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ackground & Aims: Gene therapy of liver diseases
ould benefit from systems allowing prolonged, regula-
le, and tissue-specific transgene expression. We at-
empted to produce a vector fulfilling these require-
ents. Methods: We generated gutless adenoviral
ectors containing a mifepristone (RU486)-inducible sys-
em for controlled and liver-specific expression of hu-
an interleukin-12 (hIL-12) (GL-Ad/RUhIL-12) and
ouse IL-12 (mIL-12) (GL-Ad/RUmIL-12). The properties
f these vectors were tested both in vitro and in vivo.
esults: Infection of cells with GL-Ad/RUhIL-12 resulted
n high level of hIL-12 expression in the presence of
U486 only in hepatocytic cells. In animals injected with
L-Ad/RUhIL-12, the administration of RU486 induced a
ransient rise of serum hIL-12 that peaked at 10 hours
nd completely disappeared by 72 hours. The peak
alue of hIL-12 was dependent on the doses of the
ector and the inducer. High and sustained serum levels
f hIL-12 could be attained by continuing administration
f RU486 every 12 or 24 hours. Repetitive induction of
IL-12 could be obtained over, at least, a period of 48
eeks after a single injection of GL-Ad/RUhIL-12. Al-
hough the vector was detected in many tissues after
ystemic injection, transcription of the transgene was
nly found in the liver. Treatment of liver metastases
ith 5 � 108 infectious units of GL-Ad/RUmIL-12 plus
U846 resulted in complete tumor regression in all
nimals. Conclusion: Gutless adenoviral vectors allow
iver-specific and regulable transgene expression for pro-
onged periods of time. These vectors are promising
ools for gene therapy of liver cancer and could also be
seful for other forms of hepatic disease.

ene therapy is a procedure with great therapeutic
potential for a diversity of liver disorders including

nherited metabolic conditions (phenylketonuria, ty-
osinemia, hemophilia A and B) and acquired diseases
chronic infections, metabolic disorders, primary and
etastatic liver tumors).1–6 For many of these applica-

ions, vectors allowing long-term expression of the trans-
ene would be required. Adeno-associated viruses, lenti-
iral vectors and gutless adenoviral vectors may be used
or this purpose.7–9

First generation adenoviral vectors are devoid of E1
nd E3 viral genes.10–12 Cells transduced by this type of
ectors express the transgene but also viral proteins.12,13

he highly immunogenic adenoviral antigens stimulate
mmune rejection of the transduced cells, which results
n short duration of transgene expression.12,13 In contrast,
utless adenoviruses lack all viral coding regions and
onsequently exhibit low toxicity and immunogenicity,
hus permitting prolonged expression of the trans-
ene.11,14–16 In addition, the elimination of all the ad-
noviral genes leaves room to allocate large expression
assettes, and therefore gutless adenoviruses are also de-
igned as high-capacity adenoviral vectors.11,14–16

For correction of metabolic and/or hereditary diseases,
ifferent authors have used gutless vectors with nonregu-
able promoters showing long-term expression of trans-
enes such as �1-antitrypsin,17,18 leptin,19 apolipopro-
ein E,20 and factor VIII and IX21–24 at therapeutic levels
ithout apparent hepatic toxicity.
For gene therapy of primary or metastatic liver cancer,

everal phase I/II clinical trials have shown very limited
fficacy of procedures based on first-generation adenovi-
uses carrying the tumor-suppressor gene p53 or suicide
enes such as thymidine kinase of herpes simplex virus
HSV-tk).25,26 Therapy of established tumors with first
eneration adenoviruses encoding interleukin-12 (IL-12)
as been very effective in different animal models of
ransplanted tumors.27–29 However, although in our
hase I/II study, the intratumor administration of first-
eneration adenovirus encoding human IL-12 (hIL-12)
as been well tolerated, the antitumor effects were quite

Abbreviations used in this paper: ALT, alanine aminotransferase;
PRT, hypoxanthine phosphoribosyltransferase; PCR, polymerase
hain reaction; TTR, transthyretin.
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eak.30 This lack of efficacy likely depends on short
uration of transgene expression and on the fact that the
umor tissue is not easily infected with adenoviral vec-
ors. Thus, to be effective, it would be necessary to infect
eritumoral tissue with long-term expression vectors
ncoding cytokines endowed with potent immunostimu-
ant and antiangiogenic properties such as IL-12.31,32

owever, these potent biological molecules are poten-
ially toxic.33,34 Hence, when using long-term expression
ectors for transfer of antitumor cytokines, it would be
ssential to strictly control their expression to reach
herapeutic levels while avoiding unwanted side effects.

The ability to regulate gene expression by using small
olecules as ligands has been explored previously.35–40 Four
ajor systems have been developed, including regulation by

he antibiotic tetracycline, the insect steroid ecdysone or its
nalogs, the antiprogestin mifepristone (RU486), and
hemical “dimerizers” such as the immunosuppressant rapa-
ycin and its analogs.41–43 They all involve the drug-

ependent recruitment of a transcriptional activation do-
ain to a basal promoter driving the gene of interest but

iffer in the mechanism of recruitment.41–45 In the mife-
ristone system, drug-regulated transcription is achieved by
using a heterologous DNA-binding domain of yeast GAL4
rotein and activation domain of VP-16 or NF-�B p65
roteins to a mutant human progesterone receptor that is
naffected by endogenous hormones but is activated by
ynthetic antiprogestins at doses sufficiently low to avoid
ide-effects in human.45,46 The properties of the mifepris-
one-regulated system have been investigated in transgenic
nimals and naked DNA plasmid in muscles.47–50 Burcin et
l.45 have incorporated this system into a gutless adenovirus
ith a human growth hormone target gene. They showed

hat background transcription was undetectable in vitro and
n vivo and that over 50 days’ human growth hormone
roduction could be cycled on and off 3 times or maintained
t steady state levels by delivery of the inducer.

