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Enhanced oncolysis by a tropism-modified telomerase-specific replication-
selective adenoviral agent OBP-405 (‘Telomelysin-RGD’)

Masaki Taki', Shunsuke Kagawa'? Masahiko Nishizaki', Hirbyuki Mizuguchi®,
Takao Hayakawa?, Satoru Kyo®*, Katsuyuki Nagai®, Yasuo Urata®, Noriaki Tanaka'

and Toshiyoshi Fujiwara*-'2

! Division of Surgical Oncology, Department of Surgery, Okayama University Graduate School of Medicine and Dentistry, Okayama
700-8558, Japan; *Center for Gene and Cell Therapy, Okayama University Hospital, Okayama 700-8558, Japan; ? Division of Cellular
and Gene Therapy Products, National Institute of Health Sciences, Tokyo 158-8501, Japan; *Depariment of Obstetrics and -
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Replication-competent oncolytic viruses are being devel-
oped for human cancer therapy. We previously reported
that an attenuated adenovirus (OBP-301, ‘Telomelysin’),
in which the hTERT promoter element drives expression
of E1A and E1B genes linked with an IRES, could
replicate in cancer cells, and causes selective lysis of
cancer cells. We further constructed OBP-405 (‘Telome-
lysin-RGD?’) that contains an RGD motif in the HI loop of
the fiber knob. We examined whether OBP-405 could be
effective in overcoming the limitations of OBP-301,
specifically their inefficient infection into cells lacking
the primary receptor, the coxsackievirus and adenovirus
receptor (CAR). By flow cytometric analysis, H1299
(lung) and SW620 (colorectal) tumor cells showed high
levels of CAR expression, whereas LIN444 (glioblastoma),
LNZ308 (glioblastoma), and H1299-RS (lung) tumor cells
were negative for CAR expression. A quantitative real-
time PCR analysis demonstrated that fiber-modified
OBP-405 infected more efficiently than OBP-301,
although the intracellular replication rate of both viruses:
was coasistent. The.comparative antitumor effect of fiber-
modified OBP-405 and unmodified OBP-301 for human
cancer cells was evaluated in vitro by XTT assay as well
as in vivo by using athymic mice carrying xenografts.
OBP-405 had a profound oncolytic effect on human
cancer cell lines compared to OBP-301, in particular on
cells with low CAR expression. Intratumoral injection of
107 plaque-forming units of OBP-405 into CAR-negative
H1299-RS lung tumor xenografts in nu/nu mice resulted
in a significant inhibition of tumor growth and long-term
survival in all treated mice. Moreover, selective replication
of OBP-405 in the distant, uninjected H1299-R5 tumors
was demonstrated. Our results suggest that fiber-modified
replication-competent adenovirus OBP-405 exhibits a
broad target range by increasing infection efficiency, an
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outcome that has important implications for the treatment
of human cancers.
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Introduction

The optimal treatment for human cancer requires an
improvement of therapeutic ratio to increase cytotoxic
efficacy on the tumor cells and decrease that on the
normal cells. This may not be an easy task because most
of normal cells surrounding tumors are sensitive to the
cytotoxic treatment. Thus, to establish reliable thera-
peutic strategies for human cancer, it is important to
seek the genetic and epigenetic targets present only in
cancer cells. The emerging fields of functional genomics
and functional proteomics provide an expanding re-
pertoire of clinically applicable targeted therapeutics
(Kohn et al., 2004). Telomerase is a ribonucleoprotein
complex responsible for the addition of TTAGGG
repeats to the telomeric ends of chromosomes (Greider
and Blackburn, 1985; Collins and Mitchell, 2002), and
contains the enzymatic subunit human telomerase
reverse transcriptase (hTERT) (Nakamura et al,
1997). The hTERT proximal promoter can be used as
a molecular switch for the selective expression of target
genes in tumor cells (Koga et al., 2000; Komata et al.,
2001; Gu et al., 2000, 2002), since almost all advanced
human cancer celis express telomerase and most normal
cells do not (Kim et al., 1994; Shay and Wright, 1996).
Genetically modified adenoviruses have emerged as a
new biological anticancer agent (McCormick, 2001;
Fang and Roth, 2003). We previously constructed an
adenovirus vector (OBP-301, ‘Telomelysin’), in which
the hTERT promoter element drives expression of E1IA
and EIB genes linked with an internal ribosome entry
site (IRES), and showed that OBP-301 induced selective



