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Introduction

Cancer plays a major role in human morbidity and mortality. Unfortunately
a considerable proportion of cancer is not amenable to surgery and needs to be
treated by chemotherapy and/or irradiation. These approaches are characterized
by an extremely narrow therapeutic index and major efforts in medical oncology
are dedicated to treating their adverse effects. Viruses provide an alternate bio-
logical approach to cancer therapy. Initial attempts at the clinical application of
viruses during the middle part of the 20th century were fraught with significant
side effects and large variability in antitumor activity, likely due to the use of
wild-type virus, passage-attenuated virus or infected cell lysates.

With the increase in our understanding of the molecular underpinnings of
malignant cells and viruses it has been possible to exploit viruses for cancer
therapy. The malignant behavior of a tumor cell is based on genetic alterations
that create an imbalance between growth and growth control. The transformed
phenotype provides a permissive environment for some viruses or functions to
complement viral mutations. Oncolytic viruses are able to selectively replicate
in tumor cells and kill them. A major advantage of such replication-competent
viruses is this in situ amplification and subsequent spread within the tumor.
However, cytotoxicity must be limited or controlled so that normal tissue is not
harmed and pathology is minimized.

This book reviews many of the replication-competent viruses currently
being pursued for cancer therapy, including those in clinical trial, and highlights
features of viral biology that can be harnessed for therapy. These viruses cover
the spectrum of animal viruses from RNA to DNA, single-stranded to double-
stranded and enveloped to non-enveloped (table 1). Targeting of herpes simplex
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Table 1. Replication-competent viruses for cancer therapy

Virus Genome Genome  Virion Envelope
size, kb size, nm
Autonomous parvovirus  Single-stranded DNA 5 20-25 No
Newcastle disease virus ~ Negative-strand RNA 15 150-300 Yes
nonsegmented
Reovirus Double-stranded RNA 24 60-80 No
10 segments
Adenovirus Double-stranded DNA 36 70-90 No
Herpes simplex virus Double-stranded DNA 153 150-200 Yes
Vaccinia virus Double-stranded DNA 192 300-400 Yes

virus (HSV) and vaccinia virus is mainly accomplished by mutating genes
required for DNA replication in nondividing cells, such as ribonucleotide reduc-
tase and thymidine kinase, or virulence. Mutations in adenovirus Ela and Elb
genes create viruses that can replicate in cells lacking Rb and p53 activity,
respectively, which are common alterations in cancer cells but not normal cells.
Therefore, the transformed phenotype is permissive for these mutants, as it is
for reovirus which utilizes an activated Ras pathway, autonomous parvoviruses
and Newcastle disease virus. Viruses can also be engineered to selectively repli-
cate in tumor cells by transcriptional regulation of essential genes with tumor-
specific promoters/enhancers, such as prostate-specific adenovirus and
hepatoma-specific HSV. These examples illustrate the variety and complexity of
viral strategies for cancer therapy, and how virus—host interactions can be
exploited. The field of oncolytic viruses is in its infancy and this monograph
provides an overview of those viruses being employed and how this approach is
being translated to the clinic.

We would like to thank the authors who have been instrumental in moving
the field forward, those patients who have participated in clinical trials in the
hope of a better treatment for cancer, and the ‘Frankfurter Stiftung fiir
Krebskranke Kinder’ that has promoted this new approach to cancer therapy by
generously sponsoring this book.

P. Hernaiz Driever
S.D. Rabkin
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Replication-Competent Herpes Simplex
Virus Vectors for Cancer Therapy

Samuel D. Rabkin®, Pablo Herndiz Driever®

# Molecular Neurosurgery Laboratory, Harvard Medical School,
Massachusetts General Hospital, Charlestown, Mass., USA, and

b Department of Pediatric Hematology and Oncology, Charité Medical Center,
Campus Virchow Hospital, Humboldt University, Berlin, Germany

Introduction

During the last 40 years viruses have been used to treat cancer as an alter-
native approach to conventional methods such as surgery, chemotherapy and
irradiation. Viral therapy of cancer, as a strategy, is based on direct cell killing
due to the lytic cycle of the virus and induction of an immune response to
the tumor, concomitant to the inflammatory response generated against viral
infection of the tumor. Initial viral therapy approaches used wild-type virus,
passage-attenuated virus, spontaneous mutants, or infected cell lysates, which
were highly variable and accompanied by considerable side effects that impeded
broad clinical application [10, 45, 243, 315]. Recent advances in genetic engi-
neering have provided the means to manipulate viruses so their oncolytic,
immunomodulatory, and gene transfer activities can be specifically targeted to
tumor cells while sparing surrounding normal tissue.

One of the viruses being actively pursued for cancer therapy is herpes
simplex virus (HSV). Replication-deficient HSV vectors, for the delivery of
cytokines [75, 166, 339], ‘suicide’ genes [212, 238, 244], and other antitumor
agents [76, 183], are being explored for cancer therapy. However, in this review
we will confine our discussion to replication-competent or conditionally repli-
cating HSV vectors. In general for these vectors, HSV is mutated so that it has
reduced virulence and neuropathogenicity, yet it is still able to replicate in tumor
cells. Targeting of viral replication to tumor cells can be achieved at the level of:
(i) virus entry, through adsorption to tumor-specific cell surface molecules;



(i1) viral transcription, through tumor-specific transcriptional regulation, or
(ii1) viral replication, through dependence on proliferating cell nucleotide metab-
olism. The latter is the predominant strategy used so far, where viral genes that
facilitate HSV DNA replication in nondividing cells are inactivated so the virus
is only able to replicate in proliferating tumor cells [26, 219, 235]. Viral repli-
cation is a major advantage of this strategy, because HSV replication is not only
inherently cytotoxic, but results in a large amplification of infectious virus that
is then able to spread and infect new tumor cells. This cycle should repeat itself
as long as tumor cells are accessible to viral infection.

HSYV has many features that make it attractive for cancer therapy: (i) it nat-
urally undergoes a lytic infection that is cytotoxic; (ii) it infects most cell types
in a broad range of species, including those used as experimental tumor models;
(iii) it can exist in a latent state within neurons without causing detectable
damage to the infected cell [358]; (iv) its genome has been sequenced and most
of the genes have been identified and characterized [222, 363]; (v) its genome
is very large, with many nonessential genes that can be replaced with thera-
peutic transgenes [6, 49, 178, 256]; (vi) numerous nonessential genes have been
identified which affect pathogenicity [230, 249, 336], and (vii) antiviral drugs
are available to treat adverse events [14].

HSYV Biology

In order to maximize the therapeutic effectiveness and safety of HSV vec-
tors it is important to understand the biology of the virus and in particular the
effects on the infected cell and organism. HSV is a human neurotropic virus of
the a-herpesvirus subfamily and consists of two serotypes, type 1 (HSV-1)
and type 2 (HSV-2). The viral particle, ~200nm in diameter, is composed
of four components: (i) an electron-dense core containing the viral genome,
a linear double-stranded DNA molecule of about 153kb with a G + C con-
tent of 68% (HSV-1) [20, 171], which is packaged into (ii) an icosahedral
nucleocapsid containing 162 capsomeres, surrounded by (iii) the tegument, an
amorphous proteinaceous layer, and (iv) a lipid envelope containing at least 10
glycoproteins.

The HSV genome consists of two segments, a unique L (long) and S (short)
region bracketed by inverted repeats (fig. 1). The two segments invert relative
to each other so that HSV DNA exists in four equimolar isomers differing in
the relative orientation of the L and S segments [128]. Genes encoded within the
inverted repeats (ICPO, ICP4, y34.5) are diploid, and present as two copies.
Each end of the genome contains a direct repeat, the ‘a’ sequence, which is also
present in an inverted orientation at the internal L—S junction [309, 357, 359],
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Fig. 1. HSV DNA structure. Schematic arrangement of genes mutated in different
replication-competent vectors. The boxes represent the inverted repeat sequences (TR and
IR) flanking the long (L) and short (S) unique regions. Arrows indicate orientation and
general position of indicated transcripts.

and serves as a DNA cleavage/packaging signal (pac) [80]. The HSV genome
contains over 80 genes, of which only 4 contain introns and are spliced (ICPO,
ICP22, ICP47, UL15) [284, 363]. The relative lack of overlapping and intron-
containing genes simplifies genetic manipulation of the genome.

HSV Infection

Viral infection involves attachment of the virion to the cell surface, fusion
of the viral envelope with the plasma membrane, entry of the virion, transport of
the capsid to the nuclear pores and release of viral DNA into the nucleus. The
initial binding to the cell surface is through heparan sulfate proteoglycans and
viral glycoproteins gC and/or gB [319]. The ubiquitous nature of heparan
sulfate proteoglycans may explain the large variety of cell types HSV can infect.
Entry of the viral capsid follows pH-independent fusion of the viral envelope
and plasma membrane [372] and requires glycoproteins gB, gD, and hetero-
dimer gH-gL [36, 105, 201, 293]. A number of cell surface receptors have been
identified that interact with gD to mediate viral entry, and they are termed
herpesvirus entry mediator (Hve) A, B, and C. HveA (HVEM) is a member of
the tumor necrosis factor receptor superfamily that participates in both HSV-1
entry and induced cell fusion [241, 334]. It is expressed in many human tissues
such as liver, lung and kidney, but is most highly expressed on human lymphoid
cells [184, 241]. The cellular ligands for HveA are the secreted lymphotoxin-a
and LIGHT, a transmembrane protein produced by activated T cells [221].
HveB and HveC are poliovirus receptor-related members of the immunoglob-
ulin superfamily [57, 114, 364]. HveB mediates HSV-2, but not HSV-1 entry,
whereas HveC mediates both [114, 364]. HveC is expressed in a variety of cell
lines, including neuroblastoma, fibroblasts and keratinocytes, with high levels
of expression in the brain [58, 114].

Replication-Competent Herpes Simplex Virus Vectors for Cancer Therapy 3



Upon entry, viral capsids are rapidly transported to nuclear pores. In
neurons, capsids are retrogradely transported in axons towards the cell body
via microtubules [179, 208, 349]. Cytosolic capsids bind to dynein, a retrograde
microtubule-associated motor [316]. In both neurons and Vero cells, the plus
ends of microtubules are localized at the cell periphery or synapse and the
minus ends at the perinuclear microtubule-organizing center. At the nuclear
pore, the viral genome is released into the nucleus and the empty caspids remain
at the pore [17]. At this stage, HSV can follow one of two life styles: a lytic
infection where the virus replicates and destroys the infected cells, or a latent
infection in sensory neurons where the viral DNA persists in a quiescent state in
the absence of viral protein synthesis for the lifetime of the host [290].

Two proteins contained in the tegument and released upon viral entry play
a role in initiating the lytic cycle; the virion host shut-off protein VHS (UL41)
[100, 279] and the transactivator protein VP16 (Vmwo65, oTIF, UL48). VHS
causes a rapid shut-off of host protein synthesis due to the degradation of
mRNA, both cellular and viral [99, 186, 279]. Mutations in vks have only a
limited effect on HSV growth in vitro [279, 329]. VP16 is transported to the
nucleus where it induces transcription of the immediate-early (IE) or « genes
[39, 269], through a cis-acting sequence, TAATGARAT, that is present in all IE
promoters [111, 209]. VP16 does not bind directly to this sequence but forms a
complex with cellular factors Oct-1 (OTF-1), a sequence-specific DNA-binding
protein, and HCF (C1, VCAF-1) [115, 181, 226, 325, 371].

HSYV Replication

Synthesis of the IE gene products (ICP0, ICP4, ICP22, ICP27, ICP47),
peaking between 2 and 4 h after infection, initiates the temporally regulated
expression of the IE, early (E) or 3, and late (L) or vy genes [146]. Progression
through this growth cycle is dependent on the two essential IE proteins, ICP4
and ICP27 [82, 270, 298]. ICP4 (Vmw175, IE175, IE-3), the major HSV tran-
scriptional regulatory protein, binds to a degenerate consensus sequence result-
ing in either the repression of IE genes or activation of E and L genes [82, 117,
180, 285]. ICP27 (IE63) functions posttranscriptionally to regulate viral mRNA
processing [223, 227, 314] and transport [265, 300], and contributes to the
shut-off of host protein synthesis by disrupting splicing [126]. ICP22 is required
in some cells, rodent cell lines and confluent human embryonic lung cells, for
efficient late gene expression [305] and is necessary for phosphorylation of
RNA polymerase II [282]. ICPO (Vmw110) is a promiscuous transcriptional
activator that transactivates IE, E, and L viral promoters [35, 95] and induces a
number of cellular genes including p53-responsive genes [139]. It also disrupts
nuclear structures termed ND10 (PML nuclear bodies, PODs) [96, 97], induces
proteosome-dependent protein degradation [257] and causes cell cycle arrest
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[139, 203]. ICP47 (IE12) does not play a role in the regulation of gene expres-
sion, but rather prevents MHC class 1 antigen presentation and thereby partici-
pates in HSV evasion of the host immune system [379]. ICP47 binds to the
transporter associated with antigen processing (TAP), blocking peptide transport
into the endoplasmic reticulum (ER) and loading of MHC class 1 molecules
[109, 135]. This binding by both HSV-1 and HSV-2 ICP47 is species-specific,
inhibiting TAP in pig, dog, cow and primate cells but not in rodent or rabbit cells
[163], with the affinity to murine TAP 100-fold less than to human [5].

The synthesis of E or 3 genes, peaking between 5 and 7 h after infection, is
dependent upon and coincides with a decline in IE gene expression. For the
most part the E genes encode proteins involved in viral DNA replication. This
includes the 7 proteins required for HSV DNA synthesis: the origin binding
protein (UL9) [94, 254]; HSV DNA polymerase (pol, UL30) [271, 367], where
many drug-resistant mutations map [59, 145], and which forms a complex with
the 65-kD DNA-binding protein/polymerase accessory factor (UL42) [113,
123, 258]; the helicase/primase complex (ULS, UL8, UL52) [72], and the
ssDNA-binding protein (ICP8, UL29) [202, 368]. The other set of 3 proteins is
involved in nucleic acid metabolism and is important for growth in nondividing
cells. These include: thymidine kinase (TK, UL23) which phosphorylates
deoxythymidine, deoxyuridine, deoxycytidine, thymidylate, purine pentosides and
nucleoside analogs, such as acyclovir, ganciclovir, and bromovinyldeoxyuridine,
that are not phosphorylated by cellular kinases [50, 110, 156]; ribonucleotide
reductase (RR), consisting of two subunits (the large subunit ICP6 (UL39)
and the small subunit UL40) [64, 106, 148], which reduce ribonucleotides
to deoxyribonucleotides; dUTPase (UL50) hydrolyzes dUTP to dUMP which
is converted to dTMP by cellular thymidylate synthetase [40, 373]; uracil
DNA glycosylase (UNG, UL2) repairs deaminated cytosine residues [40], and
alkaline exonuclease (DNase, UL12) [169] which is required for processing
and correct packaging of replication intermediates [217].

With the synthesis of E proteins, DNA replication is initiated in the nucleus
in a limited number of replication compartments [275], at or adjacent to ND10
[220]. The newly synthesized DNA is found in large concatemeric structures,
likely arising via a rolling circle mechanism [19, 154] and/or through recombi-
nation [308]. The L or y genes encode mostly structural proteins (virion poly-
peptides, VP) [132] or those required for packaging viral DNA (UL6, UL15,
UL25, UL28, UL32, UL33) [144]. They can be divided into two groups, those
that are expressed relatively early, y1 (i.e., gB, gD), and those whose expression
is dependent upon DNA replication, y2 [141]. The viral capsids assemble in the
nucleus as B-capsids, consisting of VP5 (UL19), VP19C (UL38), VP21
(UL26C), VP22a (UL26.5), VP23 (UL18), VP24 (UL26N), and VP26 (UL35)
[116], which are converted to C-capsids during the packaging of viral DNA.

Replication-Competent Herpes Simplex Virus Vectors for Cancer Therapy 5



The DNA-containing capsids and tegument are enveloped as they pass
through the inner nuclear membrane, which contains immature viral glyco-
proteins [268, 350]. The mature virions are released from the cell by exocytosis
after being transported via the ER, Golgi apparatus, and cytoplasmic vesicles to
the plasma membrane. It is not clear whether the nuclear envelope is retained
as the virion is transported to the surface [350] or if it is lost and a new envelope
acquired from the Golgi apparatus [32, 208, 369] or whether both pathways play
a role in egress. In neurons, unenveloped capsids and glycoproteins are trans-
ported separately by anterograde axonal transport to the axonal termini where
they are enveloped and released [260]. A number of viral proteins are required
for capsid envelopment and virion egress including: UL11 [12], UL20, an inte-
gral membrane protein [13], UL34 [291], y34.5, especially in stationary-phase
fibroblasts [30], and glycoproteins gK (UL53) [151], gD and gH [32, 369]. The
viral glycoproteins are glycosylated and modified during transit through the
Golgi, in a similar fashion to cellular glycoproteins [161]. In vivo, cell-to-cell
spread across cell junctions, which is resistant to neutralizing antibody, is likely
the most common route for HSV. Mutants in gE or gl, which form a complex,
are compromised in cell-to-cell spread but not in entry as free virus [86].

Effect on Infected Cell

During the viral replicative cycle there is extensive damage to the infected
cells resulting in the cytopathic effect, where cells round up and clump together.
One of the earliest events is the displacement and disaggregation of nucleoli,
and margination of the chromosomes with subsequent fragmentation [290].
Early in infection, microtubules are fragmented at the periphery and later redis-
tributed as the cells assume a rounded shape [11, 131, 251]. There is fragmen-
tation and dispersal of the Golgi apparatus late in infection, during egress of
virions, that is dependent upon viral DNA synthesis [38] and may require
microtubule redistribution [11]. Interestingly, neither nocodazole, which causes
fragmentation of Golgi, nor taxol, which stabilizes microtubules and prevents
Golgi fragmentation, affect the exocytosis of infectious virus [11]. During cell
rounding or cell fusion, fibronectin is lost from the surface of infected cells
[85]. Some viral mutations cause infected cells to fuse into polykaryocytes
rather than rounding up and were initially isolated as macroplaque (MP) variants
as opposed to the normal microplaque (mP) variant [140]. They are isolatable
after viral passage and are referred to as syncytial (syn) mutants [31, 280, 297].
Syn mutants map to gB [33] which seems to require a wild-type UL45 gene
(i.e., UL45 mutants are nonsyncytial) [125], gK (the mutation in MP) [149,
267], gL [292], UL24 [348], and UL20 [150] loci.

As a protective measure against viral spread, infected cells activate double-
stranded RNA-dependent protein kinase R (PKR) upon the synthesis of viral

Rabkin/Hernaiz Driever 6



complementary mRNA, and this results in phosphorylation of elF-2a (which
shuts off protein synthesis). In HSV-infected cells, the y34.5 protein blocks this
pathway and precludes shut-off of protein synthesis [53] by directing the
dephosphorylation of elF-2a by protein phosphatase 1o [130]. This function
maps to the carboxy terminus of y34.5 [54], a region homologous to the cellu-
lar damage- and growth arrest-inducible gene GADD 34 or MyD116 [142,
381]. Viral mutants in y34.5 that lack this domain prematurely terminate protein
synthesis in human SK-N-SH neuroblastoma cells and foreskin fibroblasts
which leads to impaired growth [53, 240]. Extragenic suppressor mutants of
these y34.5 mutations are due to ectopic early expression of the late gene US11,
which binds to PKR and prevents phosphylation of elF-2« [44, 247].

Latency

HSV latency in sensory ganglia comprises 3 phases: establishment, main-
tenance, and reactivation [358]. After retrograde transport of viral capsids
within sensory neurons, latency is established when there is a failure to undergo
a productive replicative cycle. This process does not seem to require viral gene
expression or replication [213, 307, 323]. Viral genomes are then maintained
in the nucleus in a quiescent state, as nonintegrated, circular or concatameric
DNA organized into chromatin-like structures [84, 93, 234, 287] for the life of
the organism. The viral genome is transcriptionally silent, except for a region in
the inverted long repeat encoding a family of poly-A~ latency-associated
transcripts (LATSs) antisense to the ICPO and y34.5 genes [71, 78, 288, 322,
326]. The most abundant LATs are stable introns [98] and no LAT-encoded
proteins have been detected. There are about 20 viral genomes/LAT-positive cell
in latently infected ganglia [136], with the copy number within individual
neurons ranging from <10 to >1,000 copies/latently infected cell [301].
There is no detectable immune response generated against the latently infected
ganglia [77, 261].

The LATs or the LAT region appears to play a minor or no role in the
establishment and maintainence of latency [158, 306, 324, 335], but does affect
reactivation; the rate of in vitro reactivation, and the probability of spontaneous
and induced reactivation in vivo [137, 195, 205, 352, 380]. The effects of
genetic alterations on reactivation are somewhat complicated because reactiva-
tion has been correlated with the number of latently infected neurons [211] and
viral genome copy number [198, 302].

Whether true latency, with reactivation, occurs in the central nervous
system (CNS) is not known. It is clear that establishment and maintenance of
latency do occur [34, 79, 88, 287, 330]. HSV DNA has been detected in human
brain tissue from patients dying without encephalitis [15, 200, 299]. The
possibility of latency and potential long-term expression has been a motivation
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for the development of replication-deficient HSV vectors for gene therapy in
the CNS [104].

Neuropathogenicity

Viral pathogenicity involves an interaction between the host and virus,
and is dependent upon the animal type and strain [167, 204], the route of inoc-
ulation, and the strain and genotype of the virus [24, 87, 283]. Alterations in
neuropathogenicity can be due to viral mutations that affect neurovirulence,
spread of the virus within the nervous system and induction of CNS disease,
which is usually measured after CNS inoculation, and/or neuroinvasiveness, the
ability to spread from the peripheral nervous system to the brain, which is mea-
sured after peripheral inoculation. A large number of HSV genes, at least 14,
affect neuropathogenicity.

The y34.5 (RL1) gene, located in the long terminal repeat overlapping the
LAT region, is a major determinant of neuropathogenicity [52, 210, 336].
Neurovirulence of y34.5 deletion mutants is decreased to a 50% lethal dose
(LDsg) of >10° plaque-forming units (pfu) in HSV-1 backgrounds; strain F
[52], 17+ [210], or McKrae [263]. Mutants in y34.5 replicate poorly, if at all,
in sensory ganglia and the CNS, and establish and reactivate poorly from
latency in rodents [286, 321, 370], but reactivate normally in rabbits after high-
dose ocular infection [262]. In mice lacking IFN-induced RNA-dependent
PKR, or IFN receptors (IFN-a3yR /"), y34.5 mutants have wild-type neuro-
virulence [196].

HSYV genes involved in nucleotide metabolism (TK, dUTPase, UNG, RR)
also play a large role in neurovirulence. Mutations in TK have little effect on the
ability of HSV to replicate in tissue culture, except when cells are nondividing
or serum-starved [102, 156, 159, 165]; however, they greatly limit viral replica-
tion in the peripheral nervous system, reactivation from latency, and
pathogencity in adult mice [62, 92, 102, 122]. This effect of TK mutations on
attenuating neurovirulence does not occur in newborn mice [22, 127, 332].
dUTPase and uracil DNA glycosylase (UNG) mutants also replicate well in cul-
ture, and are only about 10-fold attenuated for neurovirulence, but are 1,000- to
100,000-fold attenuated for neuroinvasiveness [272, 273]. RR is a key determi-
nant for pathogenicity in the mouse and guinea pig, after intracerebral, corneal
or intraperitoneal inoculation [28, 37, 152, 374]. This attenuation is in part due
to decreased replication in the eye, ganglia, and brain, and the inability to
reactivate from latency [155, 374].

HSV with mutations in vhs have greatly diminished neuropathogenicity,
with decreased establishment of latency and growth in the brain [21, 328, 329].
This decreased virulence could be due to decreased replication at the pri-
mary site of infection [329], overexpression of viral IE genes [186], lack of
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vhs-dependent downregulation of MHC class 1 expression [337], or suppres-
sion of cytokine production which would decrease nonspecific immune
responses [331]. A mutant in VP16, that abolished its transactivation activity but
not its structural function, has greatly reduced virulence [2] and replication in
the nervous system, but is still able to establish latency and reactivate [323].
ICP47 mutants should have decreased neurovirulence in primates, because of
their inability to block MHC class 1 presentation and CD8+ T cell responses.
This turns out to be the case in mice after corneal infection [118] which is some-
what unexpected due to the species-specificity of ICP47. However, the reduced
affinity of murine TAP may still be sufficient in the ‘immune-privileged’ brain
where MHC class 1 expression is very low.

