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ORIGINAL ARTICLE

Safety and antitumor effect of oncolytic and helper-dependent
adenoviruses expressing interleukin-12 variants in a hamster

pancreatic cancer model

J Poutou?, M Bunuales?, M Gonzalez-Aparicio, E Garcia-Aragoncillo, JI Quetglas, R Casado, C Bravo-Perez, P Alzuguren and

R Hernandez-Alcoceba

Gene transfer of potent immunostimulatory cytokines such as interleukin-12 (IL-12) is a potential treatment for advanced cancer.
Different vectors and IL-12 modifications have been developed to avoid side effects associated with high serum levels of the
cytokine, while preserving its antitumor properties. Here we have evaluated two alternative strategies using the Syrian hamster as a
model for pancreatic cancer metastatic to the liver. Local administration of an oncolytic adenovirus (OAV) expressing a single-chain
version of IL-12 caused transient, very intense elevations of IL-12 in serum, resulting in severe toxicity at sub-therapeutic doses.
Anchoring IL-12 to the membrane of infected cells by fusion with the transmembrane domain of CD4 reduced systemic exposure to
IL-12 and increased the tolerance to the OAV. However, only a modest increase in the therapeutic range was achieved because
antitumor potency was also reduced. In contrast, systemic administration of a helper-dependent adenoviral vector (HDAd)
equipped with a Mifepristone-inducible expression system allowed sustained and controlled IL-12 production from the liver. This
treatment was well tolerated and inhibited the progression of hepatic metastases. We conclude that HDAds are safer than OAVs for
the delivery of IL-12, and are promising vectors for immunogene therapy approaches against pancreatic cancer.
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INTRODUCTION

Different gene therapy (GT) approaches can be applied to
stimulate immune responses against cancer cells. Local produc-
tion of immunostimulatory cytokines in the tumor microenviron-
ment or the surrounding tissues is one of them.! As the main
objective is to improve the biodistribution and pharmacokinetics
of the cytokine, the performance of vectors is a key factor for the
safety and efficacy of these strategies. In the case of viral vectors, it
has been postulated that local inflammation can contribute to
trigger an efficient antitumor response.” This effect can be greatly
enhanced if the virus is able to replicate in and destroy cancer
cells (oncolytic virus, OV), through a combination of direct tumor
destruction, release of tumor antigens, danger signals and strong
expression of the transgene. Proof of concept for the efficacy of
immunovirotherapy is already available in the clinic. In a recent
phase Il clinical trial, an oncolytic herpes simplex virus armed
with granulocyte-macrophage colony-stimulating factor (T-VEQ)
showed superior durable response rates in advanced melanoma
patients compared with subcutaneous administration of the
recombinant granulocyte-macrophage colony-stimulating factor
protein* An oncolytic vaccinia virus expressing the same
transgene (Pexa-Vec) has shown promising results in phase Il
clinical trials for hepatocellular carcinoma.® In this case, intratu-
moral administration of the virus led to an increase in serum
concentrations of granulocyte-macrophage colony-stimulating
factor and elevation of neutrophil counts in peripheral blood.
Although no adverse events were directly attributed to this
systemic effect, it is clear that intratumoral administration of

vectors does not prevent release of transgene products in the
circulation. This issue is particularly important if potent immunos-
timulatory cytokines are incorporated in OVs.® A good example is
interleukin-12 (IL-12). This cytokine is able to stimulate the
proliferation and cytolytic activity of natural killer and T cells,
apart from its anti-angiogenic effect.” Most of its biological effects
are mediated by stimulation of interferon-y (IFNy) production.
Robust antitumor effects and the ability to cooperate with
adoptive cell therapies are important attributes of IL-12.2 However,
systemic exposure needs to be tightly controlled in order to avoid
a severe, potentially lethal inflammatory syndrome observed
when the recombinant protein was administered intravenously at
high doses.” When IL-12 is incorporated as a therapeutic gene in a
GT vector, the two subunits of this heterodimeric cytokine can be
expressed from a polycistronic IL-12 mRNA, or as a fusion protein
in which both subunits are linked by a short flexible domain
(single-chain, sclL-12)."° OVs encoding IL-12 have demonstrated a
strong antitumor effect in pre-clinical models of different
cancers,®'""'? including a model of experimental liver metastases
from pancreatic cancer in Syrian hamsters.'®> These animals are
especially suited for the evaluation of oncolytic adenoviruses
(OAVs) because they are immunocompetent, permissive for
human adenovirus replication''> and sensitive to IL-12 side
effects.”® Controlling the release of IL-12 from infected cells is
challenging, as the intensity of expression depends not only on
the efficacy of infection but also on the replication of the virus in
tumor cells. This leads to heterogeneity in serum concentrations of
IL-12 among individuals,'® and greatly reduces the possibility to
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perform dose escalation of the virus. Membrane anchoring of
cytokines has been proposed as a method to obtain high local
concentrations without extensive release into circulation.'® Fusion
of p35 and p40 subunits with glycosylphosphatidylinositol (GPI)
anchor signals achieves attachment of IL-12 in the membrane of
transfected cells.'” In the same line, a sclL-12 construct fused with
the transmembrane and cytoplasmic domains of the B7-1 protein
is expressed as a type | transmembrane protein in the cells and
retains its immunostimulatory functions.'® In fact, when the
transgene was incorporated in a replication-deficient adenoviral
vector, a potent antitumor effect was observed with negligible
elevations of IL-12 in the serum of mice. The ability of these IL-12
modifications to increase the safety of OVs has never been
investigated.

An alternative approach to exploit the antitumor properties of
IL-12 is the use of long-term expression vectors carrying drug-
inducible expression systems. In this case, direct oncolysis and
release of tumor antigens are not part of the mechanism of action,
but this may be compensated by the possibility of controlling the
duration and intensity of IL-12 expression. Doxycycline and
Mifepristone-inducible systems have been used to control the
expression of IL-12, delivered in vivo by adeno-associated'® and
helper-dependent adenoviral vectors (HDAd).2%?' Both vectors
showed excellent safety profile and efficacy in a syngeneic murine
model of colorectal cancer liver metastases. The stability of
transgene expression allows the design of tailored induction
regimes adapted as adjuvants for standard treatments such as
chemotherapy.?’