ElA and EIB expression in human cancer cells, but not
in normal cells (Kawashima ez al., 2004). Therefore,
OBP-301 can replicate and lyse only cancer cells, but not
normal cells. In addition, OBP-301 will infect neighbor-
ing cancer cells, and induce oncolysis throughout the
whole tumor mass in vivo.

Infection efficiency of the presently available adeno-
viral agent, which is derived from human adenovirus
serotype 5, varies widely depending on the expression of
Coxsackie-adenovirus receptor (CAR) (Wickham et al.,
1993). The initial step of adenovirus infection involves at
least two sequential steps. The first step is the attach-
ment of the virus to the cell surface through binding of
the knob domain of the fiber to CAR (Bergelson et al.,
1997). Following attachment, the viral internalization
into the cells occurs by the interaction of RGD (Arg-
Gly-Asp) motifs of penton base with integrin receptors,
avf3 and avfs, expressed on most cell types (Wickham
et al., 1993). Therefore, the interaction of the fiber knob
with CAR on the cell is the key mediator by which
adenoviral agents enter the cells. Modification of fiber
protein is an attractive strategy for overcoming the
limitations imposed by the CAR dependence of adeno-
virus infection (Wickham et «/., 1997; Dmitriev et al.,
1998; Krasnykh er al., 1998; Mizuguchi et al., 2001).

We modified the fiber of OBP-301 to contain RGD
peptide, which binds with high affinity to integrins (avf3
and avfS) on the cell surface, on the HI loop of the fiber
protein. The resultant adenovirus, termed OBP-405 or
‘Telomelysin-RGD’, mediated not only CAR-dependent
virus entry but also CAR-independent, RGD-integrin
(avf3 and avfS)-dependent virus entry. We explored
whether OBP-405 containing RGD peptide on the fiber
knob had more oncolytic efficacy on several types of
human cancer cells (CAR-positive or -negative), as
compared with OBP-301 containing wild-type fiber in
vitro and in vivo.

Results

Expression of CAR and integrins in human cancer and
normal cells

To investigate the antitumor effect of the fiber-modified
OBP-405, we used several human cell lines. We first
examined the expression levels of CAR and «v integrin
family, avf3 and avfS, on each cell surface by flow
cytometric analysis (Figure 1). Apparent amounts of
CAR expression were detected on HI1299 and SW620
cells, whereas LN444, LNZ308, and HI1299-RS5 cells
expressed extremely low levels of CAR. The normal
human lung fibroblast (NHLF) cell also exhibited
detectable CAR expression. In contrast to CAR, avf3
and avf5 integrins were readily expressed in all cell lines.

Increased infection efficiency and selective replication of
OBP-405

To assess whether incorporation of an RGD motif into
the HI loop of the fiber knob domain would enhance its

RGD-modified telomerase-specific oncolytic adenovirus
M Taki et a/

infectivity, CAR-positive parental H1299, CAR-nega-
tive LN444, and NHLF (normal cell) were infected with
OBP-301 or OBP-405 at an multiplicity of infection
(MOD) of 1. Quantitative real-time PCR analysis with
DNA extracted 2 h after infection demonstrated that the
amount of E1IA DNA after OBP-405 infection was
higher than that after OBP-301 infection in two human
cancer cell lines, whereas infectivity of both viruses was
almost similar in NHLF (Figure 2a). These results
suggest that RGD-modified OBP-405 showed increased
infectivity to neoplastic cells regardless of the levels of
CAR expression, although the infectivity enhancement
was greater in CAR-negative cancer cells.

