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Abstract

We constructed an oncolytic adenovirus, Adeno-hTERT-E1A, with deletions of the viral E1B, E3A, and E3B re-
gions and insertion of a human telomerase reverse transcriptase (hTERT) promoter-driven early viral 1A (E1A)
cassette that confers high transcriptional activity in multiple human tumor cell lines. The oncolytic potential of
Adeno-hTERT-E1A was characterized in comparison with that of the E1B-55kDa- and E3B-region-deleted on-
colytic adenovirus ONYX-015. Tumor cells infected with Adeno-hTERT-E1A expressed dramatically higher lev-
els of E1A oncoprotein, underwent enhanced lysis, and displayed an earlier and higher apoptotic index than
cells infected with ONYX-015. Despite the increase in virus-induced apoptotic death, Adeno-hTERT-E1A repli-
cated and produced functional progeny leading to viral spread, but with reduced efficiency compared with
ONYX-015, in particular in A549 cells. Virus-induced E1A expression, host cell apoptosis, viral hexon protein
production, and DNA synthesis were markedly reduced in primary human hepatocytes after infection with
Adeno-hTERT-E1A as compared with ONYX-015. The strong oncolytic activity of Adeno-hTERT-E1A in tumor
cell culture translated into superior antitumor activity in vivo in an MDA-MB-231 solid tumor xenograft model.
Adeno-hTERT-E1A thus has strong therapeutic potential and an improved safety profile compared with ONYX-

015, which may lead to reduced toxicity in the clinic.

Introduction

EPLICATION-CONDITIONAL ADENOVIRUSES offer a unique

therapeutic platform for cancer treatment owing to their
strong intrinsic oncolytic activity in addition to their poten-
tial for therapeutic gene delivery (Bauerschmitz et al., 2002;
Jounaidi et al., 2007). Novel oncolytic adenoviruses have been
developed to increase antitumor activity and to improve the
tumor specificity of viral replication in an effort to reduce
the risk of viral spread in primary host tissues. Nonessential
viral genes may be deleted to increase the capacity for de-
livery of therapeutic genes, including suicide genes, im-
munomodulatory genes, and prodrug activation enzyme
genes (Jounaidi et al., 2007). In another approach, novel can-
cer/tissue-specific promoter elements may be used to con-
trol expression of the early viral 1A (E1A) oncoprotein, which
is critical for the transcriptional activation and replication of
adenoviruses (Nevins, 1981; Everts and van der Poel, 2005;
Jounaidi et al., 2007). This strategy yields a tumor cell-selec-
tive, conditionally replicating adenovirus and is an effective
way to increase cancer-specific replication while decreasing
viral toxicity to primary host tissues. However, although the

anticancer activity of these viruses is well established in pre-
clinical studies, their use has resulted in limited success in
the clinic, indicating a need for further improvements in on-
colytic viral activity, specificity, and tumor cell delivery.
Telomerase, which is highly expressed in the vast major-
ity of human cancers but not in most host tissues (Kim ef al.,
1994; Mo et al., 2003), presents an ideal tumor-specific trait
for regulation of oncolytic viruses. Telomerase is a ribonu-
cleic complex designed to prevent telomere shortening and
senescence, thereby conferring immortality to malignant
cells (Hanahan and Weinberg, 2000). The telomerase com-
plex is composed of an RNA template component, a reverse
transcriptase (human telomerase protein/enzyme [WTERT]),
and telomerase-associated proteins (Stewart and Weinberg,
2006). Telomerase activity requires only the RNA component
and hTERT. A 320-bp hTERT promoter fragment was pre-
viously shown to contain the sequences required to recapit-
ulate high telomerase expression in cancer cells. This proxi-
mal promoter contains five SP1-binding sequences, which in
normal somatic cells repress telomerase expression (Won et
al., 2002); two E-boxes, containing c-Myc- and Max-binding
sites (Oh et al., 1999); and an activating enhancer-binding
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protein-2 (AP-2)-binding site, which induces hTERT expres-
sion (Kirkpatrick et al., 2003; Ma et al., 2003). AP-23, a mem-
ber of the AP family, was shown to be sufficient to support
tumor-specific reactivation of hTERT in human lung cancer
cells (Deng et al., 2007). In addition, hTERT transcription
could be upregulated by hypoxia, suggesting telomerase lev-
els may vary within the same tumor (Anderson et al., 2006).
The hTERT promoter has been used successfully in several
gene therapy models (Wirth et al., 2005).

Many telomerase promoter-regulated adenoviral vectors
that retain one or both of the E1B gene products, E1B-55 kDa
and/or E1B-19 kDa, have been described (Wirth et al., 2005).
The E1B-55 kDa gene product interacts directly with p53 and
mediates its inactivation, translocation to the cytoplasm,
ubiquitination, and degradation (Steegenga et al., 1998;
Grand et al., 1999). E1B-19 kDa inhibits the downstream
apoptotic actions of p53 (White et al., 1992). E1B-19 kDa func-
tions like the antiapoptotic factor Bcl-2 and can inactivate the
proapoptotic factor Bax (Han et al., 1996). E1B-19 kDa can
also antagonize the proapoptotic functions of E1A by bind-
ing to the powerful transcription repressor Btf, which pro-
motes cell death (Kasof et al., 1999; Hale and Braithwaite,
1999). E1B gene deletions yield highly oncolytic aden-
oviruses with improved antitumor effects (Duque et al., 1999;
Harrison et al., 2001; Kim et al., 2007). We investigated the
potential of combining the increased oncolytic activity con-
ferred by deletion of both E1B genes with the tumor cell
specificity imparted by the use of an hTERT core promoter
regulating the adenoviral E1A gene. Tumor cells infected
with the resulting adenovirus, Adeno-hTERT-E1A, ex-
pressed dramatically higher levels of E1A oncoprotein, un-
derwent enhanced lysis, and displayed an earlier and higher
apoptotic index than cells infected with ONYX-015, a widely
studied oncolytic virus that has undergone extensive clini-
cal evaluation (Crompton and Kirn, 2007). A substantial in-
crease in specificity compared with ONYX-015 was ob-
served, with a dramatic decrease in Adeno-hTERT-E1A
genome replication, E1A expression, and viral cycle com-
pletion seen in primary human hepatocytes. Finally, the
strong oncolytic activity of Adeno-hTERT-E1A in cultured
tumor cells translated into superior antitumor activity in vivo
compared with ONYX-015, suggesting Adeno-hTERT-E1A
has strong therapeutic potential with reduced toxicity to the
patient.

