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Abstract Advancesin our understanding of the molecu-
lar basis of cancer and the availability of technology to
genetically engineer viruses have led to the development
of replication-competent viruses to treat cancer. In theo-
ry, replication-selective viruses offer several appealing
properties as biological agents for cancer therapy: they
kill tumor cells selectively, and their replication leads to
amplification of their oncolytic potential. Most preclini-
cal experiments in tissue culture and in animal models
support this notion. Clinical data on the first generation
of replication-selective viruses are now rapidly accruing.
The therapeutic index, and ultimately the clinical out-
come, will depend on a complex balance between host
and viral factors. This review discusses strategies to kill
cancer cells based on our understanding of their molecu-
lar defects and the progress being made using replica-
tion-competent viruses for tumor therapy. We focus our
discussion on a replication-selective adenovirus called
ONY X-015 that has recently demonstrated encouraging
resultsin clinical trials
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Introduction

Although standard treatment modalities for cancer such
as surgery, chemotherapy, and radiotherapy have im-
proved over the past decades, most neoplasms remain in-
curable. Novel therapeutic approaches are required
which are based on our current understanding of the mo-
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lecular basis and genetic etiology of cancer. Severad
types of cancer gene therapy strategies have been devel-
oped. Many of these depend on the delivery of a toxic
drug or death gene to the tumor cells using vira (e.g.,
adenoviruses, retroviruses, adenoassociated viruses) or
nonviral (e.g., liposomes, naked DNA injection) delivery
systems (group I, Fig. 1). Others involve replacement of
wild-type tumor suppressor genes such as p53 in tumor
cells that have lost its expression due to deletion or mu-
tation [1]. A third approach is based on methods to di-
minish the production of an oncogene (e.g., Mdm?2)
whose expression is aberrantly regulated in tumors [2,
3]. Replication-defective viral vectors have been used to
allow efficient delivery of a variety of transgenes to tar-
get tissues [4, 5, 6]. However, because these gene deliv-
ery vectors cannot discriminate between tumor cells and
normal cells they may mainly be useful in local/regional
therapy. A means to circumvent this issue would be to
design a vector that amplifies itself viareplication in tu-
mor cells, but not in normal cells. Replication-competent
viruses have several appealing properties as biotherapeu-
tic agents. While conventional chemotherapy follows log
cell kill kinetics, in which a proportional number of cells
are killed with a given dose of drug regardless of the tu-
mor burden, replication of the oncolytic virus in tumors
in theory amplifies the input dose and helps spread the
agent to adjacent tumor cells. This increases tumor trans-
duction efficiency, creates a high local concentration of
tumoricidal virus, and thus augments therapeutic effica-
cy. Utilization of viruses which replicate in tumor cells
through a lytic cycle will result in oncolysis. Further-
more, additional mechanisms have been reported to ex-
plain virus-induced tumor regression. Viral proteins as-
sociated with either tumor cell membrane fragments or
intact cells may enhance the immunogenicity of tumor
antigens, thereby augmenting host cellular- and humoral -
mediated destruction of the tumor [7, 8, 9]. Certain vi-
ruses may stimulate host production of cytokines, for ex-
ample, interferon and tumor necrosis factor-a [10, 11].
Although for nearly half a century the idea of using rep-
lication-competent viruses to treat human cancer has
been revisited, only recently has our understanding of vi-

ral and cancer biology progressed to allow genetic engi-
neering of replication-selective tumor-specific viruses. In
this review we discuss strategies to kill cancer cells
based on our understanding of their molecular defects
and the progress being made using replication-competent
viruses for tumor therapy. We focus on a replication-se-
lective adenovirus called ONY X-015 that has recently
demonstrated very encouraging resultsin clinical trials.

Types of replication-competent viruses used
for cancer therapy

Several strategies have been applied to achieve tumor se-
lective replication of viruses (group Il, Fig. 1). A first
concept is to delete viral genes essential for replication
in normal (primary) cells but not in tumor cells. A sec-
ond approach is to use genetically modified promoters to
control the expression of essential viral genes through
binding of tissue- or tumor-specific transcription factors.
Third, suicide genes can be delivered by viruses that rep-
licate selectively in tumor cells utilizing one of the strat-
egies mentioned above and thereby enhance the tumorly-
sis. Finaly, for some viruses [e.g., reovirus, Newcastle
disease virus (NDV)] a natural selectivity of replication
in tumor cells has been reported [11, 12, 13].

Genetic alterations are the basis for tumor
development

Alterations in the cellular genome affecting the expres-
sion or function of genes controlling cell growth and dif-
ferentiation are considered to be the main cause of can-
cer [14]. It is now evident that tumorigenesis is a multi-
step process in which mutations targeting tumor suppres-
sors and proto-oncogenes accumulate [15, 16]. Although
we do not fully understand all steps required for cellular
transformation, alterationsin a number of signaling path-
ways seem to be a common theme in cancer develop-
ment. For example, most if not al tumors have defectsin
the p53 pathway, either in p53 itself or in proteins that
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Fig. 2 Interaction between cellular and viral factors in the regula-
tion of the cell cycle. Mitogens such as growth factors activate the
Ras/Raf/mitogen-activated protein kinase (MAPK) cascade, which
leads to phosphorylation of the retinoblastoma protein (Rb) via ac-
tivated cyclinD—cdk4/6 complexes. E2F is released from Rb and
drives the expression of several genes essential for S-phase entry
of the cell cycle. p53, which can be induced either by DNA dam-
age or via the alternative reading frame (ARF) pathway, is a tran-
scription factor that drives the expression of the cell cycle inhibi-
tor p21 and the apoptosis inducer Bax after cellular stress. The cell
cycleis either arrested until the DNA damage is repaired or, if the
damage is not repairable, the cell undergoes apoptosis. Viruses
have evolved to produce a series of proteins that mimic cellular
regulators of the cell cycle. The adenoviral E1A protein can bind
to Rb and release E2F, driving the cell cycle into S phase. The
SV40 T antigen and the human papilloma viruses (HPV) E7 pro-
tein have similar functions. Furthermore, E1IB55K and E4orf6,
both adenoviral proteins, are able to bind to p53 and inactivate it.
Inactivation of p53 is also achieved by the SV40 T antigen and the
HPV EB6 proteins. Finaly, the adenoviral E1IB19K protein, a vira
homologue of Bcl-2, can inhibit the function of Bax thereby
blocking apoptosis

regulate it, Mdm2 and pl4ARF [17, 18, 19]. Likewise,
many tumors have defects in a pathway that includes cy-
clin D1, cdk4, pl6INK4a, and the retinoblastoma (Rb)
protein [20] (see Fig. 2).

During the G; phase of the cell cycle the Rb protein
in its hypophosphorylated form binds to transcription
factors of the E2F family, keeping them in an inactive
state [21]. When normal primary cells are exposed to mi-
togenic signals, such as growth factors, the cyclin D de-
pendent kinases cdk4 and cdk6 are activated and trigger
Rb phosphorylation in the middle to late G, phase [22,
23]. E2F is released and subsequently activates a series
of target genes whose expression is required for cells to
progress into S phase of the cell cycle, thereby stimulat-
ing proliferation [24]. The p53 protein is a transcription
factor that can block cell cycle progression or induce ap-
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optosis in response to stress or DNA damage [25, 26]. In
its role as a tumor suppressor p53 serves as the “guard-
ian of the genome” by regulating critical checkpoints in
response to the distinct stresses. p53 levels and activity
increase following DNA damage, owing in part to de
novo phosphorylation and conformational changes [27,
28]. Phosphorylation at specific serine residues by pro-
tein kinases, such as DNA-PK and ATM, prevent the in-
teraction of p53 with Mdm2, a protein that can down-
regulate p53 via ubiquitin-mediated proteolysis [29, 30].
p53 accumulates in the nucleus of the cells and activates
transcription of a variety of genes, such as p21WAFL or
Bax, thereby inducing growth arrest and apoptosis [31,
32] (seeFig. 2).

