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RNA interference (RNAi) is a key regulator of various biological systems including viral infection. Within a
virus life cycle gene products can be modulated by the RNA interference (RNAi) pathway which can crucially
impact productive virus replication. Herein we explored the RNA interference suppressor protein P19
derived from a plant virus and we found that P19 enhanced adenovirus replication up to 100-fold. Critical
factors responsible for this observation were overexpression of adenovirus encoded genes on mRNA and
protein levels. To investigate the impact of this phenomenon on recombinant viruses, we exploited its
feasibility for therapeutic and genomic applications. We found that P19 significantly increased recombinant
adenovirus yields enabling up-scaling for preclinical and clinical studies. Moreover, adenoviruses possessed
significantly higher oncolytic activity by expression of P19. Finally, we show that introducing a p19
expression cassette into high-capacity adenovirus provides a strategy to analyze RNAi knockdown in a
tissue-specific manner.

T
he understanding of basic virus host interactions is a key pre-condition to understand basic biology of
viruses and to develop and improve viral vector systems for gene therapy. Over the recent years it became
clear that the RNA interference (RNAi) system represents a major posttranscriptional regulatory mech-

anism which is involved in a variety of cellular, physiological and developmental mechanisms. One of the key
players of the RNAi system are microRNAs as endogenous non-coding RNAs which were shown to be endo-
genously expressed within mammalian cells but also from human pathogenic viruses1,2. Within a virus life cycle
several gene products can be modulated by host cell factors or mechanisms such as the RNA interference (RNAi)
pathway that can crucially influence productive virus replication1. This was shown for numerous viruses includ-
ing retrovirus primate foamy virus type 1 (PFV-1)3, herpes simplex virus 1 (HSV1)4, Epstein-Barr virus (EBV)5,
cytomegalovirus (CMV)6, and simiam virus 40 (SV40)7.

Adenovirus with the ability to infect a wide range of dividing and non-dividing cells has been broadly explored
in basic virology and therapeutic approaches and remains to be one of the most potent viruses for efficient DNA
transfer, vaccine development and oncolytic applications. However, with respect to the influence of the RNAi
pathway on adenovirus infection as well as on the performance of adenovirus vectors virtually no information is
available. The only adenovirus products known to suppress the RNAi pathway are represented by adenoviral
virus-associated RNAs (VA-RNAs)8. VA-RNAs share the export mechanism with cellular miRNAs, are similarly
processed by Dicer into small virus-associated RNAs (sva-RNAs) and are loaded into the RISC complex9. The
function of these sva-RNAs is still unknown but very recently the TIA-1 protein could be identified as one target
protein9.

P19, which is derived from the tomato bushy stunt virus, binds and inhibits 21 nucleotides long, small-
interfering RNAs and was shown to suppress the RNAi pathway. In our previous study we explored the RNAi
inhibitor P19 and its influence on transposition activities in mammalian cells10. Herein, we explored the RNAi
suppressor protein P19 and its influence on adenovirus infection. To analyze the influence of P19 on adenovirus
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replication, P19 was either stably expressed in human embryonic
kidney cells (B6 cells)10 or directly expressed from the adenoviral
vector genome. We found that genome replication and productive
virus infection of replication-competent adenovirus was enhanced
up to 100-fold and 10-fold, respectively and we observed a massive
overproduction of various adenovirus genes on RNA and protein
level. As a first step, we translated this finding into increased pro-
duction of first-generation adenoviral vectors (FgAdV) deleted for
the early adenovirus genes E1 and E3 and we observed significantly
enhanced production of high-capacity adenoviral vectors (HCA)
deleted for all viral coding sequences. The latter vectors combine
major advantages compared to FgAdV because they show an
improved safety profile as well as long-term transgene expression
in small and large animal models9,11–13. Furthermore, we found that
activity of oncolytic adenoviruses for tumor cell-specific replication
and lysis14–16 was significantly enhanced in the presence of P19.
Finally, we show that the P19 system can also be utilized for RNAi
knockdown in mice in a tissue-specific manner.

