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Abstract

Replication-competent oneolytic viruses are being developed for human cancer therapy, We previously teported that an attenuated
adenovirus OBP-30! (Telomelysin), in which the buman telomerase reverse transcriptase promoter element drives expression of E1A and
EIB genes hnked with an internal ribosome efitry site, could réplicate in and causes selective lysis of human vancer eclls. Infection éfficiency
in target cancer cells 1s the most important factor that predicts the antitumor effects of OBP-301. The objectives of this study are to examine
the effects of the histone deacetylase inhibitor FR901228 on the level of coxsackie and adenovirus receptor (CAR) expression and OBP-301-
mediated oncolysis i human non-small cell lung cancer eell lines. Flow cytometric analysis revesled up-regnlated CAR expression in A549
and H460 cells following treatment with | ng/ml of FRO01228, which was associated with increased infection efficiency as confivmed by
replication-deficient Pegalactosidase-expressing adenovirus vector In contrast. neither CAR expression nor infection efficiency was affected
by FROG1228 in H1299 cells. To visualize and quantify viral replication in the presence of FRO01228, we used OBP-401 (Telomelysin-GFP)
that expresses the green fluorescent protein (GFP) reporter gene under fhe control of the cytomegalovirus promoter in the E3 region.
Fluorescence meroscopy and flow cylometry showed that FR901228 increased GFP expression in A549 and H460 cells following OBP-401
mfection in & dose-dependent manner, but this effect did not oceur v H1299 cells. Iy addition, OBP-301 and FR901228 demonstrated a
synergistic antitumor effect in AS549 cells in vitro, as confirmed by isobologram analysis, Our dats indicate that FRY01228 preferentially
increases adenovirus infectivity via up-regulation of CAR exptession, leading to a profound oncolytic éffect, which may have a significant
impact on the ovteome of adenovirus-based oncolyvtic virotherapy.
€ 2005 Blsevier Inc. All rights reserved.

Kepwords: Oneolytic virus: HDAC inhibitor; Adenovirus; CAR; Lung caneer

clinical trial data have shown the antitumor potency and
safety of mutant or genetically modified adenoviruses [3—
6], We previously constructed an adenovirus vector (OBP-
301, Telomelysiny, in which the human telomerase reverse
transeriptase (ATERT) promoter element drives expression
of E1A and E1B genes linked with an internal ribesome

Introduction

Replication-selective, oncolytic viruses provide a new
platform 1o treat a variety of human cancers {1.2], Promising

* Corresponding avthor. Center for Gene and -Cell Therapy., Okayama

University Hospital, 2-3+1 Shikata-cho, Okavama 700-8358. Japan, Fax:
+R1 86 235 7884,
E-mail address: toshi Iigmd.okavama-nacjp (T. Fujiwara).
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entry site (IRES). We showed that OBP-301 caused cfficient
selective kitling in human cancer cells. but not in normal
cells {7]. Although OBP-301 demonsirated a broad-spec-
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trum antitumor activity, infection efficiency of the presently
available adenoviral agent. which is derived from human
adenovirus serotype 5, varies widely depending on the
expression of coxsackie-adenovirus receptor (CAR) [8.9].
To overcome the limitation of low levels of CAR in certain
tumors. we further modified the fiber of OBP-301 to contain
RGD peptide. We demonstrated that this fiber-modified
OBP-405 permits CAR-independent cell entry and effective
destruction of tumors lacking the primary CAR [10]. This

stratcgy has becen commonly used to alter adenovirus
infectivity [11.12]; the genetic modification, however, might
not always be successful. An alternative approach is to
modify CAR expression in target tumor cells.

FR901228 (Depsipeptide, FK228) is a novel anticancer
agent isolated from the fermentation broth of Chromobac-
terium violaceur. FRO01228 has been identified as a potent
histone deacetylase (HDAC) inhibitor, although it has no
apparent chemical structure that interacts with the HDAC