In the present study, we generated a gutless adenovi-
us vector encoding hIL-12 with a liver-specific mifepris-
one-regulable system and characterized the tissue dis-
ribution of the vector and the transgene expression as
ell as the kinetics of the induction with respect to the
ose of the vector, the dose of the inducer, and the
eriodicity of the induction. We show that this vector
nables controlled hIL-12 expression selectively in the
iver for more than 48 weeks. In addition, we produced
gutless adenoviral vector encoding murine IL-12 (mIL-
2) and we provide evidence that the expression of
IL-12 using this system achieves complete tumor re-

ression in an aggressive model of liver metastases in
ice.
Materials and Methods
Cell Lines and Animals

The human cell lines 293, HepG2, PLC/PRF/5, A549,
nd Hela were obtained from American Type Culture Collec-
ion (Rockville, MD). 293, PLC/PRF/5, and Hela cells were
ultured in Dulbecco’s modified Eagle medium supplemented
ith 10% heat-inactivated fetal bovine serum (FBS). HepG2,
549, and MC-38 were grown in RPMI 1640 supplemented
ith 10% FBS.
C57BL/6J mice, 5 to 8 weeks old, were purchased from
arlan (Barcelona, Spain). The animals were kept under stan-

ard pathogen-free conditions and received care according to
he criteria outlined in the “Guide for the Care and Use of
aboratory Animals” by the National Academy of Sciences.
he experiments were performed in accordance with the local
nimal commission.

Construction of Liver-Specific Inducible
Expression

The pRS21 was constructed as follows: an Asc I/Pac I
ragment containing the TTR promoter and enhancer and the
ransactivator GLp65 and SV40 polyA from pSTK 119 TA
nd-TTRB Glp65 SV was cloned into pPAP CMV GLp65 to
enerate pRS14. The pRS15 plasmid was generated by insert-
ng an oligonucleotide containing Cla I and Swa I sites to
eplace the Pme I/Hind III fragment of the pGene/V5-His
Invitrogen, Carlsbad, CA). pRS16 was generated by the in-
ertion of Sal I/Pvu II fragment of pRS15 into the Sal I/Sma I
ite of plasmid pPNA D SalI/KpnI-CAT. The Pme I/Asc I
ragment containing 17mer GAL4 binding site, unique SwaI
nd Cla I cloning sites, and BGH PolyA signal from pRS16
as inserted into the Pme I/Asc I sites of plasmid pRS14 to

orm pRS17. The hIL-12 complementary DNA was excised by
igesting pBS/hIL-12 with Xho I and Spe I and was subcloned
nto the Swa I site of pRS17 to generate pRS21. pRS24 was
enerated by subcloning a Not I fragment from pRS21 con-
aining 2 expression cassettes into the Eclx I site of the
denovirus vector plasmid pSTK119. The mIL-12 comple-
entary DNA was obtained from pBS/mIL-12 by digestion
ith Xho I and Spe I and was sublconed into Swa I site of
RS17 to obtain pRS22. pRS25 was generated by subcloning
Not I fragment from pRS22 containing 2 expression cassettes

nto the Eclx I site of the adenovirus vector plasmid pSTK119
GL-Ad/RUmIL-12).

Rescue of Gutless Adenoviral Vectors

After Pme I digestion, phenol/chloroform extraction,
nd ethanol precipitation, 2 �g of pRS24 DNA (for GL-Ad/
UhIL-12 production) or pRS25 DNA (for GL-Ad/RU-
IL-12 production) were transfected into 293 cell-based cre66

ells, which were coinfected with the loxP helper virus
dLC8cluc. Subsequent amplification steps and large-scale
reparations were performed as described previously.17 All
ector preparations were purified twice by CsCl equilibrium
ensity centrifugation. The DNAs from purified vectors were
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nalyzed by restriction digest showing no rearrangements.
nfectious titers and helper virus contamination were evaluated
y using the slot-blot method.51 The ratio of total viral
articles to infectious unit (iu) was 20:1. The helper virus
article contamination was about 0.5%–1%.

hIL-12 Expression in Cells Infected With
GL-Ad/RUhIL-12 In Vitro

HepG2, PLC/PRF/5, A549, and Hela cells were cul-
ured on 24-well plates for 24 hours before infection. The cells
ere infected with GL-Ad/RUhIL-12 at multiplicity of infec-

ion (moi) of 100 or with first generation adenoviral vector-
xpressing hIL-12 (AdCMVhIL-12) at same moi in medium
ontaining 2% FBS for 3 hours at 37°C. The vector-containing
edium was replaced with culture media containing 10�8

ol/L of RU486. The supernatants were collected after 48
ours. The hIL-12 protein level (p70) was measured by ELISA
it (Pharmingen, San Diego, CA).