Materials and Methods
Cell lines and reagents

Cyclophosphamide was purchased from Sigma-Aldrich
(St. Louis, MO). Fetal bovine serum (FBS) and Dulbecco’s
modified Eagle’s medium (DMEM) were purchased from In-
vitrogen (Frederick, MD). Human tumor cell lines MCEF-7
(breast), MDA-MB-231 (breast), ZR-75 (breast), BT-20
(breast), BT-549 (breast), U251 (brain), and A549 (lung) were
obtained from D. Scudiero (National Cancer Institute [NCI],
Bethesda, MD). MCE-7/4HC cells, which display ~6-fold re-
sistance to activated cyclophosphamide (4-hydroxycy-
clophosphamide, 4-OH-CPA), are described elsewhere
(Chen and Waxman, 1995). Human tumor cells were grown
at 37°C in a humidified, 5% CO, atmosphere in RPMI 1640
culture medium containing 5% FBS, penicillin (100
units/ml), and streptomycin (100 wg/ml). MDA-MB-231
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cells used in this study (designated MDA-MB-231v) were de-
rived from the parental MDA-MB-231 tumor cell line grown
as a solid subcutaneous tumor in a male scid mouse, ex-
tracted, and then made into a single-cell suspension using a
collagenase protocol (Jounaidi and Waxman, 2001). Tumor
cells implanted in scid mice (see Evaluation of Antitumor
Activity in Human Tumor Xenografts) were grown in
DMEM-10% FBS and antibiotics. The conditionally replicat-
ing adenovirus ONYX-015 (Bischoff et al., 1996), which con-
tains a wild-type viral E3B region and an E1B-55 kDa gene
deletion, was obtained from Onyx Pharmaceuticals (Rich-
mond, CA). Adeno-B-galactosidase (Adeno-B-Gal) is an E1
and E3 region-deleted, replication-deficient adenovirus that
contains a B-galactosidase reporter under the control of a cy-
tomegaloviral (CMV) promoter (Chen et al., 1996).

hTERT promoter activity assays

The hTERT core promoter fragment (=371 to +27) was am-
plified by polymerase chain reaction (PCR) from the plas-
mid pBT-3915 (a generous gift from I. Horikawa, NCI)
(Horikawa ef al., 2002), using primers 5’'-tagctagc TTAGGC-
CGATTCGACCTCTC-3" and 5'-ggctcgagGGCTTCCCACG-
TGCGCA-3', where lower-case letters designate engineered
restriction enzyme sites. The TATA-less hTERT core pro-
moter was verified by sequencing and subcloned into the re-
porter plasmid pGL3-Basic (Promega, Madison, WI) up-
stream of the luciferase gene, using the restriction enzymes
Nhel and Xhol (New England BioLabs, Ipswich, MA). The re-
sulting luciferase reporter vector, pGL3-hTERT-Luc, was
transfected with TransIT-LT1 (cat. no. MIR 2300; Mirus,
Madison, WI) into individual tumor cell lines followed by
dual luciferase analysis (cat. no. E1910; Promega). Briefly,
30,000 cells were seeded per well of a 48-well plate and 24
hr later the cells were transfected with 100 ng of pGL3-
hTERT-Luc, 5 ng of phRL-CMV (Promega), and 145 ng of
salmon sperm DNA. Hoechst 33258 dye (final concentration,
100 uM) was used to increase transfection efficiency. The
cells were lysed 48 hr later and luciferase activity was mea-
sured. Luciferase activity was normalized to the protein con-
centration of each sample because of large variations in
phRL-CMYV reporter activity between cell lines.

Quantitative PCR analysis for hTERT and human
telomerase RNA

The expression of hTERT and human telomerase RNA
(hTER) mRNA was assayed by quantitative PCR (qPCR).
Briefly, total RNA for each cell line was isolated with TRI-
zol (Invitrogen) according to the manufacturer’s instructions
for monolayer cells in a 6-well plate format. Reverse tran-
scription of 1 ug of total RNA in a volume of 20 ul was car-
ried out with a high-capacity cDNA reverse transcription kit
(cat. no. 4368814; Applied Biosystems, Foster City, CA).
cDNA (4 ul; 1:50 dilution) in a total volume of 16 ul (in-
cluding SYBR green and PCR primers) was amplified by
qPCR with the following primers: 5'-ACGGCGACATGGA-
GAACAA-3' (hTERT sense), 5'-CACTGTCTTCCGCAAGT-
TCAC-3" (hTERT antisense), 5'-GAAGGGCGTAGGCGC-
CGTGCTTTTGC-3" (hTER sense), and 5'-GTTTGCTCTAG-
AATGAACGGTGGAAGG-3" (hTER antisense). Samples
were incubated at 95°C for 10 min followed by 40 cycles of
95°C for 15 sec and 60°C for 1 min in an ABI PRISM 7900HT
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sequence detection system (Applied Biosystems). Results
were analyzed by the comparative cycle threshold Ct (AACr)
method as described by the manufacturer. Data are pre-
sented as relative levels of each RNA compared with the
RNA level in MCEF-7 cells after normalization to the 185 RNA
content of each sample.

Construction and preparation of Adeno-hTERT-E1A

Luciferase cDNA was excised from pGL3-hTERT-Luc, us-
ing HindIIl and Xbal, and the vector was religated to gener-
ate pGL3-hTERT. The viral E1A gene was next amplified by
PCR from the plasmid pXC1l (Microbix, Toronto, ON,
Canada), using the primers 5'-tagagatctGCCACTCT-
TGAGTGCCAGCGAG-3' (forward) and 5'-tagagatctGT-
TAACCACACACGCAATCACAGG-3' (reverse). The PCR
product was digested with Bg/II and then ligated into the
BglII site of pGL3-hTERT to create pGL3-hTERT-E1A. This
vector was sequenced to verify E1A gene integrity and ori-
entation. In addition, pGL3-hTERT-E1A was tested for E1A
functionality by transient transfection into a panel of four tu-
mor cell lines on a 6-well plate scale (1 ug of plasmid per
~300,000 cells per well), followed by protein extraction at
100°C with sodium dodecyl sulfate (SDS) total lysis buffer
(10 mM Tris-HCI [pH 7.4], 1% SDS) plus protease inhibitors
([1 mM phenylmethylsulfonyl fluoride, 50 mM NaF, 0.5 mM
NazVOy] and 1X Complete [cat. no. 11 697 498 001; Roche,
Mannheim, Germany]). E1A protein levels were determined
by Western blotting with mouse monoclonal anti-E1A anti-
body (1:300 dilution, mouse anti-E1A, cat. no. V10148; Bio-
meda, Foster City, CA).

To generate the final adenoviral construct, Adeno-hTERT-
E1A, the entire hTERT-E1A cassette including a simian virus
40 (S5V40) late poly(A) signal was excised by digestion with
Mlul and BamHI, blunt ended, and then inserted into the
EcoRI-opened site of pShuttle (Clontech, Palo Alto, CA). The
entire IceuI-PIScel-excised cassette was then ligated into the
Adeno-X expression system adenoviral genome as per the
manufacturer’s instructions (Clontech). Adenoviral stocks
were propagated, amplified, and purified as previously de-
scribed (Jounaidi and Waxman, 2004). Viral titers were quan-
tified with an Adeno-X rapid titer kit (Clontech). Viral ali-
quots were stored at —80°C.

Cell line infectivity and oncolysis

The intrinsic adenoviral infectivity of each cell line was
determined with the replication-deficient Adeno-B8-Gal.
Cells were seeded at 30,000 per well in 12-well plates in du-
plicate. Twenty-four hours later the cells were infected for a
4-hr period with Adeno-B-Gal at multiplicities of infection
(MOQIs) of 0, 10, 25, and 100 in RPMI containing 5% FBS (400
wul/well). The culture medium in each well was then replaced
with 1 ml of fresh medium (RPMI-5% FBS). The cells were
incubated for a further 48 hr followed by staining with 5-
bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal). 8-
Galactosidase activity was quantified with a microtiter plate
reader (Agsp) after eluting the X-Gal stain in 1 ml of dimethyl
sulfoxide per well. To compare the cytolytic activity of
Adeno-hTERT-E1A with that of ONYX-015, cells were plated
overnight in triplicate at 14,000 cells per well of a 24-well
plate. After 24 hr the cells were infected with virus in a 200-
ul volume of culture medium containing the indicated MOI
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of Adeno-hTERT-E1A or ONYX-015 for a 4-hr period, after
which 1 ml of fresh medium was added to each well. Cells
remaining 3 or 6 days later, as indicated, were stained and
quantified according to a crystal violet—alcohol extraction as-
say (Jounaidi ef al., 1998). Data are expressed as cell number
(Asgs) relative to uninfected cell controls, mean * SD for trip-
licate samples.