In this work, we provide a side by side comparison between
new OAVs carrying different membrane-anchored sclL-12 variants
and a previously described HDAd vector equipped with a liver-
specific Mifepristone-inducible IL-12 expression system (HC-Ad/
RUmMIL-12).2! Safety and efficacy of both approaches were studied
in an aggressive model of pancreatic ductal adenocarcinoma
(PDA) metastatic to the liver in Syrian hamsters.'*

RESULTS

Modifications in the IL-12 expression cassette to reduce secretion
of the cytokine

Transgene expression mediated by OAVs is very intense in
pancreatic cancer cells because of the efficiency of transduction
and the replication of viral genomes inside the cells.'* Although
the design of these agents favors replication in cancer cells and
the intratumoral route of administration minimizes infection in off-
target tissues, transduction of highly sensitive organs such as liver
cannot be completely avoided.'® The risk of liver-derived secretion
of IL-12 is especially relevant in the case of local administration of
OAVs in hepatic metastases. To decrease this potential source of
toxicity, we incorporated the target sequence of a liver-specific
microRNA (miR-122)**%* into the 3’ UTR of the sclL-12. This
construct was designated sclL-12miR (see Figure 1). We chose
sclLl-12 instead of the native form because this compact
complementary DNA is compatible with the size constraints of
the OAV genome."® In addition, modifications in the sclL-12 were
incorporated to anchor the cytokine to the membrane of
expressing cells. To this end, two different strategies were
evaluated. Both of them rely on the carboxy-terminal fusion of
sclL-12 with protein domains associated with the cell membrane:
GPI anchor signal from the folate receptor (scIL-12-GPI)** and a
transmembrane domain from human CD4 (IL-12-TM).>>%® These
constructs were incorporated in a eukaryotic expression plasmid
driven by a cytomegalovirus (CMV) promoter and transfected in
target cells from hamster PDA (HaP-T1) and human cells from a
well-differentiated hepatocellular carcinoma expressing miR-122
(HuH-7).2? Quantification of IL-12 released in the supernatant of
cells revealed that the incorporation of the miR-122 target
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Figure 1. Schematic representation of GT vectors used in this study.
The upper part corresponds to the four different OAVs and the lower
part corresponds to the HDAd. AE1A, deletion of the CR2 domain of
the E1A gene; AE3, partial deletion of the E3 region; GAL4-E1Bp,
inducible promoter comprising four Gal4-binding sites and a TATA
box derived from the adenoviral E1B gene; GPI, GPI anchor signal;
HPRT and C346, fragments from the human hypoxanthine-guanine
phosphoribosyltransferase and C346 cosmid used as DNA stuffer,
respectively; IRES, internal ribosomal entry site; ITR, inverted
terminal repeat; P, packaging signal; p40 and p35, heavy and light
chains of IL-12, respectively; miR, target sequence for the miR-122;
pA, polyadenylation signal; TM, transmembrane domain from
human CD4; TTRp, transthyretin promoter; GLP65, transactivator
composed of a Gal4 DNA-binding domain, a human progesterone
receptor ligand binding domain and a human p65 activator domain.
Not drawn to scale.

sequence caused a drastic reduction in IL-12 production in
HuH-7 cells, whereas a slight, nonsignificant decrease was
observed in HaP-T1 cells (Figure 2a). This correlates with the high
content of miR-122 in HuH-7 cells compared with HaP-T1 cells
(Supplementary Figure 1a). Regarding sclL-12 modifications,
fusion with TM was efficient in preventing IL-12 secretion, in
contrast with the GPI anchor signal. When the presence of IL-12 in
the membrane of cells was analyzed by flow cytometry (Figures 2b
and ¢), sclL-12 was detected in approximately 50% HaP-T1 cells
transfected with the pC-sclL-12-TM plasmid, in good correlation
with transfection efficiency in these cells. In fact, when the analysis
was performed in cells highly permissive for transfection (HEK-
-293), the percentage was close to 80% (Figure 2b). Interestingly,
sclL-12-GPI was also detected in the surface, suggesting that this
method of membrane anchoring results in a dynamic equilibrium
between attachment and shedding of the cytokine.?” The binding
to glycolipids was demonstrated by the reduction of membrane-
bound sclL-12-GPI observed upon treatment with phosphatidyli-
nositol phospholipase C, as shown in Figure 2b.

sclL-12-TM retains biological activity

Fusion of sclL-12 with the CD4 transmembrane domain caused a
drastic modification in its secretion pattern. To verify that scIL-12-
TM retained its immunostimulatory properties, we analyzed its
ability to stimulate the production of IFNy on lymphocytes. To this
end, HEK-293 cells were transfected with pC-sclL-12miR or pC-
sclL-12-TM, and incubated with mouse splenocytes for 1h.
Splenocytes were then separated from HEK-293 cells, washed
and maintained for additional 48 h until mRNA was extracted to
determine the expression of IFNy by quantitative reverse
transcriptase-PCR (qRT-PCR). We observed that cells expressing
both versions of scIL-12 were equally efficient in stimulating IFNy
(Figure 3a). In addition, when splenocytes were incubated with
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Figure 2. Membrane anchoring of scIL-12 in transfected cells. HuH-7,
HaP-T1 or HEK-293 cells were transfected with the indicated
plasmids. A subset of cells transfected with pC-sclL-12-GPl was
treated with phosphatidylinositol phospholipase C (PI-PLC), as
indicated. (a) Twenty-four hours later, conditioned media were
collected for quantification of sclL-12 by ELISA. Cells were then
harvested, stained with an antibody against murine IL-12 and
analyzed by flow cytometry. (b) Percentage of cells displaying
sclL-12 in their surface. (c) Representative flow cytometry histograms
corresponding to HaP-T1 cells. *P < 0.05, **P < 0.01, ***P < 0.001.

fixed amounts of sclL-12 or scIL-12-TM produced from transfected
cells, expression of IFNy was equivalent in both cases. In fact, a
nonsignificant increase in potency was observed in the case of
sclL-12-TM (Figure 3b). The activation of murine and Syrian
hamster splenocytes was similar (Figure 3c), confirming the
biological effect of murine IL-12 on both species.
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Evaluation of IL-12 modifications in the context of OAVs