A
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ReTs FR901228 FR901228 FR901228 FR901228
Mok ™ agmg T iy R gl O il
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Fig. 1. (A) Expression of CAR on human NSCLC cell lines after FRO01228 treatment. Cells were treated with 1 ng/ml of FR901228 for 48 h and then
subjected to flow cytometric analysis. Both treated and untreated cells were incubated with mouse monoclonal anti-CAR (RmeB) followed by detection with
FITC-labeled secondary antibody. An isotype-matched normal mouse IgG1 conjugated to FITC was used as a control in all experiments. The rightward shift of
the histogram after exposure to FR901228 indicates increased CAR expression. (B) Western blot analysis of CAR and actin in A549 and H358 cells. Cells were
treated same as above. Equivalent amounts of protein obtained from whole cell lysates were loaded in each lanc. probed with anti-CAR antibody, and then
visualized by using an ECL detection system. Equal loading of samples was confirmed by stripping each blot and reprobing with anti-actin antiserum. CAR
protein expression was quantified by densitometric scanning using NIH Image software and normalization by dividing the actin signal. (C) Western blot
analysis for MDR1 expression. Equivalent amounts of proiein obtained from whole cell lysates were loaded in each lane and probed with anti-MDR antibody
with or without FRO01228 treatment. The cell lysate obtained from HCT-15 human colorectal cancer cells was used as a positive control.
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active-site pocket. Thus, FR901228 is structurally distinct
{from other known HDAC inhibitors such as the trichostatins
and trapoxins [13-15]. Histone deacetylation is an impor-
tant component of transcriptional control, and it has been
reported that FR901228 can increase CAR gene expression
in several different cancer cell lines [16-20]. Moreover,
FRO01228 1s known to increase viral and transgene
expression following adenovirus infection [16]. These
findings led us to examine whether FR901228 could
augment the antitumor activity of OBP-301 against human
cancer cells.

In the present study, we show that FR901228 treatment
up-regulates CAR levels on target tumor cells, which in turn
mereases the amount of cellular viral replication, thereby
promoting a synergistic antitumor cffect. These findings
suggest that treatment with OBP-301 in combination with
FRO01228 is a promising strategy for human cancer.

Results

Effect of FR901228 on CAR expression in human non-small
cell lung cancer (NSCLC) cell lines

To explore the combination effect of OBP-301 and
FR901228, we first used flow cytometry to determine if
FR901228 has an effect on the cell surface expression of
CAR. CAR was cxpressed in all four cell lines tested: the
percentages of CAR-positive cells were 99.4%, 99.4%,
99.8%., and 86.8% in A549, H460, H358, and H1299
cells, respectively. As shown in Fig. 1A, CAR expression
levels apparently increased in A549 and H460 cells
following 48-h exposure to I ng/ml of FR901228, whereas
H358 and H1299 cells showed a similar expression pattern
of CAR before and after FRO01228 treatment. The data
were calculated as the relative mean fluorescent intensity
(MFI), in which the MFI from FR901228-treated cells is

T Watanabe et al. / Experimental Cell Research 312 (2006) 256-- 265

divided by the MFI of cells without FR901228 treatment,
thereby giving a fold enhancement of expression. In A549
and H460 cells, there were 1.6- and 2.15-fold higher MFI
after FR901228 treatment compared to those before
treatment, respectively (MFI: 61.13 to 97.88 [A549] and
59.51 to 127.94 [H460]). Western blot analysis for CAR
expression also demonstrated that FR901228 treatment
resulted in a 1.2-fold increase in the CAR protein level in
A549 cells, whereas CAR protein expression level in
H358 cells was consistent even after FRO01228 treatment
(Fig. 1B).

FRO01228 has been previously reported to be a substrate
for multidrug resistance protein (MDR1), which mediates
FRO01228 resistance in human cancer cells [21]. We next
examined whether FR901228 treatment could alter MDR1
protein expression in the cell lines we used. As shown in
Fig. 1C. MDRI expression was not detected in these cell
lines by Western blot analysis and could not be induced
even after FRO01228 treatment.

Adenovirus infectivity after FR901228 treatment in human
NSCLC cell lines

To evaluate the effect of FR901228 on the infectious
efficiency, we compared (-galactosidase-positive cells by
X-gal staining 24 h after infection with recombinant
replication-deficient adenovirus carrying the B-galactosi-
dase gene under the control of cytomegalovirus (CMV)
promoter {Ad-LacZ) in the presence or absence of
FRO01228. A549 and HI299 cells were trcated with
FRO01228 at the indicated concentration for 48 h. Then,
cells were infected with Ad-LacZ at multiplicities of
infection (MOI) of 1 or 10 after removing medium
containing FRY01228. The X-gal staining 24 h after
infection demonstrated that FRO01228& treatment increased
the percentage of blue-stained [-galactosidase-positive
A549 cells in a dose-dependent manner; FR901228,