Results
The RNAi suppressor P19 significantly enhances adenovirus
replication. To investigate whether the adenovirus replication
cycle is influenced by the RNAi pathway, we explored an RNAi
knockdown system based on the RNAi suppressor protein P1917,
which is derived from the tomato bushy stunt virus. In our initial
experiments we generated stably P19 expressing human embryonic

kidney cells (B6 cells) which in contrast to the parental cell line
supported up to 10-fold enhanced replication of wildtype adeno-
virus genome copies (Fig. 1a). Notably, stable expression of the
RNAi suppressor protein P19 had no influence on the expression
levels of the coxsackie- and adenovirus receptor (CAR) and thus
equal infection efficiencies during the early steps of virion uptake
can be expected even under RNAi knockdown conditions (Fig. 1b).

Since the P19 expression level is critical for its function18 we aimed
at achieving high p19 expression upon infection by coupling P19
expression to virus replication. Therefore, we inserted the P19
cDNA into the adenovirus genome under the control of the major
late promoter (MLP) by connecting it to the fiber gene via a spacer
and an internal ribosomal entry site (IRES) sequence resulting into
the recombinant adenovirus Bwtp19DE3 (Supplementary Fig. S1a).
This adenovirus was reconstituted (Supplementary Fig. S1b) and
P19 expression was confirmed by reverse transcription PCR
(Supplementary Fig. S1c). P19 expression levels from the P19
expressing virus Bwtp19DE3 increased proportionally to the virus
replication profile, whereas P19 expression levels from the stably P19
expressing cell line B6 were significantly decreased 48 hours post-
infection (Supplementary Fig. S1d), supporting the notion that the
amount of P19 molecules within a cell are critical for the repression
of the RNAi pathway. Notably, at later time points during infection
P19 expression levels derived from the virus Bwtp19DE3 were
increased up to 100-fold in comparison to the stably p19 expressing
cell line B6.

Figure 1 | The RNAi suppressor P19 enhances adenovirus replication. (a) Replication of wild type adenovirus serotype 5 (wtAd5) in the RNAi

knockdown cell line B6 stably expressing P19 and the parental cell line HEK293. HEK293 and B6 cells were infected at an MOI of 0.05 with wild type

adenovirus (wtAd5) and genomic DNA was isolated 2 hrs, 10 hrs, 24 hrs and 48 hrs post infection. Viral genome copy numbers were quantified using

hexon specific primers for quantitative real-time PCR and were normalized to expression levels of human B2m. All results are statistically relevant with a

p-value , 0.05. (b) Quantification of CAR expression. HEK293 and B6 cells were stained with an anti-CAR antibody labeled with FITC and measured by

flow cytometry. Light emission of HEK293 cells after treatment was set to one and the emission of B6 cells was calculated and expressed as fold change.

(c) Direct comparison of adenovirus replication and particle production of the P19 expressing adenovirus Bwtp19DE3 and the control virus AdDfiberIL.

Viral genome copy numbers (left panel) and infectious viral particle numbers directly correlating with virus production efficiency (right panel) were

analyzed.
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Next, we analyzed replication and productive virus particle yields
of the P19 expressing virus Bwtp19DE3 in comparison to the respect-
ive control virus AdDfiberIL expressing luciferase instead of P19
(Supplementary Fig. S2). As displayed in Fig. 1c, adenovirus gen-
ome replication and virus particle production were enhanced up to
100-fold and 10-fold, respectively, when infecting with the P19
expressing virus. Virus replication was significantly increased 24
hours post-infection and adenovirus particle production showed
the highest difference 48 hours post-infection. This result indicated
that the RNAi pathway plays a suppressive role during the natural
adenovirus life cycle.