Western blotting

Cells infected with either Adeno-hTERT-E1A or ONYX-
015 were lysed in SDS total lysis buffer containing protease
inhibitors (as described previously) and boiled at 100°C for
10 min. Lysates (50-100 ug of protein by the Lowry method)
were electrophoresed on SDS-7.5% polyacrylamide gels and
then blotted onto nitrocellulose membranes (cat. no. 162-
0115; Bio-Rad, Hercules, CA). Blots were probed with anti-
E1A antibody (diluted 1:300, mouse anti-E1A monoclonal
antibody [mAD], cat. no. V10148; Biomeda) followed by
horseradish peroxidase (HRP)-conjugated anti-mouse sec-
ondary antibody (diluted 1:3000, cat. no. NA931, ECL; GE
Healthcare Life Sciences, Piscataway, NJ) or with anti-PARP
[poly(ADP-ribose) polymerase] p85 antibody (diluted
1:1000, rabbit anti-PARP p85 mAb, cat. no. 1074-1; Epitomics,
Burlingame, CA) followed by HRP-conjugated anti-rabbit
secondary antibody (diluted 1:3000, cat. no. NA934, ECL; GE
Healthcare Life Sciences). Antibody—antigen complexes were
visualized with Amersham ECL detection reagent (cat. no.
RPN2106; GE Healthcare Life Sciences) or SuperSignal sub-
strate (cat. no. 34096; Pierce Biotechnology, Rockford, IL).

Apoptotic index/terminal deoxytransferase-mediated
dUTP nick-end labeling

To assay virus-induced apoptosis, U251 cells were seeded
at 14,000 cells per chamber in 8-chamber slides. The next day,
cells in each chamber were infected with Adeno-hTERT-E1A
or ONYX-015 at MOIs of 0, 5, 10, and 25. Slides were fixed
with 4% paraformaldehyde after infection for 12, 24, or 48
hr and then processed with the DeadEnd colorimetric
TUNEL (terminal deoxytransferase-mediated dUTP nick-
end labeling) system (cat. no. G7360; Promega).

Hexon staining assay for completion of adenoviral
replication and release of functional viral particles
into culture supernatant

Adenoviral hexon protein staining was used as a marker
for late-stage adenoviral replication and to assay the release
of functional virus from adenovirus-infected cells into the
culture supernatant, as determined by hexon staining of
A549 cells incubated for 30 hr with the culture supernatant
from adenovirus-infected cells (A549 indicator cells). Cells
were seeded at 200,000 cells per well in 12-well plates and,
24 hr later, duplicate wells were infected with Adeno-8-gal,
Adeno-hTERT, or ONYX-015 at MOIs of 1 and 3. Viral in-
fections took place in a minimal volume (400 ul/well) for an
initial 4-hr period, after which each well was aspirated,
washed with 1 ml of fresh RPMI-5% FBS growth medium,
refreshed with 1 ml of RPMI-5% FBS, and incubated for the
indicated times, at which point the supernatant was removed
and applied to uninfected A549 cells. This washing proce-
dure resulted in complete removal of virus present from the
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initial infection (data not shown). A separate plate of cells
was seeded and infected for 1, 3, or 5 days for U251 cells,
and for 3, 5, or 7 days for A549 cells (three plates per cell
line). At each time point, supernatants from each well (~1
ml) were used to infect 12-well plates containing 200,000
Ab549 cells per well (A549 indicator cells, seeded 24 hr ear-
lier) as described previously, that is, a 4-hr incubation with
1 ml of transferred supernatant, followed by the addition of
1 ml of fresh RPMI-5% FBS medium per well. The A549 in-
dicator cells were incubated for a further 26 hr (total incu-
bation, 30 hr) and then methanol fixed, stored at —20°C, and
processed by hexon staining. Hexon protein was visualized
by immunohistochemical staining with mouse anti-hexon
monoclonal antibody (anti-adenovirus 1,2,5,6 hexon, diluted
1:1000; Chemicon International /Millipore, Bedford, MA) fol-
lowed by HRP-conjugated anti-mouse secondary antibody
(diluted 1:500, cat. no. NA931, ECL; GE Healthcare Life Sci-
ences) as detailed in the Adeno-X rapid titer kit protocol
(Clontech). The same protocol was used for viral titration of
supernatants isolated over various days from the initially in-
fected U251 and A549 cells, serially diluted, and applied to
293 cells (100,000 cells per well; 24-well plate). Hexon stain-
ing was also performed on A549 indicator cells infected with
cell lysates taken from A549 cells initially infected in the
same manner to assay functional intracellular virions 30 hr
postinfection.

Adenoviral infection and replication in human
primary hepatocytes

Primary human hepatocytes preseeded in 12-well plates
(obtained from S. Strom, University of Pittsburgh, Pitts-
burgh, PA) were infected at ~80% confluency with either
Adeno-hTERT-E1A or ONYX-015 at MOlIs of 0, 1, and 10. Af-
ter 48 hr the cells were scraped into 400 ul of phosphate-
buffered saline (PBS) containing protease inhibitors (as de-
scribed above). Cell extracts were prepared by freeze-
thawing the scraped cells three times, after which an aliquot
was analyzed by Western blotting with antibody to E1A and
PARP p85 (30 ug of protein per lane). The cell extracts were
spun at 14,000 rpm for 5 min to sediment cellular debris, and
adenoviral genomic DNA present in the supernatant was
then assayed by qPCR, using E1A-specific primers: 5'-AC-
CTGCCACGAGGCTGG-3" (sense) and 5'-CCCACTGCC-
CATAATTTTCACT-3' (antisense). To assay for completion
of adenoviral replication, monitored by adenoviral hexon
protein production, the hepatocytes were infected with
Adeno-B-gal, Adeno-hTERT-E1A, or ONYX-015 at MOIs of
1 and 3 (each in duplicate) in a volume of 400 ul/well for an
initial 4-hr incubation, after which 1 ml of fresh hepatocyte
growth medium was added to each well. Forty-eight hours
later, hexon protein was visualized by immunohistochem-
istry as described previously.