As would be expected, viral glycoproteins play an important role in
neuropathogenicity. In order to protect HSV-infected cells from antibody-
dependent cytotoxicity [91] and virions from antibody-mediated neutralization
[248], HSV expresses two IgG Fc receptors (FcR) [18]; the gE/gl complex
binds monomeric IgG and aggregates [160], while gE alone only binds IgG
aggregates [90]. In addition, glycoprotein gC binds to complement C3b and
blocks complement activation [107], which protects against complement-
mediated neutralization [108, 229]. gC mutants that do not bind complement are
about 100-fold less virulent than wild-type virus [207]. Syn3 mutations in gB
confer an increased neurovirulence phenotype on HSV compared to the non-
syncytial strains [121, 366]. Similarly, syn1 mutations in UL53 have increased
neurovirulence [245]. While mutations in gD can convert a nonneuroinvasive
strain into a neuroinvasive strain [153].

Replication-Competent HSV Vectors for Cancer Therapy

Oncolytic viruses have been studied for antitumor activity since before the
1950s [243, 296]. In a comparison of a number of viruses, Skinner et al. [70,
311] demonstrated that in vitro and in vivo infection of tumors with HSV-1
HFEM, an attenuated laboratory strain, and MDK, a TK™ isolate (table 1),
reduced the tumorigenicity of malignant hamster and mouse cells (table 2).
The recent advances in genetic engineering have provided opportunities to
specifically manipulate the viral genome, creating defined mutations/deletions
or inserting transgenes [289]. This has ushered in a rapid expansion in the use
of replication-competent or replication-conditional HSV vectors for cancer
therapy (tables 1, 2).

A number of different tumor models have been used to test the in vivo
efficacy of these vectors (table 2). Experiments with human tumor cells require
xenografts in immune-deficient animals, athymic or nude mice lacking T cells
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Table 1. Replication-competent HSV mutants used for tumor therapy

Virus name Parental strain Genotype/structure Reference no.
HFEM HFEM UL56~ 294
MDK TK™ 89
dIsptk KOS TKA [360bp A of SphI-PstI] 62
dI8.36tk KOS TKA (dIsptk)/lacZ™* 165
KOS-SB KOS TKA 313
RH105 F TKA [502bp A}/lacZ” [ad-lacZ] 138
hrR3 KOS ICP6™ [lacZ insertion] 120
rRp450 KOS/hrR3 ICP6A [CYP2BI insertion] 49
AraArl3 KOS pol [AraA resistant] 60
RE6 HG52 (HSV-2) X v34.57 336
17 + (HSV-1)

R7020 F UL24A/1 copy of y34.5/HSV-2 gG, gJ, gD, gl 231
R3616 F v34.5A [1kb A of BstEII-Stul] 52
R4009 F v34.5 [translation stop codon] 52
R3659 F v34.5A (TK insertion) 187
R8309 F v34.5AMyD116 129
R8306 F/R3659 v34.5A/1L-4 6
R8308 F/R3659 v34.5A/1L-10 6
MO002 F/R3659 v34.5A/1L-12 256
1716 17 v34.5A [759bp A in BamHI k] 210
G207 F/R3616 v34.5A/ICP6™ [lacZ insertion] 236
MGHI1 F/R3616 v34.5A/ICP6™ [lacZ insertion] 177
G47A F/G207 v34.5A/ICP6™ [lacZ insertion]/ICP47A 344
3616UB F/R3616 v34.5A/UNG™ [lacZ insertion] 274
Myb34.5 F/MGHI1 v34.5A (R3616)/ICP6~ [B-myb-34.5 insertion] 55
G92A KOS/d120 ICP4A/US3 7 /UL24 /TK™ [alb-ICP4,

lacZ insertion] 237

TK = Thymidine kinase, UL23; ICP6 = large subunit of ribonucleotide reductase, UL39; UNG = uracil
DNA glycosylase, UL2; Pol = DNA polymerase, UL30.

but with normal B cells, natural killer cells and macrophages, or SCID mice
lacking both T and B cells. Immune-competent mice, rats or hamsters are used
when syngeneic or allogeneic tumor lines are available or can be induced in situ.
Many of the syngeneic tumor cell lines were induced in a somewhat artificial
fashion, with high-dose carcinogens or viral transformation [264], and many
still retain an inherent immunogenicity that can be unmasked in vaccination
studies [333]. Tumor fragments or cells can be implanted at a variety of tissue
sites: subcutaneous, subrenal capsule, intracerebral, intraperitoneal, and
intrasplenic for liver metastases, etc. Subcutaneous implantation is the most
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common because of the ease of measurement of tumor growth and of intra-
neoplastic inoculation. It is important to note that the growth characteristics and
pathology of abnormally situated tumors, as well as, the host or induced
immune response to them are likely to be altered [355].

HSV Genes Mutated in Replication-Competent HSV Vectors

Thymidine Kinase

The initial studies focused on brain tumors as a target and HSV mutations
that decreased neurovirulence. TK is important for DNA replication in non-
dividing cells, especially in the brain, but not mitotically active cells that have
sufficient nucleotide pools for DNA replication. HSV TK™ mutants replicate
poorly, if at all, in nondividing cells [102, 156, 165], including neurons [159],
and are attenuated in neurovirulence compared to wild-type [62, 92, 122, 332].
Deletion mutants in TK, such as d/sptk, replicated well in human glioma cells
in culture, including primary glioma cultures, even when cells were infected
at very low multiplicities of infection (MOIs) [219]. This demonstrated a key
feature of replication-competent vectors, a large amplification in virus and cell
killing, and the ability of the virus to spread between tumor cells. Similar in
vitro results were obtained with cells from a number of human nervous system
tumors: malignant meningioma, neurofibrosarcoma, and medulloblastoma
[214]. A single or double intraneoplastic inoculation of d/sptk into established
intracerebral, subrenal capsule, or subcutaneous human glioma xenografts
significantly inhibited their growth [219]. Other TK deletion mutants (KOS-SB,
RH105, di8.36tk) have been shown to be efficacious against intracerebral rat
tumors in immunocompetent rats [26, 159, 165] (table 2). However, TK mutants
still exhibit sufficient neurovirulence to limit treatment doses [215] and the lack
of TK makes them resistant to many of the commonly used nucleoside analog
antiviral drugs (i.e., acyclovir) [63, 101, 304], although they are still sensitive
to other HSV DNA polymerase inhibitors such as, foscarnet and vidarabine
(adenine arabinoside) [159, 219].

Ribonucleotide Reductase

RR mutant vectors have a number of attractive features. Like TK, RR is
also involved in nucleotide metabolism and the generation of sufficient INTP
pools for viral DNA replication, and is therefore necessary for replication in
nondividing cells [49, 119, 356]. The lack of cellular RR expression, which, for
example, is low in normal liver but high in colon carcinoma liver metastases, is
likely a contributing factor in this and provides a rationale for targeting
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RR mutants to tumor cells [43]. RR deletion mutants are also somewhat
temperature-sensitive [119] and grow more poorly in mouse cells [155]. The
contribution of this species specificity in pathogenesis must be considered in
preclinical trials of RR mutants. In contrast to TK mutants, RR mutants retain
sensitivity to nucleoside analog drugs such as acyclovir and ganciclovir (GCV).
Loss of HSV RR activity actually causes hypersensitivity not only to acyclovir
and GCV, but also to aphidicolin and phosphonoacetic acid [61, 235, 320]. This
sensitivity is not only a safety feature for RR mutant vectors, but could be
applied in a ‘suicide’ gene strategy (TK + GCV; see below). All studies exam-
ining the use of RR mutants for tumor therapy have been with hrR3 [26, 175,
235, 376, 378], where the ICP6 gene, encoding the large subunit of RR, is inac-
tivated by an inframe insertion of the Escherichia coli LacZ gene. This results
in the N-terminal 434 amino acids of ICP6 being fused to 3-galactosidase, and
no RR activity [120]. The presence of lacZ in hrR3 provides a sensitive means
to track viral infection within the tumor and any potential spread outside the
tumor [26, 43, 175, 235].

v34.5

Most of the serious pathological consequences of HSV infection in humans
involve the CNS. Therefore, HSV genes participating in neurovirulence are
prime targets for mutation when generating HSV vectors that could be used in
humans. The y34.5 gene is a major determinant of HSV pathogenicity [52].
HSV vectors containing deletions of y34.5 in two HSV-1 laboratory strains
(R3616 in F [52] and 1716 in 17 + [210]) have been prominent in studies of
HSV-mediated tumor therapy. The initial use of y34.5 mutants came in response
to the development of encephalitis in mice bearing U§7MG glioma i.c. tumors
that had been treated with the TK mutant d/sptk [215, 219]. Both RE6, an inter-
typic recombinant, and R3616 were efficacious in prolonging survival of ani-
mals bearing human U87MG i.c. tumors, with no premature virally induced
deaths at 107 pfu, although there was some histopathologic evidence for mini-
mal focal encephalitis in the RE6 treated animals [215]. The efficacy of y34.5
mutants is not limited to brain tumors. Intratumoral inoculation of 1716 signif-
icantly inhibited the growth of human melanoma s.c. tumors, with 30—-40%
complete cures [277], human malignant mesothelioma i.p. tumors [182], human
epithelial ovarian carcinoma i.p. tumors [67], and murine transformed NIH 3T3
1.p. tumors in syngeneic mice, with ~40% cures [190] (table 2). In a mixing
experiment, where different ratios of 1716-infected and uninfected Lewis lung
carcinoma cells were implanted subcutaneously, it was found that 1 in 100
infected tumor cells was sufficient to significantly inhibit tumor growth in both
immune-deficient SCID, and immune-competent C57BL/6 mice [190].
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One drawback of y34.5 mutants is that they grow less efficiently than wild-
type virus in many tumor cell types, possibly due to the premature shutoff of
host protein synthesis [53]. In a survey of human glioma cell lines (SB18,
T98G, U251, USTMQG), 1716 yielded ~10-fold less virus than wild-type strain
17+ in single-step growth experiments [225]. R3616 similarly yielded over
10-fold less virus than wild-type strain F in human neuroblastoma SK-N-SH,
glioma U373MG, head and neck carcinoma SQ20B [344], human glioma
D54MG and U251MG, and mouse glioma MT539MG [7, 48]. The growth of
R3616, deleted for both copies of y34.5, in human glioma cell lines was much
less than other y34.5 mutants such as R4009 with a stop codon and R908 with
a 14-amino acid in-frame deletion at amino acid 24 [7]. R4009 was also more
effective than R3616 in inhibiting mouse GL261 and MT539MG glioma i.c.
tumors [6, 48]. This suggests that the level of viral replication in vitro correlates
with antitumor activity in vivo.

Multimutated HSV Vectors

In considering the first clinical application of replication-competent HSV
vectors for brain tumor therapy, we were concerned that vectors with only a
single mutation might revert to wild-type or pathogenic isolates after amplifica-
tion in vivo; for example, by excision of LacZ from ICP6 in hrR3, generation of
extragenic second-site suppressors of the y34.5 deletion [164, 240], or recom-
bination with resident HSV. We therefore decided to develop second-generation
multimutated HSV vectors, in particular G207, containing the y34.5 deletions
of R3616 and the inactivating LacZ insertion in ICP6 of hrR3 [236]. Pyles et al.
[274] created a similar vector, 3616UB, except that in place of the RR mutation
they inactivated UNG by inserting LacZ. 3616UB was as efficacious as its
parent R3616 in inhibiting the growth of human DAOY medulloblastoma and
SK-M hemangiosarcoma s.c. tumors in SCID mice, and had a better safety
profile [274]. It caused no deaths after i.c. injection of 10® pfu in Swiss Webster
mice, whereas R3616 caused 1 death, and like RR mutants, 3616UB was
hypersensitive to GCV [274].

G207

G207, our prototypical second-generation vector, has many features that
make it attractive for clinical use, both from a safety and efficacy perspective.
The genome is very stable, even after numerous passages, and the multiple,
widely spaced mutations make it highly unlikely that a neurovirulent isolate
could arise, even through recombination with a wild-type HSV. G207 retains
hypersensitivity to nucleoside analog antiviral drugs (acyclovir, GCV) due to
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the RR mutation [236]. The presence of the LacZ reporter gene makes it easy
to detect replicating virus [69, 176, 236, 347, 375] and uniquely identify G207
in patients undergoing treatment [216]. As a result of its propensity to replicate
in dividing cells, the cytopathic effects of G207 are preferentially limited to
tumor cells. Of 39 human tumor cells we have tested in vitro, only 5 were not
susceptible to G207 cytotoxicity and growth at low MOIs (=0.1), and similarly
only 1 of 10 human gastric and colorectal cancer cell lines tested in the Fong
laboratory [23, 176] was not susceptible. This in vitro susceptibility correlates
with the in vivo efficacy of G207 with human xenografts in immune-deficient
mice [340, 341]. G207 was efficacious at inhibiting tumor growth in immune-
deficient mice harboring subcutaneous, intracerebral, or intraperitoneal human
tumors (glioma, malignant meningioma, breast adenocarcinoma, prostate adeno-
carcinoma, head and neck squamous cell carcinoma, colorectal carcinoma,
gastric carcinoma, or epithelial ovarian cancer) [23, 42, 47, 69, 176, 236, 341,
360, 375] (table 2).

In general, mouse tumor cell lines are much less sensitive than human
tumor cell lines to G207 replication and cytotoxicity. However, in examining
G207 activity in mouse syngeneic tumor models we found that intraneoplastic
inoculation of G207, in addition to its oncolytic activity, elicits a powerful and
specific immune response against the tumor, that does not occur in athymic
mice or after intradermal inoculation [340, 347]. This systemic antitumor
immune response is able to inhibit the growth of established noninoculated
tumors in the absence of any detectable spread of the virus from the
inoculated to the noninoculated tumors. G207 inoculation of subcutaneous
tumors caused regression of established tumors even in the brain [347], and in
3 different tumor cell types (CT26 colon carcinoma, M3 melanoma, and N18
neuroblastoma) in 3 different inbred mouse strains (BALB/c, DBA/2, and
A/J, respectively) [340, 347]. The induced immune response provides persistent
protection against rechallenge with a lethal dose of the treated tumor cell type
(N18), but not a different A/J syngeneic tumor cell (Sal/N) [347]. Antitumor
immunity was associated with the induction of a tumor-specific T cell response.
Tumor cell-specific in vitro cytotoxic T lymphocyte (CTL) activity was gen-
erated that persisted for at least 13 months [347], and in the case of CT26
tumors recognized a dominant ‘tumor-specific’ MHC class I-restricted anti-
genic peptide [340]. This suggests that G207 could be used as an ‘in situ cancer
vaccine’, without prior identification or isolation of tumor antigens. Another
study, examining 1716 infection of Lewis lung carcinoma in C57BL/6 mice,
found no inhibition of distant noninoculated tumor growth [190]. Further
studies will be required to determine whether this difference is due to the tumor
cell type, mouse strain or virus.
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G207 Safety

The safety of G207 was ascertained in 2 HSV-susceptible animal models,
young mice and the New World owl monkey Aotus nancymae [147, 330, 342].
In BALB/c mice, the highest dose of G207 (107 pfu) caused no symptoms
or disease when inoculated intracerebrally, intracerebroventricularly, intra-
venously, or intrahepatically [330]. Furthermore, G207 failed to reactivate
‘latent’ KOS virus in the brain of mice that survived intracerebral inoculation
with a sublethal dose of KOS [330]. 4. nancymae are exquisitely sensitive to
HSV-1 infection [147, 168], similar to human neonates and immunocompro-
mised patients [232], and develop clinical symptoms comparable to humans
[147, 233]. Single intracerebral inoculations of G207 at 107 or 10° pfu caused
neither virus-related symptoms nor detectable changes in the brain as assessed
by magnetic resonance imaging and pathological study [147]. Intracerebral
inoculation does not lead to any viral distribution beyond the brain, nor virus
shedding as determined by PCR [342]. Two animals that received 107 pfu were
reinoculated intracerebrally 1 year after the first G207 inoculation and simi-
larly showed no clinical symptoms of disease. Intracerebral inoculation of
G207 generated an anti-HSV antibody response, beginning about 3 weeks after
inoculation [342], that was significantly boosted after the second inoculation
[147]. These 2 animals were subsequently reinoculated a third time with G207
in the prostate and showed no evidence of pathological changes in the brain,
although G207 DNA was detected by PCR [383]. G207 inoculation in the
prostate of male animals similarly caused no detectable disease or virus shed-
ding [383]. These studies clearly demonstrate that G207 is safe for clinical
evaluation in humans, and this has been supported by the preliminary clinical
results [216].

HSYV Vectors for Transgene Expression

There are 2 general classes of HSV vectors that can be used for transgene
delivery and expression [reviewed in 197]: (i) recombinant vectors where
the transgene is inserted into the viral genome, as was done for the reporter gene
LacZ in hrR3 and G207 — HSV can accommodate large DNA inserts because
of the large size of the genome and the number of nonessential genes, and
(ii) plasmid-based defective vectors where the transgene is inserted into an ampli-
con plasmid that is amplified and packaged into virions in place of the viral
genome [317, 327]. The generation of defective vectors (dv) requires a helper
HSV genome to provide the viral functions necessary for the production of
virus. In the examples described here, that is a replication-competent HSV.
A full viral genome length (~150 kb) of amplicon plasmid DNA is packaged so
that each defective particle contains approximately 15-30 tandemly repeated
copies of the transgene, depending upon the size of the amplicon plasmid [185].
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Because the defective genome is not integrated and contains no HSV-coding
sequences, transgene expression is regulated by the enhancer/promoter
sequences of the construct. Both recombinant and defective HSV vectors trans-
duce dividing and nondividing cells at high efficiency. The expression of trans-
genes in cells infected with recombinant replication-competent vectors is limited
because of rapid cell death and the viral regulatory cascade. In contrast, trans-
genes should be expressed for longer periods of time from defective vectors
which do not kill the infected cell.

‘Suicide’ Genes

The HSV TK gene has been used in a number of different vector systems
for ‘suicide’ gene or prodrug activating enzyme therapy [73, 242]. Expression
of TK in tumor cells converts the nontoxic substrate GCV (9-(1,3-dihydroxy-2-
propoxymethyl)guanine, DHPG) to the toxic metabolite GCV-monophosphate
[51, 312]. In one tumor cell type it has been reported that GCV treatment after
hrR3 (RR7) inoculation of i.c. 9L rat gliosarcomas increased survival [25].
However, GCV treatment of HSV-infected tumor cells will block viral replica-
tion and therefore, GCV treatment will likely not be beneficial in situations
where viral replication is important in antitumor efficacy. This seemed to be the
case in other studies, where GCV treatment had no effect on tumor growth of
hrR3-infected human HT29 colon carcinoma s.c. tumors [376], R3616-infected
GL261 glioma s.c. tumors in syngeneic C57BL/6 mice [238], or G207-infected
N18 neuroblastoma s.c. or i.c. tumors in syngeneic A/J mice [346].

In addition to TK, a number of enzyme/prodrug combinations have been
used for cancer therapy [65]. CYP2B1, a member of the cytochrome p450
family that converts cyclophosphamide into phosphoramide mustard which
crosslinks DNA [133], has been inserted into the ICP6 locus of HSV to create
rRp450 [49]. In contrast to TK/GCV, the toxic metabolites generated by
CYP2BI1 do not inhibit HSV DNA replication [49] and are diffusible [365].
rRp450 is efficacious in inhibiting the growth of subcutaneous 9L or U87 glial
tumors or diffuse liver tumors [49, 259]. The addition of cyclophosphamide
treatment greatly enhanced the antitumor activity, resulting in complete U87
tumor regression in 4 of 5 versus 1 in 5 animals with virus alone [49]. A concern
is that cyclophosphamide can be metabolized in the liver where CYP2B1 is
expressed [56].

In an effort to increase levels of transgene expression and improve anti-
tumor activity, we have used a combination of replication-competent HSV vectors
for oncolytic activity, and defective HSV vectors for transgene expression
[238, 338]. This is illustrated in studies with a defective vector expressing TK
driven by the CMVIE promoter. There was a 4- to 5-fold increase in TK activity
in infected cells compared to those infected with the replication-competent
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helper virus alone and this resulted in a significant inhibition of GL261 glioma
s.c. tumor growth that was dependent upon GCV treatment [238].

Immune Modulatory Genes

In light of the antitumor immune response generated by intratumoral inoc-
ulation of replication-competent HSV vectors, efforts have been directed
towards boosting this antitumor immune response. A variety of genes encoding
immune-modulatory molecules has been used for cancer gene therapy, usually
in the context of vaccination with killed tumor cells [255]. For the most part,
these have been delivered ex vivo or in situ using replication-deficient vectors
[354], including defective HSV vectors [41, 157, 339]. A number of mouse
cytokine genes (IL-4, IL-10, IL-12) have been inserted into the y34.5 region of
R3659 and their efficacy examined in syngeneic mouse brain tumor models.
IL-10 expression had no effect on survival, IL-4 significantly increased survival
with no cures, and IL-12 significantly increased survival with about 20% cures
[6, 256]. There was an increase in CD8+ T cells within the tumor after IL-4 and
IL-12 expression, but a decrease after IL-10 [6, 256].

We have used a defective vector/replication-competent HSV combination
approach to deliver immune modulatory genes as an adjuvant to in situ tumor
vaccination with G207 [338, 343]. A defective vector, encoding the 2 subunits
of murine IL-12 (p35 and p40) was generated with G207 as helper virus
(dvIL12/G207). Infected tumor cells secreted high levels of heterodimeric 1L-12
in vitro (~300-1,500pg/10° cells/24h) [338]. In an established, bilateral
subcutaneous CT26 mouse colon carcinoma tumor model, unilateral intra-
tumoral injection of dvIL12/G207 significantly inhibited the growth of both inoc-
ulated and noninoculated tumors and increased survival, compared to a control
vector, dvLacZ/G207 [338]. The effect of the control vector dvLacZ/G207,
which expresses the reporter gene LacZ also present on G207, was no different
from that seen with G207 alone in the same system. Intratumoral IL-12 expres-
sion elicited a strong specific CTL response in vitro, that recognized CT26
tumor cells and not A20, another H-2¢ tumor cell line, with splenocytes from
dvIL12/G207-infected animals secreting about 10 times more IFN-y than
control splenocytes [338].

Most human tumors are poorly immunogenic and are not good antigen-
presenting cells (APC) [9]. Induction of CTL requires at least 2 signals: MHC
class I or II presentation of tumor antigens and sufficient costimulatory signals
[246]. We have examined approaches that target both these signals. The first
approach was to delete the ICP47 gene from a replication-competent vector.
As ICP47 binds to TAP, thereby blocking MHC class I expression on the surface
of infected human cells [109, 135], its expression should reduce the visibility
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of infected tumor cells to T cells. A deletion in ICP47 was made in G207 and
R3616, creating G47A and R47A, respectively [344]. The absence of ICP47 in
infected human cells led to normal MHC class I expression in fibroblasts and
decreased inhibition in melanoma cells. G47A-infected melanoma cells were
better at stimulating their cognate tumor-infiltrating lymphocytes than G207-
infected cells [344]. In melanoma vaccine trials, increased T cell stimulation
correlated with prolonged relapse-free survival [362].

In the second, we expressed a soluble B7-1 fusion protein using a defective
vector/G207 combination. The B7 family of membrane proteins is amongst the
most active costimulatory molecules [112]. Because tumor cells are such poor
APCs, we hypothesized that the expression of soluble dimeric B7 within the
tumor would enhance T cell activation by professional APCs. At doses of G207
that were ineffective at inhibiting subcutaneous or intracerebral tumor growth
(2 x 10° pfu twice), dvB7Ig/G207 was very effective [343]. Depleting animals
of CD8+, but not CD4+ T cells abrogated this inhibition of tumor growth.
There are numerous ways to enhance an immune response and it is likely that
successful therapies will involve some mix of a number of these.