In order to identify critical factors potentially responsible for the
up-regulation of virus replication, we investigated expression levels of
different structural (Hexon and Fiber) and non-structural viral pro-
teins (E1B55K, DBP, E4Orf6) by quantification of respective mRNA
and protein levels. As demonstrated in Fig. 2a we observed a massive
increase in mRNA levels of all viral genes tested after infection with
Bwtp19DE3 compared to the results obtained with the respec-
tive control virus AdDfiberIL not expressing P19 (Supplementary
Fig. S2). Significantly increased mRNA expression levels of early
adenovirus genes E1B55K and E4Orf6 and the structural protein fiber
were observed as early as 10 hours post-infection and highest express-
ion levels of DBP and the structural protein hexon were observed at
later time points. In contrast, only protein levels of the early viral

transcripts E1B55K, DBP, E4Orf6 and the fiber protein were
enhanced whereas the structural protein hexon was equally expressed
upon infection with both viruses (Fig. 2b). However, it is known that
viral structural proteins are abundantly expressed and therefore one
could speculate that their translation may be saturated and subse-
quently abrogated upon sufficient virus production.

To further shed light on the mechanism involved in increased
virus replication we analyzed expression and fate of the adenoviral
virus-associated RNAs (VA-RNAs), which are the only adenovirus
products known to suppress the RNAi pathway8. In order to invest-
igate the role of P19 and VA-RNAs during virus replication, we
monitored the replication profile of a VA-RNA deleted adenovirus
in HEK293 cells and the stably P19 expressing RNAi knockdown cell
line B6. As shown in Fig. 2c, virus replication was still enhanced even
without the VA-RNAs, suggesting that P19 can substitute the natural
function of VA-RNAs in the RNA interference pathway and that
during wild type adenovirus (wtAd5) infection P19 complements
the function of VA-RNAs. Moreover, after wtAd5 infection and
isolation of p19-bound small RNAs, we found that P19 sequestered
svaRNAs either from VAI-RNA or VAII-RNA origin and subse-
quently degraded them (Supplementary Fig. S3a–S3c).This under-
lines the function of P19 to bind small-interfering RNAs and can be
explained by the high copy numbers (up to 108 copies per cell)19 of
adenoviral VA-RNAs and svaRNAs during adenovirus infection.

Figure 2 | Analysis of adenovirus replication and infection parameters under RNAi knockdown conditions. (a) Adenoviral early and late RNA

expression levels upon infection of HEK293 cells with viruses Bwtp19DE3 and AdDfiberIL. Quantitative real-time PCR was performed using gene specific

primers for early adenovirus genes E1B55K, DBP, E4Orf6 and late adenovirus genes fiber and hexon. *: p-value , 0.05. (b) Western Blot analysis for

detection of viral early and late proteins after Bwtp19DE3 (P19) or AdDfiberIL (DIL) infection. (c) Analysis of genome replication and particle production

of an adenovirus deleted for virus-associated RNAs in the RNAi knockdown cell line B6 in comparison to HEK293 cells. *: p-value , 0.05. p.i:

post-infection; h: hours.
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Substantial improved production of recombinant adenoviral
vectors in the presence of P19. To exploit the full potential of the
P19-based RNAi knockdown system and its influence on adenovirus
replication we applied it for therapeutic as well as genomic appli-
cations. First-generation adenoviral vectors (FgAdV) deleted for the
early adenovirus genes E1 and E3 are commonly used as standard
vectors for robust gene transfer and were used in various preclinical
and clinical studies. For such applications virus production at high
titers is a prerequisite and therefore, we addressed the question
whether a stably expressing P19 cell line based on the human
embryonic kidney cell line HEK293 can be used for increased
FgAdV production. In concordance with studies performed with
wild type adenovirus we found that a FgAdV expressing luciferase
replicates faster (Fig. 3a, left panel) and grows to higher titers
(Fig. 3a, right panel) in the presence of the P19 protein. Therefore,

our RNAi knockdown cell line B6 can be used as an FgAdV producer
cell line enabling superior virus production.

