DISCUSSION
Many papers have reported the use of rSV40 vectors to treat inherited disorders in pre-clinical 
animal models30, 40, 41. The wide host range renders it a promising vector not only for the liver 
but also for organs like the brain and the lung using local administration42, 43. Upon systemic 
injection rSV40 mainly targets the hepatocytes and the dispersion to other tissues can further 
be reduced by administration into the hepatic artery or portal vein44. Although SV40 gives good 
expression in human cell lines in vivo in mice and rat, the expression levels provided by rSV40 

Figure 4. Efficient production of rSV40 with a therapeutic gene by Cre-GFP COS-1 cells. (A) Cre-GFP 
COS-1 cells were incubated with doxycycline (1µg/ml) for 16 hours followed by transfection with the rSV-
hUGT1A1 plasmid. 3 days later the vector titer was determined by qPCR. represent the mean ± s.d. of six 
repeat experiments. (B) PCR amplification of the Lox-P sites. (C) COS-1 cells were transduced with rSV-
hUGT1A1 and 3 days thereafter UGT1A1 expression was determined using western blotting. NG, negative 
control, means no transduction.
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are clearly lower compared to AAV. The cause of this lower expression levels in vivo is unclear 
but could be species specific for instance due to a low affinity of the murine MHC1 for SV40 
preventing efficient cell entry.  

All in vivo studies used restriction enzyme mediated excision of the viral genome from 
the plasmid, a time consuming, expensive and laborious method, requiring agarose gel 
purification and overnight ligation. To optimize rSV40 production, two Lox-P sites flanking 
the SV40 genome have been inserted to allow Cre-mediated excision of the genome from 
the bacterial backbone. When compared to the restriction enzyme mediated removal, the Cre-
mediated excision by co-transfecting a Cre-expressing plasmid was at least comparable. For 
the Not1 mediated excision more plasmid was required to compensate for the lower transfection 
efficiency of the relaxed plasmid structure resulting from the enzyme mediated removal 
followed by overnight ligation compared to the super coiled plasmid structure used with co-
transfection45. Thus the efficiency of rSV40 production using co-transfection of a Cre expressing 

Figure 5. Efficient production of rSV40 vectors by Cre-GFP SuperVero cells. SuperVero cells were 
transduced with an inducible Cre expressing lentiviral vector and selected using neomycin. The resulting 
Cre-GFP SuperVero cells and the parental SuperVero cells were treated with 1µg/ml doxycycline for 48 
hours and the level of of Cre-protein (A) and mRNA (B) was determined. (C) Cre induction stimulates 
the production of rSV40 vectors by Cre-GFP SuperVero cells. Data represent the mean ± s.d. of triplicate 
experiments. (D) PCR amplification of the Lox-P sites of rSVLuc1 and rSV-hUGT1A1 vectors produced by 
Cre-GFP SuperVero cells. Luciferase (E) and UGT1A1(F and G) expression in SuperVero cells transduced 
by rSVLuc and rSV-hUGT1A1 (two-tailed Student t test, ***P<0.001). Data represent the mean ± s.d. of six 
repeat experiments. No TRD, means no transduction.
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plasmid with the rSV40 plasmid appears comparable to that of the Not1 mediated excision. 
In addition, the absence of a signal for ampicillin in a sensitive qPCR demonstrates that Cre-
mediated excision of the rSV40 vector genome results in effective removal of the bacterial 
backbone from the produced rSV40 batches. Furthermore, a southern blot of rSVLuc produced 
using Not1 alongside Cre-mediated excision revealed a very similar pattern further confirming 
both methods result in production of similar rSV40 batches. The smear seen in both preps 
may result from incomplete DNase digestion of non-packaged genomes or from small pieces of 
SV40 genomes packaged upon prolonged production46. Presence of these partial SV40 genomic 
fragments could also explain the background signal, that albeit being very low, is detectable by 
qPCR in absence of Cre expression (Fig1.A). Sequencing of the Lox-P site containing region 
demonstrated that the rSV40 genome was indeed excised by Cre-mediated recombination.