Uncontrolled activation of E2F that results from the
loss of Rb function contributes to uncontrolled entry into S
phase of the cell cycle [20]. However, hyperactivation of
E2F leads aso to increased expression of a protein named
p14ARF [33, 34]. p14ARF binds directly to Mdm2, seques-
tering it into the nucleolus and enabling transcriptionally
active p53 to accumulate in the nucleoplasm [35, 36]. Fur-
thermore, p14ARF inhibits the Mdm2 ubiquitin ligase activ-
ity, preventing Mdm2 from targeting p53 for degradation
[37]. Interestingly, the INK4a gene locus encoding p14ARF
aso encodes the cyclin-dependent kinase inhibitor
pl6inkda, which is a component of the Rb pathway and
negatively regulates the activity of the cyclin D/cdk4 com-
plexes [38]. The mRNASs for the two tumor suppressors
share common exons 2 and 3, but differ in exon 1 (desig-
nated 1a for pl6ink4a and 13 for p14ARF). Since the initi-
ator codon in exon 1P is not in frame with sequences en-
coding p16lnk4ain exon 2, the two gene products share no
protein homology and the B-transcript is therefore desig-
nated pl4ARF (“dternative reading frame”) [39].

In human cancers disruption of the Rb pathway can
result from inactivation of Rb itself through gene muta-
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tion, deletion of the gene locus, or disregulation of the
components controlling the degree of Rb phosphoryla-
tion [40, 41]. The latter can take place through activating
mutations in the cdk4 catalytic unit, up-regulation of D
type cyclin levels, or elimination of inhibitors for cdk4,
such as p16lnk4a [20]. These pathogenetic events appear
to be exceeded in frequency only by p53 inactivation.
Mutations in p53 itself occur in about 60% of human
cancers [42]. The DNA-binding central domain of p53is
the primary target for mutational inactivation in many
cancers, and the most common mutation hotspots are in-
volved in direct contact with the p53 DNA-binding site
[43]. Not only p53 itself but also other components of
the p53 pathway are targeted during cellular transforma-
tion to alow the bypassing of the p53-dependent cell-cy-
cle checkpoint [44, 45, 46, 47]. Amplification of the
Mdm2 gene locus or deletion of pl4ARF have been de-
scribed as alternative mechanisms of inactivating the
p53-dependent checkpoint. Defects in the p53 pathway,
then, alow tumor cells to exert the positive effects of
E2F, cell growth, and proliferation. Although mutation
of p53, amplification of Mdm2, or loss of pl4ARF seem
to be equivaent in inactivating the p53 checkpoint, mu-
tation in p53 itself has more severe consequences for tu-
mor development and the clinical outcome. Thisis main-
ly because p53 is necessary for efficient cell killing by
radiation or genotoxic chemicals [26]. Tumors that have
lost p14ARF expression are still capable of responding to
these insults activating p53 via multiple, distinct path-

ways.

Viruses and their interaction with cellular
components

There are striking similarities between tumor cells and
cells infected by viruses in their ability to interfere with
signal transduction pathways promoting G, to S transi-
tion. In particular, p53- and Rb-dependent cell cycle
checkpoints must be bypassed. Some viruses have
evolved gene products that either interact physically with
cell cycle regulatory proteins or transcriptionally activate
their expression, thereby mimicking cell cycle activation
in quiescent cells by physiological signals. As a repre-
sentative example, the replication cycle of adenovirus 5
has been described, athough it should be noted that
many features bear similarity with SV40 and human pap-
illomaviruses (HPV-16).

The replication cycle of adenoviruses has two phases,
early and late, separated by the onset of DNA replica-
tion. A major function of the adenoviral early genesisto
provoke the infected cell to enter the cell cycle and pro-
gress to S phase [48]. In S phase the virus can take ad-
vantage of the cellular DNA replication machinery and
replicate its own genome efficiently. The viral E1A pro-
teins are potent transactivators that relieve cellular
growth suppression and induce quiescent cells to enter S
phase by binding members of the Rb family, thereby re-
leasing E2F [48]. Rb is also bound and inactivated by T

antigen and the E7 protein, functional EIA homologues
of the SV40 or HPV-16 viruses, respectively [49]. On the
other hand, expression of E1A results aso in induction
of p14ARF and subsequent accumulation of active p53 in
the nucleoplasm [50]. In response to viral infection p53
could induce G, growth arrest by inducing genes such as
p21WAFL or apoptosis through the induction of Bax or
other downstream mediators of apoptosis [31, 32].
Growth arrest or apoptosis early in infection would block
vira replication and reduce vira yield significantly.
Therefore adenoviruses encode another set of early
genes, the E1B genes (E1B55K and E1B19K), that play a
major role in protecting infected cells from these E1A-
induced and p53-mediated effects [51, 52, 53]. The
E1B19K protein is a functional homologue of the proto-
oncogene Bcl-2 and prevents apoptosis by a similar
mechanism [54, 55]. The large E1B protein complexes
with the aminoterminal end of p53 and inhibits its activi-
ty as a transcription factor [51]. Furthermore, together
with another early viral gene product, the E4orf6 protein,
E1B55K exports p53 to the cytoplasm for degradation
[56, 57]. In addition, at later times in the lytic infection
the E1B55K protein in association with the E4orf6 pro-
tein facilitates the transport of viral late mMRNA while in-
hibiting the transport of most cellular mRNA [58, 59]. It
is now well documented that early proteins of a variety
of DNA viruses inactivate the p53 function, thereby pro-
tecting from growth arrest and cell death after infection.
For example, SV40 produces the large T antigen, which
binds to and inactivates p53 and led to the discovery of
p53 by coimmunopreciptiation in the late 1970s [60, 61].
HPV-16 produces E6 proteins that inhibit the transcrip-
tional function of p53 [62]. Taken together, neutraliza-
tion of p53 activity during infection seemsto be essential
for viral replication in the lytic infection.

Furthermore, there are a number of additional cellular
pathways targeted in a cell type specific manner. Human
T-lymphotropic virus 1 infection of human lymphocytes
leads to constitutive activation of the Janus kinase,
which contributes to T-cell immortalization by this virus
[63]. The LMP-1 gene product produced by Epstein-Barr
virus interferes with signaling by members of the tumor
necrosis factor receptor family, contributing to transfor-
mation of human B-cells [64].

The use of an E1B55K-deleted virus (ONYX-015)
to kill tumor cells

From the comparison between tumor cells and adenovi-
rus-infected cells arose the following idea: Adenoviruses
that are not able to block the p53 response should be de-
fective for replication in normal cells but should grow
efficiently in p53 mutated tumor cells. Since the majority
of tumors have mutations in p53, these viruses should be
useful for cancer therapy in a wide range of tumor pa-
tients. Adenoviruses are well characterized, and the
functions of their early E1A and E1B proteins have been
studied extensively. For this reason and because adenovi-



ruses are relatively easy to grow in culture, a mutant ade-
novirus, dl1520 that is deleted in the EIB55K gene, was
chosen as a possible candidate [65]. This mutant is a hu-
man group C adenovirus that contains an 827-bp deletion
in the E1B region and a point mutation that generates a
stop codon preventing expression of a truncated form of
the protein. It is incapable of degrading the p53 protein,
which therefore accumulates in the nucleoplasm after
infection of normal cells and may block viral replication.
In theory, di1520, which is now aso referred to as
ONY X-015, should replicate only in p53-deficient cells
and therefore have the general property of being cancer
specific.

The early E1A gene product of adenoviruses has been
shown to be essentia for vira replication. Segments of
the E1A protein that bind to various cellular components
such as Rb or p300 have been characterized [48]. Howev-
er, it should be possible to construct viral mutants that
lack critical regions of E1A, and might therefore replicate
selectively in cells lacking functional Rb. These mutants
are currently under evaluation and are discussed below.