At the time the most advanced version of recombinant adenoviral
vectors used in gene-therapy are represented by high-capacity
adenoviral vectors (HCA) deleted for all viral coding sequences.
However, the production procedure remains a major hurdle for clin-
ical use of this vector system. For generation of HCA a helper virus
with a floxed packaging signal is required which provides all adeno-
viral coding sequences in trans20,21. A schematic outline about HCA
production and large-scale amplification in suspension culture is
displayed in Supplementary Fig. S4. In the present study we specu-
lated that a helper virus expressing P19 results in production of HCA
at higher final titers due to increased expression of viral proteins.
Therefore, we generated a p19 expressing helper virus utilizing
a cloning strategy based on bacterial artificial chromosomes

Figure 3 | The RNA interference inhibitor P19 improves adenovirus applications and therapeutics. (a) Increased replication and particle production of

a first-generation adenovirus expressing luciferase (FgAdluc) in the RNAi knockdown cell line B6 stably expressing P19. Viral genome copy numbers and

infectious virus particle production expressed in luciferase activity (relative light units) were determined. *: p-value , 0.05. (b) Improved high-capacity

adenoviral vector large-scale production using the P19 expressing helper virus BHVp19 in comparison to the conventionally used helper virus

AdNG163R-2 (NgHV). In final vector preparations infectious units expressed as transducing units (TU, left panel) of HCA-Luc and both helper viruses

were determined. In addition, luciferase levels (relative light units, middle panel) were measured for HCA-Luc directly correlating with infectious viral

particle production. The table summarizes total viral particle numbers (VP, OD-titer) and infectious units (TU) of HCA-Luc and helper viruses (HV) in

the final vector preparation. (c) Bwtp19DE3 displays increased oncolytic potential in comparison to the control virus AdDfiberIL. Different cancer cell

lines (liver-derived Huh7 and SKHep cells, lung-derived A549 cells, cervix-derived HeLa cells, glioblastoma-derived U87 cells and colon-derived HCT116

cells) were infected and stained (left panel) and the oncolytic activity was quantified (right panel).
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(BHVp19, Supplementary Fig. S5a). We expected to obtain higher
titers of a HCA expressing luciferase (HCA-Luc, Supplementary
Fig. S5d) when using the novel helper virus BHVp19 instead of
the conventionally used helper virus AdNG163R-221 (NgHV,
Supplementary Fig. S5d). Both small (Supplementary Fig. S5e)
and large scale amplification (Fig. 3b) of HCA-Luc using the helper
virus BHVp19 revealed up to 6-fold enhanced viral titers. Impor-
tantly, large scale amplification was associated with low levels of
unwanted helper virus contamination in the final vector preparation
(Fig. 3b), demonstrating that the purity of the final vector prepara-
tion with respect to helper virus contamination levels is comparable
to the conventionally used helper virus system for HCA production.
Thus, the RNAi suppressor protein P19 is sufficient to enhance the
infectious titers of HCA and subsequently improve the production
protocol of HCA vectors for clinical use.

Expression of P19 from an oncolytic adenovirus enhances killing
of tumor cells. Recombinant adenoviruses have been widely investi-
gated for various clinical applications including tumor treatment and
vaccination. Most clinical studies in which adenovirus played a
major role aimed at finding novel strategies for cancer treatment.
Recombinant adenoviruses used in anti-cancer strategies have been
mainly based on oncolytic adenoviruses which allow tumor cell-
specific replication and lysis14–16. However, one major limitation to
overcome is their slow replication rate in cancer tissues, which in
many cases is not sufficient to kill all cancer cells. Here, we speculated
that an oncolytic adenovirus expressing the RNAi suppressor P19
results in increased virus replication and enhanced viral oncolysis.
Thus, we evaluated the P19 expressing adenovirus and directly
compared its oncolytic potential with the oncolytic control
adenovirus AdDfiberIL, expressing luciferase instead of P19
(Supplementary Fig. S2a). We analyzed the P19 expressing virus
and the control virus in different tumor cell lines derived from
liver (Huh7, SKHep cells), lung (A549 cells), cervix (HeLa cells),

glioblastoma (U87 cells) and colon (HCT116 cells) (Fig. 3c, left
panel) and obtained an up to 6-fold higher oncolytic potential for
Bwtp19DE3 (Fig. 3c, right panel). We concluded that introducing the
P19 gene into an oncolytic background, for example an adenovirus
with the D24 E1A deletion or targeted E1A expression, represents a
promising strategy to improve the therapeutic outcome of oncolytic
adenoviruses.