To further improve and standardize the production method for rSV40 we subsequently 
generated production cell lines with inducible expression of Cre-recombinase. COS-1 
cell, the monkey kidney cell line expressing the rSV40 Tag and capsid genes, is used for 
production of rSV40 by most groups31, 32, 47. Upon transduction with pInd20-Cre-GFP, and 
neomycin selection, a COS-1 cell line with inducible expression of Cre was generated. 
A 16 hours treatment with doxycycline to induce the expression of Cre appeared optimal for 
rSV40 production. Longer incubation times with doxycycline resulted in a lower production 
efficiency. Apparently, prolonged presence of high levels of Cre impairs rSV40 replication and/
or production. The most likely explanation for this is that prolonged expression of Cre could 
cause recombination between two rSV40 vector genomes, resulting in an unwanted product 
too large to be packaged48. In absence of doxycycline, the low levels of rSV40 genome could be 
detected. This is most likely due to low level expression of Cre due to leakiness of the promoter. 
The qPCR data shows that in absence of doxycycline, Cre expression, albeit very low, is seen 
confirming the data reported by others49-51. Upon the addition of doxycycline, the production 
of rSV40 is much higher, showing that Cre expression is limited in absence of doxycycline. 
The efficiency of the production was similar to that obtained after co-transfecting the rSV40 
plasmids with the Cre-expressing plasmid. Comparison with the Not1 mediated excision of 
viral genome is difficult since the amounts of plasmid used for that method is higher, but both 
Cre based methods have comparable efficiency. 

By using this inducible Cre expressing COS-1 cells, we produced rSV40 viral vectors 
encoding reporter genes, the firefly luciferase, GFP, and a therapeutic gene, UGT1A1. Because 
Tag has been removed from the rSV40 plasmids, it has to be provided in trans by the production 
cell line, such as COS-1. This cell line contains an integrated copy of the SV40, mutated at 
its origin of replication, in its genome and it is used by most groups to produce rSV4047, 52-54. 
A major drawback of this cell line is that due to extensive overlap between the integrated genome 
and the rSV40 plasmids homologous recombination is possible. As a result, there is a risk of 
generation replication competent wild-type SV40 revertants when producing rSV40 in this cell 
line. In view of the tumorigenic potential of the LTag proteins, presence of wtSV40 contaminants 
in clinical grade batches of rSV40 vector needs to be avoided. In our results, LTag containing 
wtSV40 in rSV40 vector produced by COS-1 during the first three passages was undetectable 
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but was detected thereafter. The generation of LTag positive SV40 over time is similar to that 
reported by other groups that could also detect wtSV40 after the fourth amplification round46, 52. 
The chance of homologous recombination to occur can be minimized by reducing the sequence 
overlap between the plasmid and the SV40 genes integrated in the production cell line.  

Recently a novel Vero-based packaging cell line to produce rSV40, denoted SuperVero was 
generated36. In this novel packaging cell line, only the LTag gene is integrated in the chromosomal 
DNA. Because sequence overlap between chromosomally inserted SV40 LTag coding sequences 
and episomally replicating SV40 vector sequences is lacking, the emergence of replication 
competent particles during the vector production process is highly unlikely36. To further improve 
the production of rSV40 we therefore generated a stable SuperVero cell line with inducible 
Cre-expression to be used for the production of rSV40 vectors. Our data show that efficient 
production of rSV40 is possible with this cell line upon induction of Cre expression using 
doxycycline (Figure 5C). The promoter used appeared to be a bit leaky since some expression 
of Cre was detectable in absence of doxycycline. This could explain the production of rSV40 by 
these cells, albeit much less efficient, without doxycycline induction.

In conclusion, by inserting Lox-P sites in the bacterial backbone of rSV40 plasmids we have 
developed an efficient rSV40 production method, which is more convenient and time-saving 
than previously methods for producing SV40 vectors. This method can be used in our novel 
SuperVero cell line allowing an efficient production of clinical grade rSV40 vectors.
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SUPPLEMENTARY TABLE AND FIGURES

Supplementary figure 1. Construction of rSV-hUGT1A1 vector. The human hUGT1A1 coding region was 
amplified, cloned to pEntr-d-TOPO vector and sequenced to exclude mutations. The resulting plasmid was 
used as the donor vector to insert the hUGT1A1 gene in the pAM310 destination vector by LR reaction1.
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Supplementary figure 2. PCR amplification to confirm Cre mediated removal of the bacterial backbone 
from rSVLuc. For rSV-hUGT1A1 and rSVGFP the same approach was used.

Supplementary figure 3. DIG-labeled PCR products. Lane 1, luciferase_1; Lane 2, luciferase_2; Lane 3, 
luciferase_3;  Lane 4, luciferase_4; Lane 5, VP2_1; Lane 6, VP2_2; Lane 7, VP2_3.
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Supplementary table 1.

Ampicillin standard curve Virus 

log number Ct value batches Ct value

0 32,018 rSVLuc1 32,23839
1 29,307 rSVLuc2 34,20386
2 26,289 rSVLuc3 32,77787
3 23,722 rSVLuc4 32,61454
4 20,092
5 17,527
6 15,348
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