Evaluation of ONYX-015 in cell culture

The ability of ONY X-015 to replicate in normal cells
and tumor cell lines with known p53 status (wild-type or
mutated/deleted) has been extensively studied [66, 67,
68, 69, 70, 71, 72]. In most cases replication of ONY X-
015 in primary cellsis attenuated 100- to 1000-fold com-
pared to wild-type virus [67]. Initia results from 11 tu-
mor cell lines suggested a correlation between p53 status
and susceptibility to ONY X-015 [66]. However, further
examination has established that no such correlation ex-
ists, because ONY X-015 can efficiently replicate in sev-
eral cell lines despite their wild-type p53 status [68, 69,
70, 71]. Several reasons may account for these important
findings, and are discussed below.

It was initially observed that ONY X-015 replicatesin
tumor cell lines with mutant or deleted p53 aleles. For
example, in C33A cervical carcinoma cells, which ex-
press a p53 with an inactivating mutation at codon 273,
ONY X-015 grows as efficiently as wild-type adenovirus
[66, 67]. In many of these cancer cell lines, however,
ONY X-015 grows more slowly than wild-type virus, but
cells are killed in most cases producing high titers of the
virus. This attenuation might be due to other functions of
the E1B55K protein. As mentioned above, E1IB55K has
been demonstrated to modulate viral and cellular mMRNA
transport after transcription and processing but before
translocating of mMRNAs through the nuclear pores [58,
59]. It will be interesting to determine how tumor cells
that support ONY X-015 replication efficiently compen-
sate for the lack of the E1B55K export function. All
these data support the origina hypothesis that E1B55K
should only be essential in cells retaining wild-type p53
function.

As stated above, several tumor cell lines have now
been reported in which the p53 gene is wild-type and
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nevertheless allow efficient replication of ONY X-015
[68, 69, 70, 71]. We were interested to determine wheth-
er aternative mechanisms of inactivation of the p53
pathway can explain this finding. In a recent study we
demonstrated that the lack of p14ARF expression disrupts
the p53 pathway, thus facilitating replication of ONY X-
015 in many tumor cell lines that retain a wild-type p53
alele [72]. As mentioned above, a role for pl4ARF as a
negative regulator of Mdm2, interfering with Mdm2-me-
diated shuttling and degradation of p53 has been shown
previously [35]. Loss of p14ARF in tumor cells containing
wild-type p53 causes a deregulation of Mdm2, thus in-
hibiting p53 from exerting its protective effects follow-
ing infection. Reintroduction of p14ARF into those tumor
cells inhibited replication of ONY X-015 by 0.5-1 log,
but not wild-type adenovirus. Importantly, this protective
effect of pl4ARF js p53 dependent, as introduction of
p14ARF into cells with deleted p53 alleles did not prevent
ONY X-015 replication [72]. Collectively, the presence
of two different types of tumors with wild-type p53 are
suggested: type A, tumor cells with an intact
p14ARF/IMdm2/p53 pathway, which suppress replication
of ONY X-015 in a p53-dependent manner; and type B,
tumor cells with disrupted pl4ARF/Mdm2/p53 pathway
that support replication of ONYX-015. This might be
caused by deletion of pl4ARF or amplification of the
Mdm2 gene. It is important to mention that there are
some tumor cell lines that inhibit replication of ONY X-
015 in a p53-independent manner. For example, ONY X-
015 fails to replicate in the osteosarcoma cell line U20S
[66, 71]. These cells retain wild-type p53 but express no
pl4ARF. However, elimination of p53 function through
expression of a dominant negative p53 did not support
replication [71]. Clearly, in these cells another function
of E1B55K is necessary. The identity of this function is
unknown, but it can be speculated that it relates to the
export of late viral mMRNAs by E1B55K in infected cells.

Preclinical studies on ONYX-015 in mice

Studies in animal models are widely used to predict the
efficacy and toxicity of a newly developed drug in vivo.
The use of mouse knock-out models in which defined
genes are deleted by homologous deletion could have
contributed to the understanding of the cellular mecha-
nisms underlying the replication of ONY X-015. Howev-
er, a mgjor problem is that human adenoviruses do not
replicate efficiently in other species such as mouse. Ex-
periments to generate a “mouse version” of ONY X-015,
which is based on a mouse pathogenic adenovirus are
currently under way.

To test whether ONYX-015 can indeed spread
through the solid mass of a human tumor grown in nude
mice C33A cervical carcinoma xenograft models were
studied. Intratumoral injection of ONY X-015 resulted in
significant tumor growth inhibition compared with con-
trol tumors (vehicle or UV-inactivated ONY X-015) [66].
More than 50% of C33A xenograft tumors completely
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regressed. All responses have been lasting, without evi-
dence of tumor regrowth after 6 months of posttreatment
follow-up. The antitumoral effects of intratumoral or in-
travenous injections with ONY X-015 have also been
demonstrated in mouse xenograft models using HLaC la-
ryngeal carcinoma cells, RKO, HCT116, and SW620
cells (al colorectal carcinomacells) [66, 73].

Interestingly, ONYX-015 works most effectively
when injected directly into tumors and in combination
with genotoxic agents, such as 5-fluoruracil (5-FU) or
cisplatin [67]. These chemotherapeutic agents are com-
monly used to treat head and neck cancer patients. Un-
like cisplatin or 5-FU alone, treatment with ONY X-015
alone increases survival times significantly [67]. Howev-
er, the combination of cisplatin or 5-FU with ONY X-015
has been shown to be more effective than chemotherapy
or virus treatment alone and results in a significant in-
crease in the median survival in xenografted mice [67].
This synergistic effect could be achieved by intratumoral
and intravenous administration of ONYX-015. The
mechanism by which the combination of chemotherapy
and ONY X-015 treatment improves efficacy is not well
understood. Synergistic effects are most possibly due to
chemosensitization and local bystander effects promoted
through cytokines such as tumor necrosis factor [74] can
be speculated.

Furthermore, it has been shown in vivo that ONY X-
015 viral therapy can be combined with radiotherapy to
improve tumor control beyond that of monotherapy [75].
Unlike other strategies that generate synergistic effects,
the combined effects of ONY X-015 viral and radiation
therapy appears to be additive in the tested tumor model.

Based on these studies and on the demonstration of
safety in the cotton rat, which is partially competent for
replication of human adenoviruses, ONY X-015 entered
phase | clinical testing in April 1996.

Clinical studies on ONYX-015
Phase | trial for treatment of head and neck cancer

A total of 22 patients with recurrent head and neck can-
cer were enrolled into the clinical phase | study [76]. Eli-
gibility requirements included histologically confirmed
squamous cell carcinoma of the head and neck that was
recurrent and refractory to radiotherapy and/or chemo-
therapy. The primary objective of this study wasto deter-
mine the safety, feasibility, and efficacy of asingle intra-
tumoral injection of ONY X-015. Treatment was well tol-
erated, with the main toxicity being mild flulike symp-
toms. The maximum dose injected was 101 plague-
forming units, and this did not cause any serious adverse
effects. Vira replication was found in 4 of 22 patients
treated, all of whom had p53 mutant tumors. Although
using conventional response criteria no objective re-
sponses were observed, magnetic resonance imaging
demonstrated tumor necrosis at the site of viral injection
in five patients showing evidence of antitumor activity.

All patients developed a rising neutralizing antibody re-
sponse despite being immunosuppressed. Taken together,
these results suggested that intratumoral administration
of ONY X-015 is feasible, well tolerated, and associated
with biological activity.

Phase I trials

ONYX-015 as monotherapy for recurrent head
and neck cancer

To evauate the safety, humoral immune response, repli-
cation, and activity of intratumoral injections of ONY X-
15 in patients with recurrent squamous cell carcinoma of
the head and neck, a clinical phase Il trial was carried
out [77, 78]. All patients enrolled had recurrence/rel apse
after conventional treatment and received ONY X-015 at
a dose of 2x10U particles (1x1010 pfu) via intratumoral
injection for either 5 consecutive days or twice daily for
10 days during a 21-day cycle. Antitumor activity (as
measured by >50% tumor destruction) was observed in
approximately 14% of patients in both groups. Of the
eight tumor regressions observed two partial and one mi-
nor regression were confirmed approximately 4 weeks
later. A significant correlation was demonstrated be-
tween antitumoral activity (complete, partial, and minor
responses) and presence of a p53 gene mutation. The
therapy was well tolerated, with transient low-grade fe-
ver and injection pain as most frequent toxicities, which
were al manageable on an outpatient basis. Neutralizing
antibody titers either before or after treatment with
ONY X-015 were not predictive for antitumor activity.
However, despite the biological activity with ONY X-015
in this phase Il tria clinical benefit was not seen in the
majority of the patients[77, 78].