Once we had analyzed the function of the modified sclL-12
constructs, we incorporated them into the genome of a standard
OAV (Figure 1). In this viral backbone, a widely used deletion in the
CR2 domain of the E1A early gene confers preferential replication
in cancer cells?®?° A deletion in the E3 region (6.7 K/gp19K
genes) was used to accommodate the transgenes. In this genome
location, expression is controlled by endogenous viral promoters
and is associated with viral replication, as previously described.>
When HaP-T1 cells were infected at relatively low multiplicities of
infection (MOI) with viruses carrying the different sclL-12
modifications, cytokine secretion and membrane attachment
recapitulated our findings in transfected cells (Figures 4a and b).
This means that viral infection does not alter the properties the
anchored cytokines, so we could find scIL-12-GPI both in the
supernatant and the membrane of infected cells, whereas scIL-12-
TM is predominantly displayed in the cell surface. However, when
we increased the MOI of the OAV-sclL-12-TM virus, we observed
that the capacity of membrane anchoring can be saturated at a
MOI of 20 infectious units (i.u.) per cell (Figure 4c). Under these
circumstances, secretion of sclL-12 is similar between OAV-scIL-12-
miR and OAV-scIL-12-TM. This is not due to oncolysis, as no
decrease in cell viability was observed between infected and
control cells at the moment of analysis (24 h, data not shown). This
result suggests that the performance of anchored cytokines in the
context of replication-competent vectors may be different from
non-viral or defective viral vectors, and careful in vivo testing is
required.

Function of the miR-122 target site in vivo

Previous works have demonstrated that the Syrian hamster is a
suitable model to evaluate the efficacy and toxicity of OAVs,'*!*
especially in the context of immunovirotherapy approaches.'® In
this case, we used an aggressive pancreatic cancer liver
metastases model based on the intrahepatic implantation of
HaP-T1 cells." These carcinogen-induced PDA cells harbor K-ras
mutations and give rise to rapidly progressing tumors resembling
many clinical and histological characteristics of human
neoplasms.®' Untreated animals require to be killed 5-6 weeks
after cell implantation because of high tumor burden. Replication
and oncolytic effect of human adenovirus in HaP-T1 cells is similar
than the observed in human PDA cell lines (Supplementary Figure
2). Analysis of liver and tumor samples from Syrian hamsters
confirmed preferential expression of miR-122 in normal liver
(Supplementary Figure 1b), although the magnitude of the
difference (100-fold) was lower than that observed between
HuH-7 and HaP-T1 cells in vitro. The first parameter evaluated
in vivo was the ability of the miR-122 target site to inhibit the
expression of sclL-12 in the liver of Syrian hamsters. To this
end, OAV-sclL-12 and OAV-sclL-12-miR were administered intra-
venously or intratumorally and the animals were killed 24 h later
to determine the concentration of the cytokine in serum, as well
as liver and tumor extracts. As shown in Figure 5a, hamsters
treated intravenously with OAV-sclL-12-miR had a 98% reduction
in IL-12 concentration in serum, in good correlation with the
reduction in liver extracts. This trend was also observed in tumor
extracts, but in this case the quantification of IL-12 may be highly
influenced by the amount present in blood. In fact, when the
viruses were administered locally, no differences in intratumoral
IL-12 content were observed between OAV-sclL-12 and OAV-
sclL-12-miR (Figure 5b). The relative reduction of IL-12 concentra-
tion in serum and liver of hamsters that receive intratumoral
OAV-sclL-12-miR may reflect the activity of viruses that reach
circulation from the tumor and then infect the liver. To better
determine vector biodistribution, viral genomes were quantified in
liver and tumor samples of hamsters treated by OAV-sclL-12
(Supplementary Figure 3). As expected, intratumoral administration
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of the virus reduces infection of normal liver, but it does not
prevent it completely. Of note, efficient infection of tumors was
obtained upon intravenous administration. Analysis of other
organs by gRT-PCR revealed that the transgene was expressed
almost exclusively in liver and tumors (data not shown). In
summary, the miR-122 target site was able to significantly reduce
the expression of scIL-12 from the liver.
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Toxicity and antitumor effect of OAVs expressing modified IL-12

in vivo

To determine if the sclL-12 modifications increased the therapeu-
tic range of OAVs, we administered different doses of the viruses
intratumorally and studied systemic exposure to IL-12, tolerance
to the treatment and antitumor effect. In Figure 6a, we represent
the concentration of sclL-12 in the serum of animals 24 h after the
injection of each virus at the indicated doses, which represents the
peak concentration in most cases. In good correlation with the
in vitro data, the only virus that showed a robust inhibition of
sclL-12 release was OAV-sclL-12-TM. Incorporation of the miR-122
target site achieved only a moderate reduction compared with
OAV-sclL-12, suggesting that most of the scIL-12 secreted into the
bloodstream derives from tumors. As expected, OAV-sclL-12-GPI
behaved similar to OAV-sclL-12-miR and was unable to retain the
cytokine in the membrane of transduced cells. Nevertheless, this
virus was included in the efficacy studies to determine if the
combination of anchored and free sclL-12 could be beneficial for
the antitumor effect. In all cases, a dose-dependent increase in
sclL-12 concentration was observed. This had a clear correlation
with toxicity (Figure 6b). All viruses were lethal at 10° i.u. per
hamster (60-80% mortality), except for OAV-sclL-12-TM. Even in
this case, this dose cannot be considered completely safe because
the next dose escalation step (2 x 10° i.u)) caused a 30% mortality
rate. As described,'® the most common cause of death in hamsters
expressing sclLl-12 was lung edema (Figure 6c). Of note, viral
replication does not seem to have a predominant role in toxicity
because a replication-competent adenovirus with wild type ETA
gene expressing the reporter gene luciferase (Ad-WT-Luc) was well
tolerated at the maximal dose tested (2 x 10° i.u.). The analysis of
sclL-12 kinetics (Figure 6d) indicates that increasing the intratu-
moral dose of OAV-sclL-12-TM not only raises the peak
concentration of the cytokine, but also prolongs its presence in
serum. From 2.5x 10 to 1x 10° i.u,, the maximum concentration
was observed 24 h after infection and then it rapidly decreases.
The same occurs with the rest of viruses tested (data not shown).
In contrast, at higher doses of OAV-scIL-12-TM (2x10° iu. and
beyond), sclL-12 concentration is maintained at least for 3 days.
This is compatible with a transient amplification of the virus in
tumors and may contribute to toxicity. When the antitumor effect
of all viruses was evaluated at a safe dose (2.5x 10° i.u.), only a
small inhibition of tumor progression was observed 1 month after
initiation of treatment (Figure 7a). The only group that showed a
significant reduction in tumor volume without mortality was OAV-
sclL-12-TM at 10° i.u. (Figure 7b). However, dose escalation was
not possible, as shown in Figure 6b. When the OAV-scIL-12-TM
virus was administered intravenously, mortality reached 50% at
10° i.u. per hamster (data not shown), and no antitumor effect was
observed at 2.5x10% iu. per hamster (Figure 7c). Therefore,
membrane anchoring of scIL-12 using the CD4 TM domain
achieves a modest increase in the therapeutic index of OAVs when
they are administered locally.