Combinations with Established Cancer Therapies

Much of current cancer therapy depends upon multimodal treatment strate-
gies for maximal efficacy and to overcome inherent or acquired resistance
of tumors to therapy. The conventional approaches for cancer therapy consist of
chemotherapy, radiotherapy, and surgery. For radiotherapy and most chemother-
apeutic agents the therapeutic index is extremely narrow, with significant dose-
related toxicities. This is in contrast to second-generation replication-competent
HSV vectors which have so far not demonstrated toxicity [147, 216, 330].
Because replication-competent HSV vectors seem to function as anti-tumor
agents through pathways different from those targeted by conventional
approaches, it is likely that combinations with conventional agents will improve
efficacy as long as those agents do not inhibit the activity of HSV vectors. From
a clinical standpoint, there are advantages to combining a new therapeutic
approach with a conventional treatment.

One of several ways involved in inherent or acquired resistance of tumor
cells to chemotherapeutic agents and radiotherapy is through mutation or loss of
the p53 gene [1, 194, 206], with a high proportion of human tumors having lost
p53 function [143]. Importantly, HSV replication and cytotoxicity do not seem
to be effected by the p53 status of tumor cells [68, 237, 377], or whether they are
radiation- or chemotherapy-resistant [3, 47]. ICP6™ hrR3 was equally cytotoxic
in vitro in human osteogenic sarcoma SAOS-2-LM2 cells with wild-type p53,
no p53 or mutant p53 [377]. Similarly, chemotherapy-sensitive human ovarian
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cancer cells A2780 and PA-1 and their chemotherapy-resistant clones lacking
p53 function were equally sensitive to y34.5-deficient R3616 [68].

Chemotherapy

The combination of chemotherapeutic drugs with replication-competent
HSV vectors augmented treatment efficacy [47, 351]. Human head and neck
squamous cell carcinoma (SCC) cell lines (UMSCC-22A, UMSCC-38,
SQ20B) with over a 10-fold range in cisplatin sensitivity were similarly sensi-
tive to G207 cytotoxicity in vitro [47]. Cisplatin did not affect G207 replication
and cytotoxicity at the highest clinically achievable dose (7.5pumol/l) even
in tumor cells that were resistant to cisplatin (SCC-25/CP). In vivo, cisplatin
enhanced the antitumor activity of G207 in subcutaneous human SCC cisplatin-
sensitive tumors (UMSCC-38; 100% cures with G207 + cisplatin vs. 42%
cures with G207 alone), but not in cisplatin-resistant tumors (SQ20B) [47]. The
in vitro cytotoxic activity of 1716 in combination with mitomycin C was syner-
gistic in 2 of 5 human nonsmall cell lung cancer cell lines and additive in the
other 3 [351]. The combination treatment in a mitomycin C-sensitive human
lung cancer subcutaneous tumor (NCI-H460) was additive [351]. These studies
suggest that the combination of chemotherapeutic agents with replication-
competent HSV vectors is a promising approach for the clinic, and that
chemotherapy is unlikely to antagonize viral therapy.

Radiotherapy

Ionizing radiation is the standard therapy for malignant glioma [192] and
other tumors. Weichselbaum et al. [3, 4, 27] have reported that inhibition of
tumor growth by R3616 or R7020 is enhanced by ionizing radiation. In a human
glioma subcutaneous model (U-87MG), single or triple injections of R3616 fol-
lowed by 45 Gy (20 Gy day 1 + 25 Gy day 2) of radiation, resulted in 56 and
90% tumor regressions, respectively, whereas radiation or R3616 alone resulted
in ~10% regression [4]. In a follow-up study, using a more clinically relevant
radiation dose (5 Gy fractions on days 1, 2, 4, 5, 8, 9, 11, and 12 for a 40-Gy
total dose), no tumor regressions were seen, only an increase in growth delay
[27]. An increase in survival was also seen in animals with intracranial U-87MG
tumors after R3616 intratumoral injection + whole brain irradiation (5 Gy
every other day for a total dose of 30 Gy), although there were no long-term
survivors [27]. Increased levels of virus were present in tumors that had been
irradiated with 45 Gy, along with a greater distribution of virally infected
cells [4, 27].

In subcutaneous prostate tumor models (human LNCaP and mouse
TRAMP), we found no improvement in antitumor activity using a combination
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of G207 + radiation (2Gy over 5 days for LNCaP; 4Gy over 5 days for
TRAMP) compared to single treatments alone [162]. Irradiation of tumor cells
(PANC-1 pancreatic carcinoma, U-87MG, CaSki cervical carcinoma) in vitro
did not augment viral replication or cytotoxicity (hrR3 or wild-type KOS),
regardless of MOI or radiation dose [318]. Further study will be required to
determine how ionizing radiation affects HSV-mediated tumor therapy and
whether this combination will be of benefit to patients.

Effect of the Host Immune Status

An important concern in the use of human viruses for therapy is the effect
of the host’s prior exposure and immunity to that virus on antitumor activity.
This is particularly true for HSV-1, where approximately 60% of the population
in the US are seropositive by adulthood [191, 253, 295, 310]. In humans, even
though a robust humoral and cellular immune response is generated by HSV
infection, it is not sufficient to block recurrent infections [66, 174, 353, 382].
The level of the response can, however, affect the frequency and duration of
recurrences [281] or reinfection [303]. It is difficult to predict whether the
impact of HSV immunity, either pre-existing or therapeutically induced, on
HSV-mediated tumor therapy will be detrimental or beneficial. The humoral
and/or cellular immune response might neutralize virus, limit viral spread, elim-
inate infected cells, induce an inflammatory response, or be misdirected
towards tumor antigens and thereby enhance efficacy.

To address the effects of prior exposure to HSV, a number of studies have
examined the effects of HSV immunization on tumor therapy [46, 134, 190,
378]. The number of hrR3-infected tumor cells, as measured by lacZ and TK
expression, was greatly reduced in rats that were pre-immunized with hrR3
[134]. However, the therapeutic efficacy of hrR3 in an intracranial rat syngeneic
D74 glioma model was the same in immunized and nonimmunized animals.
Unfortunately, D74 cells are fairly resistant to hrR3 infection and there was only
a small increase in survival of hrR3-treated animals compared to controls [134].
Pre-immunization of mice with HSV had no effect on tumor growth inhibition
by: G207 in subcutaneous N 18 neuroblastoma in A/J mice or CT26 colon carci-
noma in BALB/c mice [46]; hrR3 in MC26 colon carcinoma metastatic to the
liver in BALB/c mice [378], or 1716 in intraperitoneal EJ-6-2-Bam-6a Ras-
transformed fibroblasts in BALB/c mice [190]. In these studies, G207 was
injected intratumorally, hrR3 intravascularly, and 1716 intraperitoneally.
Furthermore in nonimmunized mice, multiple inoculations of G207 (biweekly
over 3 weeks) were substantially better than a single inoculation, even with a
lower total dose, with the cure rate of CT26-bearing animals increased from 10
to 75% [46]. Similarly, 3 intraperitoneal injections of 1716 (every 3rd day) was
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substantially better than a single inoculation, with a 50% cure rate compared to
no cures with a single inoculation [190].

Most patients with malignant brain tumors are often treated with cortico-
steroids to reduce vasogenic brain edema surrounding the tumor [173]. Cortico-
steroids are also immunosuppressive [74, 124]. In light of the immune-mediated
component of G207 antitumor activity [340, 347], it would be predicted that
immunosuppression would reduce efficacy. Dexamethasone treatment (5 mg/kg)
for 7 days from the start of G207 treatment of N18 neuroblastoma in A/J mice
had no effect on the inhibition of tumor growth, however there was a delayed
tumor regrowth when dexamethasone was given for 16 days [345]. Dexametha-
sone treatment did suppress the induction of neutralizing antibody and abol-
ished CTL activity, but did not affect the intratumoral replication of G207 [345].
Therefore, corticosteroid immunosuppression did not affect the short-term
oncolytic activity of G207 but did affect the long-term efficacy likely through
suppression of CTL activity.

Transcriptionally Targeted Vectors

One way to overcome the reduced growth properties of y34.5-deficient
mutants, yet retain safety, would be to limit y34.5 gene expression to tumor cells
using a tumor-specific promoter. Myb34.5 was constructed by inserting a
B-myb promoter-y34.5 transgene into the ICP6 locus of the y34.5A mutant
MGHI1 [55]. The B-myb promoter is cell cycle regulated, being repressed in GO
cells [188]. Myb34.5 was more cytotoxic than MGH1 in human glioma cells
(U87, U343, T98G) and rat 9L cells in vitro (MOI = 0.1), and correspondingly,
inhibited subcutaneous 9L and U87AEFGR tumor growth to a greater extent
than MGHI1 [55]. Myb34.5 was quite safe after intracerebral inoculation in
BALB/c mice, although 1 of 6 animals died after injection of 107 pfu while none
of the MGH 1-injected animals died at this dose [55].

A separate strategy for targeting HSV cytotoxicity to tumor cells is via
transcriptional targeting of viral replication. In this approach, the essential
immediate-early ICP4 gene is regulated by a tumor-specific promoter/enhancer
sequence. Because ICP4 is required for the synthesis of E and L gene products
[81, 270], ICP4 mutant HSVs do not replicate. If the tumor-specific promoter/
enhancer is properly regulated, it should drive not only ICP4 expression but also
the complete replicative cycle of HSV, in essence amplifying the output. As a
proof-of-principle, the albumin enhancer/promoter, which drives expression
specifically in liver cells and many hepatocellular carcinomas [83, 252, 266],
was used to regulate ICP4 expression [237]. G92A was constructed by inserting
an albumin enhancer/promoter-ICP4 transgene into the TK locus of d120,
which is deleted for both copies of ICP4 [81].
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The cell specificity of G92A was demonstrated in vitro where the plaquing
efficiency was over 1,000 times higher on albumin-expressing human hepatoma
cells than on nonalbumin-expressing cells, with a virus burst of >50 pfu/cell on
Hep3B hepatoma cells and <0.1 on MCF7 breast cancer cells [237]. The
expression of ICP4 protein was greatly delayed in G92A-infected hepatoma
cells compared to wild-type KOS, as was the kinetics of viral growth. This is
indicative of altered regulation by the albumin enhancer/promoter compared to
the endogenous ICP4 promoter [237]. In vivo, G92A inhibited the growth of
subcutaneous human Hep3B hepatoma tumors to a similar extent as hrR3, but
had no effect on human PC3 prostate tumors [239]. Despite the high level
of albumin expression in normal hepatocytes, intrahepatic injection of G92A
(7 x 10° pfu) caused no symptoms of disease, whereas 10° pfu of wild-type
KOS caused 50% mortality [239]. This lack of toxicity in the liver is likely due
to the mutations in TK and US3, a protein kinase that blocks virally induced
apoptosis [199]. A role for US3 in pathogenicity was demonstrated with a
HSV-2 US3™ mutant that had greatly reduced virulence after intraperitoneal
injection, and was associated with restricted replication in the liver [250].
Transcriptionally targeted HSV vectors should prove useful for metastatic
tumors requiring systemic delivery, or benign or slowly growing tumors that
may not be sensitive to viral vectors targeting replicating cells.

Clinical Trials

In light of the encouraging preclinical data concerning antitumor efficacy
and safety of mutated oncolytic HSV-1, two clinical trials in the US and UK
were initiated in recurrent glioma patients [172]. High-grade astrocytic tumors
still remain a therapeutic challenge in neurooncology and prognosis continues
to be grim with a median survival of approximately 12—18 months for primary
tumors and 6—9 months for recurrent tumors [16, 103, 361]. The Glasgow group
evaluated 1716, containing a y34.5A in strain 17+ background [276], while the
US group (Georgetown University and University of Alabama at Birmingham)
evaluated G207 [216]. Both studies were phase-I dose-escalation safety studies
with virus injected intratumorally into neoplastic lesions in patients suffering
from recurrent or progressing astrocytic tumors, WHO III/IV, who had failed
conventional chemotherapy and irradiation.

Age, sex, clinical evaluation of patients as well as inclusion and exclusion
criteria before entering the studies did not differ significantly between both
studies, except for the inclusion of patients with a Karnofsky score of 60 in the
Glasgow trial. Nine patients were treated with 1716 at doses ranging from 10°
to 10° pfu [276]. The G207 doses ranged from 10° pfu at a single site to 3 x 10°
pfu at 5 sites in 21 patients [216]. y34.5 mutations in the strain 17+ background
(i.e., 1716) are more neurovirulent than those in strain F (i.e., G207) [210, 224].
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Intracerebral injection of 10®pfu of a 1716 derivative (1716lacZ) caused clini-
cal disease and a severe inflammatory response in rats and mice [228]. While
adverse events were noted in both trials, none could be unequivocally ascribed
to the virus and there was no induction of encephalitis, confirming the safety
profile obtained in animals [147, 330]. Postmortem tissue analysis from both
studies confirmed the absence of encephalitis. Biopsy specimens from 2 of
6 patients treated with G207, obtained 97 and 157 days after inoculation
contained G207 DNA [216], while 1716 DNA was not detected in specimens
from 5 patients [276]. One of 5 seronegative G207 patients seroconverted at the
3 x 10° pfu dose, while the 1 seronegative 1716 patient did not. Neither study
was designed to test efficacy, but anecdotal cases of tumor shrinkage or stable
disease were reported. These first clinical studies with replication-competent
HSV vectors are encouraging and indicate that this therapy is feasible, safe and
the clinical responses suggest at least some antitumor activity.

Conclusions

It has been just over a decade since the first experimental studies using
replication-competent HSV for tumor therapy were reported. Since that time a
number of genetically engineered viruses have been constructed with mutations
in viral genes that confer selective replication in tumor cells and attenuate viru-
lence. With the various mutations, there is a fine balance between safety and
viral replication. It is likely that the set point for this balance will vary with the
target organ and tumor, and the mode of vector delivery. The most promising of
these to date contain deletions in the y34.5 gene, and these have progressed
from preclinical efficacy and safety studies to clinical trials in patients with
recurrent glioma. While the initial focus of these vectors has been towards brain
tumor therapy, it is clear that they hold significant promise for most solid
tumors, including prostate, breast, head and neck, and liver metastases. Many
questions remain regarding the use of these vectors including: how applicable
are the animal models to the human condition; what are the underlying biological
features of tumors that make them particularly susceptible to attenuated mutants
of HSV; how does viral infection induce a tumor cell-specific immune response,
and does this have any relevance to autoimmune or neurodegenerative disease?
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Introduction

The early region of the adenovirus genome transforms cells in tissue
culture, and the gene products responsible for this effect have been well charac-
terized. The best studied is the Ela protein, which binds to the cell cycle control
protein Rb [1] and its relatives, and to the p300/CREB binding protein (CBP)
[2]. By neutralizing Rb function, adenoviruses allow quiescent, differentiated
cells to enter the S phase of the cell cycle and thus support efficient viral DNA
replication. The precise effects of binding the transcriptional co-activator
p300/CBP are not yet clear. The E1b proteins 19K and 55K suppress apoptosis
during infection through bcl-2 like activity [3] and through inhibition of p53 [4],
respectively. The early phase of lytic adenovirus infection is therefore charac-
terized by abolition of a key cell cycle checkpoint (the Rb checkpoint), and sup-
pression of apoptosis by p53-dependent and independent pathways. In these
respects, the infected cell is remarkably similar to a tumor cell [5]. These cells
generally lose the Rb checkpoint through mutations in Rb itself or indirectly
through loss of p16 or overexpression of cyclin D1. In some tumor cells, most
notably, those derived from cervical carcinoma, Rb and related proteins are neu-
tralized by the human papillomavirus (HPV) protein E7 [6]. Tumor cells sup-
press p53-dependent apoptosis by mutating p53 itself, by increasing mdm-2
activity, or by expressing HPV E6, and they upregulate p53-independent anti-
apoptotic pathways through overexpression of bcl-2 or components of the PI 3’
kinase pathway. In retrospect, this remarkable coincidence of functions explains
why the early region should transform cells. However, it is unlikely that the bio-
logical pioneers who first conceived the use of DNA viruses as model systems



for studying the process of transformation would have expected the models to
replicate the events involved in tumorigenesis so faithfully.

We have exploited this remarkable coincidence as the basis of a new
strategy for killing cancer cells selectively. We have proposed that genes encoded
by the adenovirus early region should be dispensable for replication in cancer
cells, since the cancer cells provide the functions that these genes encode. Thus
Ela should be dispensable in a cancer cell that already lacks Rb, and E1b 55K
should be dispensable in tumor cells that already lack p53 [5]. Viruses lacking
Ela or Elb 55K should therefore have host ranges restricted to cancer cells.
These hypotheses make a number of assumptions and oversimplifications, but
nevertheless they establish a potential means of achieving tumor specificity.

Biological Properties of d11520

dl1520 lacks the E1b 55K gene, is defective for replication in certain cell
types, and replicates efficiently in others as described below. The E1b 55K
protein has several functions. The best characterized is its ability to bind p53,
and to block its function, a function that is presumed necessary for replication
in vivo. Cells that retain normal wild-type p53 are therefore expected to restrict
replication of d11520. Cells lacking p53 are expected to be permissive. This
proposed selectivity suggested a role for d11520 as an anticancer agent, since
tumor cells generally lack functional p53 [7].

Elb 55K binds to p53 at a site that overlaps with the binding site of
mdm-2, and this binding is thought to block transcriptional activation by p53
[8-10]. E1b 55K can also export p53 to the cytoplasm through a leptomycin-
sensitive export system [11]. Efficient degradation of p53 depends on a second
viral protein, E4orf6, that binds to the E1b 55K/p53 complex, but whose precise
function remains unclear [12—15].

E1b 55K has additional functions that appear at first sight to be unrelated
to p53 binding. Mutants in E1b 55K are deficient in selective export of viral
late mRNAs and late viral protein synthesis is greatly reduced [16—18] E1b 55K
and E4orf6 may interact directly with late viral mRNAs and export them through
nuclear pores: it seems likely that this export function is related to export of p53
by the same complex, but this relationship is not clear. Unfortunately, much of
the analysis of E1b 55K function has been performed in HeLa cells whose p53
status is hard to define. In uninfected HeLa cells, p53 is degraded by HPV E6,
but Ela can induce p53, presumably by overwhelming HPV E6, so that p53
function is restored during infection. The level of functional p53 during infec-
tion of HeLa cells probably varies with time and multiplicity of infection, so that
the precise state of p53 is impossible to measure in these experiments.
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Construction of di1520

dl11520 was created by Barker and Berk [19] in 1987 from plasmid pm2022
(derived from Ad2) which introduces a stop codon at amino acid 3 of the
495-amino acid E1b 55K protein (496 in AdS), with an additional deletion of
sequences between the Pstl site at base 2496 and the Bg/Il site at 3323. This
plasmid was cotransfected with d1309 (Ad5 derived) cleaved at Xbal and mutant
viruses were the result of successful recombination. d11502 is therefore a hybrid
between Ad2 and AdS. As a result of the construction of this hybrid, gene
expression from the E3b region, which encodes the RID and 14.7-kD E3
proteins, is also disrupted.

Selectivity for Cancer Cells

Replication in Normal Cells

Expression of Ela leads to induction of p53 through a pathway shown in
figure 1. Ela binds the Rb protein, releases E2F and this transcription factor
turns on expression of p14AREF, a protein that inhibits mdm-2 [20]. This allows
accumulation of p53, and subsequent activation of pS3-responsive genes. These
genes can, in principle, cause cell cycle arrest or apoptosis, and are therefore
likely to restrict viral replication. Neutralization of p53 by E1b 55K is thought
to prevent these inhibitory effects and allow efficient replication. However, the
precise effects of inducing p53 during infection of normal human cells by d11520,
or related viruses, have not been measured. We must therefore consider the possi-
bility that other effects of p53 that have not yet been described, could also affect
virus replication and explain the need to neutralize p53 during lytic infection by
wild-type virus. Nevertheless, p53 is indeed induced during infection of normal
cells with dl1520 and similar adenovirus mutants [21], and it appears likely,
though not formally proven, that this attenuates replication of this virus.

Table 1 summarizes published data regarding replication of dI1520 in
normal human cells. Relative to wild-type adenovirus, dl11520 is attenuated for
replication in many primary cells growing in tissue culture. The basis of this
attenuation cannot be determined from these correlative data, but it is reason-
able to assume that p53 plays a role, since p53 is likely to be induced by Ela
expression in these cell types. Some caveats need to be considered. First, each
of the references cited in table 1 compare dl1520 with wild-type adenovirus
replication, either Ad2 or Ad5. However, d11520 is a hybrid between Ad2 and
AdS5, and contains a deletion in the E3b region in addition to the Elb 55K
gene, as described above. While it is commonly assumed that the E3 region plays
no role in replication in cell culture, this may not be the case in the cells
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Fig. 1. (a) Pathways leading from Ela to p53 in normal cells infected with wild type
adenovirus. Ela binds to Rb and related proteins, liberating E2F. This transcription factor
activates expression of cellular genes involved in DNA synthesis, as well as the adenovirus
E2 region. E2F also activates pl4AREF, and inhibitor of mdm-2. In the absence of mdm-2, p53
accumulates. This accumulation is blocked by E1b 55K and E4orf6. (b) In normal cells
infected with dI1520/ONYX-015, p53 accumulates but cannot be degraded efficiently
because E1b 55K is not expressed. Downstream targets of p53, such as p21 and bax can now
attenuate replication.
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Table 1. Replication of d11520 in normal cell lines, expressed as percent wild-type
virus production per cell during a single burst of virus production

Cell type % wt Reference no.

IMR90 25 18

HNK 36 18

WI38 3.6 18

Fibroblasts 2-5 29

MEC 3 29

Fibroblasts 5 30

HUVECs 1 0O’Shea and McCormick

(unpubl. observ.)

IMR90 and WI38 are human diploid fibroblasts. HNK = Human neonatal kidney cells;
MEC = mammary epithelial cells; HUVECs = Passage 2 human vascular endothelial cells.

described here. For example, E3 RID proteins could affect expression of growth
factor receptors that are necessary for survival during infection. Furthermore,
the deleted genome may replicate inefficiently due to structural features relating
to replication and packaging, rather than specific gene expression. The correct
comparison is a chimeric virus created by Barker and Berk [19] that is identical
to dI1520 except that it expresses E1b 55K it is referred to as AdD. Unfortu-
nately this virus has not been used in any of the studies in which dl1520 is
compared to wild-type virus.

Another caveat that needs to be considered is that primary cells in culture
lose expression of p14ARF, a protein that regulates p53 through inhibition of
mdm-2 activity. As a result, ‘normal’ cells may be defective in their ability to
induce p53 during viral infection. It is therefore possible that certain primary
cell lines that are relatively permissive for dl1520 may be defective in p53
induction. The connection between E2F, pl4ARF and p53 has only recently
been described, but demands a reexamination of some of the data summarized in
table 1. Related to this caveat, it should be considered that human cells that grow
rapidly in culture are the exception, not the rule, and the types of cell that are
likely to be exposed to infection during clinical application of d11520 may not
be represented by cells like IMR-90 fibroblasts.

Despite these caveats, the possibility certainly exists that some normal
cells in vivo may be susceptible to lytic productive replication by d11520: no
existing animal model can predict this possibility accurately. Clinical investiga-
tion of dI1520/ONY X-015 must clearly take this possibility into consideration.

The attenuation of dl1520 replication that we have observed in growth
arrested, low passage epithelial cells (table 1) correlates with dramatic induction
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Table 2. Replication of d11520 in tumor cells with mutant p53 (expressed as in table 1)

Cell type Mutation % wt Reference no.
C33A R273C 50-100 7,18, 29
H1299 null 15-40 18, 29, 30
Hep3B null 14 18
OVCAR-3 R248Q 10 18

HacaT H179R 10 30
SK-OV-3 del 6.3 18

Saos-2 null 5 18

Jw2 null 5 30

PC-3 insertion 4.8 18

HT-29 R273H 2 30

U373 R273H 1 29

of p53, but may also be due to loss of other E1b 55K functions that are neces-
sary for efficient replication, as discussed above. We are currently attempting to
assess the contribution of p53 toward the attenuation of dl11520 replication in
primary cells.