Cell-type and tissue specific knock-down of micro RNAs in vitro
and vivo. In the latter approaches we aimed at accelerating virus
replication and increasing adenovirus production by stably
expressing P19 in a cell line or by providing P19 in cis from a
replicating adenovirus genome. However, another strategy for
using P19 in concert with adenoviral vectors would be adenoviral
delivery of P19 for tissue-specific reduction of miRNA expression
in vitro and in vivo. In this study we took advantage of P19 which
can be delivered and expressed in a tissue-specific manner using
recombinant viruses eventually leading to tissue-specific knock-
down of the RNAi pathway. Therefore, we generated a high-
capacity adenovirus expressing p19 under the liver-specific human
alpha-1-antitrypsin promoter22 (HCA-p19, Fig. 4a and 4b). The
human hepatoma cell line Huh7 was transduced with this virus
and molecules of the liver-specific miR12223 were quantified.
Respective control groups were either mock infected of received
a control virus HCA-luc expressing luciferase as a marker gene.
Quantification of miR122 revealed a 5-fold downregulation of this
miRNA in comparison to the control virus (Fig. 4c, left panel). To
analyze miRNA suppression in vivo, we infected C57Bl/6 mice with
the p19 expressing virus HCA-p19 and the control virus lacking a
P19 expression cassette. Two month post-injection mice were
sacrificed and the most abundant liver-specific miR122 quantified.
As displayed in Fig. 4c (right panel) high P19 expression levels
strongly correlated with the miRNA downregulation effect and
therefore our approach was sufficient to reduce miR122 levels in

Figure 4 | Cell-type and tissue specific knock-down of micro RNAs in vitro and vivo using a P19 encoding high-capacity adenoviral vector. (a) Vector

construct used to generate the p19 expressing high-capacity adenoviral vector HCA-P19 expressing P19 under the control of a liver-specific promoter.

phAAT: human alpha-1-antitrypsin promoter; p19: p19 cDNA; polyA: polyadenylation signal of the SV40 virus; ITR: inverted terminal repeats;

Y: packaging signal. (b) Expression of p19 after infection of HEK293 cells with HCA-p19 at an MOI of 3 (lanes 1, 2 and 3). As a positive control for P19

expression, RNA from stably expressing P19 cells (B6 cells) or cells transfected with the plasmid pHCA-p19 (1) was isolated. RNA was extracted and

analyzed using P19 specific primers. A band of 519 bp in length indicates functional P19 expression. (c) The P19 expressing high-capacity adenoviral

vector HCA-P19 reduces miR122 expression in vitro (left panel) and in murine liver (right panel). For in vitro analysis Huh7 cells were either infected with

HCA-P19, the control virus HCA-luc or mock infected. RNA was isolated, polyA-tailed, reverse transcribed and quantitative real-time PCR (qRT-PCR)

reactions using miR122 and P19 specific primers were performed. All qRT-PCR data were normalized to 104 human B2m levels. C57BL/6 mice (P19-1,

P19-2) were infected with 5*109 TU of the high-capacity adenoviral vector HCA-P19, the negative control virus (cFIX) or PBS as control. Two months

post-injection mice were sacrificed, small RNAs were isolated from liver and analyzed by qRT-PCR.
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murine liver. Since any cell-type specific promoter can be delivered
utilizing an adenoviral vector, this system significantly simplifies in
vivo knockdown of the RNAi pathway.

Discussion
In our pivotal study we found that adenovirus replication was
enhanced 100-fold (Fig. 1c) in the presence of P19 which was accom-
panied by overexpression of adenovirus encoded genes on mRNA
and protein levels (Fig. 2a and 2b). Although this is a very unique
finding, further studies are required to identify the molecular basis
responsible for upregulation of virus replication and particle produc-
tion. For instance mRNA arrays of cellular and viral proteins will
help to characterize single genes or a family of genes, which are
altered and contribute to the increase in viral replication.

Next, we could show that enhanced adenovirus replication and
simultaneous expression of P19 can be translated into enhanced
production of recombinant adenoviruses and oncolysis. We obtained
higher viral titers of first-generation and high-capacity adenoviral
vectors (Fig. 3a and b) and we observed significantly enhanced
oncolysis in various tumor cells (Fig. 3c). However, we expressed
P19 under the control of the major late viral promoter and it would
be of great interest to analyze the replication profile of an adenovirus
expressing P19 under the control of an early viral promoter to poten-
tially further accelerate virus replication. Furthermore, the P19-
based approach could result in an enhanced spread of the oncolytic
virus in tumors of affected patients and it could be used to improve
oncolytic activity of other RNA and DNA based oncolytic viruses.