AS549 H1299
FR901223 FR901228
Mock 0.1 ng/ml 1 ng/mi Mock 0.1 ng/mi 1 ng/m!
Mock
AdLacz
1 MOI !
Ad-LacZ . Sirin

10 MOT ; _; i

Fig. 2. Expression of P-galactosidase after Ad-LacZ infection in FR901228-treated cells. A549 and H1299 cells were treated with Ad-LacZ and FR901228 at
the indicated concentrations, grown for 24 h. and then stained for -galactosidase activity.

10
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Fig. 3. Flow cytometric analysis of viral-replication-associated GFP expression following OBP-401 and FRO01228 treatment. AS49 (A), HA60 (B), and H1299
(Cycells were infecied with 0.1 MO of OBP-401 and simultaneously treated with FRO01228 at the mdicated concentrations. The percentages of GFP-postive
cells were assessed ab different time points after treatment.
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however, had no apparent effect on adenovirus infectious
efficiency in H1299 cells (Fig. 2). These resuits were
compatible with the effect of FR901228 treatment on CAR
levels.

Oncolytic virus replication after FR901228 treatinent in
human NSCLC cell lines

We next examined the effect of FR901228 on oncolytic
virus replication by flow cytometric analysis using telomer-
ase-specific oncolytic adenovirus containing the GFP gene
(OBP-401). The proportion of GFP-positive A549 cells
increased from 15.57% (day 3) to 19.84% (day 5) after OBP-
401 infection because OBP-401 can replicate in telomerase-
positive tumor cells. However, the percentage of GFP-
expressing cells was 45.73% in the presence of 1 ng/ml of
FRY01228 compared with 19.84% in cells without
FRO01228 at 5 days post-infection with 0.1 MOI of OBP-
401 (Fig. 3A). Similarly, treatment with 1 ng/ml of
FRO01228 increased the percentage of GFP-expressing cells
from 32.68% to 73.77% in H460 cells 5 days after infection
with 0.1 MOT of OBP-401 (Fig. 3B). In contrast, there was
no increase in the fraction of GFP-expressing cells after
FRO01228 treatment in H1299 cells (Fig. 3C). Moreover, the
percentage of GFP-expressing H1299 cells decreased in the
presence of 1 ng/ml of FR901228 5 days after OBP-401
infection, presumably due to the toxicity of FR901228.

To visualize viral replication in vitro, OBP-401-infected
cells were photographed under a fluorescent microscope. As

12

shown in Fig. 4, FR901228 incrcased the GFP fluorescence
intensity in a dose-dependent manner on A549 and H460
cells 4 days after infection with 0.1 MOI of OBP-401.
These findings are consistent with the results of flow

A549 H460

Mock

FR901228 [
0.5ng/ml

FR901225 SINELE
tng/ml

Fig. 4. Visualization of viral-replication-associated GEFP expression
following OBP-401 and FR901228 treatment. A549 and H460 cells were
treated as described in the legend for Fig. 3. Cells were assessed for GFP
expression with fluorescence microscopy 4 days after treatment.
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cytometric analysis. The microphetographs also demon-
strated that the mumber of GFP-postiive cells increased in
the presence of FR901228, indicating that OBP-401 could
efficiently spread to the neighboring tumor cells. These
results suggest that FR901228-mnduced up-regulation of
CAR expression resulted in increased replication of
oncolytic virus.

Cell cycle analysis after oncolviic virus infection and
FROOIZ2E reatment

To examine whether OBP-301 infection and FR901228
treatment result in cell cycle arrest, apoptosis, or a
combination of both processes, the cell eycle distribution
was determined by flow cytometric analysis of propidium-
wochde-stained cells, a measure of DNA content. As shown
wnn Table 1, neither OBP-301 mfection rnor FRO01228
treatment affected the cell cycle distribution or the fraction
of sub-Gy—G apoptotic population in A549 and H460 cell
lines.