ONYX-015 in combination with chemotherapy
for treatment of head and neck cancer

In vitro and mouse xenograft studies have shown syner-
gistic efficacy of ONY X-015 in combination with che-
motherapy, such as cisplatin or 5-FU, compared to treat-
ment with ONY X-015 or chemotherapy aone [67]. A
phase Il clinical trial of intratumoral ONY X-015 injec-
tion in combination with intravenous cisplatin and 5-FU
chemotherapy was performed in patients with recurrent
squamous cell carcinoma of the head and neck [79].
Treatment caused tumors to shrink in 25 of the 30 cases
evaluated. Objective responses (as measured by >50%
tumor destruction) of injected tumors were observed in
63% of the evaluated patients with 27% (eight patients)
complete responses. Based on an “intent-to-treat” analy-
sis of al patients, the objective response rate of injected
tumors was 53%. Six months after the end of the study
none of the tumors with an objective response to the
combined therapy had progressed, whereas all noninject-
ed tumors treated with chemotherapy alone had pro-
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gressed. The most common adverse events reported in
this study were injection site pain and mucositis (often
observed with 5-FU treatment), while flulike symptoms
were less frequent than in the clinical studies using
ONY X-015 as a single therapeutic agent [77, 78]. There
was no correlation between response and baseline tumor
size, baseline neutralizing antibody titer, p53 gene status,
or prior treatment. Tumor biopsy specimens obtained af-
ter treatment showed tumor-selective viral replication
and necrosis induction [79].

The reasons for a synergistic effect on the clinical re-
sponse observed when combining ONY X-015 with stan-
dard chemotherapy are not well understood. Chemosen-
sitization is a likely explanation in ONY X-015 treated
patients. This is consistent with the observation that the

patients suffering from multiple head and neck tumors
[79], the majority of ONY X-015 injected tumors (9 of
11) regressed in combination with chemotherapy, where-
as only a few noninjected lesions responded (3 of 11)
[79]. Cellular and humoral immunosuppression is fre-
guently observed with chemotherapy, and therefore im-
proved virus replication may contribute to the synergistic
effects.

Because of the promising results obtained from this
clinical phase Il trial, ONY X-015 entered phase 11 clini-
cal testing for the treatment of recurrent head and neck
cancer in December 2000. ONY X-015 combined with
standard chemotherapy will be compared to chemothera-
py aone to determine whether the combination therapy
significantly improves durable tumor response and pro-



170

gression-free survival. The trial will take place at numer-
ous places in Europe and the United States and will in-
clude approximately 300 patients.

Clinical trials on ONYX-015 for other cancers

Clinical phase I/1l trials are currently being conducted
evaluating ONY X-015 in patients with liver metastases
of colorectal cancer and pancreatic cancer (Fig. 3).
ONY X-015 is administered through hepatic artery infu-
sion in patients with liver metastases of colorectal can-
cer. This alows simultaneous delivery of ONY X-015 to
multiple tumors within the liver. ONY X-015 treatment is
combined with administration of 5-FU and leucovorin. Pa-
tients with pancreatic cancer are treated with ONY X-015
via computed tomography guided intratumoral injections
[80]. In two phase | clinical trials patients with sarcomas
and glioblastoma are being treated with intratumoral in-
jection of ONY X-015 (Fig. 3). Other indications include
oral leukoplakia and cervical and bladder cancer. Also,
intravenous infusion of ONY X-015 has been shown to
be safe and feasible in patients with advanced metastatic
carcinomato the lung [81].

Other viruses used as oncolytic agents
Adenoviruses

Recently other tumor-selective adenovirus mutants have
been reported in which essentia viral genes were modi-
fied or deleted. These mutants proposed for specific rep-
lication are based on the deletion of the Rb-binding site
of E1A [82, 83]. They are unable to induce resting cells
to pass the G,/M checkpoint and progress into mitosis.
One of these mutants targeting the Rb pathway, AdA24,
has been shown to produce antiglioma effects in vivo
[83].

Furthermore, in several adenovirus vectors the tran-
scription of essential viral genesis controlled by replac-
ing the native viral promoters with tumor-specific pro-
moters. Using this strategy a series of prostate cancer
specific adenoviruses have been generated [84, 85, 86].
Promoters of prostate-specific genes, such as prostate-
specific antigen (PSA) and human kallikrein 2, control
the expression of the viral E1A and E1B proteins. The
regulatory region of those prostate-specific genes con-
tains several androgen-responsive elements and prostate-
specific enhancers [86]. CN706, an adenovirus in which
the E1A gene is driven by the PSA promoter, has been
shown to destroy human PSA-positive cells 400 times
more efficiently than PSA-negative cells and eliminates
LNCaP (human PSA-positive prostate cancer cell line)
xenografts in nu/nu mice with a single intratumoral in-
jection [84]. CV764 contains both viral genes (E1A and
E1B) under the control of prostate specific promoters.
While the PSA promoter drives the gene E1A, the E1B
gene is controlled by the promoter/enhancer of the hu-

man kallikrein 2 gene. CV764 kills PSA-positive cells
10,000 times better than PSA-negative cells but cannot
eliminate distant preexistent LNCaP xenograft tumors in
nu/nu mice by intravenous tail vein injection [85]. In
both viruses, CN706 and CV764, the adenoviral E3 re-
gion, which is not essential for viral replication, has been
deleted [84, 85]. However, recent studies demonstrate
that the proteins encoded by the E3 region might play a
role in assisting virus release and evading or slowing
host immune responses to the virus [87, 88]. It was
therefore of interest to construct an adenovirus which re-
tains the entire E3 region, but replicates in a prostate
specific manner: CV 787 was generated using the rat pro-
basin prostate-specific promoter, driving the E1A ex-
pression, and the prostate-specific enhancers controlling
the E1B gene [85]. This virus contains the complete E3
region. CV787 replicates as does the wild-type adenovi-
rusin cells that express PSA but is attenuated 10,000- to
100,000-fold with respect to replication in PSA negative
cells. The addition of the adenoviral E3 region increased
efficacy 10- to 100-fold both in vitro and in vivo. Most
importantly, CV787 could eliminate preexistent, distant-
ly located LNCaP tumors in nu/nu mice [85].

CV706 and CV787 are currently in phase /Il clinical
trials for organ-confined and metastatic prostate cancer.

Using a similar strategy, adenoviruses have been con-
structed to express the E1A gene under the control of the
o-fetoprotein promoter [89]. a-fetoprotein is expressed
at high levelsin hepatocellular carcinomas [90].

Herpes simplex virus

Another attractive virus for experimental tumor therapy
is the genetically engineered herpes simplex virus (HSV)
type 1 [91]. Since malignant gliomas are the most com-
mon primary malignant brain tumors and fatal despite
aggressive therapies including surgery and radiotherapy,
the search for alternative therapiesis clearly needed [92].
HSV-1 replicates in neuronal tissue and has been shown
to kill tumors derived from the nervous system. Howev-
er, the wild-type HSV-1 can cause a fatal hemorrhagic
encephalitis in humans [93]. Through deletion of both
copies of the neurovirulence gene y34.5 an avirulent ver-
sion of HSV-1 can be generated [94, 95]. The second
generation of HSV-1 vectors G207 comprises a multi-
gene mutant with deletions not only at the y34.5 loci but
also a lacZ insertion in the ICP6 gene, allowing the
tracking of viral replication [91]. The ICP6 gene encodes
for the ribonucleotide reductase, which is essentia for
replication [96, 97]. Host gene expression in dividing
cells is presumably able to complement the missing en-
zyme activity in trans, rendering the mutant virus G207
conditionally replicating in dividing cells. These multi-
ple and large deletions/insertions make reversion to wild
type highly unlikely. The ribonucleotide reductase muta-
tion results in a hypersensitivity of G207 to antivira
compounds such as ganciclovir, which is already in clini-
cal use [91]. Thus as an additional safeguard in the case



of encephalitis or excessive toxicity caused by the treat-
ment with G207 an effective antiviral medication would
be available. Furthermore, the mutant HSV-1 is charac-
terized by a temperature sensitivity that would compro-
mise viral replication in the presence of encephalitis and
fever [91].