Replication of dl1520 in Tumor Cells with Mutant p53

Table 2 summarizes published data on d11520 replication in tumor cells
that express mutant p53, or fail to express p53 entirely. In C33a cells, replication
is as efficient as wild-type virus, showing that all E1b 55k functions are dispens-
able in these cells. At the other extreme, JW2 cells fail to support replication
efficiently even though p53 is not expressed. Presumably other functions of E1b
55K are essential in these cells. In cells expressing mutant p53, it is generally
assumed that this protein is functionally inactive. Presumably, during the evolu-
tion of the tumor, a mutation occurred that inhibits p53 function sufficiently
to overcome p53-dependent growth arrest or apoptosis. However, infection
of such tumor cells with adenovirus results in p53 induction. Levels of p53
protein may now be achieved that have a biological function. Of particular note,
the p53 mutation R273H that occurs in U373 and HT-29 has been shown to be
a weak mutation that only impairs p53 function by a factor of 10 [22]. This may
be sufficient to suppress p53 function during tumor development, but may not
be sufficient during infection with dl11520. By analogy, Ela can overcome the
effects of HPV E6 in Hela cells [23], as described below. It is therefore
insufficient to conclude that a cell line such as U373 and HT-29 is indeed
pS53-defective during the process of infection with d11520.
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Table 3. Replication of d11520 in tumor cells with wild-type p53

Cell type % wt Reference no.

RKO 30-50 18,29

A549 24-40 18, 29, 30

HCT116 10-50 30, Ries et al. (unpubl. observ.)
U87 28 29

U208 1.2 5, 18,29

Replication of dl1520 in Tumor Cells with Wild-Type p53

Table 3 shows that d11520 replicates with varying degrees of efficiency in
tumor cells with wild-type p53. As discussed by Harada and Berk [18] the
decreased replication in these tumor cells relative to wild type is due to
p53-dependent and independent mechanisms. We have recently investigated this
issue in a model system using HCT116 colorectal cells. These express wild-type
p53, but fail to express p14. We chose these cells because an isogenic derivative,
in which the p53 gene was knocked out by homologous recombination, has been
made available by Waldman et al. [24]. In p53** or p537~ cells, d11520 repli-
cates at about 20-30% wild-type efficiency. This shows clearly that the attenu-
ation of replication is due to p53-independent effects of E1b 55K. When
p14AREF is expressed in p53™* cells, p53 levels increase and d11520 replication
is selectively inhibited (Korn et al., submitted for publication), but in p537~
cells, pl4ARF has no effect. We conclude that loss of pl4ARF facilitates
efficient replication of dl1520 in these cells by suppressing p5S3 induction.
However, complete loss of p5S3 does not restore full replication because d11520
still lacks functions necessary for wild-type levels of replication.

Pre-Clinical Testing of di1520

dl1520 was injected directly into human tumors grown as subcutaneous
xenografts in nude mice [7, 25] or by intravenous injection of mice bearing
these xenografts [26]. In the former case, complete destruction of tumor was
seen in about 60% of injected tumors; in the latter case, complete responses
were seen when virus was administered along with chemotherapy agents, even
though virus replication within the distant tumor could be detected. Biopsy of
tumors treated by either route revealed progressive spread of virus from
throughout the tumor, suggesting that replication and infection of neighboring
cells was responsible for tumor killing. The ability of d11520 to destroy human
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xenografts was enhanced by combination with chemotherapy agents such as
S-fluorouracil (5-FU) and cisplatin, for reasons that are not yet entirely clear
[26]. One possible explanation is that host immune effector cells produce
cytokines in response to infection, and these cytokines, such as TNF-a, kill
uninfected tumor cells in the presence of chemotherapy agents. Other effects of
these agents might also increase efficacy. For example, increases in vascular
permeability or tumor architecture could increase viral spread during infection.
It is also possible that the combined effects of virus and chemotherapy seen in
these models, simply reflect the fractional killing of both regimes separately.
However, the combination appears to be synergistic rather than additive, sug-
gesting a more complex interaction, but this clearly merits further investigation.

Clinical Testing of dI1520, ONYX-015

dl1520 entered a phase-I trial for patients suffering from recurrent squa-
mous cell carcinoma of the head and neck in April 1996. These patients had
failed surgery, radiation and chemotherapy, and initially were selected based
on the presence of mutant p53. A dose escalation was performed, from 10 to
10'! pfu of virus, purified from 293 cells, injected directly into tumors. In this
study, no dose-limiting toxicity was reported, and it was concluded that d11520
is safe.

While these studies were in progress, it was discovered that d11520 is more
effective in combination with approved chemotherapy protocols, at least in
mouse xenograft studies [26], as discussed above. A phase-II study was there-
fore conducted in which 30 patients who had failed prior surgery or radiation
therapy were treated by injection of 5 doses of virus at 10'° per dose, and tumor
size was measured 4 weeks after injection. In this study, 8/30 showed a complete
response (all injected tumor mass disappeared), and a further 11/30 showed
more than 50% tumor reduction. The overall response rate was therefore 19/30
(63%), which compares favorably with historical rates of about 35% for this
disease, with less than 10% expected complete responses [27]. A phase-III
study is being planned based on these encouraging data. Other phase-I/II
studies currently ongoing include treatment of oral leukoplakia, Barrett’s
esophageal cancer, pancreatic cancer, ovarian cancer and metastatic colorectal
cancer. The latter study is of particular interest because it involves infusion of
virus into the blood stream via the hepatic artery. To date, no dose-limiting
toxicity has been reported, even after infusion of 10'? pfu virus, and patients are
being monitored for signs of biological efficacy.

In conclusion, dl1520/ONYX-015 virus has been shown to be very well
tolerated, and encouraging signs of efficacy have been reported. Based on these
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data, it seems likely that d11520/ONYX-015 will be approved for use as an
anticancer agent. In the future, we anticipate that d11520 will be the basis of
another generation of viruses that replicate selectively in tumor cells, and also
deliver genes selectively to tumor cells to further enhance biological efficacy.
Indeed, the potential benefit of combining the suicide gene herpes simplex virus
thymidine kinase into the d11502 backbone has already been documented [28].
We also anticipate developments in viral delivery that might allow efficient
killing of metastatic tumors, and that together these advances could provide a
new approach towards safe and effective treatment of major forms of human
cancer.
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Introduction

The specificity, or therapeutic index, of anticancer chemotherapeutic
agents has long been problematic. The majority of cancer chemotherapeu-
tic agents, such as alkylating agents, antimetabolites, antibiotics, plant alkaloids,
and other cytotoxic agents, nonspecifically injure or kill dividing cells [1].
These agents are noted for their poor specificity and low therapeutic ratio of
toxicity towards target cancer cells compared to normal cells (e.g. therapeutic
ratios of 2:1 to 6:1). In some instances, hormonal anticancer agents offer
improved specificities [2], and the few biologic response modifiers [3], partic-
ularly humanized monoclonal antibodies, also offer greater anticancer speci-
ficity. However, cytotoxic agents remain the mainstay of cancer chemotherapy.
The unwanted toxicity problems, most notably the myeloid stem cell suppres-
sion characteristic of these cytotoxic drugs, are so great that drugs designed to
recover patients from the side effects of cytotoxic anticancer agents such as
G-CSFE, GM-CSF and erythopoietin [4] represent as significant a commercial
market as the cytotoxic chemotherapy agents themselves (M. Simons, personal
commun.).

Intense efforts to increase specific cancer cell cytotoxicity of new anti-
cancer agents have frustrated researchers for decades and continue today. One
such effort is gene therapy [5, 6]. In experimental models of gene therapy using
replication defective adenoviruses, the use of prodrug converting enzymes
such as herpes simplex virus thymidine kinase [7-11] and cytosine deaminase
[10] under the control of transcriptional response elements (TREs) has shown



anticancer activity with significantly increased specificity. However, to destroy
a solid tumor, replication-defective adenoviruses must deliver a therapeutic
gene and precipitate a significant bystander effect, all before the host-immune
response to the adenovirus coat proteins limits further treatment. The result is
that despite the 61 (NIH ORDA October 1999) human clinical trials using
replication-defective adenoviruses to treat cancer, to date none of these thera-
pies have shown medical utility, progressed to phase-III trials, or become com-
mercially successful. Unfortunately, even when gene transfer was successful,
gene expression has been inadequate or too short-lived. The limiting issue has
been inadequate efficacy.

To address some of these shortcomings we have focused on modifying the
specificity and efficacy of replicating adenoviruses. We have tried to design
therapeutics with sufficient specificity and efficacy so that the short-term
expression of adenovirus will be successful in killing enough target cancer cells
to be medically useful. Physically, replicating adenoviruses can infect a broad
range of human cells and produce infectious progeny that could attack adjacent
tumor cells leading to destruction of a solid tumor within a short period of time
from a single virus treatment. In human patients, replicating adenoviruses
would be expected to induce a strong cytotoxic T-cell response that could help
eliminate productively infected cells.

Replicating viruses have been proposed to treat cancer for nearly a century
[12]. The first sustained attempts to treat tumors in animal models occurred in
the late 1940s and early 1950s when infections were induced with viruses such
as avian pest, Russian Far East encephalitis, St. Louis encephalitis, Coxsackie,
foot and mouth, Herpes simplex, influenzae, West Nile, dengue, Newcastle
disease, vaccinia, and rabies [13]. A significant early attempt was made to
explore the cell-killing properties of replicating cytolytic adenoviruses for the
treatment of cancer in humans. The first isolates of adenovirus were shown to
grow ‘luxuriantly’ on HeLa cells, cells originally derived from cervical cancer.
It was proposed that perhaps adenoviruses would preferentially replicate in and
destroy cervical cancers. In 1956 Smith et al. [14] tested ten different wild-type
adenovirus serotypes, including adenovirus type 5 (AdS), as a treatment for
locally advanced cervical carcinoma. Virus was administered via intratumoral
injection or intra-arterial injection. The virus stocks used were unpurified
lysates of tissue culture cells; the number of infectious viral particles (plaque-
forming units, pfu) and the total number of virus particles in the injected dose
were not determined. Although long-term clinical benefit was not achieved,
tumor necrosis and cavity formation was observed in 65% of treated patients,
and these effects were limited to the carcinoma tissue. Side effects, detected
primarily in patients receiving immunosuppression with cortisone, included
febrile illness and malaise; in all cases, the symptoms resolved in 7-9 days.

Attenuated Replication-Competent Adenoviruses for Prostate Cancer 57



Infectious virus was not recovered from any biopsy specimens or vaginal
smears, but the titers of neutralizing antibodies were uniformly elevated by 5—7
days after injection [14]. This study is significant, for it illustrates the promise
and limitations of oncolytic adenoviruses while describing the limited toxicity
to be expected of replicating adenoviruses that do not contain transgenes
encoding foreign proteins at these intermediate dose levels. However, adeno-
viruses were subsequently shown to replicate in many cell types and lacked the
hoped-for preference for cervical cancer cells.

A resurgence of interest in replicating adenoviruses has occurred in the
past decade due to the ability to genetically manipulate viruses. In 1996 Bischoff
et al. [15] introduced the use of AdS deleted in the E1B 55-kD protein so that
the virus (ONYX-015 = dI1520) preferentially replicates in p53~ cells as com-
pared to p53™ cells by a factor of 100-fold. However, the mechanism of antitu-
mor specificity of the ONYX-015 virus has come under criticism [16—19]. Also
in 1996, Zhang et al. [20] showed that replicating wild-type adenovirus could
eliminate tumor xenografts in nude mice. In 1997, Rodriguez et al. [21] intro-
duced transcriptional targeting of adenovirus using the enhancer/promoter of
the human prostate-specific antigen (PSA) gene to drive the AdS E1A gene.

We have focused on the use of TREs to control the expression of virus
genes required for virus replication [21-23]. To test this idea we initially chose
prostate cancer and the regulatory enhancer and promoter elements (prostate-
specific enhancer, PSE) of PSA. PSA is the most widely used serum marker for
the diagnosis and management of any form of cancer. It is produced in prostate
cancer cells, and normal prostate ductal epithelia (which represents less than
5% of the cells of the prostate); it is also produced in much smaller amounts
in the periurethral glands, and very rarely in tumors of the skin, salivary glands,
and breast [24]. Since the prostate is an accessory organ, removal or abla-
tion of the entire gland has no serious health repercussions [25-28]. Thus,
the regulatory regions of the PSA gene are a reasonable choice for such an
approach.

We reasoned that placing adenovirus genes under the control of the PSE
would create a virus in which replication would be restricted primarily to PSA-
producing (PSA™) ductal epithelial cells within the prostate, and PSA™ prostate
cancer (PCA) cells. We describe CV706 (PSE driving the Ad5 E1A genes and
deleted in the Ad5 E3 region) which is currently in clinical trials at the Brady
Urological Institute of the Johns Hopkins Oncology Center under the direction
of Jonathan Simons, MD, and Ted DeWeese, MD. We refer to the genetically
engineered viruses using TREs as attenuated replication-competent adeno-
viruses (ARCA©). Since taking CV706 to clinic, we have focused on improving
the specificity and efficacy of the ARCA® platform. Below we describe addi-
tional prostate-specific viruses on the developmental pathway from CV706
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leading to CV787 (probasin, PB, driving the E1A gene, PSE driving the E1B
gene and reintroduction of the Ad5 E3 region).

Adenovirus: Gene Expression and Regulation

Members of the Adenoviridae family of human adenoviruses were first
cultured from the tonsils and adenoids of children in 1953 [29]. They represent
47 different serotypes which are distinguishable by antibody reactivity to
epitopes on the virion surface. Each serotype is assigned to one of five sub-
groups (A—E). Members of a subgroup can exchange genetic material (recom-
bine) efficiently, but they do not recombine with members of a different
subgroup. Adenovirus types 1, 2, 5, and 6 are members of subgroup C. Ad5
is associated with a self-limiting, febrile respiratory illness and ocular disease
in humans; infectious virus can be recovered from the throat, sputum, urine,
and rectum. AdS5 is also associated with renal impairment, hepatic necrosis, and
gastric erosions in immunosuppressed individuals [30, 31]. Ad5 and the other
subgroup C viruses have little or no oncogenic potential in mammals [32].
A recent serological survey indicates that 57% of the adult population in the US
has neutralizing antibodies to Ad5 with titers ranging from 1:2 to 1:512 [33].

The Ad5 genome is a double-stranded DNA molecule of 35,935 base pairs
[34] containing short inverted terminal repeats [35]. Expression of the genome
is a regulated cascade which is arbitrarily divided into early (E) and late (L)
phases, with viral DNA replication required for maximal L gene expression
(fig. 1). Related RNA transcripts are grouped according to the region of the
genome from which they are transcribed as well as by the timing (E or L) of
their expression. Viral gene expression is regulated at the levels of transcription,
post-transcriptional modification (splicing), translation, and post-translational
modification.

Products of the E1 region are essential for efficient expression of the other
regions of the adenovirus genome. The E1A transcription unit is the first adeno-
virus sequence to be expressed during viral infection. EIA plays a role in a
number of important biological functions in adenovirus-infected cells. E1A
proteins are capable of immortalizing primary cells and of cooperating with
E1B or H-ras to induce complete transformation [36] and are also involved in
the regulation of gene expression. The E1A gene products can induce transcrip-
tional activation of E1A and other early viral promoters, as well as of a number
of cellular promoters [37]. The E1A region encodes at least six polypeptides
[32]. The 289-amino acid E1A (289E1A) product is a multifunctional phospho-
protein that transactivates both viral and cellular genes [38—40]. The 289E1A
interacts with both viral and host proteins including components of the cellular
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Fig. 1. Transcription map of adenovirus type 5. In the main, transcription of the early
(E) genes is separated from transcription of the late (L) genes by the onset of virus DNA
replication. E1A is the only gene transcribed during the first 2.5 h of infection.

transcription apparatus. The 289E1A protein can also induce host DNA synthe-
sis in quiescent cells by two independent mechanisms [41—43]. The 243-amino
acid E1A (243E1A) causes increased expression of the host cellular p53 protein
and apoptosis (see below). The E1B region encodes three proteins with diverse
functions [44] that modulate the activity of the 289E1A [45], regulate the levels
of the host cellular p53 protein [46], block the tumor necrosis factor cytolysis of
infected cells [47, 48], regulate viral E2, E3, and E4 promoters, and transactivate
cellular promoters such as that for the heat-shock protein hsp70 [49, 50].

The E2 region encodes several proteins that are required for viral DNA
replication. These include a DNA-binding protein [51], the viral DNA-dependent
DNA polymerase, and the DNA terminal protein that are required for DNA
replication [52—54].

The E3 region is not essential for replication in tissue culture and this
region is deleted from most first-generation therapeutic adenoviruses [55, 56].
Proteins encoded by the E3 region modulate host-immune responses to infec-
tion by inhibiting transport of the major histocompatibility complex (MHC)
class I protein to the cell surface, thereby impairing the cytotoxic T lymphocyte
(CTL) response [57-59], and by blocking TNFa-induced cytolysis of infected
cells [47, 48]. This defect in E3-deficient viruses may contribute to rapid loss of
transgene expression in vivo in trials using first-generation therapeutic adeno-
viruses. The E3 region also encodes the adenovirus death protein. Although not
essential in tissue culture, the death protein enhances cell killing and the release
of progeny virions from the infected cells [60, 61].

Six transcripts of the E4 region have been identified. Some of the encoded
proteins interact with and/or modulate the activity of E1 region proteins.
For example, E4orf4 indirectly affects phosphorylation of 289E1A [62], and
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E4orf6 interacts with the E1B 55-kD protein to modulate the level of cellular
p53 protein [46].

The onset of viral DNA replication signals the switch from E to L gene
expression. Although the precise mechanisms are not fully understood, this tran-
sition requires both cis- and trans-acting factors [63—65]. Late genes primarily
encode the structural components of the virion and the nonstructural scaffolding
proteins that are essential for the assembly of infectious virus. It is estimated
that up to 10,000 adenovirus virions are accumulated per cell and most remain
cell-associated [66]. The entire adenovirus replication cycle is completed in
approximately 32-36 h [67].

All early regions except E3 are essential for adenovirus propagation. The
virus replication can then be restricted to a cell type when one or two of these
genes are under the control of tissue-specific genes, or transcriptional regula-
tory elements. The cytotoxicity associated with virus replication could also be
limited to a certain type of cell.

Specificity: Attenuated Replication-Competent Adenovirus

We hypothesized that tropism of a virus could be redirected if expression
of an essential viral gene could be controlled. Viruses generated from this
approach would have the same capsid as its parental virus and they should be
able to penetrate all cell types that express the CAR receptor [68, 69].
Presumably, in all cells containing the CAR receptor, these viruses would follow
the normal cell entry process: they would penetrate the endosome, fuse with the
endosome membrane, reach the cytoplasm, find transport to the nucleus, and
uncoat the viral DNA. In a normal adenovirus replication cycle the E1A gene is
the only gene expressed during the first 2.5h of infection [37, 40, 70, 71]. In
turn, the E1A proteins as transcription factors upregulate expression of the
impending cascade of viral genes. However, we have genetically engineered
prostate tissue-specific promoters and enhancers so as to drive the E1A genes.
Thus, the E1A proteins should be preferentially expressed in prostate cells.
Additionally, viral replication should preferentially take place in cells that
express transcription factors, thus enabling activation of the tissue or tumor-
specific transcription regulatory elements, prostate cells.

There are several criteria important in regard to the TRE necessary for the
successful engineering of a therapeutic adenovirus: (1) the tissue-specific regu-
latory specificity should be tightly regulated; (2) the TRE should regulate the
initiation of transcription of the adjacent gene; (3) transcription should be lim-
ited to tumor cells, or accessory cells with as few other sites of expression as
medically tolerable, and (4) the promoter should be strong enough to drive
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Table 1. ARCA®s for prostate cancer

Virus E1A E1B E3 E4 Targeting
driven by driven by region driven by cell
CV702 wt wt Deleted wt N/A
CV706 PSE wt Deleted wt Prostate cancer
CV711 wt PSA Deleted wt Prostate cancer
CV716 PSE PSE Deleted wt Prostate cancer
CV737 PB wt Deleted wt Prostate cancer
CV738 wt PB Deleted wt Prostate cancer
CV739 PB PSE Deleted wt Prostate cancer
CV740 PB PB Deleted wt Prostate cancer
CV757 wt wt Deleted PSE Prostate cancer
CV763 HK2 wt Deleted wt Prostate cancer
CV764 PSE HK2 Deleted wt Prostate cancer
CV787 PB PSE Full-length wt Prostate cancer
CV802 wt wt Full-length wt N/A

sufficient expression of essential viral genes. We chose prostate cancer and the
TRESs of PSA as our initial target.

Expression of the PSA gene is modulated by the PSE element that is
located several thousand nucleotides upstream of the PSA promoter [72]. When
fused to a fragment (position —230 to +7, relative to the start of transcription)
containing the PSA promoter, the PSE (position —5322 to —3875, relative to
the start of transcription) confers tissue-specific expression on a reporter gene
such as that for chloramphenicol acetyltransferase (CAT) [72]. Sequence
analysis of the PSE reveals the presence of regions with homology to steroid-
response elements and to binding sites for several cellular transcription factors
including c-Fos and AP-1 [23, 72, 73]. A functional androgen-response
element within the PSE increases expression up to 100-fold in the presence of
testosterone or the non-metabolized testosterone analog R1881.

Viruses Containing One Prostate-Specific Transcriptional

Response Element

To test the feasibility of the ARCA® technology, we engineered the PSE
fragment into the adenovirus genome and generated a first-generation virus,
CV706. CV706 contains the PSE fragment (PSA promoter and enhancer)
inserted immediately upstream of the E1A region and transcription of the E1A
region is regulated by the PSE. The viruses described in this chapter are sum-
marized in table 1. Virus characterization showed that CV706 was able to effi-
ciently replicate in PSA™ prostate carcinoma cell lines but not in the other
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PSA™ human cell lines HBL-100, MCF-7, PANC-1, and OVCAR-3. CV706
also does not replicate efficiently in DU-145, a prostate cancer cell line which
does not express PSA and does not contain the androgen receptor [21]. Further
study indicated that the transcription of the EIA mRNA was regulated by the
PSE. E1A mRNA was detectable in PSA™ LNCaP cells, but was not detect-
able in PSA™ cells (data not shown). E1A protein was also reduced by 99% in
PSA™ cells, compared to that in the PSA* LNCaP cells [21]. This indicates
that the inserted PSE has successfully controlled expression of the E1A gene
and the host range of this adenovirus mutant has been confined to a particular
cell type.

We also showed that the tropism of adenovirus could be changed when the
E1B gene or the E4 gene was placed under the control of the PSE TRE. CV711,
whose E1B gene is placed under the control of PSE, and CV757, whose E4
genes are driven by PSE, both replicate similarly to wild-type adenovirus in
PSA™ cells but are highly attenuated in PSA ™~ cells. Cell specificity of CV711
viruses is similar to CV706 and replicates similarly to wild-type virus in PSA™"
cells. In contrast, CV757, a virus that contains the PSE driving the E4 region,
shows significantly greater specificity for PSA™ cells but suffers a significant
reduction in the ability to replicate (data not shown). Thus, adenovirus mutants
can be generated to target PSA™ cells when any one of the E1A, E1B, of E4
genes are driven by the PSE.

This observation has been confirmed with other prostate-specific TREs.
The rat PB gene is developmentally regulated in the prostate by androgens.
Induction of the rat PB gene by androgens was shown to involve the participa-
tion of two different cis-acting DNA elements that bind the androgen receptor.
An expression cassette carrying 426 bp of the PB gene promoter and 28 bp of
5'-untranslated region was found to be sufficient to target expression of a
bacterial CAT reporter gene specifically to the prostate epithelium [74]. It was
also shown that the same 5'-flanking region of PB gene promoter fragment
fused to the SV40 Tag gene could lead to the development of progressive forms
of prostate disease that histologically resemble human prostate cancer in trans-
genic animals [74]. The promoter of the rat PB gene was engineered into adeno-
virus to drive the expression of either the E1A gene or the E1B gene to generate
CV737 and CV738, respectively. Both CV737 and CV738 showed significant
specificity to PSA "prostate carcinoma cells.

We also recently cloned the TRE of the hK2 gene. The hK2 gene is located
12 kb downstream from the PSA gene in a head-to-tail fashion, whereas the hK1
gene is located 30 kb upstream of the PSA gene in head-to-head fashion [75].
The PSA and hK2 gene share DNA (80%) and amino acid (78%) sequence
homologies that suggests that they evolved by gene duplication from the same
ancestral gene [76, 77]. Interestingly, the hK2 protein was recently shown to be
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expressed in every prostate cancer, and the expression of hK2 protein incre-
mentally increased from benign epithelium, to high-grade prostatic intraepithe-
lial neoplasia, to adenocarcinoma. We recently described CV763 containing
the hK2 promoter and enhancer driving the Ad5 E1 gene. CV763 behaved
identically to CV706 [23].