<

Figure 3. scIL-12-TM retains biological activity. HEK-293 cells were
transfected with pC-sclL-12-miR, pC-scIL-12-TM or empty plasmids
(control). (@) Twenty-four hours later, transfected cells were
incubated with murine splenocytes for 1 h. Splenocytes were then
separated from HEK-293 cells, washed and maintained for additional
48 h until mRNA was extracted to analyze expression of IFNy by qRT-
PCR. (b) sclL-12 concentration was determined in conditioned media
from transfected cells, and the indicated amounts (horizontal axis)
were used to stimulate murine splenocytes. Expression of murine
IFNy was analyzed by gRT-PCR 48h later. (c) Mouse or hamster
splenocytes were stimulated with supernatants containing 10 ng ml™"
of sclL-12. In all cases, values correspond to the relative IFNy mRNA
content, using p-actin as an internal reference and applying the
formula 2t PactinFNMy 19 000, **P < 0.01.
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Figure 4. Membrane anchoring of sclL-12 in cells infected with

OAVs. HaP-T1 cells were infected with the indicated OAVs at MOI 2.
Supernatants and cells were collected separately 24 h later. (a)
Concentration of scIL-12 in conditioned media. (b) Percentage of
cells displaying sclL-12 in their surface, determined by flow
cytometry. (c) HaP-T1 cells were infected with OAV-scIL-12-miR
(squares) or OAV-sclL-12-TM (inverted triangles) at the indicated
MOIs, and the concentration of IL-12 in the conditioned media was
determined 24 h later. **P < 0.01, ***P < 0.001.

Controlled expression of IL-12 in the liver mediated by an HDAd is
safe and reduces the progression of hepatic metastases

The limitations observed with membrane anchoring of sclL-12 in
the context of OAVs prompted us to evaluate an alternative
approach to obtain safe gene transfer of IL-12 in our PDA model.
The HC-Ad/RUmIL-12 vector is designed for liver-specific expres-
sion of IL-12 in response to the inducer Mifepristone (RU486).2° In
contrast with OAVs, the high-cloning capacity of this vector allows
the accommodation of the inducible system and the simultaneous
expression of the p35 and p40 IL-12 subunits as independent
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Figure 5. Incorporation of the target sequence for miR-122 in the 3’
UTR of sclL-12 reduces expression of the cytokine in the liver. Syrian
hamsters bearing intrahepatic HaP-T1 tumors were injected
intravenously (a) or intratumorally (b) with 10° i.u. of OAV-sclL-12
or OAV-scIL-12-miR. Twenty-four hours later, the animals were killed
for collection of liver, tumor and blood. sclL-12 concentration was
quantified by ELISA in serum (expressed as ng ml™", left vertical axis)
and in tissue extracts from normal liver or tumors (expressed as
ng g™ tissue, right vertical axis). *P < 0.05, **P < 0.01.

polypeptides. No major differences have been observed between
the biological effect of the natural heterodimeric IL-12 and the
fusion protein sclL-12 in vitro."® However, the formation of p40
homodimers could have a modulatory effect. To clarify this point
we performed a direct in vivo comparison between IL-12 and
sclL-12. First-generation adenoviral vectors expressing each
cytokine version under the control of a constitutive CMV promoter
were administered intravenously to C57BL/6 mice. Concentrations
of IL-12 and its main effector IFNy were analyzed in the serum of
animals (Supplementary Figure 4). No major differences in the
ability to stimulate IFNy expression were observed among both
IL-12 constructs, suggesting that their biological activity is
equivalent. In agreement with this finding, toxicity of Ad-CMV-
IL-12 and Ad-CMV-sclL-12 was similar (50% mortality at 1x 10% i.u.
per mouse, data not shown). The therapeutic effect of HC-Ad/
RUmIL-12 was evaluated in hamsters following the protocol
depicted in Figure 8a. Once PDA tumors were established in the
liver, animals received an intravenous injection of clodronate
liposomes to deplete Kupffer cells and facilitate hepatocyte
transduction with adenovirus.>> This treatment does not affect
the progression of tumors (data not shown). Twenty-four hours
later, the vector was administered intravenously at 10° or 5 x 10%
i.u. per hamster. A third group remained untreated. Seven days
after infection, IL-12 expression was stimulated by daily intraper-
itoneal administration of Mifepristone. The dose of the inducer
was adjusted to maintain therapeutic levels of the cytokine, as
previously described.?" In the case of hamsters, serum concentra-
tion of IL-12 above 5000 ng mI™' for >3 days causes weight loss
and should be avoided to prevent severe toxicity (data not
shown). The minimum concentration of IL-12 required for a
therapeutic effect will depend on the characteristics of the tumor