The safety of G207 inoculation has been demonstrat-
ed inaclinica phase | trial (1998-1999) which enrolled
21 patients suffering from malignant glioma. No patient
developed HSV encephalitis, nor could any other toxici-
ty be ascribed to treatment with G207 [98]. A phase ||
clinical trial using a combination of G207 and radiother-
apy is currently in preparation.

“Armed” adeno- and herpesviruses

A natural extension of using engineered viruses is to
combine these tumor-selective replicating agents with the
delivery of therapeutic genes (Fig. 1) [99, 100]. This ap-
proach offers the potential advantage of delivering high
concentrations of antitumor activity to cancer cells with
minimal toxicity to normal tissue. These therapeutic
genes encode for prodrug-converting enzymes (such as
thymidine kinase), suicide genes, or immunostimulatory
cytokines [such as interleukin (IL) 4, 1L-12]. Prodrug-
converting enzymes convert nontoxic prodrugs into cyto-
toxic metabolites, killing the prodrug enzyme- expressing
cell as well as neighboring cells. Since many of these ac-
tivated prodrugs target DNA replication, timing, and dos-
ing of prodrug administration needs to be optimized to
ensure efficacy of the treatment. It has been shown that
addition of thymidine kinase to an E1B55K-deleted ade-
novirus mutant results in improvement in treating effica-
cy in combination with the prodrug ganciclovir in HT-29
colon cancer xenografted nu/nu mice [101]. Most impor-
tantly, the delivery was markedly better in replication-se-
lective viruses than in replication-incompetent vectors. In
another approach, an E1B55K-deleted adenovirus was
developed containing a thymidine kinase fusion gene
with cytosine deaminase, which was shown to be superior
to each single agent alone [102]. Both “armed” adenovi-
ruses showed enhanced antitumoral efficacy, and offer
appealing options for improving efficacy.

Suicide genes have also been incorporated into HSV-1.
In this HSV mutant the prodrug converting gene
CYP2B1 replaces the HSV ribonucleotide reductase
gene, rendering this mutant more effective against tu-
mors when treated with the prodrug cyclophosphamide.
The addition of cyclophosphamide had minimal effects
on productive viral infection [103].

The IL-4 and IL-12 cytokine genes have also been in-
troduced into the oncolytic HSV to couple tumor specific
viral replication with a stimulation of the host immune re-
sponse. IL-4 and IL-12 were chosen based on their ability
to stimulate macrophage and T-cell proliferation and pro-
mote cytolytic activity of natural killer cells and cytotoxic
T-cells, respectively. Including these immunostimulatory
factors into HSV resulted in enhanced antitumor activity
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and prolonged animal survival compared with control pa-
rental viruses. In addition, an increased number of in-
flammatory cells in the tumor tissue was observed [99,
100]. Optimization of therapeutic gene expression levels
and timing of prodrug administration are crucia to
achieve maximal therapeutic benefit in this setting.

Reovirus

Human reovirus requires an activated Ras signaling
pathway for infection and replication in cultured cells
[104]. Restriction of reovirus is due to activation of the
double-stranded RNA-activated protein kinase by early
viral transcripts, which in turn inhibits the translation of
these transcripts. An activated Ras pathway inhibits acti-
vation of RNA-activated protein kinase, thereby allow-
ing viral protein synthesis and replication [104]. It has
been shown that reovirus specifically targets tumors with
a highly activated Ras signaling pathway. Although only
about 30% of human cancers have activating mutations
in the Ras gene itself, it is conceivable that more than
one-half of al tumors have an activated Ras pathway
due to activating mutations in genes up- or downstream
of Ras [105, 106]. In xenograft models using human gli-
oblastoma U87 cells tumor growth was substantially
suppressed, and tumor regression was observed in four
of five nu/nu mice after initial treatment. More impor-
tantly, it was demonstrated in immunocompetent mice
using Ras-transformed syngeneic fibroblasts that the tu-
mors regressed completely in six of nine reovirus-treated
animals, despite of the host immune response [12].

Newcastle disease virus

NDV strain 73-T has been reported to be cytolytic to tu-
mors cells [11]. Data from tissue culture and from xeno-
graft models suggest that tumor cells are much more sus-
ceptible to NDV replication and virus-mediated cytolysis
than normal cells[11, 13, 107, 108]. The selective sensi-
tivity of tumor cells to NDV may be due to differential
uptake, replication, or release of the virus. Since NDV is
a potent inducer of tumor necrosis factor a, interferon,
and IL-1, local production of these cytokines during
NDV infection might contribute to the antitumor effect
[11, 109]. The exact mechanism for tumor selective rep-
lication is unknown, but N-myc amplification seems to
support it [107, 108].

Immune response to viral and tumor antigens

Severa aspects of the immune response must be distin-
guished, in particular the immune response directed to
viral and those directed to tumor antigens. Very little is
known on this important subject in the context of repli-
cation-selective viruses, partly due to the limitations of
preclinical models.
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Some of our knowledge has been derived from clini-
cal trias. In the head and neck cancer patients receiving
intratumoral injections of ONY X-015 [76, 77, 78, 79],
nearly al developed neutralizing antibodies. However,
there is no correlation between titers of neutralizing anti-
bodies and tumor response [76, 77, 78, 79]. It remains to
be determined whether neutralizing antibodies will affect
clinical efficacy in systemically delivered adenoviruses.
Intravenous delivery of the HSV-1 mutant G207 in a
mouse model resulted in elevated levels of complement
and immunoglobulins in the serum capable of inactivat-
ing G207 [110]. Nevertheless, intravenously delivered
G207 resulted in viral gene expression for 4 daysin mul-
tiple organs and induced regression and cure of distant
tumors [111]. Clearly, systemic delivery of virus remains
achallenge for the future.

It has been shown that many tumors are potentially
immunogenic, but antigen-presenting cells fail to recog-
nize the antigen. An enhanced immune response to tu-
mor antigens has been proposed after injection with sev-
eral replication-selective adenoviruses [112], as the pres-
ence of the virus itself or cell debris of lysed cells would
significantly improve antigen presentation, promoting
antitumor immunity. Studies regarding this issue are in
their early stages, but there is some evidence that the
route of administration plays a role in determining the
strength of the immune response [113].

Concluding remarks

Replication-selective viruses offer two appealing proper-
ties as agents for cancer therapy: they kill tumor cells se-
lectively, and their replication leads to amplification of
their oncolytic effects. Preclinical data suggest that effi-
cacy may be further improved by tumor targeting strate-
gies or “arming” replication-competent viruses with ther-
apeutic genes. Clinical data of the first generation of rep-
lication-selective viruses are now rapidly accruing. A
number of issues need to be addressed in more detail,
such as role of the host immune response against viral
and tumor antigens and the mechanism of synergy be-
tween virus therapy and chemotherapy. Also, viral recep-
tor distribution on cancerous and normal tissues is likely
to influence intratumoral virus spreading. The therapeutic
index, and ultimately the clinical outcome, will depend
on a complex balance between host and viral factors. The
promising clinical results have fueled the hope that using
replication-selective viruses may lead to an effective can-
cer therapy, and phase |11 clinical testing is underway.

References

1. Clayman GL (2000) The current status of gene therapy. Semin
Oncol 27:39-43

2. Hupp TR, Lane DP, Ball KL (2000) Strategies for manipulat-
ing the p53 pathway in the treatment of human cancer. Bio-
chem J352 Pt 1:1-17

10.
11.

12.

13.

14.
15.

16.
17.
18.
19.
20.
21.
22.
23.

24.
25.