Thus, the replication of adenovirus can be restricted to prostate cancer cells
when one of the essential adenovirus genes E1A, E1B, or E4 is placed under the
control of any one of three different prostate-specific TREs.

Viruses Containing Two Prostate-Specific Transcriptional

Response Elements

Since both the E1A and E1B genes are essential for adenovirus replication,
we reasoned that it was possible to create a virus with significantly higher speci-
ficity if both the E1A and E1B genes were under independent control of two
TREs. To test this hypothesis, we generated an adenovirus mutant CV716, in
which both the E1A gene and the E1B gene were under the control of PSE.
In vitro study showed that CV716 replicated well in the PSA-producing prostate
cancer cells. However, replication of CV716 was highly attenuated in non-
prostate human cell lines. Compared to CV706, the efficiency of CV716 repli-
cation in nonprostate cancer cells has been further reduced by more than
100-fold giving a specificity for PSA™ cells compared to PSA™ cells of nearly
10,000:1 (data not shown). The high degree of specificity for PSA™ cells
of CV716 as compared to PSA™ cells was found to be universally true [22, 23].
CV740, containing duplicate copies of the rat PB promoter, also showed this
high level of specificity. However, CV716 and CV740 are genetically unstable
resulting in self-inactivation of the virus. The E1A gene and one copy of the
tissue-specific TRE inserts are deleted during replication. Southern blot analy-
sis (fig. 2) of stocks of CV716 indicated a new band when annealed with an
E1B-labeled probe. DNA sequence analysis of the cloned deletion mutant indi-
cated that self-inactivation is due to homologous recombination between two
identical inserted TREs.

In order to make a stable tissue-specific adenovirus we employed two
different TREs to drive expression of viral early essential genes. In CV739 the
E1A gene and the E1B genes are under the control of the TRE of the rat PB gene
and PSA gene, respectively. CV739 replicates well in PSA™ prostate cancer
cells, but poorly in nonprostate human cancer cell lines. The cell specificity of
CV739 was similar to that of CV716, again showing the roughly 10,000 : 1 selec-
tivity for PSA™ cells as compared to PSA™ cells. However, CV739 is stable. No
replication-defective mutants with deleted genomes were found after extensive
passages. The same is true for other CV739-like viruses including CV764.
CV764 is a stable ARCA® variant containing the PSE driving the E1A genes
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Fig. 2. Southern blots of CV716. The structure of ARCA variants was confirmed by
Southern blot analysis of viral DNA. 10ng of viral DNA (QIAmp blood kit, Qiagen) was
digested with Af/11: lane a, CV702; lane b, CV706; lane ¢, CV711; lane d, CV716; lane e,
CV739; lane f, CV763; lane g, CV764; lane h, CV787; lane i, CV802. DNA was fractionated
through a 1% agarose gel and transferred by capillary transfer to a Nytran nylon membrane
(Schleicher and Schuell). Viral DNA was probed with [a->*P]dCTP-labeled PCR products
specific for E1A or E1B sequences. The E1A probe was made by PCR from CV706 DNA
amplifying a 938-bp fragment of Ad5S DNA, and the E1B probe was made by PCR from
CV706 DNA amplifying an 881-bp product. Blots were hybridized overnight at 45 °C in Zip
Hyb solution (Ambion), and washed two times in 2 X SSC, 0.15 SDS at room temperature
and two times in 0.1 X SSC, 0.1% SDS at 65 °C. Blots were visualized by exposure in a
GS-525 Molecular Imager (BioRad Laboratories).
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and hK2 promoter and enhancer driving the E1B gene. The sequences of the
PSE and hK2 promoter and enhancer are 80% identical yet the virus is geneti-
cally stable. Again, CV764 has the high therapeutic index of the other viruses
containing two prostate-specific TREs with a cell specificity of 10,000:1 for
PSA™ cells compared to PSA™ cells [22, 23].

Taken together, these adenovirus variants show that tropism of adenovirus
can be redirected by placing viral essential genes under the control of tissue-
specific regulators. The cell selectivity of a stable oncolytic virus can be over
10,000 : 1 when the expression of more than one viral gene is driven by two dif-
ferent tissue-specific TREs.

Efficacy: Attenuated Replication-Competent Adenovirus

Viruses with the Addition of the E3 Region (CV787)

The E3 region has long been considered unnecessary for replication of
adenovirus in vitro. It has been universally deleted from AdS gene therapy con-
structs until recent efforts to prolong transgene expression from replication-
defective AdS gene therapy constructs [55, 56, 78-81]. The E3 region is
believed to encode proteins that play a role in evading the host immune system
prolonging virus infection [82]. Seven proteins encoded by the Ad E3 region
have been identified and characterized: (1) a 19-kD glycoprotein (gp19k)
known to inhibit transport of the MHC class I molecules to the cell surface thus
impairing both peptide recognition and clearance of Ad-infected cells by CTLs,
and one of the most abundant adenovirus early proteins [83, 84]; (2) the E3
14.7k protein and the E3 10.4/14.5k complex of proteins that inhibits the cyto-
toxic and inflammatory responses mediated by tumor necrosis factor [85-87];
(3) the E3 10.4/14.5k protein complex that downregulates the epidermal growth
factor receptor which may inhibit inflammation and activate quiescent infected
cells for efficient viral replication [88] as well as downregulate the apoptosis
receptor CD95 [86], and (4) the E3 11.6 protein (adenoviral death protein) that
promotes cell death and release of virus from infected cells [60, 61, 89]. The
functions of three E3-encoded proteins, the 3.6k, 6.7k and 12.5k proteins are
currently unknown [82]. Significantly, the E3 region has never been absent in
clinical isolates.

The adenovirus E3 region was deleted from the tissue-specific ARCA®s
described above. To test the possibility of increasing virus cytotoxicity, we
created CV787 from its parent virus CV739 by engineering the full-length E3
region back into the viral genome. Thus CV739 contains the rat PB promoter
driving the E1A gene and the PSE driving the E1B gene. Otherwise CV787 is
identical to the recombinant wild-type adenovirus CV802. CV787 retained the
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Fig. 3. Cytopathic effects of CV787 in primary human microvascular endothelial
(hMVEC) cells. Primary hMVEC cells (Clonetics, San Diego, Calif.) were grown to 80%
confluence and infected with either CV787 or CV702 for 2 h at increasing MOIs from 0.01
to 10. Plates were monitored daily for cytopathic effect, and the assay was terminated 10 days
after infection.

high specificity of characteristics of two TRE-containing viruses driving the
E1A and E1B genes. Cytopathic effect (CPE) assays and cell viability are
shown in figures 3 and 4. Ten days after injection, the CPE assay of CV787 and
the control wild-type virus CV802 on primary normal human microvascular
endothelial cells shows that CV802 clears half the microscopic field at a multi-
plicity of infection (MOI) of 0.01 and yields a field of debris at higher MOlIs. In
contrast, CV787 produces no CPE even at MOlIs of 10. In addition, MTT assays
show that CV802 destroys all cells whereas CV787 only destroys PSA™ cells
(fig. 4). These data extend the high level of specificity of CV787 as shown by
virus yield (pfu/cell) data previously described [22, 23].

The plaque assay showed that the E3-containing virus CV787 produced
larger plaques that developed more rapidly compared to an E3-deleted counter-
part virus, CV739 (fig. 5). Large, rapidly forming plaques could be caused by
enhancing virion release from infected cells as suggested by the function of the
E3 death protein, but could also be caused by large burst size as well. This
hypothesis was supported by growth curve data in which CV787-infected
LNCaP cells produced 10-fold more extracellular virus as well as 10-fold more
total virus per cell compared to CV739-infected LNCaP cells (fig. 6). Thus,
while the E3 region is not necessary for virus replication in vitro, it certainly
aids virus replication.

To further characterize the effect of the addition of the Ad5 E3 region, cell
viability and MTT assays were carried out to monitor mitochondrial activity in
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Fig. 4. Cell survival. Prostate cancer LNCaP PSA™, breast epithelia HBL-100 PSA~, and
ovarian cancer OVCAR-3 PSA™ cells were infected with CV787 or CV802 at a MOI of 1.
Cell survival was monitored daily by MTT assay.

CV739 Cv787

Fig. 5. Plaque morphology of CV739 and CV787. LNCaP cells were infected with CV739
and CV787. After a 1-hour adsorption period the plates were overlaid with agar and incubated for
10 days. After 10 days, the agar overlay was removed and the cells stained with crystal violet.
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Fig. 6. One-step growth curves of CV739 and CV787. Monolayers of LNCaP cells
were infected at a multiplicity of 2 pfu/cell with either CV39 or CV787. At the indicated
times thereafter duplicate cell samples were harvested, lysed by three cycles of freeze-
thawing, and the virus in the supernatants was assayed in triplicate in 293 cell monolayers.

CV739- and CV787-infected cells. In the trypan blue cell viability assay
(fig. 7), LNCaP cells were infected with a MOI of 1 pfu/cell with CV739 and
CV787. Both viruses killed all cells by 9 days after infection. However, 6 days
after infection CV787 had killed 90% of the cells whereas CV739 had only
killed 16% of the cells. In the mitochondrial MTT assay, cells infected with
CV787 at multiplicity of 1 pfu/cell began to lose mitochondrial activity 3 days
after infection and 90% of the cells were dead by 6 days. Cells infected with
CV739 did not begin to lose mitochondrial activity 4 days after infection and
retained 90% of mitochondrial activity at day 6 after infection [22]. These
results indicate that CV787 has a stronger cell-killing ability than CV739.
These results were confirmed in vivo as seen in the next section.

In vivo Antitumoral Studies of CV706 and CV787

In vivo studies evaluating intratumoral and intravenous administration
of prostate-specific adenoviruses were conducted in the nu/nu mouse contain-
ing human tumor xenografts. Tumors were produced by subcutaneous injection
of PSA-producing prostate cancer LNCaP cells into each flank of each mouse,
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Fig. 7. Effect of Ad5 E3 region on cell survival. Prostate cancer LNCaP cells were
infected with CV787 or CV802 at a MOI of 1. Cell survival was monitored daily by trypan
blue exclusion.

and after establishment of palpable tumors (mean tumor volume 300 mm?),
the tumors were directly injected with purified virus or vehicle (PBS and
10% glycerol). Tumor growth was then followed for 6 weeks, at which time the
mean tumor volume in each group was determined. A significant antitumoral
activity was observed in the in vivo study for CV706. Tumor volume dropped
by more than 80% in the animal group that was treated with CV706 by a
single intratumoral injection. After 6 weeks, 5 of 10 mice were visually free of
tumor [21].

In contrast, DU145 is a prostate cancer cell line that is PSA™ and does not
produce the androgen receptor. Tumors of DU145 cells were induced in nude
mice and challenged with buffer, wild-type AdS but E3 CV702, and CV706.
The results showed that CV702 inhibited growth of DU145 tumors, whereas
CV706 has no effect on tumor growth. Thus, the prostate-specific CV706 virus
not only shows efficacy but also selectivity for PSA™ cells in vivo [21].

The increased efficacy due to the Ad5 E3 region was also confirmed
in vivo in the LNCaP xenograft animal model. A single intratumoral injection
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Fig. 8. Intratumoral injection activity of CV787 towards LNCaP xenografts. nu/nu
mice with subcutaneous LNCaP tumors (average size 300 mm?) were injected once into the
tail vein with 1 X 10%, 1 X 10'°, or 1 X 10'! particles of CV787. Tumor size was measured
weekly.

of CV739 and CV787 yielded an identical reduction of LNCaP xenografts.
However, CV739 required 100-fold more virus to achieve the same effect as
CV787 [22]. A single intratumoral dose of 1 x 10% particles/mm?® was curative
for animals 6 weeks after treatment (n = 8; fig. 8). A single intravenous injec-
tion of CV739 at a dose of 5 x 10'° particles could stop tumor growth, whereas
CV787 at this dose level caused a fourfold reduction in tumor volume [22]. Six
weeks following a single intravenous injection of 1 x 10'! particles, the sizes
of tumors were reduced to less than 5% of their original size, and 8 of 14 mice
were visually free of tumors [22]. The residual tumors measurably present
were immunohistologically devoid of PSA [22]. The serum PSA levels in mice
injected intravenously with CV787 decreased to 5% of their starting values
within 4 weeks. A dose—response curve of CV787 treating LNCaP xenografts is
shown in figure 9. Whereas 1 x 10%and 1 x 10'* particles of CV787 adminis-
tered as a single intravenous dose can control and regress tumors, 1 x 10!!
particles can eliminate 300 mm?® preexistent LNCaP xenografts. These data
indicate that CV787 has significant antitumor activity and a single dose of
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Fig. 9. Intravenous injection activity of CV787 towards LNCaP xenografts: a dose-
ranging study. nu/nu mice with subcutaneous LNCaP tumors (average size 300 mm?) were
injected once into the tail vein with 1 X 10, 1 X 10'°, or 1 X 10'! particles of CV787.
Tumor size was measured weekly.

intratumoral or intravenous administration can eliminate preexistent tumors in
animal models.

Mechanism for Cell Killing of Oncolytic Virus

Infection with adenovirus causes profound changes in host-cell macro-
molecular synthesis that ultimately lead to cell death. Virion fiber protein inhibits
macromolecular synthesis when applied directly to cells bearing the adenovirus
receptor [90]; soluble penton protein causes CPEs in susceptible cells that are
similar to those caused by infectious virus [91]. Cell-specific DNA synthesis,
export of cellular mRNAs from the nucleus to the cytoplasm, and cell-specific
translation are all inhibited after infection, but the precise mechanisms are not
completely understood.

The 243E1a protein induces the full range of classical apoptotic events by
increasing the level of the host cellular tumor-suppressor protein p53. The
289Ela protein induces apoptosis by a p53-independent mechanism that
requires a product of the E4 region [92, 93]. The E1A-induced activation of the
apoptosis pathway(s) must be modulated by E1B proteins to ensure efficient
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virus replication prior to cell death [94]. Activation of the interferon-inducible
RNase L pathway by the adenovirus-associated type I (VAI) RNA [95] may also
contribute to the stimulation of apoptotic pathways in adenovirus-infected cells
[96]. The E3 11.6-kD adenovirus death protein also has a role in cell killing and
promotes the release of progeny virions from the cell [60, 61].

We have investigated how our oncolytic viruses kill tumors in the nu/nu
mouse model. Immunohistochemical analyses were performed to assay for
the de novo synthesis of CV787-encoded proteins in tumor xenografts and
to examine the effects of treatment with CV787 on tumor morphology in vivo.
Tumors were induced in 12-week-old athymic male mice by injection of 1 x 10°
LNCaP cells in Matrigel and were allowed to develop for 4 weeks. The mice
were injected intravenously on day 0 with 1 x 10'! particles of CV787 per ani-
mal. Tumors were excised from 2 animals on days 1, 3, 7, 14, 21, and 28. The
tumors were cut into 6 pieces and each piece fixed, embedded in paraffin, and
sectioned. Sections were stained for the presence of adenovirus protein by a
double-antibody protocol with rabbit anti-adenovirus anti-bodies (Bethyl Labo-
ratories, Inc.) and Fast Red stain followed by hematoxylin counter-stain.

On day 1, intracellular staining for adenovirus protein was detected in less
than 1% of the tumor cells examined in 12 sections from 2 tumors. Occasional
small clusters of stained cells, as well as dispersed single stained cells, were
visible. By day 3, large clusters of cells expressing adenovirus proteins were
detected in 1 of 2 tumors. In some instances, areas of tumor necrosis were adja-
cent to clusters of adenovirus protein-positive cells. On day 7, intracellular
staining for adenovirus proteins was detected in >10% of the tumor cells exam-
ined in 12 sections from 2 tumors. Virus-infected cells within the tumor sections
were prominent on day 21 and increased to more than 90% of the microscopic
field of the section by day 28. These results demonstrated that CV787 replicated
in and expressed virus-encoded gene products in the LNCaP xenografts. The
increased distribution of virus protein-positive cells indicated that infectious
progeny CV787 spread to adjacent cells within the tumor which was associated
with progressive necrosis in vivo [22].

Adenovirus-induced apoptosis causes cell death in vitro, specifically at the
late stage of infection [92], and this process may contribute to the therapeutic
effect of oncolytic virus in vivo. LNCaP xenografts in athymic mice were
treated on days 0—3 with vehicle alone or a total dose of 3.2 x 107 particles of
CV706/mm? of tumor. Tumor biopsy specimens were taken on day 14 and 5-um
sections were prepared and examined for apoptosis. Extensive areas contain-
ing apoptotic nuclei were detected in sections of tumors treated with CV706.
More than 25% of nuclei were apoptotic in some sections from CV706-
treated tumors. In contrast, less than 2% of nuclei were apoptotic in sections
from tumors treated with vehicle alone.
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Clinical Development of CV706 and CV787

CV706 and CV787 are novel therapeutic agents with a novel mechanism of
action. A phase-I trial of CV706 was initiated in 1998 at the Brady Urological
Institute of the Johns Hopkins Oncology Center under the direction of Jonathan
Simons, MD, and Ted DeWeese, MD. The patient population consists of men with
locally recurrent prostate cancer with rising PSA levels following definitive
external beam irradiation. Men in this category are usually left untreated or
receive androgen ablation therapy as serum PSA levels rise significantly above
10ng/ml. On average, these men have a life expectancy of 3 years. The virus was
administered under spinal anesthesia using the brachytherapy template and ultra-
sound 3D imaging using the MMS Terapac Plus 6.6 B3DTUI (Charlottesville,
Va.) treatment-planning software for implantation of radioactive seeds. Virus was
initially administered with 20 0.1-ml aliquots from 10 brachytherapy needles.
PSA levels were determined and biopsies obtained. As of this writing, 13 men
have been treated and results have been encouraging. PSA levels initially dropped
in all men treated yielding durable stabilization, as measured by PSA levels, of
disease in a subset of these men. CV787 has entered a multicenter phase-1/11
clinical trial in the same patient population with the intent of replacing CV706.

Factors Impacting Clinical Efficacy and Safety

The pathogenesis of adenoviral infections is influenced by a large number
of factors, some pertaining to the virus and others pertaining to the host
defenses of the virus. Important issues for the virus include: the route of infec-
tion; the size of the virus inoculum; the tropism of the virus for different cell
types, and whether the virus spreads directly from cell to cell or through extra-
cellular fluid. Clearly, the vascularization of tumors, the leakiness of capillaries
to virus, and the physical size of the virus particle will affect intratumoral virus
distribution. In the replication efficiency of the virus in prostate tumor cells,
both the time of the replication cycle and the burst size are also important. Host
defenses include: mechanical defenses (epithelia, mucosal, liver Kupffer cells,
or the blood-brain barrier); nonspecific immune defenses (interferons, recogni-
tion of infected cells by natural killer cells, release of cytokines, macrophage
recruitment and activation, and triggering of complement and kinin cascades),
and specific immune defenses (humoral immunity, mostly IgM and IgG but also
IgA, IgD and IgE, and finally cell-mediated immunity) [97].

In adenovirus-mediated prostate cancer therapy, the virus can be either
injected directly into the tumor or administered by intravenous injection. In either
case, the dose of virus is massive (10''-10'° particles) compared to natural,
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vaccine-induced adenovirus infections (10°—10° particles) [98, 99], or the clinical
trials with wild-type adenovirus (107—10° particles) [14]. Very little is known
about the human host response to large doses of adenoviruses [ 14, 100] and noth-
ing is known about the human host response to using the intravenous route of
administration of large doses of replicating adenoviruses. Liver toxicity of virion
proteins may be limiting at these high doses.

Therapeutic antibody studies have indicated that antibodies do not effec-
tively penetrate the core of a solid tumor; extravasation is limited to the tumor
periphery. This suggests that the accessibility of replicating virus to antibody
binding should be minimal following direct intratumoral injection [33, 101]. Cell-
mediated immunity directed toward infected tumor cells may actually enhance
the efficacy of replicating viruses in cancer patients if enough replication and
spread occur initially. However, a systemically delivered replicating adenovirus is
going to face several potential hurdles: (1) the nonspecific removal of adenovirus
by liver Kupffer cells; (2) the inactivation of virus by pre-existing circulating anti-
bodies to adenovirus; (3) a limitation of viral replication mediated by a vigorous
CTL response to virally infected cells, and (4) a limitation of the efficacy of
repeat dosage by primary or secondary induction of humoral immunity.

Incorporation of the Ad5 genome into germ cells has been expressed as a
concern but has not been found for any of the Ad5 gene therapy constructs.
Indeed, adenovirus gene expression is characterized as transient in nature due to
a lack of viral DNA integration. Virus shedding has been expressed as a concern
but it has not been detected in any Ad5 clinical trial to date. In our clinical trial,
virus replication was detected after 2—8 days but was undetectable after 2 weeks.
It is difficult to estimate the increased cytolytic activity in humans of CV787
compared to CV706. However, replicating adenoviruses containing hepatitis B
surface antigen (HBsAg), with and without the E3 region, have been tested in
chimpanzees, a system permissive for infection by human adenoviruses [102].
In this study, the addition of the E3 region resulted in a 10- to 100-fold increase
in virus shedding and a 10- to 100-fold increase in titer to HBsAg. However,
one should not lose sight of the fact adenoviruses are ubiquitous. Twenty-three
percent of normal healthy infants are seropositive for adenoviruses by 7 months
ofage [103] and CV787 is attenuated 10,000 : 1 compared to the wild-type virus.
We believe the therapeutic use of CV787 will be safe; the major question
is whether or not there is sufficient efficacy to be medically useful.

Conclusion

The safety of administering wild-type AdS either intratumorally and
intravenously was demonstrated at intermediate doses (10’—10° particles) over
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40 years ago [14]. None of the treated patients had significant side effects.
Safety and efficacy will be the major issues as adenovirus doses escalate from
10! to 10'3 particles. CV787 is a replication-competent adenovirus attenu-
ated 10,000 : 1 compared to the wild-type virus in PSA™ cells, and is capable of
eliminating distant mouse xenograft tumors with a single intravenous injection.
This is an unprecedented therapeutic index for a cytotoxic agent as measured
in vitro. The clinical target for CV787 is prostate cancer. Ongoing clinical trials
of agents such as CV787 will resolve the issues of safety and efficacy and hope-
fully point to a new mode of cancer chemotherapy, one that includes the use of
targeted cytolytic adenoviruses.
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Introduction

The premise of reovirus as a potential oncolytic agent in humans has
been realized through many years of basic research in reovirus biology and
biochemistry. In fact, research leading to the elucidation of the mechanism of
reovirus oncolysis originated with virus receptor studies. Based on unexpected
findings from these studies, focus was shifted to the role of the intracellular
environment in reovirus susceptibility; it was found that cells with an activated
Ras signaling pathway supported reovirus replication. The implications for
the use of reovirus in cancer therapy are apparent when one considers that
mutations involving Ras occur in approximately 30% of all human cancers
[1, 2] and that mutations in other elements in the Ras pathway can also lead
to cancer development. Importantly, it was found that normal, untransformed
cells were not infectable by reovirus [3]. This lack of pathogenicity towards
normal cells in vitro is reflected by the fact that reovirus infection in humans
is typically subclinical and thus usually goes by unnoticed [4]. Further work
revealed that not only does reovirus selectively replicate in transformed
cell lines in vitro, but also in vivo, in murine models of cancer [5]. Altogether,
a story emerges whereby a relatively nonpathogenic virus, reovirus type 3
Dearing, specifically targets many cancer types, resulting in complete tumor
regression in murine models. Given the performance of reovirus in a laboratory
environment, its potential use as cancer therapy in a clinical setting may yield
interesting results.



Overview of the Biology of Reovirus

Reovirus belongs to the family Reoviridae, which is currently composed of
nine genera, whose members have been shown to infect a variety of plants,
animals and insects. One important human pathogen belonging to this family is
rotavirus, which is a major cause of diarrhea and enteritis [6]. While rotavirus
infection can have serious clinical implications, infection by reovirus is often
asymptomatic [4, 7].