Evaluation of antitumor activity in human tumor xenografts

Five-week-old (19 to 24 g) male ICR/Fox Chase scid mice
(Taconic Farms, Germantown, NY) were housed in the
Boston University Laboratory of Animal Care Facility
(Boston, MA) and treated in accordance with approved pro-
tocols and federal guidelines. Mice were injected subcuta-
neously via each posterior flank with 6 X 10° MDA-MB-231v
cells in 0.2 ml of serum-free DMEM, using a 0.5-in. 27.5-
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gauge needle and a 1-ml insulin syringe. Tumor areas
(length X width) were measured twice weekly with Vernier
calipers (cat. no. 62379-531; VWR International, West
Chester, PA) and tumor volumes were calculated as follows:
Volume = (7/6) X (L X W)3>/2, When the tumors reached
~125 mm?® in volume, the mice were divided into three
groups (6 mice, 12 tumors per group):

Group 1: PBS (vehicle) injected intratumorally, 50 ul/tumor
(control)

Group 2: Adeno-hTERT-E1A injected intratumorally, 1 X 10°
plaque-forming units (PFU) injected in a volume of 50
ul/tumor (WTERT)

Group 3: ONYX-015 injected intratumorally, 1 X 10° PFU in-
jected in a volume of 50 ul/tumor (ONYX)

Eighteen days after the first treatment, a second viral or
vehicle injection was administered to each tumor. Tumor
growth rates before viral administration were similar in all
three groups. Tumor growth delay was calculated from the
difference in time (in days) required for each tumor in the
Adeno-hTERT-E1A or ONYX-015 treatment group to in-
crease in size by 2-fold or by 5-fold, as compared with the
control tumors. Thus, growth delay (2X) = t,x (treated) —
trx (control), and growth delay (5X) = tsx (treated) — t5x
(control), where f» and fsx are the times required for each
tumor to increase in size 2-fold and 5-fold, respectively, rel-
ative to the day 0 tumor volume. Percent tumor growth in-
hibition was calculated by comparing tumor volumes for the
Adeno-hTERT-E1A and ONYX-015 treatment groups with
that of control tumors on days 18 and 46 after the initial treat-
ment (day 0; see Fig. 7) for n = 12 tumors per group. One-
way analysis of variance (ANOVA), using Bonferroni mul-
tiple comparison, was carried out with GraphPad Prism 4
software (GraphPad Software, San Diego, CA).

Results

Evaluation of core hTERT promoter element for
cancer-specific expression of E1A

hTERT promoter fragments ranging from 3.8 kb to 255 bp
have been used to drive the expression of E1A in oncolytic
adenoviruses (Wirth et al., 2005). We evaluated an hTERT
core promoter fragment (Poole et al., 2001), nucleotides —371
to +27 relative to the transcription start site, which contains
two E-boxes (Horikawa et al., 2002), an AP2-B-binding site
(Deng et al., 2007), and five SP1 sites required for hTERT re-
pression in normal tissues (Won et al., 2002). To ascertain
whether this hTERT promoter fragment could confer strong
expression in tumor cells, a luciferase reporter plasmid dri-
ven by this promoter was transfected into a panel of eight
human tumor cell lines (Fig. 1A). Endogenous hTERT and
hTER transcript levels were determined by qPCR analysis
(Fig. 1B and C). hTERT promoter-regulated luciferase activ-
ity had a cell line expression profile similar, but not identi-
cal, to that of endogenous hTERT RNA, suggesting that the
core hTERT promoter activity is an important determinant
of cellular hTERT RNA levels. hTERT RNA varied consid-
erably between cell lines (Fig. 1B), whereas the RNA-primer
component, hTER, was expressed at similar levels across the
panel (Fig. 1C). hTERT RNA was not detectable in human
hepatocytes (Fig. 1B) (Poole et al., 2001). To assess the utility
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FIG. 1. Telomerase promoter characterization. (A) Luciferase reporter activity of the hTERT core promoter cloned up-
stream of the luciferase gene and transfected into a panel of eight human tumor cell lines. qPCR analysis of endogenous
hTERT RNA (B) and hTER RNA (C) is shown for the same panel of cell lines as in (A), with the addition of human hepa-
tocytes. RNA levels were set relative to that of MCF-7 cells. hTERT mRNA was undetectable in BT-20 cells and in primary
human hepatocytes. Data shown represent means + SD for n = 3 replicates. (D) Western blot showing E1A expression in
MCF-7/4HC, MDA-MB-231, U251, and A549 cells after transfection with pGL3-hTERT-E1A. Fifteen micrograms of protein
was loaded for the 293T cell E1A-positive control; 50 ug was loaded for each of the transfected cell lines. The three bands
reflect multiple transcripts. No E1A was present in untransfected cell line controls (data not shown).

of the core hTERT promoter for transcription of the adeno-
viral E1A gene, E1A was inserted into an expression plas-
mid downstream of the core hTERT promoter. Transfection
into MCF-7/4HC, MDA-MB-231, U251, and A549 cells fol-
lowed by E1A Western blot analysis (Fig. 1D) verified the
functionality of the hTERT-E1A cassette and revealed de-
tectable E1A protein expression in the four cell lines tested.

Oncolytic profile of Adeno-hTERT-E1A in
comparison with ONYX-015

We constructed Adeno-hTERT-E1A, which contains the
previously described hTERT core promoter-driven E1A cas-
sette, deletions of the adenoviral E1B-55 kDa and E1B-19 kDa
genes, and the entire E3A and E3B gene regions (Fig. 2). The
lytic profile of Adeno-hTERT-E1A was compared with that
of ONYX-015, an E1B-55 kDa-deleted tumor cell replicating
adenovirus with E3B region deletions, which has been ex-
tensively evaluated in clinical studies (Crompton and Kirn,
2007). Tumor cell lines were infected with Adeno-hTERT-
E1A or with ONYX-015 over a range of MOIs and then in-

cubated for time periods up to 6 days followed by staining
with crystal violet to visualize and quantify cell lysis (Fig.
3). In U251 cells, Adeno-hTERT-E1A infection resulted in
massive cell death as early as 2448 hr, whereas another
24-48 hr was required for ONYX-015 to elicit cell killing (data
not shown). By day 3, and also on day 6, Adeno-hTERT-E1A
exhibited improved lysis compared with ONYX-015 in U251
cells (Fig. 3A), as well as in MCF-7/4HC and MDA-MB-231
cells (Fig. 3C and D). Adeno-hTERT-E1A and ONYX-015 in-
duced comparable cell death in A549 cells 48-72 hr postin-
fection (Fig. 3B, day 3). However, over time, Adeno-hTERT-
E1A infection, in particular at lower MOlIs, became static and
was counterbalanced by continued growth of surrounding,
uninfected A549 cells. In contrast, ONYX-015 infection led
to complete killing of the A549 cell population. Infection of
the panel of four cell lines with Adeno-B-gal revealed high
intrinsic adenoviral infectivity in A549 and U251 cells; MCF-
7/4HC and MDA-MB-231 cells were more difficult to infect
as indicated by lower X-Gal staining (Fig. 3E). These results
reflect differences in the intrinsic infectivity of each cell line,
which is determined primarily by cell surface levels of the
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FIG. 2. Schematic depiction of Adeno-hTERT-E1A genome construction. Transcription factor-binding sites in the hTERT
core promoter fragment (371 to +27) are indicated in our core hTERT promoter (step 1), which was cloned upstream of
the viral E1A gene in the pGL3 vector. Next, the hTERT-E1A-polyA cassette was excised with Mlul and BamHI, blunt ended,
and then ligated into the EcoRI site of an intermediate pShuttle vector (step 2) for the ultimate viral genome-cloning step
(step 3), using the Adeno-X system genome. All cloning details are described in Materials and Methods.

coxsackievirus-adenovirus receptor (Wood et al., 1999). The
more extensive lysis of A549 and U251 cells by day 3 (Fig.
3A and B) may thus be attributable to this higher level of in-
trinsic infectivity compared with MCF-7/4HC and MDA-
MB-231 cells.