Animal Studies by GL-Ad/RUhIL-12

GL-Ad/RUhIL-12 was administered into C57BL/6J
ice by tail vein injection at doses of 3 � 109 or 109 iu per

nimal. The vector was diluted in physiological saline in a total
olume of 100 �L for injection. Single induction was made by
ntraperitoneal injection of RU486 at 250 �g/kg, and serum
as collected at different time points after induction. RU486
as dissolved in sesame oil (Sigma, St. Louis, MO). As a

ontrol, the same volume of sesame oil was injected into
nimals. The continued induction was carried out by injection
f RU486 at a dose of 250 �g/kg either every 12 hours, 24
ours, or 48 hours. Serum was collected daily. Serum hIL-12
evel was measured by using ELISA kit (Pharmingen, San
iego, CA).

Antitumor Effect

Liver metastases were induced by injection of 1 � 106

C-38 mouse colon cancer cells into the left liver lobe of
57BL/6J syngenic mice, resuspended in 50 �L saline. Seven
ays before implantation of tumor cells, mice received GL-Ad/
UmIL-12 (5 � 108 iu or 108 iu per animal) by intravenous

njection or saline as a control. A single tumor nodule (about
mm in diameter) was observed in livers 5 days after inocu-

ation of the malignant cells. All groups of animals had a
imilar tumor size, indicating that, in the absence of induction,
he administration of the vector before implantation of tumor
ells had no effect on tumor establishment and growth. At this
ime point, induction of IL-12 expression was initiated by
ntraperitoneal injection of RU486 at a dose of 250 �g/kg.
en daily injections were administered. Blood samples were
ollected 10 hours after the first RU486 dose for determination
f IL-12 levels. Five days after the completion of the induction
egime, mice were anesthetized and underwent laparotomy to
ssess progression of the disease. Tumor size was measured in

perpendicular diameters by using a caliper, and tumor
olume was calculated by using the formula:
V � length � width2 � 0.5.

urvival was checked daily and animals were killed if mori-
und.

Determination of Serum Levels of mIL-12
and Alanine Aminotransaminase

Blood samples were collected from the retro-orbital
lexus of mice. The mIL-12 protein level (p70) was measured
y ELISA kit (Pharmingen). The levels of mIL-12 obtained
ith this manufacturer’s kit are consistently higher than those
btained with another commercially available kit from Endo-
en (Rockford, IL). Because the same Pharmingen’s kit for
IL-12 was used in all our studies with GL-Ad/RUmIL-12,

his difference does not affect the interpretation of our data.
Alanine aminotransferase (ALT) levels were determined by

sing a Boehringer Mannheim Hitachi 911 Automatic Ana-
yzer (Mannheim, Germany) at day 1 and 7 of RU486 induc-
ion. In a group of animals, ALT values were also analyzed at
ay 45 after induction.

Histological Studies

Additional groups of tumor-bearing mice receiving
L-Ad/RUmIL-12 with and without induction with RU486

nd control animals receiving RU486 alone (n � 4 per group)
ere killed at day 4 after initiation of induction to collect liver

amples. In addition, we obtained liver specimens from mice
reated with vector plus RU486 induction 35 days after the
nd of the complete 10-day induction period. These animals
ad rejected metastases and were free of tumor. Livers were
xed in formalin and embedded in paraffin. Three-micrometer
ections were stained with H&E and examined for histopatho-
ogical changes.

Isolation of DNA and RNA

The mice receiving GL-Ad/RUhIL-12 were killed at
he indicated time together with naive C57BL/6 mice. Liver,
ung, spleen, and kidney were obtained. Total DNA and RNA
rom these tissues were isolated with TRI Reagent (Sigma, St.
ouis, MO) according to the instruction of manufacturer.

Polymerase Chain Reaction Analysis

For the detection of vector in tissues, we used poly-
erase chain reaction (PCR) with primers corresponding to

he region of GLp65 transactivator. They included GLp65s:
�-AGCCAGATCTGAAGCTAC-3�; GLp65as: 5�-TGCTT-
ATATCTCGTCGA-3�. DNA, 0.5 �g, from tissues was used

or amplification in 25-�L reaction volume including 6 pmol
f each primer and 1 unit of Red Taq polymerase (Sigma). PCR
mplification was carried out for 1 cycle of 5 minutes at 94°C
ollowed by 30 cycles of 30 seconds at 94°C, 30 seconds at
8°C, and 1 minute at 72°C with a final extension of 5
inutes at 72°C. Fifteen microliters of amplification products
ere separated by electrophoresis on 2% agarose gel and
isualized with ethidium bromide. The predicted size for
Lp65 was 1103 bp.
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Reverse-Transcription PCR Analysis

Sixteen micrograms of total RNA from each tissue was
reated with 15 units of RNase-free DNase I (Roche) and 20
nits of RNase inhibitor (Invitrogen) for 15 minutes at room
emperature. After extraction with phenol/chloroform and pre-
ipitation with ethanol, RNA was redissolved in 20 �L di-
thylypyrocarbonate (DEPC)-treated H2O. One microgram of
NA was subjected to reverse transcription (RT) using 100
nits of M-MLV Reverse Transcriptase (GIBCO-BRL, Barce-
ona, Spain) in 12 �L volume for 60 minutes at 37°C and
ollowed by 5 minutes at 95°C. After RT, 6 �L of this mixture
as used for PCR amplification in 50 �L total volume con-

aining 10 pmol of each primer as described before and 2 units
f Red Taq DNA polymerase (Sigma). PCR conditions were
he same as before. Fifteen microliters of PCR products were
nalyzed by electrophoresis on 2% of agarose gel and visualized
ith ethidium bromide. RT-PCR for mouse �-actin was used

s control. The primers selected for �-actin were Act-s: 5�-
CTGCGCTTCTTGCCGC-3� and Act-as: 5�-CATGACGC-
CTGGTGTC-3�. PCR amplification was carried out in total
0 �L volume with 6 �L of RT mixture, 10 pmol of each
rimer, and 2 units of Red Taq DNA polymerase. The pre-
icted size was 182 bp.