The very name, reovirus, implies the nonpathogenicity of the virus. In
1959, Sabin [8] coined the descriptive acronym, ‘reovirus’, from respiratory
enteric orphan virus. The name originated because these viruses were usually
isolated from the respiratory and gastroenteric tracts. However, infection was
not associated with a defined disease condition in humans and was hence, an
‘orphan’ virus [4]. Reovirus is ubiquitous, found in both stagnant and fresh
water, and in sewage [9, 10]. Virus has also been isolated from a variety of
natural hosts, including chimpanzees, monkeys, pigs, cattle, cats, sheep, mice,
and humans [11]. In vitro, reovirus has also been found to infect a variety of
cell types from many species; for example mouse 1929 fibroblasts, many
human cancer cell lines, and Madin-Darby canine kidney (MDCK) cells are all
infectable by reovirus [6]. Although most infections in humans go unnoticed,
because of the ubiquity of reovirus, greater than 50% of adults have had previous
exposure and carry anti-reovirus antibodies by the age of 20-30 years [6, 11,
12]. Some studies have found up to 70—100% of adults carrying anti-reovirus
antibodies [13, 14].

Reovirus belongs to the genus Orthoreoviridae. This genus is charac-
terized by the presence of a segmented, double-stranded RNA genome encased
in a protein core and outer capsid with icosahedral symmetry. There are
three size classes of dsRNA segments in mammalian reoviruses, large (desig-
nated L1, L2, and L3), medium (M1, M2, and M3) and small (S1, S2,
S3, and S4). Transcription of each segment generates messenger RNA contain-
ing one or two open reading frames that code for a total of three nonstruc-
tural proteins and eight structural proteins comprising the capsid. Proteins
are designated A, ., or o, depending on the gene segment from which they
originated.

The protein encoded by the S1 gene segment, o1, is the viral attachment
protein and the determinant of hemagglutination activity of reovirus [6, 15, 16].
Hemagglutination-inhibition tests are used to distinguish the three serotypes of
mammalian reovirus. Prototypes of each serotype were isolated from children’s
respiratory and enteric tracts, and they are type 1 Lang, type 2 Jones, type 3
Abney, and type 3 Dearing. All three serotypes have ten segments of
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double-stranded RNA, and due to the segmented nature of the genome, they can
undergo inter-serotypic reassortment upon coinfection. The use of inter-serotypic
reassortant viruses has proven useful in the study of individual gene functions
as they pertain to the reovirus lytic cycle, as well as to reovirus pathogenesis
in mice.

The reovirus lytic cycle begins with attachment of a virion to sialic acid
residues on the cell surface via the trimeric ol cell attachment protein,
which protrudes from the 12 vertices of the icosahedral capsid [15, 17-19].
Following attachment, clathrin-coated pits form and the virus enters by
receptor-mediated endocytosis. Within the resulting endosome/lysosomes, acid-
dependent proteolysis of viral outer capsid proteins 3 and wl/plc begins,
generating an intermediate, subviral particle, or ISVP. Infection can be
halted at this point with weak bases such as ammonium chloride or E-64 to
block lysosomal, acid-dependent proteolytic enzymes. This demonstrates the
necessity of proteolysis for the lytic cycle [20, 21]. Proteolysis of o3 and
p1l/ple can also occur in vivo by proteases within the intestinal lumen after
peroral inoculation, or in vitro digestion can be performed with trypsin and
chymotrypsin [22]. The resulting preformed ISVPs are still capable of cellular
penetration, and do not require any further proteolysis to undergo a productive
infection. Studies using recombinant viruses show that o3-deficient virions are
still capable of infection in the presence of ammonium chloride, and that pro-
tease-resistant p1/plc-containing particles are still capable of infecting cells
[23, 24]. This suggests that the degradation of a3 is important in the initial steps
in viral infection, but that cleavage of w1/ 1c¢ to its fragments (designated ¢ and
w1/w1d) may be dispensable for a productive infection.

At this point in the reovirus infection cycle, loss and degradation of
o3 in the endosome/lysosome theoretically exposes wl/plc, allowing for
penetration of the ISVP across the lysosomal membrane. wl/wlc has been
shown to be capable of disrupting membrane bilayers in vitro [25, 26].
pw1/plc is also myristoylated, which may aid in ISVP/membrane fusion [27].
Following this step, primary transcription of 10 capped, full-length transcripts
takes place, mediated by the viruses’ double-stranded RNA-dependent RNA
polymerase. Primary transcripts are translated using host machinery and subse-
quently associate with primary translation products to form RNA assortment
complexes.

Final synthesis of minus strand genomic RNA occurs within these nascent
particles and secondary transcription of late viral mRNAs begins. Late viral
protein synthesis from secondary transcripts often coincides with a decrease in
host protein synthesis [28]. Final assembly of the outer capsid yields progeny
reovirus particles, leading to cell lysis and death.
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Antitumor Mechanism

Transformation and Susceptibility to Reovirus

In 1977, Hashiro et al. [29] reported that reovirus efficiently replicated in
specific transformed cell lines, yet was unable to productively infect normal
cells of various origins. Duncan et al. [30] had similar findings using
SV-40-transformed and normal WI-38 cells. It was apparent that transformation
was related to reovirus susceptibility, however the underlying molecular basis of
this susceptibility was unclear.

It was interesting that, although many cells possess the reovirus receptor
for attachment, sialic acid [18, 19, 31], normal cells were not capable of
supporting a productive reovirus infection [3, 32]. Further studies revealed that,
in addition to the untransformed cells mentioned above, 3T3 cells (derivatives
of 3T3) lacking the epidermal growth factor (EGF) receptor (designated NR6)
were also relatively resistant to reovirus type 3 Dearing. NR6 cells transfected
with the EGF receptor (HERS cells) were, however, very infectable [32]. It was
also found that the EGF receptor was recognized by reovirus [33]. From these
findings, one might have postulated that, in addition to sialic acid, reovirus
binding to the EGF receptor was involved in the initial stages of infection.
However, subsequent studies revealed that this was not the case.

In later studies, Strong et al. [90] found that, upon introduction of a trun-
cated EGF receptor (v-erbB) into NIH-3T3 fibroblasts, these poorly infectable
cells were rendered extremely susceptible to reovirus. Since the truncated recep-
tor lacked an extracellular ligand-binding domain, this study dismissed the role
of the receptor as an important mediator of reovirus attachment. Rather, it
indicated that reovirus was taking advantage of the induction of intracellular
phenomena, whereby cellular susceptibility was conferred by the activation of
signaling pathways by the cytosolic domain of the EGF receptor. It is of note
that, although this receptor is truncated, it does possess constitutively active
tyrosine kinase activity that impinges on intracellular signaling pathways.
Therefore, it became important to determine if constitutive activation of signal
transduction pathways downstream of the EGF receptor rendered cells
infectable.

Downstream of the Epidermal Growth Factor Receptor

Although many signaling cascades emanate from the EGF receptor, the
main pathway that regulates cell growth and survival is the Ras pathway (fig. 1).
Normal activation of the EGF receptor, leading to activation of downstream
signaling pathways, is initiated by ligand binding and subsequent receptor
dimerization. This stimulates receptor tyrosine kinase (RTK) activity, leading to
autophosphorylation of the cytoplasmic tail of the receptor [34—36]. The resulting
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Fig. 1. Reovirus usurpation of the Ras pathway (see text). Reproduced with permission
of the Journal of Clinical Investigation.

phosphotyrosine residues can then serve as docking sites for a variety of signaling
proteins, including the adapter molecules, Shc, through its phosphotyrosine-
binding domain (PTB), and Grb2, through its phosphotyrosine-binding Src-
homology 2 (SH2) domain [37, 38]. Grb2 can also be recruited to the receptor
indirectly through SH2 interaction with Shc phosphotyrosine residues [39, 40].
Recruitment of the GTP exchange factor SOS along with Grb2 to the plasma
membrane allows SOS to activate GTP for GDP exchange on the small G protein
Ras [41]. Formation of Ras-GTP can also be achieved through the activa-
tion of nonreceptor tyrosine kinases such as Src, which initiate the cascade
through tyrosine phosphorylation of Shc and subsequent recruitment of Grb2
with SOS.

Once GDP is exchanged on Ras for GTP, the small G protein is capable of
stimulating the activity of many cellular transduction pathways [35]. One well-
studied pathway downstream of Ras is the mitogen-activated protein kinase/
extracellular signal regulated kinase (MAPK/ERK) pathway. This pathway is
stimulated by growth hormones such as EGF and insulin, as well as by
chemical means such as treatment with phorbol esters. Ras-GTP is capable of
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activating this pathway through binding and stimulation of Raf-1 kinase at the
plasma membrane [42]. Raf-1 subsequently phosphorylates and stimulates
MAPK kinase/ERK kinase (MEK), which is a dual specificity, serine/threonine
and tyrosine kinase with an activity towards ERK [42—44]. Upon phosphoryla-
tion of ERK on specific threonine and tyrosine residues, it is activated to
phosphorylate other enzymes such as p90 RSK, as well as transcription factors
such as Elk-1.

Accumulation of Ras-GTP can also lead to activation of other signaling
cascades [35]. For example, cellular stresses such as ultraviolet light, oxidative
stress and nerve growth factor withdrawal from pheochromocytoma cells can
stimulate the stress-activated protein kinase (SAPK) and the p38/HOG stress-
activated kinase cascades [45, 46]. Activation of these pathways has been shown
to be involved in both apoptosis [46, 47] and transformation [48, 49].

The myriad of signaling molecules downstream of the EGF receptor make
for a daunting challenge when one is considering precisely which pathway(s)
must be activated to permit reovirus replication. When cells with activated SOS
or Ras were tested, it was found that they were also infectable [3]. This suggests
that the Ras signaling pathway downstream of the EGF receptor plays an
important role in host cell susceptibility to reovirus infection.

Ras and the Double-Stranded RNA-Activated Protein Kinase, PKR

Why were cells with activated Ras pathway members infectable, when
untransformed NIH-3T3 cells were not? The answer may lie in the mechanisms
of normal cellular defense against viral infection. Typically, upon initiation of
viral replication within a cell, RNA replication intermediates by producing
extensive double-stranded structures which activate the double-stranded
RNA-activated protein kinase, PKR [6]. In the case of reovirus, PKR kinase
activity is potently stimulated by double-stranded panhandle structures in S1
mRNA (fig. 1) [50]. Upon binding of two PKR molecules to double-stranded
RNA, their kinase activity is stimulated and the molecules autophosphorylate in
an intermolecular fashion [51]. Full enzymatic activation occurs via this
transphosphorylation reaction, and PKR consequently develops activity towards
other substrates, predominantly the o subunit of the translation initiation factor,
elF2. When elF2-a is phosphorylated, it sequesters the initiation factor elF2B.
Sequestration inhibits the GDP/GTP exchange on elF2 that is required for
translation initiation, which halts viral translation initiation, and thus halts viral
replication [52, 53]. A lack of PKR activity, achieved using the inhibitor
2-aminopurine, or using PKR~'~ mouse embryo fibroblasts, allows reovirus
to successfully infect a cell [3]. This verifies the importance of PKR in the
cellular defense against reovirus infection.
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Upon reovirus internalization by NIH-3T3 cells, primary transcription
takes place (including S1 mRNA synthesis), and PKR autophosphorylates [3].
No viral proteins are synthesized and the infection is aborted at the stage of
primary transcription. Presumably, PKR activation leads to phosphorylation
of elF2-a and selective inhibition of viral translation. In v-erbB-, sos- and
ras-transformed cells, however, PKR activation was not observed [3]. Translation
of viral protein could then ensue, leading to productive infection of the trans-
formed cells. Somehow, PKR activity was inhibited in these cells, causing a
lethal breakdown in the cellular defense against viral replication.

Previously, Mundschau and Faller [54] had also found an association
between Ras transformation and inhibition of PKR activity. Their group found
that transformation of BALB cells with K-ras lead to induction of an inhibitory
activity that was capable of preventing PKR autophosphorylation and thus
activation. This inducible inhibitor was not competitive double-stranded RNA,
as none could be isolated from nucleic acid extracts of K-ras-transformed cells.
It was not a small molecule either, for the inhibitory activity was heat-labile.
Fractionation of K-ras extracts revealed a peak of PKR inhibitory activity at a
M, of approximately 100kD, and dubbed this putative protein RIKI, for
Ras-induced kinase inhibitor [55].

The question that remains is what lies downstream of Ras that actually
signals to PKR to inhibit its typical kinase activity in response to reovirus
infection. There is a good correlation between MAPK activity and cellular sus-
ceptibility to reovirus, however this association is not absolute (unpublished
data). This may be explained by the activation of alternative pathways down-
stream of Ras, which would inhibit PKR and render cells susceptible.

Additional studies demonstrate the presence of MAPK-independent PKR
inhibition, and furthermore suggest which alternative pathways may be
involved. For example, abrogation of MAPK activity in Ras-transformed cells
using the MEK inhibitor, PD98059, does not prevent Ras inhibition of PKR
activity, and thus infection by reovirus proceeds unimpeded [3]. This implies
that the signal transduced by Ras to inhibit PKR does not pass through MEK
and MAPK. Interestingly, treatment of Ras-transformed cells with PD98059
actually enhanced the infectability of the cells [3]. It has been shown that
blockage of one signaling pathway can enhance signaling through other axes,
such as the stress-activated protein kinase cascades [44]. The involvement of
JNK (c-Jun N-terminal kinase) and p38 stress-activated kinase cascades in
reovirus replication is currently under investigation, and the link of cellular
stress pathways to PKR activity is the topic of much research [56]. Studies are
ongoing to determine the link between cellular transformation with Ras
pathway members and inhibition of PKR activity.
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Animal Tumor Models

Treatment of Tumor Xenografts in Immunocompromised Mice

The first studies conducted in vivo using reovirus type 3 Dearing as an
oncolytic agent utilized v-erbB-transformed NIH-3T3 fibroblasts to establish
tumors in severe combined immunodeficient (SCID) mice [5]. When hind flank
subcutaneous tumors of approximately 0.5 x 0.5 cm had been established, they
were injected once directly with 1 x 107 plaque forming units (pfu) of virus.
After a period of 12 days, tumor growth had been restricted by 80% compared
to control mice injected with UV-inactivated virus. This was repeated using the
human glioma cell line, U87, in SCID mice. U87 cells are known to overexpress
the platelet-derived growth factor receptor, and thus have high levels of Ras
activity and are indeed very infectable by reovirus. After treatment with reovirus
(as described above), tumor regression was achieved in 80% of the animals.
From these studies it was apparent that reovirus was capable of killing murine
and human tumor xenografts in an immune-compromised animal model.

Reovirus-Mediated Therapy in an Immune-Competent Organism

An important possibility to consider when using a virus as an oncolytic
therapy is that the immune system may interfere with viral replication and
prevent tumor killing. Studies have found that both the cellular and humoral
arms of the immune response are important factors in reovirus infection
and pathogenesis [57, 58]. The primary challenge associated with studying
immunological effects on virus oncolysis, however, is that some oncolytic
viruses replicate exclusively in human tissue. Consequently, only models utiliz-
ing human tumor xenografts in immunocompromised animals are possible, and
the effect of an intact immune system cannot be studied. Because reovirus has a
broad host range, it was possible to use a syngeneic mouse model to study
reovirus oncolysis [5]. In this model, C3H mice were implantated on the hind
flanks with ras-transformed C3H-10T1/2 fibroblasts. Tumors were injected
six times with 1 x 10% pfu of reovirus over a period of 9 days, followed by
treatment every 48h with 1 x 107 pfu of reovirus for another 12 days. Both
live-virus-treated and dead-virus-treated animals mounted similar anti-reovirus
humoral immune responses. It was found that reovirus was still capable of erad-
icating tumors completely using this regimen, without any animal morbidity or
mortality [5]. Additionally, no recurrence of tumor growth was seen in the ani-
mals that had exhibited complete regression. Thus, the presence of a competent
immune system could not prevent the elimination of cancer in these mice.

Further studies were conducted which investigated the effect of the
immune system on reovirus oncolysis in vivo. Due to the prevalence of reovirus
exposure in the human population, there is a danger that patients will already
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carry anti-reovirus antibodies and/or memory T cells specific for the virus. This
‘priming’ of the immune system could give rise to an enhanced immune
response to reovirus administration, potentially leading to clearance of the virus
before it can exert its oncolytic effects. Therefore, a model was established
reflecting the typical immune scenario in adults. In this model, mice were
exposed to reovirus 2 weeks prior to initiation of the experiment, and it was
assured that the mice carried anti-reovirus antibodies. Implanted tumors were
treated as before, and identical results of complete tumor regression were
observed. This suggests that the presence of neutralizing antibodies had little
effect on the capacity of reovirus to specifically target and destroy the tumors.

Use with Other Cancer Therapeutics

Reovirus has also been studied in conjunction with chemotherapeutic
agents as an immunotherapy against cancer, rather than as a direct oncolytic
agent. It has been found that treatment of L1210 leukemia ascites tumors with
1,3-bis(2-chloroethyl)-1-nitrosourea and reovirus results in increased surviv-
ability compared to treatment with only one therapy [59, 60]. This, combined
with evidence that mice reject challenge with homologous tumor after the
therapy, suggests that reovirus enhances recognition of the tumor cells by the
immune system [61]. In contrast to these findings, rejection of homologous
tumor challenge does not occur after reovirus therapy of the hind-flank tumor
model in C3H mice, even though an immune response is mounted upon treat-
ment with reovirus (as demonstrated by an increase in anti-reovirus antibody
titer; unpublished data). Ultimately, the role of the immune system in tumor
regression remains to be elucidated.

Alternative Delivery Mechanisms

Delivery of reovirus through routes alternative to intratumoral injection are
currently under investigation. Current ongoing research shows that reovirus has
the potential to kill tumors remote from the initial site of injection and replica-
tion in SCID mice; this raises the possibility of metastatic tumor treatment,
concurrent with treatment of the primary tumor (unpublished data). If the virus
is spreading systemically in this model, this also suggests that intravenous
treatment of tumors could prove useful. As reovirus pathogenesis can vary with
respect to the route of inoculation (see Safety Issues), the toxicity of such a
delivery mechanism remains to be determined.

Safety Issues

Murine models of infection have been used extensively to study the patho-
genesis of reovirus, especially as it applies to replication in the gastrointestinal
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tract [22, 58, 62—-65]. Some characteristics of murine models of reovirus
infection seem to parallel those seen in humans, however other pathologies are
not documented in humans, and are dependent on the use of singular strains of
reovirus (for example serotype 3, clone 8B, a myocarditis-inducing form of
reovirus [66]) or the use of immunocompromised or newborn animals. Reovirus
type 3 has been linked to some illnesses in humans, for example biliary disease.
The natural sites of replication of reovirus, the respiratory and enteric tracts,
correlate with associations of infection with mild respiratory illnesses and
diarrhea. However, an unequivocal etiological relationship with more serious
disease is lacking. Thus, reovirus used for oncolytic studies was not modified in
any way to alter its pathogenicity in humans.

Murine Models of Reovirus Infection

Many models of reovirus infection have been established in mice.
Typically, the natural route of peroral inoculation allows the viral outer capsid to
be proteolytically degraded within the intestinal lumen [22]. Reovirus uses the
ileal microfold (M) cells to cross the intestinal wall, where it can subsequently
be found in the underlying Peyer’s patches and infecting gut epithelial cells from
the basolateral side [65]. At this point, viral spread from the gastrointestinal
tract is dependent on the serotype of virus: type 1 spreads to the mesenteric
lymph nodes and spleen, whereas type 3 Dearing does not move beyond the
Peyer’s patches in adult mice [63]. Gastrointestinal infection is usually cleared
without notable morbidity or mortality in this model.

There is a significant age- and inoculation route-dependence on the patho-
genicity and virulence of reovirus infection in mice. For example, newborn
mice inoculated perorally with type 3 reovirus show increased susceptibility to
infection, for the virus spreads from the Peyer’s patches to as far as the mesen-
teric lymph nodes [63]. Furthermore, upon intramuscular or footpad injection of
newborn mice, type 3 Dearing was shown to enter the sciatic nerve and inferior
spinal cord, cumulating in lethal meningoencephalitis [57, 67]. Although the
severity of disease can range from mild to severe, reovirus pathogenesis can be
restrained with the use of adoptive transfer of immunity. For example, it has
been shown that adoptive transfer of reovirus-immune T lymphocytes protects
against reovirus-induced meningoencephalitis [57, 68—70].

The potential to treat possible toxicity associated with reovirus replication
through the administration of neutralizing anti-reovirus antibodies (both thera-
peutically versus reovirus infection and prophylactically) has also been investi-
gated. Some animal toxicity did occur upon treatment of SCID mice in the flank
tumor model described by Coffey et al. [5]. It was found that once complete
tumor regression had been achieved mice would often develop necrosis of the
extremities, including the hind limbs and ears [5] (unpublished data). SCID
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mice have previously been shown to be susceptible to reovirus infection,
however adoptive transfer of specific anti-reovirus antibodies confers protective
immunity, enhancing clearance of the virus and survivability of the animal
[58, 71]. This does not appear to be mediated through the complement system,
however some studies have emphasized the importance of anti-reovirus anti-
bodies in inhibiting reovirus replication at pre- and post-cellular attachment
steps [70—72]. In addition, it has been found that anti-reovirus antibodies have a
role in restricting viral spread from the primary site of replication [58, 68]. Such
a treatment could prove useful in the immunocompromised animal tumor model
to reduce morbidity and mortality.

In immunocompetent murine tumor models, as previously mentioned,
reovirus was administered at high titers with multiple intratumoral injections.
Mice were healthy for the duration of the experiment, and no morbidity or
mortality was observed for 6 months following the experiment (unpublished
data). Immunofluorescent analysis of paraffin-embedded sections revealed viral
replication in tumors only, and did not uncover viral proteins in heart, liver,
brain, or spleen tissue. The effect of alternate remote routes of administration on
therapy toxicity is currently under investigation.

Association of Reovirus with Human Disease

Hepatobiliary disease, both in neonates and adults, has been extensively
studied in relation to reovirus infection [reviewed in 73]. First reports measured
levels of anti-reovirus antibodies in neonates with idiopathic, extrahepatic
biliary atresia (EHBA) and neonatal hepatitis, compared to healthy controls and
found conflicting results [74—77]. More recent studies using RT-PCR to detect
viral RNA in affected tissue also offer conflicting results, which may be
attributable to differing methodologies [78, 79]. One single case has been
documented where virus-like particles were visualized by electron microscopy,
however infectious virus has not been isolated [80]. It is difficult to confirm an
etiologic role of reovirus in hepatobiliary disease, especially given the ubiquity
of viral exposure in contrast to the relatively low incidence of EHBA and chole-
dochal cysts. While many of these studies have found an association between
what appears to be reovirus infection and hepatobiliary disease, the association
may not be a causal one, and may simply reflect exposure to reovirus coinciding
with presentation of the disease.

In adults, idiopathic liver and biliary disease has been examined as well
with respect to reovirus infection. No correlation was found between idiopathic
cholestatic liver disease and anti-reovirus antibody titers: 91% of cholestatic
disease patients were seropositive, 70% of chronic liver disease patients, and
100% of healthy volunteers [13, 14]. Viral cultures were also negative, as was
immunocytochemistry of reovirus antigens in sample biopsy tissues [14].
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Again, the relationship between reovirus infection and adult hepatobiliary
disease is not well established.

Outbreaks of reovirus infection among children in nurseries have been
studied. Upon infection by reovirus, a rise in seropositivity is documented. In
their investigation in 1960, Rosen et al. [7] observed a rise in titer in 76% of 34
children during an outbreak. Symptoms of children from whom virus could be
isolated included coughs, diarrhea and coryza, which may have been a result of
reovirus infection, or they may have had another etiology. The investigators
concluded that, although the majority of children were exposed to reovirus
and developed anti-reovirus antibodies, this particular outbreak ‘was not
recognis(able) clinically’ [7].

Perhaps the most compelling evidence authenticating the nonpathogenicity
of reovirus involves a study in 1963 by Rosen et al. [4]. In this study, male
volunteers from American federal correctional institutions aged 21-38 years
were inoculated intranasally with reovirus type 1, 2, or 3. Nine of twenty-seven
individuals developed mild symptoms such as sneezing, malaise, and pharyn-
gitis, but had no signs of fever. The mild illness observed was not necessarily
due to reovirus infection, as some of the sick volunteers showed no evidence
of productive infection by serologic or virologic tests. Of the 9 volunteers
inoculated with reovirus type 3, 2 developed ‘mild’ rhinitis. Reovirus was able
to replicate as evidenced by the presence of virus in anal specimens from 8 of
the 9 volunteers, and by the presence of anti-reovirus antibodies. The ability of
the intestinal tract to support reovirus replication, leading to the viral shedding
noted in this paper could be due to the high levels of tyrosine kinase and MAPK
activity in rapidly dividing, undifferentiated crypt cells [81]. These data indicate
that, although reovirus is capable of undergoing a productive infection in adults,
infection is benign in terms of significant pathology.