We used our high-capacity adenovirus technology for delivery of
the P19 protein and to establish a novel strategy for cell-type and
tissue-specific knock-down of the RNA interference pathway
(Fig. 4). At the time tissue-specific in vivo knockdown systems of
the RNAi pathway are mainly based on disruption of dicer as the key
regulator of miRNA processing utilizing the Cre-loxP system24.
However, this strategy requires the generation and maintenance of
a transgenic mouse with floxed dicer alleles and tissue-specific deliv-
ery of Cre recombinase or a second transgenic mouse overexpressing
Cre under the control of a cell-type specific promoter. Therefore, an
alternative strategy for cell type-specific knockdown of the RNA
interference pathway based on P19 provides a valuable alternative.
This strategy is less labor intensive and can be used in any tissue
because adenovirus targeting strategies25 and cell-type specific pro-
moters26 are broadly available.

Methods
Analysis of adenovirus replication and infection parameters. Analysis of
adenovirus replication. Wildtype adenovirus serotype 5 (wtAd5) was obtained from
ATCC (Wesel, Germany). Wildtype adenovirus, first-generation adenoviruses and
BAC-based viruses were and amplified in HEK293 cells. The VA-RNA deleted virus
obtained from Ramon Alemany (Institut Català d’Oncologia/IDIBELL, L’Hospitalet
Barcelona, Spain) and the virus AdfiberDIL were amplified in A549 cells as described
previously27,28. For production of the replication-competent adenoviruses
Bwtp19DE3 please refer to Supplementary Methods 1.

For replication assays cells were seeded into 6 cm dishes to reach 80% confluency
for infection. Notably, for infection of B6 cells were cultivated without G418. Infection
with wtAd5, FgAdluc or respective BAC derived viruses was performed using a
multiplicity of infection (MOI) of 0.05, 0.1 or 3 respectively. After two 10, 24, and 48
hours (if not otherwise stated) DNA and RNA were isolated and cellular and protein
lysates were collected, taking 3 independent samples at each time point. To ensure,
that only internalized viral particles were analyzed, cells were treated with 5% trypsin
for 5 min, centrifuged at 500 g for 3 min and washed once with sterile PBS before
preparing for different applications.

For analysis of genome replication and particle production of an adenovirus
deleted for virus-associated RNAs, B6 and HEK293 cells were infected at an MOI of
0.5 and virus replication and particle production were monitored.

For analysis of infection parameters such as RNA expression levels of adenoviral
genes, vector genome copy numbers, and adenoviral expression on protein level
please refer to Supplementary Methods 2.

For analysis of CAR expression on HEK293 cells and stably P19 expressing B6 cells
please refer to Supplementary Methods 3.

Improved production of recombinant adenoviruses. Enhanced production of first
generation adenoviral vectors. We investigated whether a HEK293 based cell line
stably expressing the RNAi inhibitor P19 could lead to enhance replication and
production of early generation adenoviral vectors deleted for the adenoviral early
gene E1 and E3. Human embryonal kidney cells (HEK293) were obtained from
ATCC and used for construction of the p19 expressing cell line B6. This adenovirus
producer cell line B6 which substitutes E1 for adenovirus amplification and it was
stably transduced with a trangene expression cassette for P1910. As selection pressure
for B6 cells which stably express P19, 500 mg/ml G418 was added. For direct
comparison of virus production in commonly used HEK293 cells and B6 cells, we
analyzed replication and particle production of the previously described
first-generation adenovirus FgAdluc expressing luciferase under the control of the
SV40 promoter29.