Elevated E1A production in Adeno-hTERT-E1A-infected
tumor cells

E1A protein production, a prerequisite for adenoviral
replication and an indicator of the viral potential to lyse in-
fected cells, was monitored in Adeno-hTERT-E1A-infected
tumor cells. In MCF-7/4HC cells, which showed moderate
levels of h\TERT promoter activity (Fig. 1A), E1A protein lev-
els were substantially higher 48 hr after infection with
Adeno-hTERT-E1A as compared with ONYX-015 (Fig. 4A),
in which the endogenous adenoviral E1A promoter regulates
E1A transcription. Higher E1A protein levels were also ob-
tained after Adeno-hTERT-E1A infection in the case of U251,
A549, and MDA-MB-231 cells 24 and 48 hr after viral infec-
tion (Fig. 4B and C). In U251 and A549 cells, E1A expression
peaked early, perhaps reflecting their high intrinsic adeno-
viral infectivity (Fig. 3E) and high apparent hTERT promoter
activity (Fig. 1A). By contrast, E1A accumulation was de-
layed in MDA-MB-231 cells, in which adenoviral infectivity
and hTERT promoter activity were both lower.

Enhanced tumor cell apoptosis after
Adeno-hTERT-E1A infection

The early peak in E1A protein levels seen in Adeno-
hTERT-E1A-infected U251 cells is consistent with our ob-
servation that U251 cells start dying 24-48 hr after infection
with Adeno-hTERT-E1A as compared with 48-72 hr after in-
fection with ONYX-015. This suggests that Adeno-hTERT-
E1A may kill tumor cells by an E1A-induced apoptotic mech-
anism (Rao et al, 2004). To test this hypothesis, the

virus-infected cells were assayed for cleavage of poly(ADP-
ribose) polymerase (PARP), an early apoptotic event. In both
U251 cells and A549 cells, strong PARP cleavage was seen
after infection with Adeno-hTERT-E1A but not ONYX-015
(Fig. 4B and C). In U251 cells, the PARP cleavage product
p85 was detected 24 hr after infection with 5 MOI of Adeno-
hTERT-E1A, and at MOIs as low as 0.1 by 48 hr postinfec-
tion. In A549 cells, PARP cleavage was detected at 48 hr at
MOIs as low as 1 (Fig. 4B). The increase in PARP cleavage
correlated with the decline of E1A protein at higher MOIs at
48 hr, suggesting that the dying U251 and A549 cells are not
able to sustain viral replication. In MDA-MB-231 cells, which
showed lower intrinsic adenoviral infectivity and lower
hTERT promoter activity than did U251 and A549 cells, a
higher range of MOIs was required to elicit E1A expression
and PARP cleavage (Fig. 4C). The ability of Adeno-hTERT-
E1A to induce apoptosis in the infected cells was further in-
vestigated by TUNEL staining, which reflects terminal apop-
totic events culminating in cellular DNA degradation. U251
cells infected with Adeno-hTERT-E1A underwent massive
cell death, as evidenced by the earlier, more widespread
TUNEL staining as compared with cells infected with
ONYX-015 (Fig. 4D).

Impact of enhanced host cell apoptosis on
Adeno-hTERT-E1A viral spread

We investigated next whether the early and high levels of
Adeno-hTERT-E1A-induced apoptosis interfere with the
ability of the virus-infected cells to release active, functional
virus and thereby spread the oncolytic infection within a tu-
mor cell population. Supernatants from A549 and U251 cells
infected with Adeno-hTERT-E1A or ONYX-015 were col-
lected on various days postinfection and then were titered
for released, functional virions via an end-point dilution as-
say using 293 cells and hexon immunostaining. In parallel,
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Adeno-B-gal was used as a replication-deficient virus con-
trol. In A549 cells, which are preferentially lysed by ONYX-
015, hexon staining revealed infection in all of the cells by
day 3, leading to complete cell lysis 5-7 days after the initial
infection. In contrast, Adeno-hTERT-E1A required more
time for widespread hexon staining and lysis to occur (Fig.
5A, left). In addition, ONYX-015-infected A549 cells were
substantially more efficient in terms of the release of func-
tional virions into the supernatant, as detected by titration
in 293 cells infected with serial dilutions of the harvested vi-
ral supernatants (Fig. 5A, right). In U251 cells, in which

Adeno-hTERT-E1A induces apoptosis and extensive cell
death (see the substantial decrease in cell density from days
1 to 3 and from 3 to 5; Fig. 5B, hTERT, left), Adeno-hTERT-
E1A was still able to complete its viral life cycle and release
functional virions (Fig. 5B, right). Extensive hexon staining
was first seen in ONYX-015-infected U251 cells on day 3, at
which time nearly all of the Adeno-hTERT-E1A-infected
U251 cells were already lysed. Limited cell loss was seen by
day 5 in the ONYX-015 infected U251 cells, in which the
amount of virus released increased from day 3 yet was still
low compared with Adeno-hTERT-E1A (Fig. 5B, right). We
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FIG. 4. EI1A protein levels and apoptosis induction in virus-infected cells. (A) Western blot of E1A protein from total cell
lysates (100 ug/lane) of MCF-7/4HC cells infected for 48 hr with either Adeno-hTERT-E1A or ONYX-015. In the last two
lanes, a 293T cell extract was loaded as an E1A-positive control. Corresponding Western blots for E1A protein, followed by
reprobing for PARP p85 protein (50 ug of cell lysate per lane), are shown for U251, A549, and MDA-MB-231 cells (B and
C) 24 and 48 hr after viral infection at the indicated MOIs. For each cell line, 300,000 cells were seeded per well in a 6-well
plate 24 hr before infection. Western blots for U251 and MDA-MB-231 extracts were exposed in parallel; the signal inten-
sities shown are thus directly comparable. (D) TUNEL staining of U251 cells infected with Adeno-hTERT-E1A (hTERT) or
ONYX-015 (ONYX) at the MOIs indicated at both 24 and 48 hr postinfection, seen as dark stained cells in this panel. Less
stain is visible in Adeno-hTERT-E1A-infected U251 cells by 48 hr, because many cells have already died and few remained

for staining. No TUNEL activity was seen 12 hr postinfection (data not shown).
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FIG. 4. Continued.

investigated next whether the delayed accumulation of
Adeno-hTERT-E1A in the supernatant of infected A549
cells is due to impeded viral release, for example, due to
the absence of the adenoviral death protein (ADP), or to a
block in viral replication. To investigate this question, cell
lysates prepared from A549 cells 30 hr after infection with
Adeno-hTERT-E1A or ONYX-015 were applied to unin-
fected A549 indicator cells. Hexon staining 30 hr later re-
vealed few functional virions from the Adeno-hTERT-E1A-
infected A549 cells (Fig. 5C, hTERT, lysate reapplication),
whereas ONYX-015 produced much greater amounts of
functional virus, to the point that widespread lysis of the
Ab549 indicator cells was already apparent (Fig. 5C, ONYX,
lysate reapplication). Thus, in A549 cells, the production
of functional virions is substantially impaired with Adeno-
hTERT-E1A as compared with ONYX-015.