Syaergistic antitumor effect of OBP-301 and FRO01228 in
human NSCLC cells

We finally examined whether concurrent addition of
FRO01228 had an effect on the antitumor effect of OBP-
301 n A549 cells. The cell viability with 8§ doses of OBP-
301 or 6 doses of FRO01228 was assessed by MTT assay 4
days after treatment with concentrations that resulted m 0
to 100% cell kil when either drug was given alone (Fig.
5A). To determine whether the interaction between the two
drugs exhibited synergistic cytotoxie effects, the data from
the dose—response curves were cxamyined by construeting
isobolograms. Isobologram analysis indicated that the
combination was synergistic across all dose levels tested,
with all of the pomis lymmg into the area below the
envelope of additivity (Fig. 3B). The combination index
{Cl) vahie of observed data poimnts was 0.6823 = 0.0761,
which was smaller than 1. Thus; telomerase-speeific
oncolytic adenovirus -OBP-301 in combination with

Table |

Celt eyele analysis after OBP-30T and FRO01228 treatment

Cell ine  Treatiment Sub-Gn'G: Gy S GaiIM

(%) (%) (%) %)

AS549 Pre-treatment 2.04 08,74 1535 4.8
FRO0O1228 (13 TAAR 1043 1388
OBP-301 0.78 79.64 1055 917
FROOF228 -+ OBP-301 2.24 73.08 1158 1326

H460 Pre-treatment 18.70 51,79 1482 1515
FRO01228 11,28 SE71 1180 2533
OBP-301 LO7 69.70. 1472 1456
FROO1228 + OBP-301 1510 47.08  13.60 2394

AS49 and H46U cells were treated with 1 ng/mt of FRO01228. .1 MO{ of
OBP-30L, or both: The DNA content was determined by propidium 1odide
staining and flow cvtometric analysis at 72 h after treatment. The
percentage-of cells in cach stage of the cell eycle isshown.

13

261
A
100 ¢
%0 3
]
e}
b as
. e OBP-301
" -2 | (MOD
a0 e
e 1
e JO0)
EL]
" : . .
& 1 2 3 4 5
agiml
FRY01228
1
s
a
g o5 i
s 14 L7013 SIS U 11 o ModeZb & dats

Fig. 5. Antitumor effect of OBP<301 and FRY01228 on AS49 NSCLC cells
in vitre. (A) Effect of OBP-301 and FROO1228 at various concentrations
was assessed by MTT assay 4 days after tremtment. Results are expressed as
the pereentage of untreated eontrol (B) The data fromy dose - résponse
curves were subjected 1o 1sobologiam analysis. Shownis the isebologram at
IC50 based on the results of MTT assays for the AS49 cell line treated with
combinations of OBP-301 and FRY01228 added simultancously. Points
below the envelope indicate a synergistic effect.

FRO01228 produces synergistic cell cytotoxicity in AS549
human NSCLC cells.

Discussion

Oncolytic adenovirus can efficiently kill a variety of
human caneer cells; the death process, however. 13
morphologically distinet from apoptosis that is characterized
by chromesome condensation and nuclear shrinkage and
fragmentation [22} In contrast, most of conventional
chemotherapeutic drugs trigger apoplosis in hwman cancer
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cells via caspase activation. These two types of anticancer
agents that vse different cytotoxic machinery have been
shown to induce a combination effect [23~25], although the
precise mechanism s still unclear, In an attempt 1o establish
multidisciplinary therapeutics based on the rationale, we
explored the antitimor effect of oneolytic virus in combi-
nation with an HDAC inhibitor. The HDAC inhibitor is a
new class of anficancer agents that can modulate transcrip-
tional activity [13.14]. As a result in addition to the
induction of apoptosis, HDAC inhibitors are able to block
thie cell cycle and angiogenesis, promate differentiation, and
mediate additional unknown effects in human cancer cells.
In the present study, we found that the most advaneed
therapeutic candidate. FRO01228, had a synergistic anti-
tumior effect with telomerase-specific oncolytic adenovirus
OBP-301 through up-regulation of CAR expression in
certain types of human NSCLC cells. This may be a novel
therapeutic intervention of HDAC inhibitors.