26.
27.
28.
29.

. Tortora G, Caputo R, Damiano V, Bianco R, Chen J, Agrawal

S, Bianco AR, Ciardiello F (2000) A novel MDM 2 anti-sense
oligonucleotide has anti-tumor activity and potentiates cyto-
toxic drugs acting by different mechanisms in human colon
cancer. Int J Cancer 88:804-809

. Strayer DS (1999) Viral gene delivery. Expert Opin Investig

Drugs 8:2159-2172

. Salmons B, Saller RM, Baumann JG, Gunzburg WH (1995)

Construction of retroviral vectors for targeted delivery and ex-
pression of therapeutic genes. Leukemia 9 [Suppl 1]:S53-S60

. Gunzburg WH, Salmons B (1995) Virus vector design in gene

therapy. Mol Med Today 1:410-417

. Webb HE, Smith CE (1970) Viruses in the treatment of cancer.

Lancet 1:1206-1208

. Cassel WA, Murras DR, Torbin AH, Olkowski ZL, Moore ME

(1977) Viral oncolysate in the management of malignant mela-
noma. |. Preparation of the oncolysate and measurement of
immunologic responses. Cancer 40:672-679

. Bohle W, Schlag P, Liebrich W, Hohenberger P, Manasterski

M, Moller P, Schirrmacher V (1990) Postoperative active spe-
cific immunization in colorectal cancer patients with virus-
modified autologous tumor-cell vaccine. First clinical results
with tumor-cell vaccines modified with live but avirulent
Newcastle disease virus. Cancer 66:1517-1523

Ho M (1970) Factors influencing the interferon response. Arch
Intern Med 126:135-146

Lorence RM, Rood PA, Kelley KW (1988) Newcastle disease
virus as an antineoplastic agent: induction of tumor necrosis
factor-alpha and augmentation of its cytotoxicity. J Natl Can-
cer Inst 80:1305-1312

Coffey MC, Strong JE, Forsyth PA, Lee PW (1998) Reovirus
therapy of tumors with activated Ras pathway. Science
282:1332-1334

Reichard KW, Lorence RM, Cascino CJ, Peeples ME, Walter
RJ, Fernando MB, Reyes HM, Greager JA (1992) Newcastle
disease virus selectively kills human tumor cells. J Surg Res
52:448-453

Hanahan D, Weinberg RA (2000) The hallmarks of cancer.
Cell 100:57-70

Christofori G, Hanahan D (1994) Molecular dissection of
multi-stage tumorigenesis in transgenic mice. Semin Cancer
Biol 5:3-12

Vogelstein B, Kinzler KW (1993) The multistep nature of can-
cer. Trends Genet 9:138-141

Lane DP (1999) Exploiting the p53 pathway for cancer diag-
nosis and therapy. Br J Cancer 80 [Supp! 1]:1-5

Steele RJ, Thompson AM, Hall PA, Lane DP (1998) The p53
tumour suppressor gene. Br J Surg 85:1460-1467

Levine AJ, Momand J, Finlay CA (1991) The p53 tumour sup-
pressor gene. Nature 351:453-456

Sherr CJ (1996) Cancer cell cycles. Science 274:1672-1677
Weintraub SJ, Prater CA, Dean DC (1992) Retinoblastoma
protein switches the E2F site from positive to negative ele-
ment. Nature 358:259-261

Sherr CJ (1994) G1 phase progression: cycling on cue. Cell
79:551-555

Ewen ME, Sluss HK, Sher CJ, Matsushime H, Kato J,
Livingston DM (1993) Functional interactions of the retinoblas-
toma protein with mammalian D-type cyclins. Cell 73:487-497
Dyson N (1998) The regulation of E2F by pRB-family pro-
teins. Genes Dev 12:2245-2262

Giaccia AJ, Kastan MB (1998) The complexity of p53 modu-
lation: emerging patterns from divergent signals. Genes Dev
12:2973-2983

Levine AJ (1997) p53, the cellular gatekeeper for growth and
division. Cell 88:323-331

Ljungman M (2000) Dial 9-1-1 for p53: mechanisms of p53
activation by cellular stress. Neoplasia 2:208-225

Caspari T (2000) How to activate p53. Curr Biol 10:R315—
R317

Haupt Y, Maya R, Kazaz A, Oren M (1997) Mdm2 promotes
the rapid degradation of p53. Nature 387:296-299



30.

3L

32.

33.
34.

35.
36.

37.

38.
39.

40.

41.
42.

45.

46.

47.

49.

50.

51.

52.

Momand J, Zambetti GP, Olson DC, George D, Levine AJ
(1992) The mdm-2 oncogene product forms a complex with
the p53 protein and inhibits p53-mediated transactivation. Cell
69:1237-1245

el-Deiry WS, Tokino T, Velculescu VE, Levy DB, Parsons R,
Trent JM, Lin D, Mercer WE, Kinzler KW, Vogelstein B
(1993) WAFL1, a potential mediator of p53 tumor suppression.
Cell 75:817-825

Miyashita T, Reed JC (1995) Tumor suppressor p53 is a direct
transcriptional activator of the human bax gene. Cell 80:
293-299

Palmero |, Pantoja C, Serrano M (1998) p19ARF links the tu-
mour suppressor p53 to Ras. Nature 395:125-126

Bates S, Phillips AC, Clark PA, Stott F, Peters G, Ludwig RL,
Vousden KH (1998) p14AREF links the tumour suppressors RB
and p53. Nature 395:124-125

Sherr CJ, Weber JD (2000) The ARF/p53 pathway. Curr Opin
Genet Dev 10:94-99

Tao W, Levine AJ (1999) P19 (ARF) stabilizes p53 by block-
ing nucleo-cytoplasmic shuttling of Mdm2. Proc Natl Acad
Sci U S A 96:6937—6941

Honda R, Yasuda H (1999) Association of pl9 (ARF) with
Mdm2 inhibits ubiquitin ligase activity of Mdm2 for tumor
suppressor p53. EMBO J 18:22-27

Serrano M (1997) The tumor suppressor protein pl6INK4a.
Exp Cell Res 237:7-13

Quelle DE, Zindy F, Ashmun RA, Sherr CJ (1995) Alternative
reading frames of the INK4a tumor suppressor gene encode
two unrelated proteins capable of inducing cell cycle arrest.
Cell 83:993-1000

Weinberg RA (1995) The retinoblastoma protein and cell cy-
cle control. Cell 81:323-330

Hatakeyama M, Weinberg RA (1995) The role of RB in cell
cycle control. Prog Cell Cycle Res 1:9-19

Hollstein M, Sidransky D, Vogelstein B, Harris CC (1991) p53
mutations in human cancers. Science 253:49-53

. Hainaut P, Soussi T, Shomer B, Hollstein M, Greenblatt M,

Hovig E, Harris CC, Montesano R (1997) Database of p53
gene somatic mutations in human tumors and cell lines: updat-
ed compilation and future prospects. Nucleic Acids Res
25:151-157

. Cordon-Cardo C, Latres E, Drobnjak M, OlivaMR, Pollack D,

Woodruff IM, Marechal V, Chen J, Brennan MF, Levine AJ
(1994) Molecular abnormalities of mdm2 and p53 genes in
adult soft tissue sarcomas. Cancer Res 54:794—799
Reifenberger G, Liu L, Ichimura K, Schmidt EE, Collins VP
(1993) Amplification and overexpression of the MDM 2 gene
in a subset of human malignant gliomas without p53 muta-
tions. Cancer Res 53:2736-2739

Thompson PM, Maris IM, Hogarty MD, Seeger RC, Reynolds
CP, Brodeur GM, White PS (2001) Homozygous deletion of
CDKN2A (p16INK4a/p14ARF) but not within 1p36 or at oth-
er tumor suppressor loci in neuroblastoma. Cancer Res
61:679-686

Orlow |, LaRue H, Osman |, Lacombe L, Moore L, Rabbani F,
Meyer F, Fradet Y, Cordon-Cardo C (1999) Deletions of the
INK4A gene in superficial bladder tumors. Association with
recurrence. Am J Pathol 155:105-113

. Flint J, Shenk T (1997) Vira transactivating proteins. Annu

Rev Genet 31:177-212

Vousden KH (1995) Regulation of the cell cycle by viral onco-
proteins. Semin Cancer Biol 6:109-116

de Stanchina E, McCurrach ME, Zindy F, Shieh SY, Ferbeyre
G, Samuelson AV, Prives C, Roussel MF, Sherr CJ, Lowe SW
(1998) E1A signaling to p53 involves the p19 (ARF) tumor
suppressor. Genes Dev 12:2434-2442

Kao CC, Yew PR, Berk AJ (1990) Domains required for in
vitro association between the cellular p53 and the adenovirus 2
E1B 55 K proteins. Virology 179:806-814

Yew PR, Berk AJ (1992) Inhibition of p53 transactivation re-
quired for transformation by adenovirus early 1B protein. Na-
ture 357:82-85

53.