Viral replication in primary human hepatocytes

Human hepatocytes, for which adenovirus has high in-
trinsic infectivity (Jaffe et al., 1992), were investigated for
their ability to support Adeno-hTERT-E1A infection and
replication. Human hepatocytes were highly infectable
with adenovirus, as determined by X-Gal staining of
hepatocytes from three individual donors 48 hr after

infection with the replication-deficient Adeno-B-gal (Fig.
6A, left; and data not shown). Next, we investigated
whether the regulation of E1A by the hTERT core pro-
moter would limit replication of Adeno-hTERT-E1A in hu-
man hepatocytes, given the apparent absence of hTERT
promoter activity in these cells (Fig. 1B). Total cell extracts
prepared 48 hr postinfection were analyzed for viral ge-
nomic DNA by qPCR using E1A gene-specific primers
(Fig. 6A, right). ONYX-015 is reported to replicate mini-
mally in primary hepatocytes as compared with cancer
cells (Au et al., 2007), but nevertheless, ONYX-015 DNA
was readily detectable in infected human hepatocytes (Fig.
6A, right). Adeno-hTERT-E1A replication proceeded at a
~26-fold lower level than ONYX-015 in hepatocytes from
donor liver 1 (L1) and at a ~4- to 7-fold lower level in
liver 3 (L3) (Fig. 6A, right). These findings were verified
by assaying functional adenoviral production in the in-
fected cells, as determined by hexon protein production.
Hexon protein levels were ~24- to 29-fold lower in Adeno-
hTERT-E1A-infected human hepatocytes compared with
ONYX-015-infected hepatocytes in the case of liver donor
L2 and ~18- to 21-fold lower in the case of donor L3 (Fig.
6B and Table 1). As expected, no hexon staining was ob-
served with the replication-deficient Adeno-B-gal, which
served as a negative control for residual hexon coat pro-
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MOIs of 1 and 3. Right: Corresponding samples, in which cell lysates were applied to A549 indicator cells, which were
stained for hexon protein 30 hr later. Adeno-$-gal is replication defective and serves as a negative control. All images were

taken at a magnification of X40.
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hepatocytes. (A) Left: Adenoviral infectivity of primary human
hepatocytes determined by Adeno-gB-gal infection at MOIs of 1
and 10 followed by X-Gal staining 48 hr later. Data are shown for
hepatocytes from two individual liver donors, designated L1 and
L3. Right: Viral replication in primary human hepatocytes in-
fected with Adeno-hTERT-E1A or ONYX-015, donors L1 and L3.
Cell lysates were assayed for genomic EIA DNA by qPCR, using
an intronic reverse primer. (B) Hexon staining of human hepa-
tocytes (donors L2 and L3) infected with Adeno-B-gal, Adeno-
hTERT-E1A, or ONYX-015 at MOIs of 1 and 3. See Table 1 for
quantification of hexon staining. (C) Western blots showing lower
E1A protein and PARP p85 cleavage product in Adeno-hTERT-
ElA-infected human hepatocytes (donor L3) compared with
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ONYX-015-infected human hepatocytes (MOls of 1 and 10). The 293T cell positive control for E1A shown in the last lane

exhibited a lower apparent protein mobility, as in Fig. 1D.

tein derived from the infecting viral particles. Higher EIA  in human hepatocytes (Fig. 6C, top). Reprobing the same
protein was observed in the ONYX-015-infected hepato- blot for the PARP cleavage product p85 indicated higher
cyte lysates, consistent with the more permissive replica- apoptosis in the ONYX-015-infected hepatocytes (Fig. 6C,
tion of ONYX-015 as compared with Adeno-hTERT-E1A  bottom).
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TABLE 1. ADENOVIRAL HEXON STAINING IN INFECTED HUMAN HEPATOCYTES?
Liver 2 Liver 3

Virus MOI of 1 MOI of 3 MOI of 1 MOI of 3
Adeno-B-gal 0+0 0+0 0+0 0+0
Adeno-hTERT-E1A 0.58 = 0.78P 0.96 = 1.08 1.30 = 0.19P 3.30 = 0.13b
ONYX-015 13.75 = 491 27.83 = 14.19 2294 + 2.85 67.99 + 7.70
Ratio (ONYX-015/ 23.7 28.9 17.6 20.6

Adeno-hTERT-E1A)

2Hexon staining counts averaged from 20 to 50 fields of primary human hepatocytes from liver donors 2 and 3, stained 48 hr after infection
with Adeno-B-gal. Adeno-hTERT-E1A, or ONYX-015 at MOIs of 1 and 3. Data shown represent means = SD for n = 20-50 fields per well,

2 wells per MO], at X200 magnification.

bp < 0.0001 for hexon staining in cells infected with Adeno-hTERT-E1A compared with ONYX-015 (two-tailed paired t test, 95%

confidence intervals).

In vivo antitumor activity in a human breast cancer
xenograft model

The antitumor activity of Adeno-hTERT-E1A was investi-
gated in scid mice bearing subcutaneous human breast can-
cer MDA-MB-231 xenografts. MDA-MB-231 cells show mod-
erate intrinsic infectivity by adenovirus (Fig. 3E) and low to
moderate hTERT promoter activity (Fig. 1A). Thirteen days
after tumor cell inoculation, the tumor-bearing mice were
randomized into three treatment groups (6 mice and 12 tu-
mors per group), each having an average tumor volume of
~125 mm?3. Mice were injected intratumorally with PBS (ve-
hicle) or with PBS containing either Adeno-hTERT-E1A or
ONYX-015 at 1 X 10° PFU/tumor. Tumor volumes, normal-
ized to the first day of viral injection, were determined twice
per week (Fig. 7A). After the first viral injection, Adeno-
hTERT-E1A showed greater antitumor activity, inducing a
tumor volume-doubling delay of 10.5 days and an overall
tumor volume growth inhibition of 45% compared with con-
trols. This can be compared with a tumor volume-doubling
delay of 2.5 days and 26% tumor volume growth inhibition
for ONYX-015. There was also an increase in the time re-
quired for the tumor volumes to increase 5-fold (~24 days)
and an overall volume growth inhibition of ~64% with
Adeno-hTERT-E1A compared with the control group, ver-
sus only 11 days and 42% with ONYX-015 (Table 2). The tu-
mor growth trends for each virus were significantly differ-
ent from each other (p <0.05 for Adeno-hTERT-E1A vs.
ONYX-015; one-way ANOVA analysis with Bonferroni mul-
tiple comparison), and both viral treatment groups were sig-
nificantly different from the virus-free control (p < 0.001 for
control vs. Adeno-hTERT-E1A; and p < 0.01 for control vs.
ONYX-015). No signs of host toxicity were observed with ei-
ther viral treatment, as determined by monitoring body
weights (Fig. 7B).

Discussion

Placement of viral regulatory genes under the control of
the hTERT promoter, which is active in a majority of human
cancers (Kim et al., 1994), is increasingly regarded as an ideal
way to restrict the replication of oncolytic adenoviruses to
malignant tissues. Several tumor cell-replicating, h\TERT-dri-
ven adenoviruses have been described (Wirth ef al., 2005);
however, they differ most notably from Adeno-hTERT-E1A,
the oncolytic adenovirus described in the present study, in-

sofar as they contain either one or both E1B region genes:
E1B-19kDa and E1B-55kDa. Several of these hTERT pro-
moter-regulated viruses include upstream hTERT regulatory
sequences, which may contain repressor sequences absent
from the hTERT core promoter. The core hTERT promoter
fragment presently used to regulate E1A expression in
Adeno-hTERT-E1A was chosen to maximize activity in can-
cer cell lines based on earlier promoter deletion analysis
(Horikawa et al., 1999; Poole et al., 2001). Evaluation of the
hTERT-E1A expression cassette demonstrated functionality,
and the hTERT-luciferase reporter cassette showed a cell
line-specific pattern of reporter activity that was qualitatively
similar to the endogenous hTERT activity. Thus, the hTERT
core promoter sequence appears to confer high levels of ex-
pression in a cell line-dependent manner, with the truncated
promoter behaving qualitatively similar to the endogenous
full-length promoter.