© 2015 Macmillan Publishers Limited
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Figure 6. Intratumoral administration of OAV-scIL-12-TM reduces systemic exposure to sclL-12 and is less toxic than OAVs carrying other
sclL-12 variants. Syrian hamsters bearing intrahepatic HaP-T1 tumors were treated with a single local administration of the indicated OAVs at
different doses. (a) Blood was collected 24 h later to determine sclL-12 concentration. The dose of each virus is plotted in the horizontal axis of
the graph. (b) Survival of animals 3 weeks after initiation of treatment. At this point, only treatment-related deaths were observed. White
squares represent hamsters treated with 2 x 10° i.u. Ad-WT-Luc. (c) Representative microphotograph of paraffin-embedded lung samples from
a hamster treated with 1x10° i.u. OAV-sclL-12. Hematoxylin—eosin staining (x200). Note the intense inflammatory infiltration and the
accumulation of fluid in alveoli of the treated animal (asterisks), characteristic of lung edema. (d) Serum concentration of scIL-12 over time in
hamsters treated with OAV-scIL-12-TM at the following doses: 2.5 x 108 i.u. (dotted gray line), 1x 10° i.u. (solid gray line), 2 x 10° i.u. (dotted

black line) and 5x 10° (solid black line).

and the animal species. When HC-Ad/RUmIL-12 was administered
at 10° iu. per hamster, initial induction with 250 pgkg™
Mifepristone caused a strong elevation of IL-12 in serum
(exceeding 5000 ng ml~" in some hamsters), but levels could be
modulated by Mifepristone adjustment in subsequent days
(Figure 8b) and all animals tolerated the 9-day induction protocol.
One month after the first induction, hamsters were killed and
tumor volumes were determined at necropsy. A significant
antitumor effect was observed (Figure 8c), with complete tumor
eradication in 2/6 cases and inhibition of tumor progression in
another two hamsters. Although the target organ for IL-12 toxicity
in hamsters is the lung, we analyzed standard biochemical
parameters of liver damage because this organ is exposed to
the highest concentrations of the cytokine in this experimental
setting. As shown in Figures 8d and e, a peak of transaminases and
bilirubin was observed during the first week, consistent with the
elevated concentration of IL-12 produced in the initial phase of
the induction regime. This toxic effect was reversible and
responded to the reduction of Mifepristone doses. Nevertheless,
the second treatment group (5x10° i.u. HC-Ad/RUmIL-12) was
intended to study if lower IL-12 concentrations maintained for
longer periods of time were equally effective. Initial induction
revealed a 100-fold reduction in IL-12 expression compared with
the high-dose group (Figure 8b), compatible with the non-linear
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dose-response effect characteristic of adenoviral transduction in
the liver. In this case, intensification of the induction regime was
needed to keep detectable IL-12 for 18 days, albeit at low levels
(Figure 8b). Importantly, this protocol achieved an antitumor
effect equivalent to the high-dose group (Figure 8c), with 4/8
disease-free hamsters at the end of the experiment. No alterations
in biochemical parameters attributable to the treatment were
observed (Figures 8d and e). Note that the presence of tumor in
the liver of hamsters causes progressive elevation of transami-
nases in the absence of treatment, reaching 258+134 U1
5 weeks after cell implantation. These results indicate that
sustained IL-12 expression in the liver is a safe option to control
progression of PDA liver metastases.

DISCUSSION

The vector of choice for an immunogene therapy approach
depends on the characteristics of the therapeutic gene (potency,
toxicity) and the mechanism of action being pursued. IL-12 is a
multifunctional cytokine that can have important roles in different
strategies, from classical gene transfer to virotherapy''™'® or
adoptive cell therapies® The Syrian hamster model used in this
work offers the opportunity to compare, under the same
experimental conditions, the efficacy and safety of IL-12 expressed
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Figure 7. Antitumor effect of OAVs expressing sclL-12 variants.
Syrian hamsters bearing intrahepatic HaP-T1 tumors were treated
with a single local administration of the indicated OAVs at 2.5 x 108 i.u.
(@) or 1x10% i.u. per hamster (b). The same model was used to
evaluate the effect of OAV-scIL-12-TM upon intravenous adminis-
tration (c) at the indicated doses. In all cases, hamsters were killed
4 weeks after the initiation of treatment and tumor volumes were
measured at necropsy. Individual tumor volumes and group
medians are represented. Note that values from animals that did
not survive at this point as a result of sclL-12 toxicity were not
included in this graph. *P < 0.05.

from OAVs and HDAdSs. In the case of OAVs, the potential synergy
between the oncolytic effect and the action of IL-12 requires
relatively high viral doses administered locally in the tumor.
The objective is to obtain a vaccination effect against tumor
antigens with a limited number of vector administrations.
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Dose fractionation is not a good option, as abundant laboratory
and clinical evidences suggest that the rapid onset of neutralizing
antibodies is a major barrier for adenovirus redosing.>*3* There-
fore, the challenge is to restrict the release of IL-12 from the
tumors. Here we provide evidence that a standard sclL-12 is not an
adequate transgene because meaningful antitumor effects are
always associated with severe side effects in this aggressive PDA
model. A single dose of 5x10% i.u. OAV-sclL-12 caused a 20%
mortality rate. This amount of virus is far below the minimum
needed to obtain a relevant oncolytic effect with OAVs lacking
therapeutic genes. In our experience, doses above 10° iu. of
replication-competent adenoviruses expressing reporter genes
were largely inefficient in PDA hamster models based on H2T'?
and HaP-T1 cells (data not shown). Others have described
antitumor effects in a subcutaneous renal cancer model in
hamsters only when they administer 5 doses of 10'° i.u. OAV
spanning 1 week, before the onset of neutralizing antibodies.>
The characteristics of our advanced PDA model pose an additional
challenge because the hepatic location of tumors facilitates
infection of hepatocytes and off-target expression of IL-12 that
would be readily secreted into the bloodstream. Our viral
biodistribution analysis confirmed that intratumoral administra-
tion of the virus reduces infection of normal liver. This correlates
with a decrease in hepatic IL-12 content, which is further inhibited
by the incorporation of the miR-122 target sequence into the 3’
UTR of the expression cassette in the OAV-sclL-12-miR virus.
However, only a partial reduction in serum sclL-12 and toxicity
were achieved. This reinforces the concept that secretion of
sclL-12 from tumors is largely responsible for the toxicity.
Interestingly, we found that intravenous administration of the
virus is as efficient as the local injection in terms of tumor
infection. This is in contrast with previous observations in
extrahepatic tumors,®® and suggests that pancreatic cancer
metastases in the liver can be targeted by systemic administration
of OAVs. However, the elevated infection of normal liver could
compromise the safety of this route of administration. Membrane
anchoring of IL-12 and other cytokines has shown the ability to
restrict the release of these proteins from cells transfected
ex vivo'’% or when defective viral vectors are used in vivo.'® We
have confirmed that fusion of sclL-12 with the transmembrane
domain of CD4 is an efficient way to anchor the cytokine in the
membrane of cells and to reduce its secretion, while maintaining
the biological effect. In fact, this was the only modification in the
sclL-12 cassette that reduced significantly the toxicity of the OAV.
To the best of our knowledge, this is the first report of a
membrane-anchored cytokine in the context of an OV. We found
advantages and limitations of this strategy. The OAV-scIL-12-TM
virus achieved a significant antitumor effect without severe
adverse effects, and this is a clear improvement versus other
agents, including OAV-sclL-12-GPl. However, the increase in
therapeutic range was limited by two circumstances. In one hand,
the anchoring of the cytokine is saturated when expression is very
intense in the context of viral replication, and the cytolytic effect
can contribute to the release of sclL-12 still attached to cell
membranes. On the other hand, the cell-bound scIL-12 was not
sufficient to protect animals from tumor progression in the
absence of detectable levels of the cytokine in serum in our
animal model. If cancer cell-bound scIL-12 had a marked increase
in its potency, we would expect an improvement in the
therapeutic index of OAV-sclL-12-GPI virus, which is not the case.
Of note, the OAV-scIL-12-TM virus becomes toxic at 2 x 10° i.u. per
hamster, when serum scIL-12 levels are still lower than those
causing toxicity with the other OAVs. However, we cannot
conclude that this form of sclL-12 is more toxic, because a
concomitant extension in the duration of transgene expression
occurred at high viral doses. This is compatible with amplification
of the virus in the tumors, but is still far from the dose of OAV
needed to exert a potent oncolytic effect. In summary, our data
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Figure 8.