Statistical Analysis

When indicated, the statistical differences were calcu-
ated by using a nonparametric test (Mann–Whitney U test,
-tailed) for unpaired samples. P values smaller than 0.05 were
onsidered significant.

Results
Characterization of GL-Ad/RUhIL-12 In Vitro

A gutless adenoviral vector carrying hIL-12 genes
GL-Ad/RUhIL-12) was generated (Figure 1A). First, the
ector was used to examine transgene induction in dif-
erent cell lines after infection at moi of 100. We found
o expression of hIL-12 in the absence of RU486 in any
f the cell lines tested, whereas in hepatocytic cell lines
epG2 and PLC/PRF/5 the levels of hIL-12 in the

resence of the inducer were similar to those obtained by
sing first-generation adenovirus with the strong consti-
utive cytomegalovirus (CMV) promoter (Figure 1B).
oreover, hIL-12 expression in liver-derived cells was

ependent on RU486 in a dose-dependent manner from
0�10 mol/L to 10�7 mol/L (data not shown). In contrast,
n nonhepatocytic cells A549 and Hela, transgene ex-
ression in the presence of mifepristone was absent or
ery poor (Figure 1B).

Kinetics and Dose Dependency of the
Induction of hIL-12 In Vivo

To characterize the kinetics and dose dependence
f transgene induction in vivo, mice received 3 � 109 or
� 109 iu of GL-Ad/RUhIL-12 per animal. Two weeks
fter vector administration, animals were given a single
njection of RU486 at 250 �g/kg. As shown in Figure
A and B, hIL-12 was detectable in serum at 4 hours
fter RU486 administration, peaked at 10 hours, and
eclined sharply to low values by 24 hours. After 72
ours, hIL-12 could not be detectable in serum. Trans-
ene expression was not observed at baseline or in mice
hat received sesame oil without RU486. Peak values of
erum hIL-12 were 12-fold higher in mice that were
reated with 3 � 109 iu of GL-Ad/RUhIL-12 than in
hose injected with 1 � 109 iu (Figure 2A and B). To
etermine whether the expression level of hIL-12 was
elated to the dose of inducer, 3 doses of RU486 (125,
50, and 500 �g/kg) were administered to 2 groups of
ice treated with 3 � 109 iu or 109 iu of GL-Ad/

igure 1. (A) Construction of GL-Ad/RUhIL-12 vector. pRS21 con-
ained the inducible transactivator GLp65 inserted under control of
he liver-specific TTR promoter and enhancer and human IL-12 (includ-
ng p35 and p40 subunits linked by IRES) cloned into downstream of
AL4 DNA-binding site and E1b TATA box. The whole expression
assettes from pRS21 were cloned into EclXI site of AdSTK119 to
enerate GL-Ad/RUhIL-12. (B) Characterization of GL-Ad/RUhIL-12 in
itro. HepG2, PLC/PRF/5, A549, and Hela cells were infected with
L-Ad/RUhIL-12 at moi of 100 or AdCMVhIL-12 at same moi for 3
ours. The media were removed, and the cells were incubated in the
bsence or presence of RU486 (10�8 mol/L) for 48 hours. The
upernatant was collected for determination of hIL-12 by ELISA. The
esults are represented as mean 	 standard error of the mean of 4
ndependent experiments.
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UhIL-12 and serum hIL-12 was measured at 10 hours
fter induction. Figure 2C and D show that increasing
he dose of RU486 caused higher induction of hIL-12
oth in mice receiving the high and the low dose of the
ector. Thus, the intensity of transgene expression can be
odulated by changing the dose of the vector and/or the

ose of the inducer.

Repetitive Induction of hIL-12 In Vivo

To characterize the effect of repeated inductions
n the pattern of hIL-12 serum levels, mice injected with
� 109 iu of GL-Ad/RUhIL-12 were treated with 250
g/kg of RU486 every 12, 24, or 48 hours over 6 days

Figure 3A–C). We found that induction every 48 hours
esulted in a saw-like pattern of hIL-12 expression with
eak levels (about 6000 pg/mL) on the day of induction
lternating with 6- to 8-fold lower values on the follow-
ng day. In contrast, sustained levels of hIL-12 could be
chieved by administering mifepristone every 12 or 24
ours (Figure 3B and C). In these 2 protocols, a moderate
eduction in the induction of hIL-12 was observed after
he second day of the study; this decrease was less no-
iceable when the induction was repeated every 24 hours.
n a different group of mice, induction every 24 hours
as maintained during 21 days. In this group of mice,

he serum level of hIL-12 was kept constant (around
000 pg/mL) until the ninth day of sustained induction
nd decreased moderately after this time point but still
as above 1500 pg/mL on day 21 (Figure 3D).
Mice were also stimulated with RU486 at weeks 19,

8, 33, and 48 to determine the duration of the activity
f GL-Ad/RUhIL-12. In all cases, hIL-12 was undetect-
ble in serum before the injection of RU486 and in-
reased to values around 2000 pg/mL after induction,
ndicating that the system remains operative for at least
ear 1 year. Figure 4 summarizes the hIL-12 values 10
ours after induction at different time points of the same
roup of animals during a period of 48 weeks. It can be
een that the level of transgene induction at week 28 is
imilar to that observed at week 2 but declined to about
3% of these values at week 48.