The E1B-55 kDa-deleted, oncolytic adenovirus ONYX-015
has been evaluated in multiple phase II and phase III clini-
cal trials (Crompton and Kirn, 2007). E1B-55 kDa protein is
known to bind, sequester, and facilitate the degradation of
P53 (Steegenga et al., 1998; Grand ef al., 1999), and as such,
ONYX-015 was first believed to replicate only in p53-defi-
cient cells, imparting tumor cell specificity to viral replica-
tion (Bischoff et al., 1996). However, ONYX-015 was later
shown to replicate in certain cells bearing a wild-type p53
gene (Dix ef al., 2001), suggesting the possible risk of per-
missive replication in normal tissues. E1B-55 kDa protein
also plays a role in host cell protein synthesis shutoff and in
late adenoviral mRNA export, thus restricting replication to
tumor cells, as well as normal cells, where this transport is
phenocopied by other factors (O’Shea et al., 2004). These ob-
servations indicate a need to improve the safety of E1B-55
kDa-deleted oncolytic adenoviruses. The second E1B region
gene product, E1B-19 kDa, functions like the antiapoptotic
mitochondrial protein Bcl-2: it binds to and represses the
proapoptotic transcription repressor Btf (Imazu et al., 1999;
Kasof et al., 1999), and it inactivates the proapoptotic Bcl2
family member Bax (Han ef al., 1996). Both E1B genes delay
adenovirus-induced cell death long enough for completion
of viral replication and repackaging. In many cancer cells,
where apoptosis is already suppressed, these antiapoptotic
genes are not required for viral replication (Rao et al., 2004,
2006), enabling these genes to be deleted in the construction
of oncolytic adenoviruses (Duque ef al., 1999; Harrison et al.,
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FIG. 7. Antitumor activity of Adeno-hTERT-E1A and
ONYX-015 in an MDA-MB-231 tumor xenograft model. MDA-
MB-231v tumor xenografts were implanted in the flanks of scid
mice and treated with 1 X 10° PFU of each virus by intratu-
moral injection (arrows) as described in Materials and Meth-
ods. Shown in (A) are relative tumor volumes, normalized to
the tumor volume on the first day of viral injection (day 0). (B)
Mouse body weight data. Values shown represent means and
SE for n = 6 mice and n = 12 tumors per treatment group. One-
way analysis of variance of tumor volume data with Bonfer-
roni multiple test correction yielded the following significance
values: p <0.001 for PBS vehicle injected (control) versus
Adeno-hTERT-E1A treated (Ad-hTERT), p < 0.01 for control
versus ONYX-015 treated, and p < 0.05 for Ad-hTERT versus
ONYX-015 treated. See Table 2 for tumor growth delay and
volume growth inhibition analysis.

2001). The present deletion of both E1B genes in the context
of high hTERT promoter-regulated E1A protein expression
yielded a highly oncolytic virus that retains high cancer cell
selectivity with greatly reduced replication in primary he-
patocytes.
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The high levels of E1A protein achieved in Adeno-hTERT-
E1A-infected cells also likely contributed to the increased on-
colytic activity seen with Adeno-hTERT-E1A as compared
with ONYX-015 in all tumor cell lines tested except for A549.
E1A, an immediate-early viral protein, is typically expressed
within 6 hr of infection and is crucial for the onset of viral
replication and subsequent expression of further down-
stream early and late viral genes (Nevins, 1981). As such,
Adeno-hTERT-E1A infection led to oncolysis that was more
rapid and more complete than after ONYX-015 infection in
the case of MCF-7/4HC (breast), U251 (brain), and MDA-
MB-231 (breast) cancer cells. E1A itself has substantial in-
trinsic cytotoxic activity (Hale and Braithwaite, 1999; Zhou
et al., 2003; Rao ef al., 2004) and its high-level expression in
the absence of both anti-apoptotic E1B proteins in Adeno-
hTERT-E1A-infected cells resulted in early and high levels
of apoptosis, which most likely also contributed to cell death.
In our oncolysis and hexon-staining studies, cells infected
with ONYX-015 did not appear to go through apoptotic cell
death as evidenced by lack of PARP cleavage and TUNEL
staining (Fig. 4). They appear to have two discrete mor-
phologies, one of a healthy cell bearing normal cell-line spe-
cific characteristics and one of a rounded-up cell about to
lyse, whereas those infected with Adeno-hTERT-E1A typi-
cally appear as sickly, rounded-up cells, which were shown
to undergo apoptosis.

Adeno-hTERT-E1A and ONYX-015 differ with respect to
five adenoviral gene products, in addition to their distinct
E1A promoter regulatory elements, making it difficult to de-
finitively identity the factors responsible for the unique prop-
erties of each virus. However, ONYX-015 was initially cho-
sen to assess the oncolytic potential of Adeno-hTERT-E1A
while comparing it with a clinically evaluated adenovirus.
ONYX-015, but not Adeno-hTERT-E1A, encodes the anti-
apoptotic factor E1B-19 kDa, as well as the E3 region ade-
noviral death protein (ADP), which facilitates late-stage ly-
sis and release of mature viral progeny from infected A549
cells (Doronin et al., 2003). The similar oncolytic profiles of
both viruses in A549 cells at earlier time points might be ex-
plained by efficient viral lysis in the ONYX-015-infected cells
as compared with the early apoptotic death seen in Adeno-
hTERT-E1A-infected cells. We considered the possibility that
the viral ADP protein might explain why the long-term ly-
sis and spread of ONYX-015 in A549 cells is superior, out-
pacing Adeno-hTERT-E1A in its ability to kill the cells, in
particular at low MOIs. However, it does not appear that the
ADP protein is responsible for the increased lysis and spread
of ONYX-015 compared with Adeno-hTERT-E1A in A549
cells, as indicated by the much higher levels of functional
virus seen in lysates of ONYX-015-infected cells as compared
with Adeno-hTERT-E1A-infected cells. Indeed, in other
studies, E1B-19 kDa-deleted adenoviruses were equally able
to produce viral plaques and lyse A549 cells, independent of
whether ADP was present (Subramanian et al., 2006). Plaque
formation and disruption of cell lysis were impeded only in
the presence of E1B-19 kDa, which stabilizes the nuclear
lamin structure, and only in the absence of ADP, which coun-
teracts this added nuclear stability late in the viral life cycle
to instigate efficient cell lysis (Subramanian et al., 2006). Ac-
cordingly, in the case of Adeno-hTERT-E1A, in which both
proteins in the antagonist pair, E1B-19 kDa and ADP, are ab-
sent, viral release per se is not the problem. The more ex-
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TaBLE 2. TumMOR GROWTH DELAY AND TUMOR VOLUME GROWTH INHIBITION
IN ADENOVIRUS-INFECTED MDA-MB-231 TUuMORs?