We next examined the replication ability of OBP-301
and OBP-405 in different cell lines by measuring the
relative amounts of E1A DNA. HI1299, LN444, and
NHLF cells were harvested at the indicated time points
over 72 h after infection with OBP-301 or OBP-405, and
subjected to quantitative real-time PCR analysis. The
ratios were normalized by dividing the value of cells
obtained 2 h after viral infection. As shown in Figure 2b,
both OBP-301 and OBP-405 replicated 5-6 logs by 72h
after infection; their replication, however, were attenu-
ated up to 3 logs in normal NHLF cells.

Enhanced viral spread of OBP-405 in human cancer cells

To examine whether increased infectivity of OBP-405
could facilitate viral spread, H1299, L.N444, and NHLF
cells cultured in chamber slides were infected either with
OBP-301 or OBP-405 at an MOI of 1, and then
immunohistochemically stained for viral hexon at 24
and 48 h of postinfection. Viral hexon was detectable in
H1299 cells infected with OBP-301 and OBP-40S in a
time-dependent manner, although the amount of posi-
tive cells after OBP-405 infection was higher than that
after OBP-301 infection (Figure 3a). In contrast, viral
hexon was only present in CAR-negative LN444 cells
infected with OBP-405, but not in OBP-30l-infected
LN444 cells (Figure 3b), suggesting the selective
replication of OBP-405 in CAR-negative human cancer
cells,. NHLF human normal cells exhibited no hexon-
positive cells after OBP-301 or OBP-405 infection
(Figure 3c).

In vitro cytopathic efficacy of OBP-405 in CAR-negativé
human cancer cells

To test whether the increased infectivity and replication
of OBP-405 translated to improved oncolysis, we
compared the cytopathic effect of OBP-405 with that
of OBP-301 on various human cell lines in vitro
(Figure 4). Both OBP-301 and OBP-405 killed CAR-
positive H1299 and SW620 human cancer cells in a
dose-dependent manner; OBP-405 at an MOI of 0.1,
however, killed these cells as efficiently as OBP-301 at an
MOI of 1, suggesting that OBP-405 showed approxi-
mately 10-fold more profound tumor cell killing
compared with OBP-301. In contrast, only OBP-405
was lytic in CAR-negative LN444, LNZ308, and H1299-
R5 cells, likely due to the higher infectivity of OBP-405