Distribution of GL-Ad/RUhIL-12 and Tissue-
Specific Expression of Transactivator Glp65
In Vivo

Animals receiving GL-Ad/RUhIL-12 at 3 � 109

u were killed at weeks 2, 28, and 48 after vector
dministration. Liver, lung, spleen, and kidney were
btained from these animals and 2 naive controls. In
aive mice, no PCR signals of transactivator were found
n any of the organs analyzed, whereas in animals in-
ected with GL-Ad/RUhIL-12, the sequence of GLp65

Figure 2. (A, B) Kinetics of hIL-12
induction in vivo. C57BL/6J mice
were treated by intravenous injec-
tion of GL-Ad/RUhIL-12 at 109 (A) or
3 � 109 iu (B) per animals. Two
weeks later, induction was done by
single intraperitoneal injection of
RU486 at 250 �g/kg or sesame oil
as a control. The blood samples
were taken before and at different
time points after induction for deter-
mination of hIL-12 level. The results
are represented as mean 	 stan-
dard error of the mean of n � 5 for
RU486 induction and n � 3 for ses-
ame oil control. (C, D) Dose-depen-
dent expression of hIL-12 in vivo.
Mice receiving GL-Ad/RUhIL-12 vec-
tor at 109 (C) or 3 � 109 iu (D) per
animal were subjected to induction
with RU486 at different doses (125,
250, and 500 �g/kg). Ten hours af-
ter induction, serum was collected
for measurement of hIL-12. The re-
sults are represented as mean 	
SEM of 3 animals per group.
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January 2004 PROLONGED AND INDUCIBLE TRANSGENE EXPRESSION IN THE LIVER 283
as found in all organs sampled being the signal more
ntense in the liver (Figure 5), indicating that the gutless
ector can persist in all these tissues for a long period of
ime. By using RT-PCR to investigate the expression of
Lp65, we observed that GLp65 messenger RNA could
ot be found in lung, spleen, or kidney but was detected
pecifically in the liver where it was present at all time
oints until week 48 after vector administration. These
ata indicate that the TTR promoter and enhancer that
ontrol GLp65 transcription allow transgene expression
pecifically in liver tissue.

Antitumor Efficacy of GL-Ad/RUmIL-12

Because hIL-12 has no biological effect on mouse
mmunocytes, we generated a gutless adenovirus express-
ng mIL-12 to evaluate its antitumor activity and poten-
ial toxicity in murine models. Similar to GL-Ad/RU-

igure 3. Sustained induction of hIL-12 in vivo. (A) Animals receiving
g/kg for every 12 hours over 6 days at week 9 after vector administ
very 48 hours over 6 days at week 11 after vector administration. (C)
ver 6 days at week 14 after vector administration. Serum was collect
tandard error of the mean of n � 5 for RU486 induction and n � 3
ivo. Mice were infected with GL-Ad/RUhIL-12 vector at 3 � 109 iu a
as collected daily for the first 6 days and once for every 3 days for the
nd standard error of the mean of n � 4 for RU486 induction and n
GL-Ad/RUhIL-12 vector at 3 � 109 iu per animal were given RU486 at 250
ration. (B) The same animals were induced with RU486 at 250 �g/kg for
The same animals were induced with RU486 at 250 �g/kg every 24 hours
ed daily for determination of hIL-12 level. Data are presented as mean and
for sesame oil control. (D) Long-term and sustained induction of hIL-12 in
nd were given RU486 at 250 �g/kg every 24 hours over 21 days. Serum
rest of time for determination of hIL-12 level. Data are presented as mean
� 3 for sesame oil control.
igure 4. Long-term and repetitive induction of hIL-12 in vivo. Mice
eceiving GL-Ad/RUhIL-12 vector at 3 � 109 iu per animal were
cheduled for repetitive inductions with RU486 at the indicated times.
he serum hIL-12 level was measured 10 hours after each induction.
he data are presented as mean and standard error of the mean of
� 5 for RU486 induction. The line joins each individual measure-
ent.
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IL-12 vector, mIL-12 could be produced only in
epatocytic cells in the presence of RU486 after infection
ith GL-Ad/RUmIL-12 vector (data not shown). For the
etermination of antitumor activity, we established a
iver metastatic tumor model by implantation of the
ouse colon cancer cell line (MC-38) into liver of syn-

enic C57BL/6J mice. When liver tumor became about
mm in diameter (5 days after implantation of tumor

ells), the tumor-bearing animals that had been injected
ntravenously with 108 (n � 4) or 5 � 108 (n � 7) iu of
L-Ad/RUmIL-12 were treated with RU486 at 250
g/kg daily for 10 consecutive days. Five days after the

nd of induction, tumor size was checked at laparotomy.
s represented in Figure 6A, control animals receiving

aline (n � 8) showed progressive tumor growth. The
nimals treated with high dose of vector but no RU486
n � 3) also showed tumor progression. In contrast, all
nimals receiving high dose of vector and induction with
U486 experienced complete tumor regression. The an-

mals treated with low vector dose and RU486 showed a
lear reduction of the tumor mass as compared with
ontrols, but the disease eventually progressed and they
nally died as a consequence of massive liver metastases
Figure 6B). Figure 7 shows representative photographs
f metastatic liver tumors before and after therapy in 2
nimals that were injected with 5 � 108 iu of GL-Ad/
UmIL-12 vector. One of these animals (Figure 7A and
) was not induced with RU486, whereas the other