Applicability of Reovirus as an Oncolytic Therapy

Given that approximately 30% of all human cancers arise from or carry a
mutation in one of the ras genes, reovirus has the potential to be effective in the
treatment of a variety of human tumor types. There are three known ras genes
K-, H-, and N-ras, all of which can be found mutated in human cancers.
Mutation of residues 12, 13, and 61 are the most common, and such mutation
leads to the inability of Ras-GTPase-activating proteins (GAPs) to stimulate
Ras-GTPase activity [49, 82]. Since Ras-GTPase activity is intrinsically low
without stimulation, overall Ras-GTP levels will rise without the catalytic
influence of Ras-GAPs. Stimulation of mitogenic and anti-apoptotic pathways
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by high levels of Ras-GTP contributes to uncontrolled cellular proliferation and
establishment of a tumor.

A wide spectrum of tumors harbor these activating ras mutations. For
example, 40-50% of colorectal cancers habor mutations in ras [83-85] in
addition to many lung adenocarcinomas [86], thyroid neoplasms, seminomas,
and acute myelogenous, chronic myelomonocytic and acute lymphoblastic
leukemias [87]. Perhaps the most prevalent incidence of ras mutation in a form
of human cancer is seen in adenocarcinoma of the exocrine pancreas, where up
to 95% of tumors carry a mutation at codon 12 in the K-ras gene [88]. A small
proportion of tumors arise from amplification of ras protooncogenes, and are
potential targets for reovirus oncolytic therapy as well. These include 4—8% of
ovarian, 3% of breast, and 4% of lung cancers [89]. There is also applicability to
benign premalignant hyperplasia, as groups have found K-ras mutations in
adenomatous tissue of the colon [83—-85]. It is evident that ras mutation and
amplification contribute to a significant proportion of human malignancies and
premalignancies, and thus reovirus has the potential to target a wide array of
tumor species.

The scope of tumors theoretically treatable by reovirus expands further
when one considers that activation of the Ras signal transduction pathway can
occur through more means than simple amplification or mutation of Ras. As
mentioned above, initial work conducted on reovirus biology demonstrated that
cells transformed with v-erbB, a truncated EGF receptor mutant with constitu-
tive tyrosine kinase activity, are infectable by reovirus [90]. Cells transformed
with other members of the EGF receptor family also are infectable by reovirus,
including HER2/neu/c-erbB2-expressing cells (unpublished data). Finally, as
previously mentioned, nonreceptor tyrosine kinase activation can lead to Ras
activation, as seen in v-src-transformed cells. These cells have overactive
signaling through the Ras pathway, as indicated by MAPK activation, and are
indeed infectable by reovirus (unpublished data).

When one contemplates the reported incidences of receptor and non-
receptor tyrosine kinase activation in human cancers, it becomes apparent
that reovirus treatment may be applicable to a broad spectrum of tumors.
Twenty-five to thirty percent of breast cancers have an amplification of
HER2/neu/c-erbB2, resulting in overexpression of the protein, high levels of
receptor tyrosine kinase activity, and high levels of Ras activation. The same has
been found for ovarian malignancies. In some cases of breast and ovarian can-
cers, overexpression of the gene product can occur in the absence of extra copies
of the gene [91]. Furthermore, amplification and/or overexpression of this gene
are poorly prognostic in terms of cancer recurrence. In fact, its overexpression
has been reported to be a more accurate predictor of recurrence than any other
determinant, save node-positive findings. Although the prognosis associated
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with these genetic lesions is often poor, the environment created by these
lesions should favor reovirus oncolysis.

Amplification of receptor tyrosine kinases is also documented in a variety
of other neoplasms. Amplification of the EGF receptor gene, c-erbB has been
found in 38-50% of glioblastomas, and to a lesser extent in head and neck,
gastric, and esophageal carcinomas [89, 92]. Supporting the theoretical
incidences of Ras pathway activation in these tumor types which overexpress
receptor tyrosine kinases, many breast carcinoma and glioblastoma cell lines
have been found infectable by reovirus, as well as primary human tumor tissues
of these types (unpublished data).

Of the nonreceptor tyrosine kinases, Src and Ber-Abl are clinically impor-
tant in oncogenesis. Src has been found highly active in most isolates of breast
cancer and mutated in advanced colon cancer [93-96]. src-transformed cells
have been found to be infectable by reovirus (unpublished data). It is also
well known that the Philadelphia chromosome product, Ber-Abl (found in
95% of chronic myelogenous leukemia and 10% of acute lymphocytic
leukemia) possesses constitutive nonreceptor-tyrosine kinase activity [97].
Since Bcr-Abl-mediated transformation is dependent on Ras activation,
reovirus could theoretically replicate in these cells as well. Elevated levels of
tyrosine kinase activity in neoplasms, whether it originates from receptor or
nonreceptor tyrosine kinases, favor the use of reovirus as an effective oncolytic
agent.

Overactivation of the Ras pathway can occur through many means, and this
is reflected in the range of possible genetic abnormalities leading to transfor-
mation and cancer. Optimistically, although there exists such a potential for
uncontrolled cellular proliferation, this potential is matched by the capacity of
reovirus to replicate in a broad variety of tumor backgrounds.

Human Trials

Phase I clinical trials are currently underway.

Conclusions

Given the effectiveness of reovirus as an oncolytic agent in the laboratory
environment, reovirus will hopefully have a significant impact in a clinical
setting. The knowledge accumulated on viral biology, both of reovirus and of
other viruses described within this book, has permitted researchers and clini-
cians to broach a new field in cancer therapy research: the use of viral-based
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‘magic bullets’ to target cancer. The hope persists that such therapies might be
able to successfully overcome the final, most formidable challenge of treating
cancer in the human organism.
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Introduction

The family of Parvoviridae is comprised of non-enveloped nuclear-replicating
DNA viruses that owe their name to their small size (approximately 20—25nm in
diameter) [1]. Parvoviridae members that are infectious for vertebrates are sub-
divided into the so-called adeno-associated viruses (AAVs; genus Dependovirus)
and autonomous parvoviruses (genera Parvovirus and Erythrovirus). AAVs typi-
cally require a helper virus for their efficient replication, while the lytic life cycle
of autonomous parvoviruses relies on cellular factors whose expression is associ-
ated with proliferation (the S phase of the cell cycle) and differentiation [1-4].
This chapter is devoted to the autonomous parvoviruses, with special emphasis
being given to two members of the genus Parvovirus, namely the H-1 virus and
the minute virus of mice (MVM). Although the natural hosts of these agents are
rodents, H-1 virus, MVM and the related parvoviruses Lulll and rat virus (RV)
are able to grow in a variety of human cells and thus have potential for human
applications. In keeping with this view, the H-1 virus was able to induce a viremia
in infected patients, while having no pathological effects [5].

Several rodent parvoviruses, including H-1 virus and MVM, have been
shown to exert an oncosuppressive effect, i.e. they are able to inhibit the forma-
tion of spontaneous as well as chemically or virally induced tumors in labora-
tory animals [6]. Implants of tumor cells, including human neoplastic cells, can
also be targets for the parvoviral oncosuppressive activity in recipient animals
[6—8]. The mechanism of parvovirus-induced tumor suppression is unclear to
date and is likely to involve several components. Besides modulating immune
or inflammatory responses that may contribute to tumor rejection [9-11],



parvoviruses can directly and preferentially kill some neoplastic cells. For
instance, a number of in vitro transformed or tumor-derived human and rodent
cell lines of fibroblastic and epithelial origin appear significantly more sensitive
to the cytocidal action of these viruses than the corresponding untransformed
parental cells [7, 12—19]. Though also observed in a short-term tissue culture
system [20], this oncolytic effect needs to be evaluated under in vivo conditions
for its overall contribution to the antineoplastic activity of parvoviruses.

The predilection of several rodent parvoviruses for neoplastic cells has been
known for a long time, as these agents were isolated from tumor implants or tumor
cell filtrates under conditions in which they could not be detected in normal
tissues [21, 22]. This oncotropism was recently exploited to isolate a new rat
parvovirus from a tumor implanted in an animal that was suspected of being
parvovirus-infected [23]. Some tumor cells appear to provide these viruses with an
environment beneficial to their amplification and expression. Indeed, the in vitro
transformation of a number of human and rodent cells by various treatments (radi-
ation, chemicals, oncogenes) was found to correlate not only with their sensitiza-
tion to parvovirus-induced killing, as stated above, but also with their increased
capacity for sustaining certain steps of the viral life cycle. Transformation-
enhanced events during the parvovirus growth cycle include in particular DNA
amplification and gene expression, while no significant change in virus uptake
has so far been reported [7, 12—17, 19]. Interestingly, the production and toxic
activity of the nonstructural polypeptide NS1, the main viral effector of parvovirus
replication and cytolysis, are both stimulated in oncogene-transformed cells
[14-15, 17, 24-26]. It should be stated, however, that transformed cells showing
an increased permissiveness for parvovirus DNA replication, gene expression and
resultant cytopathic effect are not always able to support the full infection that
would lead to the release of progeny particles [13, 18]. The intrinsic propensity of
various rodent parvoviruses for performing at least part of their lytic life cycle in
(pre)neoplastic cells makes them appealing anticancer tools. However, the mere
fact that these agents were often isolated from growing tumors shows that
the natural viruses are not always successful in eradicating infected tumors. Yet,
the oncotropic and oncolytic properties of these parvoviruses may be exploited
by using them as DNA-replication-competent vectors to achieve a targeted
co-expression of viral and heterologous genes with therapeutic potential in tumors.

Biology of the Autonomous Parvoviruses

Genome Organization
Parvoviruses contain an approximately 5,150-nucleotide-long linear single-
stranded DNA genome flanked by short inverted repeats [1, 27]. The genomes
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Fig. 1. Schematic representation of the genome organization of autonomous rodent
parvoviruses (a) and derived recombinant viruses (b). The viral genome flanked by palin-
dromic sequences at both ends are depicted by solid lines and standing bars, respectively. The
positions of the transcription start sites of the P4 and P38 promoters are indicated by flags.
a The NS- and VP-coding regions are indicated by open and filled boxes, respectively. b The
coding region of the transgene is indicated by the open box (labeled TG). The translation of
the transgene product starts at the VP2 initiation site. The length of the residual nontranslated
VP sequence may vary depending from the size of the transgene. The replicative and trans-
activating functions of the NS1 polypeptide are indicated by open and closed arrow heads,
respectively.

NS1

of the H-1 and MVM viruses consist of two large open reading frames (ORF)
whose expression is directed by the P4 and P38 promoters, respectively (fig. 1).
The P4 promoter is located on the left-hand side of the genome and controls
the transcription unit encoding the regulatory nonstructural proteins (NS1 and
NS2), whilst the P38 promoter is located in the middle of the genome and con-
trols expression of the gene encoding the capsid proteins VP1 and VP2. All tran-
scripts terminate close to the right end of the genome. Due to the differential
splicing of P4- and P38-directed precursor mRNAs, NS1 and the smaller NS2
polypeptides overlap in their N-terminal regions, and VP2 is entirely contained
within VP1 [1, 27]. Besides playing essential roles in viral DNA replication
and cytotoxicity (see below), NS1 is a transcription factor capable of strongly
transactivating the internal P38 promoter [28, 29]. The NS2 product appears to
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regulate several steps in the viral life cycle [30, 31], and is required for the
MVM parvovirus to exert pathological effects in its natural host [32]. To form
the parvoviral capsids, VP1 and VP2 associate in a defined stoichiometry [33].
As aresult of proteolytic VP2 cleavage, full but not empty particles may contain
copies of a third capsid protein (VP3).

Replication, Transcription and Oncotropism

Both ends of the genome possess palindromic sequences that can form
hairpin structures and serve as self-priming origins of DNA replication [1, 27,
34]. H-1 virus and MVM DNA replicate in infected cell nuclei through a con-
tinuous elongation mechanism resulting in the formation of double-stranded
(duplex) monomeric and multimeric intermediates [27, 34]. In contrast to AAY,
autonomous parvovirus DNA has so far not been found to integrate into the host
genome under natural conditions [35]. The input single-stranded viral DNA is
first converted into a duplex form in an S-phase-dependent fashion, through a
process that does not rely on viral proteins. A strict correlation was observed
between the occurrence of conversion and the S-phase-associated appearance
of cyclin A/cdk2 kinase activity [36]. Conversion is followed by expression of
the duplex monomeric replicative intermediate and by its amplification via mul-
timeric forms in an NS1-dependent manner [27, 34]. NS1 displays helicase,
DNA-nicking, ATPase, and sequence-specific DNA-binding activities which,
together with functions supplied by specific host factors, are required for the
initiation of strand-displacement synthesis from terminal and internal origins
located in monomeric and multimeric replicative forms, respectively [1, 34,
37, 38]. NS1 becomes covalently attached to the DNA 5’ ends as a result of its
site-specific single-strand nicking activity [34]. As the production of single-
stranded progeny genomes of parvovirus MVM from duplex replicative inter-
mediates by a displacement synthesis reaction does not take place in the absence
of capsids, replication and encapsidation appear to be tightly coupled processes
[39, 40]. It is worth mentioning that oncogenic transformation results in an
enhanced capacity of human fibroblasts for parvoviral DNA amplification
[12, 13]. In particular, neoplastic transformation was shown to correlate with a
striking stimulation of the resolution of MVM DNA concatamers into
monomer-length replication intermediates [41].

It has recently been shown that the parvoviral promoter P4 is induced at
the G1/S phase transition. This induction results from both P4 release from a
cell confluence-associated repression involving in cis cyclic AMP response ele-
ments and in the trans cyclin-dependent kinase inhibitor p27, and P4 activation
mediated by the cellular transcription factor E2F [42]. The S-coupled induction
of the P4 promoter is necessary for production of the viral replicative protein
NSI1 in amounts high enough to initiate viral DNA amplification [2]. Several
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oncoproteins can further contribute to transcriptional stimulation from the
pivotal P4 promoter, leading to higher levels of NS proteins in oncogene-
transformed versus nontransformed cells [14, 15, 24]. Transcription factors of
the ATF and Ets families mediate the increased P4 promoter activity in ras-
transformed rat fibroblasts compared to nontransformed parental cells [43, 44].
The transformation of human fibroblasts with simian virus 40 correlates with a
stimulation of the P4 promoter via the transcription factor NF-Y [45, 46]. In the
parvoviral DNA context, the promoter P4 can thus be considered responsive to
various cell cycle regulators and oncoproteins. It should be stated that the induc-
tion of the P4 promoter in proliferating and transformed cells gives an underes-
timation of the overall stimulation of parvoviral gene (or transgene) expression.
Indeed, the amplification of viral duplex DNA intermediates, i.e. transcription
templates, can also be enhanced in these cells as a result of both an increased
production of the viral replicative protein NS1 and apparent changes in cellular
replication factors, as discussed above.

It follows from these different regulations that parvovirus growth shows an
absolute requirement for cell proliferation [47], whilst further enhancement of
the parvoviral life cycle in transformed versus nontransformed cells varies both
qualitatively and quantitatively depending on the system being considered. Trans-
formation of proliferating cells may result in an increase in their full permissive-
ness, i.e. competence for sustaining a productive parvovirus infection [12, 13, 18],
or only in their ability to replicate and/or express parvoviral DNA in the absence
of virus production [13—19]. An enhanced capacity for parvovirus growth is, how-
ever, not an obligatory consequence of neoplastic transformation, since a few
exceptions to the general correlation between these two features have also been
observed [17, 19]. It is worth noting that, except for one study [20], the analysis of
parvovirus oncotropism was carried out with established cell lines and therefore
needs to be extended to short-term cultures of tumor versus normal cells.

Cytotoxicity and Oncolysis

The viral NS1 protein is endowed with a cytotoxic function and is considered
to be a major mediator of parvovirus-induced cytotoxicity [48—54], although
other viral effectors may also play a role in cell killing [S0]. The NS1 nucleoside
triphosphate-binding domain of the MVMp, H-1 and B19 viruses is required for
cytotoxicity in the full protein context [49, 52, 54]. Furthermore, cell survival can
be jeopardized as a result of the mere expression of the NS1 polypeptide ends, in
particular the C-terminal region which contains a transcription-activating domain
[52]. H-1 parvovirus induces apoptosis in rat glioblastoma cells and in the rat
cerebellum [55]. The expression of NS proteins by the B19 and H-1 viruses cor-
relates with the induction of apoptosis in human erythroid progenitors [4, 53, 56]
and leukemic promonocytic cells [57], respectively. These observations do not
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rule out, however, that necrotic cell death occurs concomitantly or prevails in
other cell types [58—60]. MVM-induced cytotoxicity requires cell proliferation
and correlates with cell cycle perturbations, in particular S/G2 arrest [58, 59].

The mechanism(s) through which NS1 exerts its cytopathic effect remain
elusive to date. Possible clues can be found in the molecular alterations induced
by NS1 in target cells at the level of transcription [61], chromatin integrity [59]
and phosphorylation or synthesis of specific proteins [26]. Most interestingly,
the expression of similar amounts of NS1 protein in pairs of normal and ras-
transformed cell cultures was found only to cause the death of the latter [25].
This observation suggests that cell transformation is associated with NS1 mod-
ifications and/or changes in cellular targets or regulators of the viral product,
making NS1 more toxic for the transformants compared to the parental cells. It
follows that the above-mentioned sensitization of many transformed cells to the
cytopathic effect of parvoviruses may be traced back not only to the enhanced
production of NS1 proteins (see previous section) but also to the reduced toler-
ance of these cells to a given amount of the viral toxin. Should the latter effect
also occur in vivo, NS1 may qualify as an oncolytic effector.

Altogether, the data reviewed in this and the previous section indicate that
oncoproteins can aggravate the outcome of a parvovirus infection by upregulat-
ing both the replication and intrinsic cytopathic effect of these viruses. It should
also be stated that, conversely, tumor suppressor proteins may restrain the
parvoviral life cycle in normal cells. Indeed, the resistance of certain human
erythroleukemic cell clones to H-1 virus-induced killing was found to correlate
with the reactivation of p53 expression, while the functional inactivation of
endogenous p53 led to the sensitization of rat embryo fibroblasts to this virus
[62]. Since the NS1 protein is essential for both parvovirus replication and
cytotoxicity, it is tempting to hypothesize that transformation-associated post-
translational modifications of the viral product may contribute to both the
oncotropic and oncolytic properties of parvoviruses. This is presently a matter of
speculation but would be in agreement with recent findings which showed that
NS1 phosphorylation is necessary for the replicative functions of this protein
[63] and may also modulate its cytopathic effect [64]. It is noteworthy that NS1
is more particularly a target substrate for atypical isoforms of the protein kinase
C (PKC) family [65]. Given their involvement in the regulation of cell growth,
differentiation and transformation, PKCs may constitute one of the elements
interconnecting the parvoviral life cycle with the cell’s progression into the neo-
plastic state. Finally, it should be stated that the MVMp and H-1 virus-derived
vectors developed so far for gene therapy purposes retain the viral elements
(replication origins, promoters and NS transcription unit) which are involved in
the oncotropic and oncolytic properties of these viruses, pointing to their special
suitability for anticancer applications (see below).
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Host Range

Some autonomous parvoviruses exhibit a very specific host range with
respect both to the animal species and cell types that they are able to infect. This
specificity can be exemplified by B19 which deserves to be designated as a
human erythrotropic parvovirus [4]. The narrow host range of B19 can to a large
extent be explained by the fact that the erythrocyte P antigen globoside serves
as the virus receptor [66], although restrictions at other steps of the virus life
cycle may also contribute to the B19 tropism [67, 68]. Other parvoviruses dis-
play a broader host range. This is in particular the case for the rat virus H-1 and
MVM, which form the subject of the present review and proved able to replicate
notably in human cells, and for which a number of cell types, including fibro-
blasts, epithelial and hematopoietic cells, were found to be targets [6, 7, 12—14,
16,57, 62, 69-72].

Even the less specific parvoviruses do not replicate in all cell types.
As stated above, parvovirus replication requires host cells to enter the S-phase
of the mitotic cycle. Yet, S-phase functions are not enough to fulfill the
cellular requirements of the parvoviral life cycle. Some tissues in parvovirus-
infected susceptible hosts are not destroyed although they contain actively
dividing cells [21, 22]. The differentiation state of the cells also appears to
determine their susceptibility to parvovirus infection [3, 72—75]. In a few cases,
this S-phase-independent restriction appears to be due to the absence of
specific receptors for the virus on the cell surface. Such a surface barrier is,
however, not the general rule. Although they have not yet been identified, the
cellular receptor(s) of H-1 virus and MVM are likely to involve ubiquitous
N-acetylneuraminic acid (sialyl)-containing glycoproteins [27]. In most cases,
the differentiation-associated restriction to parvovirus replication takes place at
step(s) following adsorption onto the cell surface. An allotropic determinant
distinguishing the fibrotropic prototype virus MVMp from the lymphotropic
strain MVMi was found to be encoded by the capsid protein gene in a region
which also appears to determine the tissue and species tropism of canine,
porcine, feline and mink parvoviruses [76—78]. Yet, MVMp and MVMi are
bound and taken up regardless of whether the cells are permissive or not [3].
MVMp appears to be unable to initiate transcription in mouse T lymphocytes
due to an early block in the viral life cycle at the level of uncoating [79]. It
should be stated in this respect that internalization, nuclear transport and the
subsequent uncoating of virions remain ill-defined processes. For cell entry,
the canine parvovirus uses the endocytic pathway, a route that may be necessary
for its ability to achieve a productive infection [80]. Some of these prereplica-
tive steps of the parvoviral life cycle appear to be blocked in nonpermissive
cells, although restrictions at later stages may also be involved [17, 27, 79]. The
cellular factors that limit viral replication in nonpermissive cells are largely
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unknown. Identification of these factors represents an interesting issue, given
their association with the differentiation state of the host cells.

Pathology

Given that some rodent parvoviruses are being considered as vectors for
human applications (see above), the pathology of these viruses in their natural
host deserves attention. The diseases induced by rodent parvoviruses depend on
the age of the animal at the time of infection as well as the virus strain used.
Infection of naive fetuses and neonates with some of these viruses (in particular
RV, H-1 virus and MVMi) often terminates fatally [21, 22, 74, 75, 81, 82].
Enteritis, hepatitis, cerebellar hypoplasia and ataxia, stunted growth, renal
infarcts, hemorrhages of various organs (such as intestine, lung, liver and brain)
and leukopenia are hallmarks of deleterious parvovirus infections [21-23, 74,
75, 81]. Cell populations with a high mitotic activity are typical targets for such
infections. In contrast, the infection remains clinically nonapparent when these
same viruses are used to infect juveniles or adult animals [21, 22]. Other rodent
parvoviruses, such as MVMp and the recently isolated mouse parvovirus type 1
(MPV-1) and rat parvovirus type 1 (RPV-1), seem to be devoid of pathogenic
activity even if infection takes place at the neonatal stage [22, 23, 8§3].
Asymptomatic parvovirus infections still deserve to be monitored, especially in
laboratory animals. Indeed, the virus often establishes a persistent infection
which can last for several months or years in the absence of clinical symptoms,
despite the presence of circulating antibodies [21, 22], which may interfere with
immune responses [84—86] and tumorigenesis (see below). Potential reservoirs
for long-term virus maintenance and production may exist in some of the tissues
which are special targets for parvovirus replication at early developmental
stages and whose proliferation keeps on going or is occasionally reactivated. It
is worth noting in this regard that endothelial, lymphoid and erythroid tissues
are more affected by certain rodent parvoviruses as is apparent from consequent
clinical symptoms and confirmed by in situ detection of viral DNA replication
intermediates [21-23, 75, 81, 85]. Interestingly, the endotheliotropism of rodent
parvoviruses might contribute to the oncosuppressive activity of these agents
(or their recombinant derivatives, see below) through the inhibition of tumor
neoangiogenesis.

Potential risks and benefits need to be weighed up when considering the
use of rodent parvoviruses as anticancer agents. The balance is tipped in favor
of the use of such viruses by the fact that animals have already become resistant
to the pathological effects of even the most virulent rodent parvoviruses before
the onset of tumor growth for the majority of tumors. The question then arises
as to what extent these animal data can be extrapolated to the human situation.
As stated above, parvovirus H-1 proved to be able to infect humans, leading to
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viremia followed by sustained seroconversion [5, 87]. Retrospective studies
failed to reveal any consistent link between human diseases and possible prior
infections with the H-1 virus [21]. The injection of H-1 virus was also well tol-
erated by cancer patients, as shown initially by Toolan et al. [5] and confirmed
in a more recent phase-I clinical trial [87].