54.

55.
56.

57.

58.

59.

60.
61.

62.
63.

64.
65.

66.

67.

68.

69.

70.

71.

72.

73.

173

Yew PR, Liu X, Berk AJ (1994) Adenovirus E1B oncoprotein
tethers a transcriptional repression domain to p53. Genes Dev
8:190-202

Rao L, Debbas M, Sabbatini P, Hockenbery D, Korsmeyer S,
White E (1992) The adenovirus E1A proteins induce apopto-
sis, which is inhibited by the E1B 19-kDa and Bcl-2 proteins.
Proc Natl Acad Sci U S A 89:7742—7746

Debbas M, White E (1993) Wild-type p53 mediates apoptosis
by E1A, whichisinhibited by E1B. Genes Dev 7:546-554
Moore M, Horikoshi N, Shenk T (1996) Oncogenic potential
of the adenovirus E4orf6 protein. Proc Natl Acad Sci USA
93:11295-11301

Querido E, Marcellus RC, Lai A, Charbonneau R, Teodoro JG,
Ketner G, Branton PE (1997) Regulation of p53 levels by the
E1B 55-kilodalton protein and E4orf6 in adenovirus-infected
cells. J Virol 71:3788-3798

Halbert DN, Cutt JR, Shenk T (1985) Adenovirus early region
4 encodes functions required for efficient DNA replication,
late gene expression, and host cell shutoff. J Virol 56:250-257
Babiss LE, Ginsherg HS, Darnell JE (1985) Adenovirus E1B
proteins are required for accumulation of late viral mMRNA and
for effects on cellular MRNA translation and transport. Mol
Cell Biol 5:2552-2558

Lane DP, Crawford LV (1979) T antigen is bound to a host
protein in SV40-transformed cells. Nature 278:261-263

Linzer DI, Levine AJ (1979) Characterization of a54 K dalton
cellular SV40 tumor antigen present in SV40-transformed
cells and uninfected embryonal carcinoma cells. Cell 17:43—
52

Hausen H zur (1991) Viruses in human cancers. Science
254:1167-1173

Migone TS, Lin JX, Cereseto A, Mulloy JC, O'Shea JJ,
Franchini G, Leonard WJ (1995) Constitutively activated
Jak-STAT pathway in T cells transformed with HTLV-I. Sci-
ence 269:79-81

Kieff E (1995) Epstein-Barr virus-increasing evidence of a
link to carcinoma. N Engl JMed 333:724-726

Barker DD, Berk AJ (1987) Adenovirus proteins from both
E1B reading frames are required for transformation of rodent
cells by vira infection and DNA transfection. Virology
156:107-121

Bischoff JR, Kirn DH, Williams A, Heise C, Horn S, Muna M,
Ng L, Nye JA, Sampson-Johannes A, Fattaey A, McCormick
F (1996) An adenovirus mutant that replicates selectively in
p53-deficient human tumor cells. Science 274:373-376

Heise C, Sampson-Johannes A, Williams A, McCormick F,
Von Hoff DD, Kirn DH (1997) ONY X-015, an E1B gene-at-
tenuated adenovirus, causes tumor-specific cytolysis and anti-
tumoral efficacy that can be augmented by standard chemo-
therapeutic agents. Nat Med 3:639-645

Harada JN, Berk AJ (1999) p53-independent and -dependent
requirements for E1B-55 k in adenovirus type 5 replication. J
Virol 73:5333-5344

Goodrum FD, Ornelles DA (1998) p53 status does not deter-
mine outcome of E1B 55-kilodalton mutant adenovirus lytic
infection. J Virol 72:9479-9490

Turnell AS, Grand RJ, Gallimore PH (1999) The replicative
capacities of large E1B-null group A and group C adenovirus-
es are independent of host cell p53 status. J Virol 73:2074—
2083

Rothmann T, Hengstermann A, Whitaker NJ, Scheffner M, zur
Hausen H (1998) Replication of ONY X-015, a potential anti-
cancer adenovirus, is independent of p53 status in tumor cells.
JVirol 72:9470-9478

Ries SJ, Brandts CH, Chung AS, Biederer CH, Hann BC,
Lipner EM, McCormick F, Korn WM (2000) Loss of pl4ARF
in tumor cells facilitates replication of the adenovirus mutant
di1520 (ONY X-015). Nat Med 6:1128-1133

Heise CC, Williams AM, Xue S, Propst M, Kirn DH (1999)
Intravenous administration of ONY X-015, a selectively repli-
cating adenovirus, induces antitumoral efficacy. Cancer Res
59:2623-2628



174
74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Gooding LR (1994) Regulation of TNF-mediated cell death
and inflammation by human adenoviruses. Infect Agents Dis
3:106-115

Rogulski K, Freytag S, Zhang K, Gilbert J, Paielli D, Jirn J,
Heise C, Kirn D (2000) In vivo tumor activity of ONY X-015
is influenced by p53 status and is augmented by radiotherapy.
Cancer Res 60:1193-1196

Ganly I, Eckhardt SG, Rodriguez Gl, Soutar DS, Otto R,
Robertson AG, Park O, Gulley ML, Heise C, Von Hoff DD,
Kaye SB (2000) A phase | study of Onyx-015, an E1B atten-
uated adenovirus, administered intratumorally to patients
with recurrent head and neck cancer. Clin Cancer Res
6:798-806

Nemunaitis J, Ganly I, Khuri F, Arseneau J, Kuhn J, McCarty
T, Landers S, Maples P, Romel L, Randlev B, Reid T, Kaye S,
Kirn D (2000) Selective replication and oncolysis in p53 mu-
tant tumors with ONY X-015, an E1B-55kD gene-deleted ade-
novirus, in patients with advanced head and neck cancer: a
phase |l trial. Cancer Res 60:6359-6366

Nemunaitis J, Khuri F, Ganly I, Arseneau J, Posner M, Vokes
E, Kuhn J, McCarty T, Landers S, Blackburn A, Romel L,
Randlev B, Kaye S, Kirn D (2001) Phase |l trial of intratumor-
al administration of ONY X-015, a replication-selective adeno-
virus, in patients with refractory head and neck cancer. J Clin
Oncol 19:289-298

Khuri FR, Nemunaitis J, Ganly |, Arseneau J, Tannock IF,
Romel L, Gore M, lronside J, MacDougall RH, Heise C,
Randlev B, Gillenwater AM, Bruso P, Kaye SB, Hong WK,
Kirn DH (2000) A controlled trial of intratumoral ONY X-015,
a selectively-replicating adenovirus, in combination with cis-
platin and 5-fluorouracil in patients with recurrent head and
neck cancer. Nat Med 6:879-885

Mulvihill S, Warren R, Venook A, Adler A, Randlev B, Heise
C, Kirn D (2001) Safety and feasibility of injection with an
E1B-55 kDa gene-deleted replication-selective adenovirus
(ONY X-015) into primary carcinomas of the pancreas. a phase
| trial. Gene Ther 8:308-315

Nemunaitis J, Cunningham C, Buchanan A, Blackburn A,
Edelman G, Maples P, Netto G, Tong A, Randlev B, Olson S,
Kirn D (2001) Intravenous infusion of a replication-selective
adenovirus (ONY X-015) in cancer patients: safety, feasibility
and biological activity. Gene Ther 8:746-759