Figure 7B and D) received the inducer for 10 days.
efore induction, the tumor mass was evident in both
nimals (in fact the one that received RU486 had at
aseline a tumor of bigger size than the other mouse). As
hown in Figure 7, the mouse treated with RU486 was
ree of tumor when killed 35 days after the end of the
nduction period (histological examination confirmed the
bsence of tumor in the area that was previously inocu-
ated with colon cancer cells). In contrast, the mouse that
id not receive RU486 (Figure 7C) presented tumor
rogression and died 20 days after the end of the induc-
ion period with a tumor mass exceeding 20 mm in
iameter, peritoneal dissemination, and lung metastases.
The strong antitumor effect of continuous induction of

L-12 within the liver using GL-Ad/RUmIL-12 was
onfirmed by the fact that this therapy resulted in dis-
ase-free, long-term survival in 90% of treated mice
Figure 6B). Tumor eradication was associated with in-
reased serum mIL-12 levels. As shown in Figure 6C, no
IL-12 could be detected in animals injected with saline

r in animals receiving high dose of vector without
nduction. In contrast high levels of mIL-12 up to 8000
g/mL were found in sera from animals receiving the
igh vector dose (5 � 108) and induction with RU486.
he lowest mIL-12 value obtained with this viral dose,

hat still showed antitumor efficacy, was 170 ng/mL.
owever, mice treated with the low vector dose (108)

roduced mIL-12 around 1–2.5 ng/mL after induction.
hese data indicate that the efficacy of treatment is

elated to the level of mIL-12 induced by RU486.

Toxicity of GL-Ad/RUmIL-12 Plus Induction
With RU486

To evaluate the toxicity of the therapy with GL-
d/RUmIL-12 plus RU486 in animals with liver tu-
ors, we analyzed the level of ALT in treated and control

Figure 5. Distribution of vector
and tissue specific expression
of transactivator GLp65 in vivo.
Animals receiving GL-Ad/RU-
hIL-12 at 3 � 109 iu were killed
at weeks 2 (n � 2) and 28 (n �
2) after vector administration
and one animal was killed at
week 48. Liver, lung, spleen,
and kidney were obtained from
these 5 animals and 2 naive
mice as controls. (A) Total DNA
was extracted from those or-
gans to determine distribution
of viral vector by PCR. (B) Total
RNA was extracted for determi-
nation of transcription of trans-
activator GLp65 by RT-PCR. (C)
RT-PCR for amplification of
housekeeping gene �-actin
was used for internal control of
RNA input.
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ice at day 1 and 7 of the induction with RU486. As
hown in Figure 8A, mice treated with GL-Ad/RU-
IL-12 but no RU486 showed ALT values similar to

ontrol animals receiving saline. However, animals
reated with GL-Ad/RUmIL-12 and RU486 exhibited
ignificantly increased serum ALT values at day 1 and
ven higher values at day 7. In these animals, which were
ble to eliminate the liver metastasis, ALT levels were
ormal at day 35 after completion of induction. Liver
amples obtained at day 4 of RU486 induction from
ice treated with high vector dose showed an inflam-
atory infiltration mainly localized around the central
ein (Figure 8D). In contrast, normal liver histology was
bserved at the same day of the study in animals that
eceived only RU486 (Figure 8B) or GL-Ad/RUmIL-12
ithout RU486 induction (Figure 8C). In mice treated
y GL-Ad/RUmIL-12 plus RU486, the liver was free of
umor and showed no histological changes when exam-
ned at day 35 after the end of RU486 administration
Figure 8E). These data indicate that gutless adenoviral
ector alone in the absence of RU486 induction does not
ause liver toxicity and that vector plus RU486 admin-
stration causes an inflammatory liver reaction that is of
oderate intensity at the doses of vector and inducer

sed in this work and that subsides on cessation of IL-12
nduction.

Discussion
Gene therapy offers considerable promise to treat

great diversity of conditions involving the liver, in-
luding metabolic, infectious, and neoplastic diseases. In
any cases, sustained expression of the transgene for

ong periods of time is required. Long-term expression
an be achieved by using vectors with the ability to
ntegrate into the host genome such as retroviruses or
deno-associated viruses. Problems with these vectors
nclude low transduction efficiency and the risk of inser-
ional mutagenesis. Adenoviruses have the advantage of
ossessing marked hepatotropism, high transduction ef-
ciency, and persistence in an episomal form.10–12 How-
ver, expression of adenoviral proteins induce a strong
umoral and cellular immune response that, on the one
and, limits the duration of transgene expression and, on
he other hand, prevents successful readministration of
he vector.12,13