HEK293 cells and the RNAi knockdown cell line B6 were infected with FgAdluc at
an MOI of 0.5. Genomic DNA and cellular lysates were harvested 2, 10, 24 and 48
hours post-infection. Total genomic DNA was isolated and for quantification of viral
genome copy numbers 50 ng of genomic DNA was subjected to quantitative
real-time PCR (qRT-PCR) using hexon specific primers (Supplementary Table S1).
For comparison of infectious virus particle production, lysates which were harvested
2, 10, 24 and 48 hours post-infection of HEK293 cells and B6 cells. These lysates were
than used to re-infect HEK293 cells and 24 hours post-infection luciferase activity
expressed in relative light units was measured by luciferase assay (Promega) which
directly correlates with infectious virus particle production.

Enhanced production of high-capacity adenoviral vectors (HCA). For production of
high-capacity adenoviral vectors (HCA) we used a previously described system and
protocol allowing small- and large scale vector amplification20,21. This procedure is
based on 116 cells which were cultured in MEM medium supplemented with 10% FBS
and 1% penicillin-streptomycin (PAA Laboratories, Coelbe Germany). 116 cells are
derived from human embryonic kidney cells (HEK293 cells) stably expressing Cre
recombinase and can grow as adherent cells and in suspension20,21. The principle of
HCA production and a standard protocol applied for small and large scale production
of HCA is outlined in Supplementary Figure S4 and was described in detail in a
previous study20. In brief, the helper virus which resembles a regular first generation
adenovirus vector deleted for the adenoviral early genes E1 and E3 provides all viral
gene products required for replication of adenoviral DNA and the capsid in trans.
However, the packaging signal of the helper virus is flanked by loxP sites and therefore
in 116 cells the packaging signal is excised by Cre recombination prohibiting the
helper virus from being packaged. In contrast, the HCA to be produced contains a
regular packaging signal allowing the HCA genome to be encapsidated.

For improved production of high-capacity adenoviral vectors (HCA) we generated
the novel helper virus BHVp19 (Supplementary Figure S5a). The recombinant DNA
of this helper virus was cloned using an improved bacterial artificial chromosome
(BAC) based cloning strategy (Supplementary Methods 1). To compare the efficacy
of the novel helper virus BHVp19for HCA production with the standard helper virus
AdNG163R-221, we analyzed the high-capacity adenovirus HCA-luc (Supplementary
Figure S5d, Supplementary Methods 4). Besides the floxed packaging signal this
helper virus expresses the RNAi suppressor P19 embedded in a viral transcription
unit. The high-capacity adenovirus HCA-luc expressed firefly luciferase under the
control of the liver-specific human a-1-antitrypsin promoter (phAAT).

For small scale analysis, cells were seeded in two 15 cm tissue culture dishes and
grown to a confluency of 90%. Cells were infected with the HCA-luc (Supplementary
Figure S5d) at an MOI of 3 and co-infected either with helper viruses BHVp19 or
AdNG163R-2 (NgHV) at an MOI of 1. Two days post infection cells were harvested,
viral particles were released by four consecutive freeze and thaw cycles and different
amounts of the lysates were used to infect Huh7 cells at 90% confluency seeded in a
24-well tissue culture plate. Twenty-four hours later, these Huh7 cells were harvested
and a 1580 dilution was used for luciferase assay using the dual luciferase reporter
assay kit provided by Promega.