Gene. expression is considered to be regulated by
chromatin remodeling, Chromatin 1% mtrinsically meodified
by histone acetyltransferase or HDAC, and alterations in
these mechanisms may lead to altered gene expression [26].
It has been reported that the activation of the CAR gene
promoter s modulated by histone acetvlation and that
FRO01228 increases CAR RNA levels through histone H3
acetylation in human cancer cells, leading to an increased
adenovirus fransgene expression |16~ 18], Compatible with
these gbservations, we demonsirated that FROOTZZE freat-
ment led to increased lpvels of membranc-associated CAR
protein in A549 and H460 human NSCLC cell lines (Figs,
1A, B). The reason why FROOI228 did not affect CAR
expression in H358 and H1299 cells is unclear As all cell
lines were negative for MDR1 expression that could
mediate FRO01228 resistance [21] (Fig. 1C), other mech-
anisms such as the RaFMEK-ERK signal transduction
pathway may be involved in CAR gene expression in
H358 and H1299 cell fines 271

We also confirmed increased infection efficiency of
adenovirus following FRO0G1228 treatment wvsing Ad-LacZ
vector (Fig. 2). One of the advantages of replication-
competent oncolytic adenoviruses is that less virus particles
arc required for treatment because viruses can be produced
in tumor tissues by replication. To directly evaluate the
reliability of increased virus infectivity by FRO01228 for
oncolviic virus, we used Ad-LacZ at an MOI of | or 10,
although 100 MOT of the vector was commenly used in
previous studies. We previously reported that the fiber-
modified oncolytic adenovirus (OBP-4035) confaining an
RGD motif in the HI loop of the fiber knob showed
increased initial virus entry info the target tumor cells and
resulted in the augmented viral replication [10]. Thus,
FRY01228 treatment 18 expected to enhance virus infectivity
as well as replication in A549 and H460 cells. In fact, the
percentages of GFP-positive cells were more than 2-fold
higher in A549 and H460 cells treated with GFP-expressing
OBP-401 in combination with FR901228 than those
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infected with OBP-401 alone (Figs. 3 and 4). Studies using
a non-viral plasmid vector have found that FRO01228
cnhances huciferase transgene expression at the transcrip-
tional level [28]. Therefore, it is possible that increased GFP
expression reflects transcriptionally enhanced transgene
expression, but not viral replication. However, the fact that
FRO01228 freatment did not affect OBP-401-induced GFP
expression in H1299 cells suggests that FR901228 could not
alter the levels of transgene expression without CAR up-
regulation and that GFP expression is dependent on virus
infectivity and replication. Taken together, FRO01228
increases CAR expression, which in turn facilitates virus
infection, thereby leading to increased viral replication in
certain types of human NSCLC cells.

Adenovirus replication within a farget tumor cell can
cause cell destruetion by several mechanisms such as direct
cytotoxicity duc to viral proteins and augmentation of
anfitumoral immunity {2]. As cxpected, OBP-301 in
combination with FR901228 demonstrated a profound
antitumor effect in vitro in AS549 cells, presumably because
of enhanced viral repheation. Isobologram and Clanalyses,
which are the two most popular methods for evaluating drug
interactions in combination cancer chemotherapy [29],
consistently identified OBP-301 infection and FRO01228
treatment as a synergistic combination (Fig. 3). Theoreti-
cally, some chemotherapentic drugs could act to inhibitviral
replication because they might affect the cell eyele; our dats,
however, demonstrated that FR901228 with or without
QOBP-301 had no effect on the cell cycle distribution (Table
1), indicating that FR901228 may be an appropriale partner
for oncolytic adenovirus because it does not atfect the virus
life cyele. Moreover, phase 1 clinical trials for advanced
cancer s well as leukemia have shown that FRO01228 ¢an
be safely administered without any life-threatening toxicitics
or cardiac toxicities, although the appropriate administration
schedule has o be further egamined [30,31] These
observations indicate that clinical tials of OBP-301 in
combination with FROO1228 are warranted,

In conclusion, our data demonstrate a possible interaction
between a telomerase-specific oncolytic adenoviral agent
and an HDAC inhibitor. Delineating specific virus/drug
combinations that are tailored to be particularly effective in
liuman cancer may have the potential to greatly improve the
already encowraging results seen in the field of oneolytic
virotherapy.

Materials and methods
Cells and culture conditions

The NSCLC cell lines A349, H460, H358, and H1299
were propagated 1w monolayer culture in RPMIL 1640
medium  supplemented with 10% fetal calf serum, 25
mM HEPES, 100 units/ml penicillin, and 100 pg/ml
streptomycein.
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Compounds

FR901228 was kindly provided by the Fujisawa Phar-
miaceutical Company (Tokyo, Japan}.