igure 6. Antitumor effect of GL-Ad/RUmIL-12. Liver metastases of
olon carcinoma were established in syngenic C57BL/6J mice by
ntrahepatic injection of 106 MC-38 cells. One week before cell im-
lantation, the GL-Ad/RUmIL-12 vector or saline was injected intrave-
ously at 108 or 5 � 108 iu per animal. Five days after cell implan-
ation some of the mice injected with the vector received daily
ntraperitoneal injections of 250 �g/kg of the inducer mifepristone
RU486) for a total of 10 days, and others were left untreated. Five
ays after the last dose of RU486, mice underwent laparotomy to
valuate tumor progression. (A) Tumor size of control animals that did
ot receive GL-Ad/RUmIL-12 (black dots, n � 8), mice injected with
� 108 iu of the vector without RU486 (empty circles, n � 3), mice

njected with 108 iu of the vector plus RU486 (black squares, n � 4),
nd mice treated with the vector at 5 � 108 iu plus RU486 (black
riangles, n � 7). (B) Survival of these groups of mice. The percentage
f surviving mice over time is represented. The day 0 corresponds to
he inoculation of the tumor cells. The survival of the control group is
epresented with a discontinuous line. (C) IL-12 levels in the serum of
he same animals, measured 10 hours after the first administration of
U486. The symbols of panels B and C are the same as panel A.
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Gutless adenoviruses have been developed to circum-
ent these problems. They are devoid of all adenoviral
enes (2 inverted terminal repeats and packaging signals
re the only conserved sequences), and therefore trans-
uced cells do not express any adenoviral product and do
ot elicit cellular immune response against the vector,
hus permitting prolonged transgene expression.14,15

oreover, the persistence in the cells for a long period of
ime in an episomal form adds to the safety of this type
f vector.14,15 Additionally, the removal of all adenoviral
enes leaves a large space to allocate in the vector genes
r combination of genes with complex regulatory se-
uences.14,15

For many gene therapy applications, it is necessary to
se long-term expression vectors encoding molecules
apable of inducing powerful biological effects but also
aving the risk of significant potential toxicity. The
linical use of such therapeutic genes makes mandatory
sing regulatory systems, allowing a strict control of
ransgene expression. IL-12 is a potent cytokine with
obust antitumor effects.27–29,32 The systemic administra-
ion of the recombinant protein to treat cancer has found
he limitation of toxicity due to the ability of IL-12 to
trongly induce interferon gamma production.33,34 Ade-
ovirus-mediated gene transfer of IL-12 to the tumor or
eritumoral tissue causes a gradient of IL-12 concentra-
ion with higher values at the site of the neoplasm and
ower systemic levels, resulting in increasing antitumor
fficacy and wider therapeutic window.28–30 For treat-
ent of primary and metastatic liver cancer, sustained

xpression of IL-12 within the liver is a very attractive
ption because of the potent immunostimulant and an-
iangiogenic properties of this cytokine.28–32 However,
he clinical implementation of this promising therapy
mplies full characterization of the kinetics of the regu-
atory system selected to control IL-12 expression.

In this study, we incorporated the mifepristone
RU486) regulatory system into a gutless adenoviral
ector to mediate long-lasting, regulable and liver-spe-
ific expression of IL-12. The system is based on two
xpression cassettes: one encoding a mifepristone-induc-
ble transactivator under the control of a liver-specific
romoter (transthyretin) and the other encoding IL-12
nder the control of a minimal promoter, which is
perative only in the presence of the active transactivator.
ur in vitro data show that the expression of hIL-12

ccurred only in hepatocytic cells in a dose-dependent
anner. In the absence of RU486, leakage was minimal

r absent and the expression level mediated by GL-Ad/
UhIL-12 in the presence of mifepristone was similar to

hat induced by first generation adenovirus carrying
IL-12 driven by CMV promoter. Our in vivo studies in
ice that received GL-Ad/RUhIL-12 at 109 or 3 � 109

u by intravenous injection showed that although the
ector preferentially infected the liver, it was also found
n other tissues including lungs, kidneys, and spleen.
mportantly, however, the expression of the transgene
ook place selectively in the liver, a feature of the system
hat may focus the therapeutic effect of hIL-12 in the
iseased liver and that may contribute to the safety of the
herapy. Our in vivo data also showed no leakage of
IL-12 in the absence of mifepristone, but a potent
nduction of the cytokine occurred after administration
f this compound with a wave of serum hIL-12 that
asted 24 hours. The absolute levels achieved depend on
oth the dose of the virus and the dose of the inducer.
ecause in the clinical setting stable and prolonged
xpression of hIL-12 at a desirable level should be re-
uired, we investigated different induction protocols to
etermine which would be suitable to achieve constant
erum concentration of the cytokine. We found that
nducing every 12 hours or every 24 hours resulted in
aintained serum levels of hIL-12. In both cases, the

oncentration of the cytokine was higher the first 2 days
nd reached a plateau at a value 40%–60% of the initial
evel after the third day (Figure 3). Based on these data,
e selected induction every 24 hours to analyze whether
rolonged administration of the inducer could maintain
ts efficacy at stimulating hIL-12 expression. In experi-
ents of daily RU486 administration for 21 days, we

ound that after the initial peak there was a plateau until
ay 9 and then serum levels decreased slowly to values
0% of those of the plateau by day 21. Interruption of
he induction for 2 days permitted a restoration of the
xpression levels to those of the plateau upon reintroduc-
ion of RU486 (data not shown). These findings provide
nsight into the functioning of the mifepristone-based
egulatory system and are relevant for appropriate regu-
ation of transgene expression in clinical trials.