Antitumor effect and modulation of IL-12 production in hamsters treated with HC-Ad/RUmIL-12. (a) Schematic representation of the

experiment. A single dose of HC-Ad/RUmIL-12 vector was administered intravenously (i.v.) 5 days after intrahepatic (i.h.) inoculation of HaP-T1
cells. Treatment groups included high dose (1x 10 i.u. per hamster) and low dose (5 x 10® i.u. per hamster) of vector. A third group was left
untreated (saline injection). One week later, induction of IL-12 expression was performed by daily intraperitoneal (i.p.) administrations of
Mifepristone (Mif). Initiation of induction is referred as ‘day 0’ of the experiment. The doses of Mifepristone in the high-dose group were (in
g kg™): 250 for days 1-2; 125 for days 3-6 and 250 for days 7-9. In the low-dose group the doses were: 250 for days 1-2; 1000 for days 3-10;
4000 for days 11-14 and 8000 for days 15-18. (b) Serum concentration of scIL-12 at the indicated times (high vector dose in black line and low
vector dose in gray line). (c) Tumor volumes 4 weeks after initiation of the induction protocol. Individual values and group medians are
represented. (d) Concentration of transaminase (alanine aminotransferase) in serum at the indicated days. (e) Concentration of bilirubin in

serum. *P < 0.05, ***P < 0.001.

using membrane-anchored IL-12 provide evidence that this
approach can improve the properties of an armed OV, but the
case of OAVs is especially challenging. Adenovirus combines a
very efficient transduction efficacy with relatively low direct
oncolytic potency. We believe other OVs with the opposite profile
such as HSV-1 or vaccinia could greatly benefit from membrane-
anchored cytokine expression.

In clear contrast with OAVs, the management of HC-Ad/
RUmIL-12 was easier. To aid in the interpretation of our results,
we have performed an in vivo side by side comparison of murine
IL-12 and sclL-12 in their natural host. Our data indicate an
equivalent biological potency and toxicity of both cytokine
versions. This is in agreement with the biological activity originally
described in vitro,'® in contrast with other reports proposing a
stronger effect of sclL-12 based on indirect evidences.?” The
efficient dose-dependent control of IL-12 levels by Mifepristone
alleviates the need to define a precise dose of vector with the
optimum balance between safety and efficacy. This level of
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control compensates for the lack of linearity in hepatic transduc-
tion observed when different doses of the vector were
administered systemically. Surprisingly, this threshold effect
occurred despite pre-treatment with clodronate liposomes,
suggesting that other barriers apart from Kupffer cells prevent a
free access of adenovirus to hepatocytes in hamsters. We are
currently investigating if direct intrahepatic injection of the virus
overcomes this hurdle. Apart from the increase in hepatocyte
transduction, clodronate liposomes can reduce acute toxicity of
adenoviral vectors by dampening inflammatory responses.®
Therefore, we believe that clinically compatible ways to avoid
the interaction of adenoviral particles with macrophages should
be considered in clinical trials to increase the safety of these
vectors. Once the target concentration of IL-12 is obtained, it has
been described that maintaining it for long periods of time in mice
requires adjustment of the inducer dose. This is in part due to the
IFNy-dependent silencing of the liver-specific promoter used in
the inducible system.?’ In the case of hamsters, long-term
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expression from HC-Ad/RUmIL-12 can also be compromised by
immune responses against the murine transgene present in this
vector. Despite this technical limitation, we provide evidence that
a significant therapeutic effect can be obtained with low level
IL-12 expression for 18 days, and this protocol is at least as
efficient as high cytokine concentrations for short periods. In
summary, we conclude that immunogene therapy approaches
based on IL-12 may be safe and efficient against hepatic
metastases of PDA if the transgene is delivered to the liver by
an HDAd vector and the expression of the cytokine is controlled
by a drug-inducible system.