Recombinant adenoviruses

The recombinant rephication-selective, tumor-specific
adenovirus vector OBP-301 (Telonselysin) was previously
constructed and characterized [7,32] Replication-=selective
OBP-401 {Telomelysin-GFP) containing GFP ¢cDNA under
the control of the CMV promoter and replication-deficient
adenoviral vector containing P-galactosidase ¢cDNA (Ad-
LacZ) were also used {33} These viruses were purified by
CsCly step gradient ultracentrifugation followed by CsCly
linear gradient ultracentrifugation. Determination of virus
particle titer and infectious titer was accomplished spectro-
photometrically by the method of Maizel et al. [34] and by
the method of Kanegae et al. [33]; respectively.

Flow cytometry

The cells (2 x 107 cells) were labeled with mouse
monoclonal anti-CAR (RmeB; Upstate Biotechnology, NY)
for 30 min at 4°C, incubated with FITC-conjugated rabbit
anti-mouse I1gG second antibody (Zymed Laboratories, San
Francisco), and analyzed by the FACSCalibur (Becton
Dickinson, Mountain View, CA) using CELL Quest
software. The window was set to exclude dead cells and
debris. Expression of the GFP gene was also assessed by the
FAaCSCalibur,

Western blot analysis

The primary antibodies agamst CAR (RmcB:; Upstate
Biotechnology) and MDR! (DAKO, Carpinteria, CA) and
peroxidase-linked secondary attibody (Amersham, Arling-
ton Heights, 1L) were used. Cells were washed twice in cold
PBS and collected then lysed in lysis buffer [10 mM Tris
(pH 7.5}, 150 mM NaCl, 50 mM NaF, | mM EDTA, 10%
glycerol, 0.5% NP40] containing proteinase inhibitors (0.1
mM phenvimethylsulfonyl fluoride, 0.5 miM Na;VOy).
After 20 mip on ice, the lysates were spun at 14,000 tpm
in a microcentrifuge at 4°C for 10 min, The supernatants
were used as whole cell extracts. Proteint concentration was
determined using the Bip-Rad protein determination method
{Bio-Rad, Richmond, CA}). Bgual amounts (50 pg) of
proteins were boiled for 5 min and electrophoresed under
reducing conditions on 6~ 12.5% (w/v) polyacrylamide gels,
Proteins were electrophoretically transferred to a Hybond-
polyvinylidene difluoride (PVDF) transfer membranes
(Amersham Life Science, Buckinghamshire, UK) and
incubated with the primary followed by peroxidase-linked
secondary antibody. An Amersham ECL chemiluminescent
wesgtern systemt (Amershiam} was used to defect sccondary
probes.
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Xegal staining

Cells were seeded in 6-well plates (2 x 107 cells/well)
and infected with Ad-LaeZ at indicated MOls. X-gal (5-
bromo-4-chloro-3-indolyl-p-b-galactopyranosidey staining
was performed 24 b after infection according to the protocol
provided by the manufacturer (Sigma-Aldrich, St Louis,
MOY.

MTT assay, isobologram analysis, and CI analysis

The cytotoxicity of FR901228 and OBP-301 was
determined by measutement of cell viability by using the
3-(4,5-dimethylthiazol-2-y1}-2 5-diphenyltetrazolium  bro-
mide (MTT) assav. Cells were plated in 96-well fissue
culture plates 24 h before treatment. Then, cells were treated
with FRO0.1228 and OBP-301 concurrently at the indicated
concentrations and MOIs, respectively. Fowr days later, a
medium containing 0.3 mg/ml MTT (Sigma) was added to
cach well after the wells were ninsed with PBS. After o 4-
b meubation at 37°C, an equal amount of solubilization
solution (0:04 N HCI in isopropyl aleohol) was added to
eachi well and mixed thoreughly to dissolve the erystals of
MTT formazan. Results were quantified using a Labsgystems
Multiskan M5 at 540 nm wave length. Conttrol absorbance
was designated as 100%, and cell survival was expressed as
a percentage of control absorbance. MTT results were
analyzed guantitatively and statistically by plotting the
observed experimental data onto the isobologram [291
When the observed data points for a.combination fellimainly
within the envelope of additivity., the effect of the
combination was considered as having an additive effect.
When the observed data points for a combination fell into
the area below the envelope of additivity, the combination
effect wag regarded as supra-additive (synergism). When the
observed data pomnts for a combination fell above the
envelope but within the square or the cube, the combina-
tion’s: effect was considered as sub-additive. When. the
observed data points for a combination fell vuwide the
square or the cube, the effect of the combination was
considered protective, Both sub-additive and protective
inferactions were considered ds antagonistic. €1 analysis,
similar to isobologram analysis, provides qualitative infor-
mation on the nature of drug interaction. Cl is a numerical
value calculated as described previoushy. Cls of less than,
equal to, and more than 1 indieate synergy, additivity, and
antagonism, respectively. All of the analyses were per-
formed using Statistica software (StatSoft Inc., Tulsa,
Oklahoma).
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Multicenter Phase I Study of Repeated Intratumoral
Delivery of Adenoviral p53 in Patients With Advanced
Non-Small-Cell Lung Cancer