An important point is to know for how long this therapy
ould be applied after a single administration of the adeno-
irus. This information is of interest because of the fact that
ntiadenovirus antibodies generated after the first dose of
he vector may block cell transduction after a second dose.
n the present study, we found that in the normal liver
L-Ad/RUhIL-12 persists for more than 48 weeks and that

he regulatory system remains functional during all this
ime. Interestingly, the induction levels attained are similar
t 2 weeks and at week 28, and after this time point there
s a slow decrease in the efficacy of the induction consistent
ith the half-life of transduced hepatocytes. Thus, as shown

n Figure 4, about a year after the injection of GL-Ad/
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igure 7. Photographs of representative tumors in mice treated with
L-Ad/RUmIL-12. Liver metastases of colon carcinoma were estab-

ished in syngenic C57BL/6J mice by intrahepatic injection of 106

C-38 cells and one week before cell implantation GL-Ad/RUmIL-12
5 � 108 iu per animal) were injected intravenously. A and B corre-
ponds to livers of 2 mice 5 days after cell implantation. The margins
f the tumor mass are indicated with white arrows. From this moment,
he mouse shown in panel A was left untreated, and the one in panel B
eceived daily intraperitoneal injections of 250 �g/kg of the inducer
ifepristone (RU486) for a total of 10 days. C shows tumor progression

n the untreated animal that died 20 days after end of induction period
howing at necropsy massive tumor (indicated as T) that occupied most
f the liver (indicated as L), peritoneal dissemination (white asterisk),
nd lung mestastases (black asterisk). D shows tumor eradication in
he mouse treated with the vector plus RU486 and killed 35 days after
he end of therapy; the liver appeared normal and no evidence of tumor

as found in any other organ.
Figure 8. Toxicity of GL-Ad/RUmIL-12.
C57BL/6J mice were injected intrave-
nously with 5 � 108 iu of GL-Ad/RUmIL-
12. One week later, liver metastases
were induced by inoculation 106 MC-38
cells. Five days later, animals received
daily intraperitoneal injections of 250
�g/kg RU486 for 10 days, whereas oth-
ers were not treated with the inducer.
(A) ALT levels in serum at day 1 and day
7 of induction with RU486 (5 mice) and
in mice (n � 3) treated with the vector
without RU486 induction. The empty
bars show the values of control animals
that did not receive the GL-Ad/RU-
mIL-12 vector (n � 5). The right black
column corresponds to 2 of the animals
treated with vector plus RU486 35 days
after the end of the therapy. *P 
 0.05
versus vector without induction; **P 

0.05 versus controls and vector without
induction. (B) Microphotographs of liver
sections stained with H&E correspond-
ing to a mouse treated with RU486
alone, (C) liver section from a mouse
treated with high vector dose without
RU486 induction, and (D) liver section
from mouse that received treatment
with high vector dose vector plus RU486
at day 4 of induction. The inflammatory
infiltrate surrounding the central vein is
indicated with black point arrows. (E)
Liver histology of a mouse that was
treated with vector plus 10 daily injec-
tions of RU486 and was killed 35 days
after the end of therapy. Original magni-

fication of B to E is �200.
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UhIL-12 the serum concentration of IL-12 obtained is
bout 45% of that found in the second week. Pastore et al.52

howed that the use of a liver-specific promoter in adeno-
iral vectors prevented the generation of antibodies against
he transgene, an eventuality that may occur when a ubiq-
itous promoter is used. Thus, the liver-specific promoter in
ur vector might have been helpful not only in focusing the
herapeutic properties of hIL-12 to the liver but also in
voiding host immune responses to transgenic proteins and
n prolonging transgene expression in vivo.

It may be possible that in the normal human liver and
n the normal hepatic tissue surrounding metastatic tu-
or nodules the duration of transgene expression may be

imilar to that found in our study in mice. It seems also
ossible that in livers with chronic inflammation the
uration of transgene expression may be shortened be-
ause of a shorter half-life of hepatocytes. It should be
oted, however, that the hIL-12 serum concentration
btained on induction after 48 weeks is much higher
han the values that should be sought in clinical trials,
ndicating that the procedure is robust enough to ensure
ppropriate levels of transgene expression during a con-
iderable period of time.

To evaluate the effectiveness of this therapy on liver
umors, we have treated established metastatic liver tumors
n an experimental animal model. Our data indicate that in
ivo gene therapy with GL-Ad/RUmIL-12 at 5 � 108 iu
er animal with RU486 induction resulted in complete
umor regression in all treated animals with long-term
umor-free survival. Toxicological studies showed that the
utless vector without RU486 induction does not cause any
pparent toxicity. However, induction of IL-12 production
ithin the liver at the level attained in this work is associ-

ted with an inflammatory reaction of moderate intensity
haracterized by pericentral mononuclear cell infiltration
nd ALT elevation, which is reversible and subsides on
essation of IL-12 induction. It is possible that higher doses
f the vector and/or inducer might cause severe inflamma-
ion. Because most of the toxicity of IL-12 is caused by
nterferon-� production, the use of this therapeutic strategy
n patients with liver cancer should be performed with close
onitoring of IFN-� levels to allow reduction of the
U486 dose when this cytokine reaches potentially toxic
alues. The possibility of controlling toxicity by modifying
r interrupting the dose of the inducer is one of the attrac-
ive features of this system.

In conclusion, our data indicate that the vector and
egulatory system used in the present work are capable of
ediating high-level, long-term, tissue-specific, and regu-

able transgene expression in the liver, offering a promising
ool to treat liver conditions necessitating effective therapies.
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