For large scale analysis, a stock of high-capacity adenovirus HCA-luc was amplified
utilizing a spinner flask system (Supplementary Figure S4). Following the protocol of
Jager et al. 200920, 3 liters of suspension of 116 cells were co-infected with HCA-luc
and either the helper virus AdNG163R-2 or the new helper virus BHVp19
(Supplementary Figure S5). After an incubation period of 48 hours HCA-luc was
purified by CsCl centrifugation. To determine the infectious titer expressed as
transducing units per ml (TU/ml), 95% confluent 24-well dishes containing HEK293
cells were infected with 5 ml of the purified virus and cells harvested 2 hours later
using trypsin. Subsequently, genomic DNA was isolated and 50 ng were used for
qRT-PCR using hexon specific primers (Hexon 59forw and 39rev) to quantify helper
virus contamination and luciferase specific primers (luc forw and luc rev) to quantify
HCA-luc genomes. For normalization human beta globulin was measured. All primer
sequences are displayed in Supplementary Table 1. As an alternative for
determination of infectious virus particle production of HCA-luc, the purified vector
was used to re-infect HEK293 cells. 24 hours post-infection luciferase activity
expressed in relative light units was measured by luciferase assay (Promega) which
directly correlates with infectious virus particle production. As described previously20,
the total physical virus titer (OD-titer, viral particle number) of HCA-Luc was
determined by releasing the viral DNA from the purified particles and measuring the
absorbance of the supernatant at 260 nm. The following formula was used to calculate
the viral particle units (VPU): VPU/ml 5 (absorbance at 260 nm) 3 (dilution factor)
3 (1.1 3 1012) 3 (36)/(size of HCA in kb).
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Oncolysis assay. Various cancer cell lines from different origin were used to perform
oncolysis assays which measure the onocolytic potential of virus therapeutics. A549
derived from an alveolar adenocarcinoma, U87 derived from a glioblastoma, and
Hela cells from cervical carcinoma were cultured in DMEM medium supplemented
with 10% FBS and 1% penicillin streptomycin. Huh7 cells and SKHep cells were
cultured in DMEM supplemented with 1% non-essential amino acids, 10% FBS and
1% P/S. McCoy’s medium with 10% FBS, 1% P/S and 1% sodium bicarbonate was
used to culture HCT116 cells. All cell lines were maintained at 37uC in a humidity
atmosphere with 5% CO2. The entire cell culture reagents were obtained from PAA
laboratories (Cölbe, Germany).

These cancer cell lines plated in 24-well tissue culture dishes were infected with
Bwtp19DE3 (Supplementary Figure S2 and Supplementary Methods 1), AdDfiberIL
(Supplementary Figure 3) or an early gene E1 and E3 deleted adenovirus (FGAd) at
MOIs of 1, 0.1 and 0.01. At the end of the assay, cells were fixed and stained with
crystal violet solution. In order to quantify the oncolytic activity the amount of pixels
within a defined area was determined and the amount of pixels for the FgAd control
was set to 1. The diagram (right panel) shows the fold-increase of oncolytic activity.

Downregulation of endogenous miRNAs after infection with the high-capacity
adenovirus HCA-p19. To analyze endogenous miRNA levels in vitro the human
hepatoma cell line Huh7 was either infected with HCA-p19 or the control virus
HCA-luc expressing an irrelevant transgene. To evaluate whether the P19 system is
sufficient to suppress miRNAs in vivo in a tissue-specific manner, we infected
C57Bl/6 mice with the p19 expressing virus HCA-p19 and two month post-injection
mice were sacrificed. To determine miR122 levels in vitro and in mouse liver, mice
were sacrificed and the liver was harvested. Small RNAs were isolated from the liver
sections or Huh7 cell (for in vitro analysis), polyA-tailed and reverse transcribed. 5 ml
of this cDNA was then used to quantify the miR122 amount by qRT-PCR using
miR122 specific primer miR122 and reverse primer. In addition mRNA was isolated
from the liver section using TRIZOL, reverse transcribed and 5 ml of cDNA was used
to measure p19 levels from the two HCA-P19 infected mice (p19-1 and p19-2; p19
forw Xho and p19 rev Xba primers). All qRT-PCR measurements in mice were
normalized to 104 copies of mouse TATA box binding protein (TBP) levels, in vitro
experiments in Huh7 cells were normalized to human beta-2 microglobulin (B2m).

Animal work. Mouse experiments were approved by the Government of Upper
Bavaria in Germany. C57Bl/6 mice were kept and animal experiments were
performed in accordance with guidelines and regulations of the Government of
Upper Bavaria in Germany. Mice were injected via the tail using a total volume of
200 ml. Virus was diluted in Dulbecco’s phosphate-buffered saline (DPBS, Invitrogen,
Darmstadt, Germany).

Isolation of small RNAs bound to P19 after His-tag purification and Northern
blot analysis. For details regarding this method please refer to Supplementary
Methods 5.

Statistical analysis. Statistical comparison was made by two-tailed Student’s t-test,
and a value of p , 0.05 was considered relevant compared with the respective control
group.
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