Toshiyoshi Fujiwara, Noriaki Tanaka, Susumu Kanazawa, Shoichiro Ohtani, Yasuo Saijo, Toshihiro Nukiwa,
Kunihiko Yoshimura, Tetsuo Sato, Yoshikatsu Eto, Sunil Chada, Haruhiko Nakamura, and Harubumi Kato

Purpose
To determine the feasibility, safety, humoral immune response, and biologic activity of multiple

intratumoral injections of AdSCMV-p53, and to characterize the pharmacokinetics of AdBCMV-pb3
in patients with advanced non-small-cell lung cancer (NSCLC).

Patients and Methods

Fifteen patients with histologically confirmed NSCLC and p53 mutations were enrolled onto this
phase | trial. Nine patients received escalating dose levels of AdSCMV-p53 (1 x 10° to 1 x 10"
plague-forming units) as monotherapy once every 4 weeks. Six patients were treated on a 28-day
schedule with Ad5CMV-p53 in combination with intravenous administration of cisplatin (80 mg/m?).
Patients were monitored for toxicity, vector distribution, antibody formation, and tumor response.

Results
Fifteen patients received a total of 63 intratumoral injections of AdBCMV-p53 without dose-limiting

toxicity. The most common treatment-related toxicity was a transient fever. Specific BH53
transgene expression was detected using reverse-transcriptase polymerase chain reaction in
biopsied tumor tissues throughout the period of treatment despite of the presence of neutralizing
antiadenovirus antibody. Distribution studies revealed that the vector was detected in the gargle
and plasma, but rarely in the urine. Thirteen of 15 patients were assessable for efficacy; one
patient had a partial response (squamous cell carcinoma at the carina), 10 patients had stable
disease, with three lasting at least 9 months, and two patients had progressive disease.

Conclusion
Multiple courses of intratumoral AdSCMV-p53 injection alone or in combination with intravenous

administration of cisplatin were feasible and well tolerated in advanced NSCLC patients, and
appeared to provide clinical benefit.

J Clin Oncol 24:1689-1699. © 2006 by American Society of Clinical Oncology

in malignant tumors.” p53 gene mutation is re-
ported to occur in 40% to 50% of non—small-cell

Lung cancer is the most common cause of cancer

related deaths in both men and women worldwide.’
In 2001, 39,880 males and 15,122 females died of
lung cancer in Japan, which ranked first among
males and third among females in the number of
cancer deaths.” Recent advances in molecular biol-
ogy have fostered remarkable insights into the mo-
lecular Dasis of lung cancer,” and suggest that
restoration of the function of critical gene products
could halt or reverse cancer pathogenesis, thus hav-
ing a therapeutic effect in cancer.

P53 1s the most extensively studied tumor sup-
pressor gene, and its mutation has been reported to
be one of the most common genetic changes found

lung cancer (NSCLC),” and aberrant p53 expression
correlates with an adverse prognosis in lung can-
cers.®” The p53 gene product is involved in multiple
pivotal cellular processes as a potent transcrip-
tional regulator, and one of its most important roles is
in the regulation of apoptosis.* We previously re-
ported that the overexpression of the wild-type
P53 (wt-p53) gene by recombinant, replication-
deficient viral vector, AdSCMV-p53 (ADVEXIN;
Introgen Therapeutics Ine, Houston, TX), trig-
gered apoptosis in a variety of human cancer cells
independent of their p53 status.”* ADVEXIN in
combination with chemotherapeutic drugs, such as
cisplatin, showed a profound antitumor effect in
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