MATERIALS AND METHODS
Plasmids and transfection

The murine sclL-12 gene'® was obtained by PCR from the pSFG-mlIL-12
plasmid (kindly provided by Dr. Mulligan, Harvard Medical School, Boston,
MA, USA) and introduced into the pCDNA3 plasmid for further
modifications (pC-sclL-12). The target site for miR-122 was obtained by
hybridization of the following oligonucleotides: 5'-CTAGACAAACACCATTG
TCACACTCCAT-3' and 5’-CTAGATGGAGTGTGACAATGGTGTTTGT-3’, and
the cassette was introduced in the 3’UTR of sclL-12 to give rise to the
plasmid pC-sclL-12-miR. The GPI anchor signal from the human folate
receptor (MSGAGPWAAWPFLLSLALMLLWLLS)?* was linked to the carboxy-
terminal end of sclL-12 using a flexible peptide from the pyruvate
ferredoxin oxidoreductase (APAETKAEPMT) as a bridge. To this end, the
following overlapping oligonucleotides: 5'-GTACTGGCGCGCCGGCACCAGC
AGAAACAAAAGCAGAACCAATGACAATGAGTGGGGCTGGGCCCTGGGCAGCC
TGGCC-3’ and 5-GTACTGCGGCCGCTCAGCTGAGCAGCCACAGCAGCATTAG
GGCCAGGCTAAGCAGGAAAGGCCAGGCTGCCCAGGG-3" were annealed,
filled with DeepVent Polymerase and introduce in the pC-sclL-12miR
plasmid to generate the pC-sclL-12-GPI plasmid. The TM domain
from human CD4 (MALIVLGGVAGLLLFIGLGIFFCV)?® was fused to sclL-12
using the same linker (plasmid pC-sclL-12-TM). To this end, a cassette
based on the following oligonucleotides: 5-GTACTGGCGCGCCGATGG
CCCTGATTGTGCTGGGTGGCGTCGCCGGCCTCCTGCTTTTCATTGGGCTAGG
CATCTTCTTCTGTGTCtgaGCGGCCGCgtact-3’ and 5-AGTACGCGGCCGC
TCAGACACAGAAGAAGATGCCTAGCCCAATGAAAAGCAGGAGGCCGGCGACG
CCACCCAGCACAATCAGGGCCATCGGCGCGCCAGTAC-3" was used as a tem-
plate for PCR amplification with an external pair of oligonucleotides:
5’-GTACTGGCGCGCCGGCACCAGCAGAAACAAAAGCAGAACCAATGACAATG
GCCCTGATTGTGCTG-3" and 5’-AGTACGCGGCCGCTCAGACACAGAAG-3'.
Transfections were carried out using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA), following the instructions provided by the manufac-
turer. The cassettes containing sclL-12 were subcloned in a shuttle
plasmid (pGL3Cla-Nar) and then introduced into a plasmid containing the
genome of an OAV with a unique Clal site into the E3 region (pSDCla). All
molecular biology enzymes were from New England Biolabs (Ipswich, MA,
USA) unless otherwise stated.

Viruses

The viral sequence present in pSDCla is based on human adenovirus type
5, which was cloned using Pacl sites in a plasmid containing the kanamycin
resistance gene. Preferential replication in cancer cells is obtained by
partial deletion of the E1A gene (comprising bp 922 to 947), as previously
described.?®? Transgenes were incorporated into the E3 region using the
unique Clal site inserted in place of the of the E3-6.7 K/gp19K genes
(deletion comprising bp 28555 to 29355 in the viral genome). This
location determines that expression is under the control of endogenous
viral promoters and is dependent on viral replication.?* Plasmids were
digested with Pacl to release the viral genomes, and were transfected in
HEK-293 cells for virus rescue. The Ad-WTLuc virus® is based on wild-type
adenovirus type 5 (Ad5) with insertion of the luciferase gene into the same
E3 region. The Ad-WT-CMV-GFP virus contains an expression cassette
comprising the CMV promoter and the EGFP gene inserted into the E3
region of wild-type adenovirus. In this case, transgene expression does not
require virus replication. Ad-CMV-IL-12 and Ad-CMV-sclL-12 are replication-
deficient (first-generation, E1/E3-deleted) adenoviral vectors carrying an
expression cassette for IL-12 and sclL-12, respectively, under the control of
the CMV promoter. All viruses were amplified in HEK-293 cells and purified
by ultracentrifugation in CsCl gradients. Quantification of i.u. was done
using the Adeno-X rapid titer kit (Clontech, Mountain View, CA, USA).
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HC-Ad/RUmIL-12 is an HDAd (also called high-capacity or ‘gutless’) vector
carrying a Mifepristone-inducible system for the expression of p35 and p40
subunits of murine IL-12. Both IL-12 subunits are co-expressed because of
an internal ribosomal entry site. The transactivator of this system is
expressed under the control of a liver-specific promoter (transthyretin).
Production and amplification of this vector has been previously
described.*® The ratio i.u. per viral particles of OAV-sclL-12, OAV-sclL-12-
miR, OAV-sclL-12-GPI, OAV-scIL-12-TM, Ad-WT-Luc and HC-Ad/RUmIL-12
batches used in this study were 136, 136, 94, 129, 81 and 39, respectively.

Cells

The HEK-293 cells (ATTC CRL-1573; ATCC, Manassas, VA, USA) and the
tumor cell lines HuH-7 (human hepatocellular carcinoma, JCRB Genebank,
Osaka, Japan), HeLa (human cervical cancer, ATCC#CCL-2), PANC-1 (human
PDA ATCC#CRL-1469) and HaP-T1 (Syrian hamster PDA, German Collection
of Microorganisms and Cell Cultures DSMZ ACC 222) were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine
serum supplemented with 100 U ml™" penicillin, 100 ug ml™" streptomycin
and 2 mm L-glutamine. Reagents are from Gibco (Gaithersburg, MD, USA).
All cells were maintained at 37 °C with 5% CO, in a humidified incubator.
All cells were kept mycoplasma free.

Quantification of miR-122 expression

A stem-loop reverse transcription approach was used to quantify miR-122
expression in HaP-T1 cells and tissues, as previously described.*’ HelLa and
HuH-7 cells were used as negative and positive controls, respectively.*?
Total RNA was extracted from cells using TRI Reagent (Sigma, St Louis, MO,
USA). A RT-PCR step was performed using the primer 5-GTTGGCT
CTGGTGCAGGGTCCGAGGTATTCGCACCAGAGCCAACCAAACA-3'. The pro-
duct was used as a template for a qPCR using a miR-122-specific forward
primer 5'-TTCCTTGGAGTGTGACAATGG-3’ and a universal reverse primer
5-GTGCAGGGTCCGAGGT-3'. Standard curve for miR-122 was obtained
using the oligonucleotide 5'-GTGCAGGGTCCGAGGTATTCGCACCAGAG
CCAACCAAACACCATTGTCACACTCCA-3'. In the case of tissue extracts, cell
content was normalized by comparison with hamster B-actin mRNA
determined by gRT-PCR using primers 5'-GTCGTACCACTGGCATTGTG-3’
(forward) and 5’-GTCACGCACAATTTCCCTCT-3’ (reverse).