A. Tumor Growth Delay

2X tumor 5X tumor
Tumor growth growth growth
delay data Days to 2X delay (days) Days to 5X delay (days)
Control 7.08 = 0.88 N/A 22,67 = 2.46 N/A
Adeno-hTERT-E1A 17.58 = 2.22b«< 10.5 + 3.10 46.00 = 2.60b< 23.33 = 5.06
ONYX-015 9.58 = 1.30 25+ 218 33.75 * 2.364 11.08 + 4.82

B. Tumor Growth Inhibition

Tumor growth

Tumor growth inhibition
inhibition data Virus (%)
Treatment period 1 (days 0 to 18) Adeno-hTERT-E1A 449 + 3.2b¢
ONYX-015 25.8 + 5.6°
Treatment period 2 (days 0 to 46) Adeno-hTERT-E1A 63.5 + 4.6°f
ONYX-015 42.1 + 10.88

Abbreviation: N/ A, Not applicable.

All p values determined by one-way ANOVA with Bonferroni multiple comparison.

aTumor-bearing mice were treated with Adeno-hTERT-E1A or ONYX-015 by intratumoral injection as described in Fig. 7. Tumor growth
delay (A) and tumor growth inhibition (B) were calculated in comparison with control tumors as described in Materials and Methods.
Inhibition data were normalized by setting the last measurement of the control group (days 18 and 46 for treatment periods 1 and 2, respec-
tively) to 100%. Tumor growth delay and growth inhibition data are presented as percent means + SE based on n = 12 tumors per group.

by < 0.001 (control vs. Adeno-hTERT-E1A).

ff < 0.01 (Adeno-hTERT-E1A vs. ONYX-015).
p < 0.05 (control vs. ONYX-015).

¢p < 0.001 (control vs. ONYX-015).

fp < 0.05 (Adeno-hTERT-E1A vs. ONYX-015).

&p < 0.01 (control vs. ONYX-015).

tensive lysis of A549 cells by ONYX-015 as compared with
Adeno-hTERT-E1A must therefore result from other fac-
tors unique to ONYX-015 that confer its ability to effi-
ciently replicate and produce high functional viral titers in
Ab49 cells, in spite of the lower levels of E1A. One possi-
bility is that the high levels of E1A protein produced in
Ab549 cells infected with Adeno-hTERT-E1A kill many of
the host cells prematurely via apoptosis, thereby decreas-
ing the efficiency of successive rounds of viral replication
and reinfection.

E1A can be used as a therapeutic gene to induce anti-
tumoral responses, including inhibition of angiogenesis
(Zhou et al., 2003). E1A also can sensitize tumor cells to che-
motherapy and radiation (Sanchez-Prieto et al., 1996;
Martin-Duque et al., 1999). Therefore, the high level of E1A
expression achieved in Adeno-hTERT-E1A-infected tumor
cells may not only provide for tumor-specific regulation of
viral replication but may induce other E1A-dependent an-
titumor mechanisms. Differences in apoptosis induction be-
tween Adeno-hTERT-E1A and ONYX-015 may reflect the
absence of both antiapoptotic genes (E1B-55 kDa and E1B-
19 kDa) in Adeno-hTERT-E1A, as compared with ONYX-
015, which retains the anti-apoptotic Bcl-2 analog E1B-19
kDa, as well as the elevated expression of E1A, which can
induce p53 and stimulate apoptosis (Hale and Braithwaite,
1999; Kasof et al., 1999). Indeed, high E1A levels correlated

with a high apoptotic index in U251, A549, MDA-MB-231,
and MCEF-7 cells infected with Adeno-hTERT-E1A (data not
shown). The similar A549 cell oncolytic profiles exhibited
by both viruses at higher MOIs at earlier but not later time
points might be explained by the delivered dose of Adeno-
hTERT-E1A initially inducing high levels of cell death via
E1A-dependent apoptosis. ADP-containing replication-
competent adenoviruses, such as ONYX-015, induce cell
death via a necrosis-like pathway that is apoptotic ma-
chinery independent (Abou El Hassan et al., 2004), which
is not the case for Adeno-hTERT-E1A. As such, the cell
death induced by Adeno-hTERT-E1A may best be de-
scribed as telomerase-regulated E1A suicide gene therapy
using a replication-conditional virus.

Adeno-hTERT-E1A displayed superior antitumor activity
compared with ONYX-015 against breast tumor MDA-MB-
231 xenografts, with no apparent increase in host toxicity.
Moreover, the genetic modifications introduced into Adeno-
hTERT-E1A greatly decreased its replication competence in
primary human hepatocytes. This can be explained by the
absence of hTERT expression in human hepatocytes, which
precludes E1A expression and all downstream events in the
adenoviral replication cycle. The use of hTERT promoter se-
quences to regulate Adeno-hTERT-E1A replication likely
contributes to its substantially decreased replication in he-
patocytes compared with ONYX-015, where E1A induction,
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genome replication, and viral protein production were
readily detected, as were viral completion/repackaging
and capsid assembly, as indicated by hexon staining. Ad-
enoviral E1A protein has been linked to acute hepatotoxi-
city via induction of tumor necrosis factor-a and
transaminitis in mice (Engler et al., 2004). Although hTERT
RNA was not detectable in hepatocytes, we could still de-
tect E1A and hexon protein in a few cells infected with
Adeno-hTERT-E1A. These cells may be hepatocytes un-
dergoing abortive replication, cells with a mutated hTERT
and an apoptosis status that reflects oncogenic potential,
or perhaps the presence of other liver-associated cell types
in the human hepatocyte preparations. The absence of both
antiapoptotic proteins in Adeno-hTERT-E1A should allow
primary host cells to apoptose and thereby abort any in-
stances of viral infection that could otherwise lead to viral
replication. The increased oncolytic response associated
with complete deletion of the E1B region therefore does
not infringe on the replication specificity of Adeno-hTERT-
E1A and its safety profile against primary tissues. These
findings were confirmed in primary hepatocytes isolated
from three independent donors, highlighting the improved
safety and replication specificity of Adeno-hTERT-E1A,
and further substantiating the use of the hTERT core pro-
moter to simultaneously improve cancer selectivity and
minimize host toxicity.

While this study was in progress, Bilsland and coworkers
described the use of an hTERT promoter-regulated E1A cas-
sette in an oncolytic adenovirus lacking the entire E1B gene
region, and reported a phenotype similar to that of our
Adeno-hTERT-E1A virus, in particular elevated E1A ex-
pression and a modified oncolytic profile (Bilsland et al.,
2007). Their results support our finding that deletion of the
E1B region enhances early oncolysis, which may diminish
replication completion and virion maturation. The present
study extends those findings to include an investigation of
the effects of Adeno-hTERT-E1A on apoptosis induction, vi-
ral release, hepatocyte safety, and antitumor activity in vivo.

In conclusion, we have engineered an oncolytic adenovi-
rus, Adeno-hTERT-E1A, which displays an improved on-
colytic profile in many cancer cell lines and substantially re-
duced replication in human hepatocytes compared with
ONYX-015, an oncolytic virus that has undergone extensive
testing in clinical trials. The diminished propensity of
Adeno-hTERT-EIA to replicate in a primary organ such as
the liver, which is highly susceptible to adenoviral infection
(Wood et al., 1999), may allow for an increase in virus dose
to improve therapeutic activity without increasing hepatic
toxicity. Future studies will examine potential combination
therapies in which Adeno-hTERT-E1A will be used with an-
ticancer prodrug-activating enzymes, such as cytochrome P-
450 2B11 (Jounaidi et al., 2006), to further enhance therapeu-
tic potential.
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