3131

Oncogene

16



RGD-modified telomerase-specific oncolytic adenovirus

M Taki et al
3132
CAR aVB3 integrin . a VPS5 integrin
H1299
w0 9 0 10* 10 g o
s ® s
SWé620
B~ o Y amam To "xbu- (o3 ‘if > 107 0 o
LLN444 A
AL
¥ 3 G W 6 0" To* “ia¥ T [ R A
E
=
]
8 E ] -
LNZ308
I3 % 2
H1299 RS )%
JLAEN LA
(] 0% 1 10° P ¢ 10 10? 1w’ 10° Yo T T Ta
Ed % 2,
NHLF
i Z 28 & '
°|J ,._,.v T o 'a-:)"/*ah:“;c' 10? wt 10° c‘; o 39t 1w
FITC
Figure 1 Flow cytometric analysis of CAR and integrin («vf83 and av/i5) expression in human cancer and normal cell lines. Cells were
incubated with anti-CAR (RmcB), anti-avf3 integrin (LM609), and anti-avf5 integrin (P1F6) monoclonal antibodies, followed by
detection with FITC-labeled goat anti-mouse IgG secondary antibody. An isotype-matched normal mouse 1gG1 conjugated to FITC
was used as a control in all experiments (solid line)
in these cell lines. Most of these cells were dead within 5 injection (P<0.01). In addition, one of the six mice
days after OBP-405 infection, whereas OBP-301-in- treated with OBP-405 showed the complete eradication
fected cells were still intact at 5 days postinfection of the established H1299-R5 tumor. We previously
(Figure 4b). Neither OBP-301 nor OBP-405 exhibited  reported that intratumral injection of OBP-301 signifi-
cytopathic effect on NHLF cells.. cantly inhibited the growth of H1299 tumor xenografts;
a modest, insignificant growth inhibition, however,
. . occurred with administration of OBP-301 on H1299-
Enhanced oncolysis of CAR-negative tumor xenografisby RS tumors. Treatment with replication-deficient d1312
OBP-405 had no apparent effect on the growth of H1299-R5
We next examined whether OBP-405 cause enhanced ~ Umors.
oncolysis and spread in vivo. Subcutaneous H1299-R5
tumor xenografts with a diameter of 5-6mm received . L . . . .
three daily courses of intratumoral injection of 1 x 107 Targeting replication of OBP-405 in tumor tissues in vivo
plaque-forming units (PFU) of OBP-301, OBP-405 or  To evaluate selective replication of OBP-301 and OBP-
replication-deficient control adenovirus (d1312), or PBS 405 in vivo, we examined mouse tissues including
(mock). As shown in Figure 5, administration of OBP- implanted tumors for the presence of viral DNA and
405 resulted in significant growth suppression compared  protein by quantitative real-time PCR and immunohis-
to mock- or di312-treated tumors 34 days after virus  tochemistry, respectively, following intratumoral viral
Oncoger_le
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Figure 2 (a) Comparative analysis of the infection efficiency with OBP-301 and OBP-405 in H1299 (CAR-positive lung cancer),
LN444 (CAR-negative glioblastoma), and NHLF (normal fibroblast) cells. Cells were infected with either OBP-301 or OBP-405 at an
MO! of 1 for 2h, and the viral infection rate was evaluated by measuring the E1A copy number using the real-time quantitative PCR
method. (b) Assessment of viral DNA replication in H1299, LN444, and NHLF cells. Cells were infected with either OBP-301 or OBP-
405 at an MOI of 1 for 2 h. Following the removal of virus inocula, cells were further incubated for the indicated periods of time, and
then subjected to the real-time quantitative PCR assay. The amounts of viral E1A copy number are defined as the fold increase for each
sample relative to that at 2h (2h equals 1)
injection. Mice with established subcutaneous H1299-  damages in mice treated with either OBP-301 or OBP-
RS tumors received three daily courses of intratumoral 405 (data not shown).
injection of 1 x 107 PFU of OBP-301 or OBP-405, or
PBS (mock), and killed 7 days after treatment. E1A
DNA was not detected in any normal tissues examined Vztralt P re:zdl of 0?‘1:”405 in distant tumor tissues aft er
(liver, kidney, pancreas, and spleen), however, it was intratumoral injecti
ap_parently detected in tumors (Figure 6a). Tumors from We finally tested whether intratumoral injection of
mice treated with OBP-405 contained 100-fold more  OBP-405 could mediate a therapeutic benefit on distant,
ElIA DNA than tumors. from OBP-30l-treated mice  uninjected H1299-RS tumors in a dual tumor model.
(Figure 6a). Immunohistochemical staining of adenovir- H1299-R5 tumors were established in the flanks at
al hexon protein revealed that OBP-405 mediated viral  both left and right sides of nu/nu mice and viral replica-
spread throughout the tumor tissues that was less  tion in the left tumors was assessed after intratumoral
evident in OBP-301-treated animals (Figure 6b). In inoculation of 1x 107 PFU of either OBP-301 or
other normal organs, adenoviral hexon protein was  OBP-405 into tumors in the right flank. Quantitative
absent (data not shown). real-time PCR analysis on postinfection day 14 demons-
To directly address whether OBP-405 is not toxic, we  trated that OBP-405 caused approximately 100-fold
measured levels of liver enzymes as an indicator of  more efficient replication than OBP-301 in H1299-RS
hepatocellular damages 7 days after intratumoral tumors injected with viruses, whereas only OBP-405
injection of 1x 10" PFU of viruses. As shown in  replicated on distant, uninjected H1299-R5 tumors
Table 1, no significant elevation of liver enzymes was  (Figure 7a).
observed in mice intratumorally injected with OBP-301 At four weeks after viral injection, OBP-301 also
or OBP-405. In addition, histopathological analysis of  replicated in uninjected H1299-RS5 tumors; OBP-405,
liver sections demonstrated that there were no apoptotic ~ however; resulted in an approximately 100-fold more
hapatocytes or other histological signs of hapatocellular  replication at uninjected sites (Figure 7b). In contrast,
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