In vitro viability assays

Cells were seeded in 24-well tissue culture plates at 2 x 10* cells per well
and 24 h later they were infected with serial dilution of viruses. Cell viability
was determined 5 days after infection by crystal violet staining. The
percentage of survival is calculated by comparison with uninfected cells.
Data were analyzed using the GraphPad Prism (GraphPad Software,
La Jolla, CA, USA).

Flow cytometry

Cells were harvested and fixed with 0.25% paraformaldehyde for 5 min.
Staining was performed with rat anti-Mouse IL-12 (p40/p70) and then with
a fluorescein isothiocyanate-labeled secondary antibody (mouse anti-rat
IgG1), both from BD Biosciences (San Diego, CA, USA). All antibodies were
incubated 10 min at 4 °C. Appropriate isotype controls were used to verify
staining specificity. Cells were acquired on a FACSCalibur and analyzed
using FlowJo (Tree Star Inc., Ashland, OR, USA).

Cytokine quantification

Murine IFNy concentration in serum and murine IL-12 concentrations in
cell supernatant, serum or liver lysates were determined by OptE1A mouse
IL-12 (p70) and murine IFNy ELISA Kkits, respectively, both from BD
Bioscience. qRT-PCR for analysis of IL-12 expression in liver extracts
was performed with the following set of primers: 5'-ATGATGACCCT
GTGCCTTGG-3’ (forward) and 5'-ACTCTGTAAGGGTCTGCTTCTC-3’ (reverse).
gRT-PCR for IFNy in splenocytes was performed with primers 5'-GGC
CATCCAGAGGAGCATAG-3’ (forward) and 5-CCATGCTGCTGTTGAAGAAGT
TAG-3’ (reverse) in hamsters and primers 5'-GCATATCTGGAGGAACTGGC-3’
(forward) and 5’-CGACTCCTTTTCCGCTTCCT-3’ (reverse) in mice.

In vitro viral replication assay (determination of virus burst size)

Cells (5 x 10" per well) were cultured in 24-well plates overnight and then
were infected in Dulbecco’s modified Eagle’s medium containing 2% fetal

© 2015 Macmillan Publishers Limited



bovine serum with Ad-WT-CMV-Luc at MOIs 50 and 100 for HaP-T1 and
PANC-1, respectively, to achieve an infection rate close to 100%. The virus
was removed 4 h later, cells were washed twice with phosphate-buffered
saline and incubated in Dulbecco’s modified Eagle’s medium supplemen-
ted with 2% fetal bovine serum for 48 h. Then cells were lysed by three
cycles of freezing and thawing and viruses were quantified by the Adeno-X
Rapid titer kit (BD Bioscience).

Tumor model and in vivo treatments

Liver metastases of pancreatic cancer were established in Syrian (Golden)
hamsters (Mesocricetus Auratus; HSD HAN: AURA, 5 weeks of age from
Harlan, Indianapolis, IN, USA) by intrahepatic injection of 3 x 10° HaP-T1
cells through laparotomy, as previously described.'* When tumors reached
at least 200 mm? (typically 2 weeks after cell implantation), local
administration of OAVs were performed by direct injection through
laparotomy. Average pre-treatment tumor volume was equivalent in all
experimental groups. Intravenous inoculation of HDAd was performed by
retro-orbital injection. One day before HDAd administration, hamsters
received an intravenous injection of 500 ul clodronate liposomes (Clodlip
B.V., Amsterdam, The Netherlands) to obtain transient depletion of Kupffer
cells. Mifepristone (RU486, Sigma) was administered intraperitoneally
dissolved in sesame oil at daily doses of 125-8000 ug kg™, as previously
described.? Tumor volumes were calculated at necropsy using the formula
V= (Dxd*/2, where D and d are the major and minor diameters, respectively.
Necropsies were performed by an investigator without information about
group identity of animals. Ad-CMV-IL-12 and Ad-CMV-scIL-12 were adminis-
tered intravenously in C57BL/6 mice. Serum concentration of IL-12 and IFNy
were determined during the first week after injection, and survival was
followed for at least 1 month. No animals were excluded from the analysis. All
procedures were carried out following protocols approved by the local
ethical committee in accordance with recommendations for proper care and
use of laboratory animals.

Quantification of genome copies in tissues

Liver and tumor samples were frozen in liquid nitrogen and DNA was
isolated using QIAmp DNA Mini Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s instructions. Two pl of each sample were used for
quantification of viral copies. PCR was performed using iCycler iQ Real-
Time Detection System (Hercules, CA, USA) with SYBR green fluorophore.
The primer sequences used for amplification of Adenovirus E4 gene were
5'-CTAACCAGCGTAGCCCCGA-3’ (forward) and 5-TGAGCAGCACCTTGCATT
TT-3' (reverse). Reactions were performed in a total volume of 20 ul
including 10 pl 2X iQ SYBR Green Supermix (Bio-Rad, Singapore), 0.6 pl of
each primer at the concentration of 10uM and 2pul of template.
Parameters of PCR included an initial denaturation at 95°C for 3 min,
followed by 35 cycles at 95 °C for 15 s, annealing at 60 °C for 30 s, extension
at 72°C for 30s and one cycle of 72°C for 4 min. Melt analysis was
performed to determinate the specificity of the PCR amplification. To
calculate the amount of copies per mg tissue, a standard curve of purified
Ad5 genomes was prepared.

Statistical analysis

The Mann-Whitney test was applied for statistical comparison of two
groups. Comparisons of more than two groups were performed by analysis
of variance with Bonferroni correction, using the GraphPad Prism program
(GraphPad Software). Unless otherwise stated, triplicate samples were used
for in vitro experiments. Error bars in graphs correspond to s.e.m. For
animal studies, sample size estimate was obtained from http://www.
biomath.info/power/index.htm. The number of animals per group is
indicated in the scatter plot graphs. Unless otherwise stated, all
experiments were repeated at least twice.
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