Heise C, Hermiston T, Johnson L, Brooks G, Sampson-
Johannes A, Williams A, Hawkins L, Kirn D (2000) An ade-
novirus E1A mutant that demonstrates potent and selective
systemic anti-tumoral efficacy. Nat Med 6:1134-1139

Fueyo J, Gomez-Manzano C, Alemany R, Lee PS, McDonnell
TJ, Mitlianga P, Shi Y X, Levin VA, Yung WK, Kyritsis AP
(2000) A mutant oncolytic adenovirus targeting the Rb path-
way produces anti-glioma effect in vivo. Oncogene 19:2-12
Rodriguez R, Schuur ER, Lim HY, Henderson GA, Simons
JW, Henderson DR (1997) Prostate attenuated replication
competent adenovirus (ARCA) CN706: a selective cytotoxic
for prostate-specific antigen-positive prostate cancer cells.
Cancer Res 57:2559-2563

Yu DC, Chen Y, Seng M, Dilley J, Henderson DR (1999) The
addition of adenovirus type 5 region E3 enables calydon virus
787 to eliminate distant prostate tumor xenografts. Cancer Res
59:4200-4203

Yu DC, Sakamoto GT, Henderson DR (1999) Identification of
the transcriptional regulatory sequences of human kallikrein 2
and their use in the construction of calydon virus 764, an at-
tenuated replication competent adenovirus for prostate cancer
therapy. Cancer Res 59:1498-1504

Illan Y, Droguett G, Chowdhury NR, Li Y, Sengupta K,
Thummala NR, Davidson A, Chowdhury JR, Horwitz MS
(1997) Insertion of the adenoviral E3 region into a recombi-
nant viral vector prevents antiviral humoral and cellular im-
mune responses and permits long-term gene expression. Proc
Natl Acad Sci U S A 94:2587-2592

Robbins PD, Ghivizzani SC (1998) Viral vectors for gene ther-
apy. Pharmacol Ther 80:35-47

89.

90.

91.

92.

93.

94,

95.

96.

97.

Hallenbeck PL, Chang YN, Hay C, Golightly D, Stewart D,
Lin J, Phipps S, Chiang YL (1999) A novel tumor-specific
replication-restricted adenoviral vector for gene therapy of
hepatocellular carcinoma. Hum Gene Ther 10:1721-1733
Seregni E, Botti C, Bombardieri E (1995) Biochemical char-
acteristics and clinical applications of apha-fetoprotein iso-
forms. Anticancer Res 15:1491-1499

Mineta T, Rabkin SD, Yazaki T, Hunter WD, Martuza RL
(1995) Attenuated multi-mutated herpes simplex virus-1 for
the treatment of malignant gliomas. Nat Med 1:938-943
Walker MD, Green SB, Byar DP, Alexander E, Batzdorf U,
Brooks WH, Hunt WE, MacCarty CS, Mahaley MS,
Mealey J, Owens G, Ransohoff J, Robertson JT, Shapiro
WR, Smith KR, Wilson CB, Strike TA (1980) Randomized
comparisons of radiotherapy and nitrosoureas for the treat-
ment of malignant glioma after surgery. N Engl J Med 303:
1323-1329

Martuza RL, Malick A, Markert IM, Ruffner KL, Coen DM
(1991) Experimental therapy of human glioma by means of a
genetically engineered virus mutant. Science 252:854-856
Chou J, Kern ER, Whitley RJ, Roizman B (1990) Mapping of
herpes simplex virus-1 neurovirulence to gamma 134.5, a
gene nonessential for growth in culture. Science 250:1262—
1266

Bolovan CA, Sawtell NM, Thompson RL (1994) 1CP34.5
mutants of herpes simplex virus type 1 strain 17syn+ are at-
tenuated for neurovirulence in mice and for replication in
confluent primary mouse embryo cell cultures. J Virol 68:48—
55

Goldstein DJ, Weller SK (1988) Herpes simplex virus type
1-induced ribonucleotide reductase activity is dispensable
for virus growth and DNA synthesis: isolation and charac-
terization of an ICP6 lacZ insertion mutant. J Virol 62:
196-205

Jacobson JG, Leib DA, Goldstein DJ, Bogard CL, Schaffer
PA, Weller SK, Coen DM (1989) A herpes simplex virus ri-
bonucleotide reductase deletion mutant is defective for pro-
ductive acute and reactivatable latent infections of mice and
for replication in mouse cells. Virology 173:276-283

98. Markert IM, Medlock MD, Rabkin SD, Gillespie GY, Todo T,

99.

100.

101.

102.

103.

104.

105.
106.

107.

Hunter WD, Pamer CA, Feigenbaum F, Tornatore C, Tufaro
F, Martuza RL (2000) Conditionally replicating herpes sim-
plex virus mutant, G207 for the treatment of malignant glio-
ma: results of aphase| trial. Gene Ther 7:867-874

Springer CJ, Niculescu-Duvaz | (2000) Prodrug-activating
systems in suicide gene therapy. J Clin Invest 105:1161—
1167

Hermiston T (2000) Gene delivery from replication-selective
viruses. arming guided missiles in the war against cancer. J
Clin Invest 105:1169-1172

Kirn DH (2000) Replication-selective microbiological
agents: fighting cancer with targeted germ warfare. J Clin In-
vest 105:837-839

Wildner O, Blaese RM, Morris JC (1999) Therapy of colon
cancer with oncolytic adenovirus is enhanced by the addition
of herpes simplex virus-thymidine kinase. Cancer Res
59:410-413

Freytag SO, Rogulski KR, Paielli DL, Gilbert JD, Kim JH
(1998) A novel three-pronged approach to kill cancer cells
selectively: concomitant viral, double suicide gene, and ra-
diotherapy. Hum Gene Ther 9:1323-1333

Strong JE, Coffey MC, Tang D, Sabinin P, Lee PW (1998)
The molecular basis of viral oncolysis: usurpation of the Ras
signaling pathway by reovirus. EMBO J 17:3351-3362

Bos JL (1989) ras oncogenes in human cancer: a review.
Cancer Res 49:4682—-4689

Lowe PN, Skinner RH (1994) Regulation of Ras signal trans-
duction in normal and transformed cells. Cell Signal 6:109—
23

Lorence RM, Katubig BB, Reichard KW, Reyes HM,
Phuangsab A, Sassetti MD, Walter RJ, Peeples ME (1994)
Complete regression of human fibrosarcoma xenografts after



108.

109.

local Newcastle disease virus therapy. Cancer Res 54
6017—6021

Lorence RM, Reichard KW, Katubig BB, Reyes HM,
Phuangsab A, Mitchell BR, Cascino CJ, Walter RJ, Peeples
ME (1994) Complete regression of human neuroblastoma xe-
nografts in athymic mice after local Newcastle disease virus
therapy. J Natl Cancer Inst 86:1228-1233

Zuckerman SH, Shellhaas J, Butler LD (1989) Differential
regulation of lipopolysaccharide-induced interleukin 1 and
tumor necrosis factor synthesis: effects of endogenous and
exogenous glucocorticoids and the role of the pituitary-adre-
nal axis. Eur JImmunol 19:301-305

110.

111
112.
113.

175

Ikeda K, Ichikawa T, Wakimoto H, Silver J, Deisboeck T,
Finkelstein D, Harsh G, Louis D, Bartus R, Hochberg F,
Chiocca E (1999) Oncolytic virus therapy of multiple tumors
in the brain requires suppression of innate and elicited anti-
viral responses. Nat Med 5:881-887

Martuza R (200) Conditionally replicating herpes vectors for
cancer therapy. J Clin Invest 105:841-846

Wodarz D (2001) Viruses as antitumor weapons. Cancer Res
61:3501-3507

Kirn D, Martuza R, Zwiebel J (2001) Replication-selective
virotherapy for cancer: biological principles, risk manage-
ment and future directions. Nat Med 7:781-787