Immunological Responses

Besides eliciting an antiviral immune response which can have various
outcomes (virus eradication, establishment of a persistent infection coexisting
with the immune response, potentiation of virus infectivity and pathogenesis),
parvoviruses may also interfere with the host immune system.

Humoral Antiviral Responses

The formation of infectious immune complexes is a typical feature of
Aleutian mink disease parvovirus (ADV) and is responsible for the antibody-
dependent enhancement of macrophage infection with ADV and the consequent
induction of a cytokine disorder characterized by hypergammaglobulinemia and
related pathological lesions [88]. Rodent parvoviruses are highly immunogenic
often inducing life-time immunity. A humoral neutralizing response takes place
within 2 weeks of experimental animal infection which limits virus spread in the
contaminated organisms as well as viral excretion and risk of reinfection at a
later time [21, 22]. Maternally acquired passive immunity protects the young
against early infection. Parvoviruses which do not cause an immune suppres-
sion in vivo, such as MVMp, are efficiently counteracted by the immune system
and fail to establish a chronic infection, becoming undetectable in adult animals
[22, 32]. Yet, seemingly normal hosts may show coexistence of virus and spe-
cific antibodies for quite some time [21-23], and infection may persist in a non-
apparent form and become reactivated under special conditions. For example,
the induction of tissue regeneration was reported to allow the reactivation of
self-limited infections with the rat parvoviruses H-1 and RV [89]. Other rodent
parvoviruses, such as the mouse parvovirus MPV-1, cause immunosuppression
in vivo (see below) and, as a probable consequence of this property, are not fully
eradicated by the immune response. MPV-1 establishes persistent infections and
shedding in adult mice, despite the presence of circulating antibodies [83].
Virus persistence may account for continued antigenic stimulation and mainte-
nance of high antibody titers. To sum up, positive antibody titers to rodent par-
voviruses are consistent indicators of a previous infection with these agents and
of a state of at least partial protection against reinfection. Antibodies directed
against rodent parvoviruses are detected in the sera of the respective natural
hosts with a frequency of between 60 and 100% [21]. It is noteworthy in this
respect that the frequency of positive antibody titers to rodent parvoviruses in
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human populations has been reported to be extremely low [21]. Thus, there is
little evidence for rodent parvoviruses infecting humans by any natural route,
although cross-contamination may take place occasionally. This lack of natural
immunity is a definite advantage when considering the use of rodent par-
voviruses (or their recombinant derivatives) for human applications based on
their ability to replicate in some human cells after experimental infection.
Seroconversion was found to occur in patients injected with parvovirus H-1,
concurrently with the termination of the viremic phase [5].

Cellular Antiviral Responses

The role of the cellular immune response in controlling parvovirus infec-
tions is less clear. Yet T cells have been implicated as critical elements in host
immunity to rat parvovirus infections, given the fact that natural killer (NK)
cells and humoral immunity appear to be unable to clear established RV infec-
tions in adult rats [10, 90]. It should also be stated that parvoviruses have been
reported to be both poor [84, 91] and highly susceptible [92] targets to the
antiviral effects of interferons.

Parvoviral Interference with the Host Immune System

Besides being targets for host antiviral responses, a number of parvoviruses
can also interfere with the host immune system. In particular, some rat (RV,
RPV-1) and mouse (MPV-1, MVMi) parvoviruses were found to replicate in
lymphoid tissues and to have lymphocytotropic properties [10, 11, 21-23, 74,
75, 81, 83]. T cells proved to be targets for these viruses, although B cells, NK
cells and macrophages can also be infected [10, 84, 85, 93, and references
therein]. Furthermore, several rodent parvoviruses, including H-1 virus, are
able to grow in human T-cell lines [69, 71]. By infecting lymphocytes, rodent
parvoviruses can potentially perturb immune responses to both the infecting
virus (accounting for prolonged infection and delayed virus clearance) and
other antigens (resulting in an interference with transplantation and oncology
studies). Indeed, lymphocytotropic rodent parvoviruses were found to inhibit
distinct T-cell effector functions in vivo and/or in vitro, including mitogen and
antigen-induced lymphocyte proliferation, generation of cytotoxic T cells in
mixed leukocyte cultures and activation of T-cell-dependent B-lymphocyte
responses [10, 85]. Paradoxically, despite its immunosuppressive properties,
MPV-1 was able to potentiate the rejection of tumor allografts in a T-cell-mediated
fashion [11]. This enhanced rejection took place while the alloantigen-reactive
lymphocytes were depressed and MPV-1 was most unlikely to directly kill or
xenogenize tumor cells, suggesting that the virus may induce a bystander effect.
By infecting lymphocytes, MPV-1 may conceivably induce the release of
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cytokines which could in turn be responsible for the graft failure due to their
direct action on the tumor or the induction of either a local inflammation or an
imbalanced immune response. The possibility that some rodent parvoviruses
may disturb the cytokine network of infected hosts is in keeping with another
intriguing observation, i.e. MPV-1 also induces syngeneic graft rejection by
stimulating autoreactive T cells [94]. Furthermore, it has been reported that RV
causes autoimmune diabetes in certain rats by activating silent autoreactive
T cells [86]. Although a stimulating role of cross-reacting viral antigens cannot
be ruled out, the activation of quiescent autoreactive lymphocytes is assumed
to be due to the spreading of presented epitopes, as a result of cytokine-induced
alterations in either antigen processing, recruitment of antigen-presenting cells
or expression of cell surface molecules involved in T-cell activation. Therefore,
some of the immunological disorders observed in parvovirus-infected animals
may be mediated by changes in cytokine profiles. In agreement with this
hypothesis, RV was found to upregulate the production in splenic lymph nodes
of tumor necrosis factor-a, interferon-y and the interleukin (IL)-2 and IL-12
[93]. These cytokines may favor tumor rejection through their toxicity for neo-
plastic or vascular cells, and their ability to cause local inflammation or activate
specific T-cell subsets. These immune responses may constitute a component of
parvovirus oncosuppression, which is independent of a direct virus—tumor cell
interaction and thought to be responsible for the continued resistance of infected
animals to oncogenesis long after virus inoculation [9, 95].

Genetic Engineering of Parvoviruses

The oncotropic and oncolytic properties of several rodent parvoviruses (see
above), together with their stability and high-titer production, make them attrac-
tive agents for the gene therapy of cancer [6, 21, 22, 27]. However, parvovirus
infections are not always potent enough to prevent cancer or to induce the rejec-
tion of established tumors. The mere fact that a number of parvoviruses have
been isolated from growing neoplastic lesions indicates that the natural viruses
are often incapable of eradicating the tumor they infect. Furthermore, in suc-
cessful cases, large amounts of virus are usually required to facilitate the regres-
sion of preexisting tumors. Indeed, high-titer inocula must be used to induce
the rejection of human tumor allografts in immunodeficient animals, even
though input virus neutralization is minimized under these conditions [7, 8].
There is thus a requirement for the genetic engineering of parvoviruses in order
to enhance their anticancer potency or improve their targeting. Two types of
genetically modified rodent parvoviruses have been produced to this end, which
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are both competent for DNA replication but differ in their infectivity. DNA
replication-deficient parvoviral vectors (NS™VP™) have also been generated
[96-98], but will, however, not be considered here given the focus of the pres-
ent book on replication-competent viruses.

Defective Recombinant Viruses Competent for DNA Replication

Rationale

Recombinant parvovirus-based vectors were developed which retain the
NS transcription unit (left-hand ORF), but in which the gene encoding the
capsid proteins (right-hand ORF) were removed or truncated and replaced
by a therapeutic or reporter gene [99—-102]. As depicted in figure 1, these
NSTVP™ vectors retain the viral genomic telomeres (containing the origins of
DNA replication and other replication signals) and the P4 promoter-directed
NS transcription unit (encoding the NS proteins required for viral DNA replica-
tion, expression, and cytotoxicity). It follows that these vectors possess all the
above-mentioned elements that have been identified as participating in the
oncotropism (DNA replication origins, P4 promoter, NS proteins) and oncolytic
activity (NS proteins) of the parental parvoviruses. Upon transfer into target
cells, the genome of NSTVP™ vectors can thus be expected to be amplified,
expressed, and to exert a NS-mediated cytopathic effect in an oncogene-dependent
fashion. In addition, these recombinants harbor transgenes that are placed
under the control of the genuine viral promoter P38, and which should be over-
expressed in permissive neoplastic cells due to vector DNA replication and
NS1-induced P38 transactivation (fig. 1). Such an efficient and preferential
expression of parvovirus-transduced reporter and effector genes in transformed
(including tumor-derived) versus nontransformed cells was indeed confirmed
in cell systems [99, 100]. This allows us to reinforce the intrinsic oncosuppres-
sive activity of natural parvoviruses by substituting anticancer transgenes for
part of the viral VP gene. It should be stated, however, that parvovirus-based
vectors of the NSTVP™ type, though competent for DNA replication in target
cells, are still defective since they are unable to produce capsid proteins and
progeny virions. These vectors therefore achieve one-hit infections [99, 100]
and cannot further spread in the tumor or test animal in the absence of wild-type
helper virus, which may be a limitation to tumor destruction but an advantage
from the safety point of view. As a probable result of the cytotoxicity of
NS proteins, transgene expression achieved by typical NSTVP™ parvoviral
vectors is transient [99, 100] arguing against their use for gene replacement
strategies but making them suitable for anticancer applications that involve
toxic or immunomodulating transgenes whose long-term expression is not
desirable.
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Production of Recombinant Viruses

The starting materials for the production of recombinant viruses are
infectious molecular clones — full-length viral genomes cloned into bacterial
plasmids — which are capable of producing infectious virus upon transfection
of permissive cells. Infectious DNA clones are available for a number of
autonomous parvoviruses, with the notable exception of the human parvovirus
B19, probably due to the deletion of palindromic sequences from the genome
ends during DNA amplification in bacteria [4]. The NS1 polypeptides expressed
upon cell transfection with an infectious DNA clone were shown to be required
for excision of the parvoviral genome from the plasmid backbone [103, 104].
Transgene substitutions for (part of ) the VP-coding region generate recombi-
nant molecular clones which can be packaged into recombinant parvovirus par-
ticles in the presence of a helper construct that complements the VP gene defect
by providing capsid proteins in trans. This helper DNA can be supplied concur-
rently with the recombinant parvoviral genome via cotransfection [99—102].
Alternatively, a packaging cell line harboring the helper construct could be used,
although so far only low recombinant parvovirus yields have been obtained
using this method [105]. Interestingly, it is possible to pseudotype, i.e. to pack-
age the genome of a given parvovirus into capsids of related viruses [97, 98, and
C. Wrzesinski, unpublished data], which may be used to modify the virus host
range or circumvent the antiviral immunity which develops during a repeated
injection protocol. Yields of recombinant parvovirus have been significantly
increased over the past few years. These improvements have been made through
the use of shuttle helper plasmids, new producer cell lines and, above all, mod-
ified parvoviral DNA vectors [102]. Indeed, one of the reasons why the titers of
first-generation recombinant parvovirus stocks, including the DNA replication-
deficient vectors, were so low [96—102] could be traced back to the fact that the
original infectious molecular clones terminated on the left-hand side in an
incomplete replication origin, i.e., in a sequence which was suboptimal for
resolution through the nicking activity of the NS1 protein [34, 103, 104]. At
present, second-generation parvoviral DNA vectors yield recombinant MVM
and H-1 virus titers that are up to one thousandfold higher than initial titers,
reaching 5 x 107 replication units/ml of crude cell extract [102, and our unpub-
lished data].

Given their competence for DNA replication, NS*VP™ recombinant
viruses can be routinely titrated using an infected cell hybridization assay that
reveals the amplification of incoming vector DNA at the single-cell level
[99-102]. A problem inherent in the helper-assisted production of defective
viruses lies in the generation of wild-type particles (usually referred to as
RCVs, for replication-competent viruses) through homologous recombination
between vector and helper DNA constructs. Parvoviral vectors are no exceptions
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and were initially found to be highly (up to 80%) contaminated with RCVs
[99, 100]. This generation of nondefective parvoviruses has now been decreased
to virtually undetectable levels by limiting the helper plasmid copy number
through the use of a packaging cell line [105], by reducing DNA overlaps
between the helper construct and the vector to be packaged [102, by pseudotyp-
ing corzesinsky, unpublished data], by minimizing the homology of residual
overlapping sequences through mutagenesis [106] or production of chimeras
between related parvoviruses [107]. A definite limitation of recombinant par-
voviruses concerns the size of the transgenes which they can accommodate.
This restriction does not affect vector DNA replication and is actually due to the
low tolerances existing for encapsidation with respect to both increases in the
total genome length over 5-10% of wild-type DNA (i.e., about 500 bp or less)
and extensive deletions of viral DNA sequences [101, 102]. It has been hypo-
thesized that these deletions impair encapsidation by removing NS1-binding
sites which are scattered at many positions along the parvoviral genome and
may contribute to the NS1-facilitated incorporation of viral DNA into nascent
virions [102, 108]. The size and sequence requirements for encapsidation do not
raise problems as far as small transgenes are concerned. Thus, foreign DNAs of
up to 800 bp in length can be substituted for VP sequences without significant
losses in recombinant virus yields compared with wild-type virus derived from
the infectious molecular clone [102]. It is still possible to produce NS*VP~
viruses that harbor larger transgenes of up to 1,600 bp, however, these have a
lower virus titer [102].

The DNA replication-competent NS*VP™ vectors developed so far for
human cell transduction are based on the rodent parvoviruses H-1 and MVM
[99-102, 107, 109]. Besides these agents, other long-known rodent parvoviruses,
in particular RV and Lulll, have been shown to grow in various transformed
human cells in vitro [21, 69] and are thus candidates for anticancer vector pro-
duction. In addition, new rodent parvovirus isolates (MPV-1, RPV-1) have been
described which deserve special consideration for vector development, owing
to their intrinsic oncosuppressive properties and lack of pathogenic activity in
natural hosts [11, 22, 23, 85]. As stated above, several rodent parvoviruses have
lymphocyto- and endotheliotropic features which may contribute to their ability
to suppress tumor growth, regardless of their direct interaction with neoplastic
cells. Advantage may be taken of this tropism to devise recombinant vectors that
specifically modulate tumor angiogenesis and immune constraint (see below).
It is also worth mentioning that other mammalian parvoviruses were found to
display antineoplastic properties, as exemplified by the capacity of canine par-
vovirus for suppressing venereal sarcomas in dogs [110]. Further investigations
are required to determine whether parvoviruses of origins other than rodent could
be of use in designing vectors for human applications. Though pathogenic and
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not available in the form of an infectious molecular clone, the genuine human
parvovirus B19 could still be used to supply other vectors with erythrotropic
elements [67], allowing these vectors to target cells from the erythroid lineage.

Choice of Anticancer Transgenes

A promising approach to the gene therapy of cancer lies in the vector-
mediated transduction of tumor cells with genes encoding proteins that lead
directly or indirectly to the destruction of these cells. The most promising strate-
gies involve the use of immunostimulatory and suicide transgenes, whose
mechanisms of action involve bystander effects. These allow tumor cells that
are not themselves hit by the vector to be targets for the cytotoxic response
elicited from transduced neighboring cells. The suicide thymidine kinase gene
of herpes simplex virus was introduced into a parvovirus MVMp-based vector,
allowing the recombinant virus to kill cultures of target tumor cells in an acy-
clovir-dependent fashion [111]. Alternatively, attempts are being made to use
recombinant parvoviruses to express immunostimulatory factors in neoplastic
lesions, with the aim of achieving tumor rejection and establishment of a long-
term immunity to prevent tumor regrowth. This modulation of host immune
responses is controlled by various secreted peptides of the cytokine family.
Some of these, in particular IL-2, IL-12 and granulocyte-macrophage-colony
stimulating factor, have been shown to be especially potent stimulators of anti-
tumor immunity [112, 113]. Besides their immunomodulating activity, certain
cytokines may also inhibit neoangiogenesis and thus inhibit tumor progression
[114]. Because cytokines are relatively small (approximately 100 amino acids),
their corresponding cDNAs can be easily incorporated into NS* VP~ parvoviral
vectors. Recombinant MVMp and H-1 viruses have been produced which har-
bor the cDNAs of various cytokines: IL-2, IL-4 [99], monocyte chemotactic
protein (MCP)-1 [102, 115], MCP-3 [116] and interferon-y-inducible protein
10 (IP-10) [117]. Due to difficulties in obtaining recombinant virus stocks of
adequately high titer, the assessment of these vectors in tumor-bearing animals
could only recently be initiated [115—-117]. Preliminary results from both ex
vivo and in vivo experiments indicate that NS*VP~ parvoviral vectors supple-
mented with distinct cytokine genes exhibit a significantly enhanced antineo-
plastic activity in at least some tumor models, compared with the corresponding
wild-type viruses (see below). Besides cytokines, cell surface molecules (e.g.
the costimulatory ligands B7-1 and B7-2) involved in T-cell activation are also
good candidates for parvovirus-mediated transduction and stimulation of anti-
tumoral cellular immunity [118]. Furthermore, parvoviruses may be suitable for
expressing tumor antigens over an extended period and eliciting in this way a
sustained antitumoral immune response [119], given that these viruses often
persist in infected organisms (albeit in a presently unclear form).
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Modified Nondefective Viruses

For certain applications, it may be necessary to hit the majority of cells
constituting an established tumor with parvoviral vectors. This cannot, however,
realistically be expected following a single inoculation, even if very high-titer
virus stocks were to be available. The fraction of tumor cells becoming infected
can be increased through repeated injections or, better still, through the use of
nondefective viruses that are able to multiply in target tumors and spread from
primarily infected neoplastic cells to neighboring cells. As stated above, some
natural parvoviruses can be used to this end owing to their capacity for prefer-
ential intratumoral growth (oncotropism) and toxicity (oncolysis). Yet, in many
instances, the parvovirus does not appear to be the winner in the race between
its propagation and the multiplication of tumor cells, resulting in the continuing
growth of infected tumors. Thus there is a requirement for the modification of
parvoviruses to increase their anticancer potential whilst retaining their infec-
tious potential. Parvoviral DNA could theoretically be engineered in several
ways to achieve this goal. Although parvoviruses have a very compact genetic
organization, a few regions of the viral genome may be nonessential and thus
used to insert therapeutic transgenes without impairing infectivity [1, 27].
Despite the limited size of potential target regions of parvoviral DNA and
the above-mentioned constraints on the overall genome length, this approach
should be applicable for small transgenes, such as antisense RNAs/ribozymes.
Feasibility studies showing that such nondefective recombinant parvoviruses
can indeed be obtained are, however, lacking at present.

Besides transgene insertion, parvovirus engineering could also involve
the modification of existing parvoviral genes and/or regulatory elements. This
strategy would allow the production of genetically modified viruses that have
acquired novel biological features without becoming defective, regardless of
whether or not a foreign gene is inserted. As far as cancer therapy is concerned,
specific changes could be made to the elements controlling the oncotropic and
oncolytic properties of parvoviruses in cis (e.g. P4 promoter) or trans (e.g. NS-
coding sequences), in order to increase the extent and/or specificity of the anti-
neoplastic activity of these viruses. Parvoviruses engineered in this way have
not yet been described, yet current improvements in our understanding of the
regulation of parvoviral protein expression and functioning (see above) make
the generation of such modified viruses a most interesting possibility. The fea-
sibility of this approach is supported by recent work showing that substitution of
the human immunodeficiency virus (HIV) TAT protein-response (tar) element
for the proximal region of the P4 promoter of parvovirus MVMi allows modi-
fied viruses to be generated, which still possess a full productive life cycle, yet
in a TAT-dependent fashion [109]. This demonstrates that parvoviruses can be
engineered so as to change the host range without them becoming defective.
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Along the same line, the NS region of parvovirus MVMp was modified by
site-directed mutagenesis to generate viruses that encode functional NS1 but
nonfunctional NS2 proteins and, as a consequence, are impaired for growth
in murine cells whilst remaining fully infectious for transformed human cells
[30, 120]. In conclusion, genetic engineering allows nondefective parvoviruses
to better target and eliminate specific cells. While the above-mentioned tar-
substituted MVMi virus is aimed at killing HIV-infected cells [109], par-
voviruses modified in other ways may be used to destroy neoplastic tissues
more efficiently and/or selectively than the natural viruses. Autonomous par-
voviruses that can grow in human cells are candidates for this approach and
include the above-mentioned rodent viruses and, should its pathogenic risk [4]
be overcome, the human B19 virus.

Antitumor Activity

Parvoviruses are unique among DNA viruses in that they do not have any
tumorigenic members [1]. Furthermore, the autonomous parvoviruses are not
known to integrate into the host cell genome [35], and are therefore unlikely to
pose a significant risk of insertional mutagenesis. On the contrary, autonomous
parvoviruses have been shown to be oncosuppressive in a number of tumor
models [6, 9, 11, 95, 110], and in human tumor transplants in recipient animals
[7, 8, 115, 116], creating a heightened interest in the mechanisms involved in
this oncosuppression and their possible application in human cancer therapy.
As discussed above, as well as the genuine human parvovirus B19, several
autonomously growing parvoviruses of animal origin (in particular rodent) are
able to replicate in some human cells, and may be used to this end.

Direct Parvovirus Toxicity in Tumor Cells

As reviewed in previous sections, the oncotropic and oncolytic properties
of parvoviruses have been well documented in vitro, comparing transformed
or tumor-derived cell lines with their nontransformed counterparts [12-19,
24-26]. The physiological relevance of these observations is, however, ques-
tionable given the drift known to occur in vitro during the establishment of cell
lines. A first hint as to the capacity of parvoviruses for interfering with the
growth of at least some original tumor cells was given by studies using non-
established short-term cultures, showing that the H-1 virus exerts cytostatic and
cytopathic effects on freshly isolated human breast and liver carcinoma cells
[20, 121]. There are also indirect indications that some tumor cells can be
targets for the cytotoxic activity of parvoviruses under in vivo conditions,
i.e. oncolysis may contribute to parvovirus oncosuppression. As stated above,
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several rodent parvoviruses were isolated from human transplantable neoplasms
under conditions in which they could not be detected in the normal tissues of
recipient animals [21-23], arguing for the ability of these tumors to sustain a
productive parvovirus infection that can be assumed to lead to the death of at
least a fraction of the neoplastic cells. Additional support for the contention that
parvoviruses can have an oncolytic activity in vivo is given by the capacity of
H-1 virus for suppressing human tumor transplants in immunodeficient mice
[7, 8]. Recipient mouse cells cannot be infected with this virus, while signs of
virus replication were found in implanted human neoplastic cells. In particular
expression of the cytotoxic viral protein NS1 was demonstrated in the vicinity
of tumor necrotic areas [8].

Additional data are clearly needed to assess the oncolytic capacity of
parvoviruses in vivo. The extent of oncolysis can be expected to depend on the
target tumor type. Indeed, transformed cultures were found to vary in their sen-
sitization to a given parvovirus under in vitro conditions, depending on the cell
type and transforming agent used [17-19]. Furthermore, the outcome of infec-
tion will also vary between parvoviruses, since different viral strains have
distinct host ranges [3, 22, 77-79], and cell differentiation-related restrictions
to parvovirus replication may not be overcome as a result of neoplastic transfor-
mation [3, 17, 27]. Thus, tumors that are most sensitive to a certain parvovirus
would be predicted to be derived from tissues for which this virus has a prefer-
ential tropism and which serve as natural virus reservoirs (even though virus
replication may be limited enough to remain asymptomatic under normal con-
ditions). As stated above, a number of rodent parvoviruses (RV, MPV-1, RPV-1,
H-1) exhibit a tropism for lymphoid tissues, leading one to speculate that
hematopoietic tumors may be suitable targets for virus-induced destruction.
This would be consistent with in vitro studies which showed that a number of
human leukemia and lymphoma cell lines are especially sensitive to H-1 virus
or RV-induced killing [57, 62, 69, 71, 72]. It is noteworthy in this respect that
most rodent parvoviruses are also endotheliotropic [22, 32], pointing to vascular
tumors and hyperplasias as candidate virus-sensitive targets. Yet, these viruses
may also jeopardize the survival of other types of tumors, although possibly to
a lesser extent, since H-1 virus proved able to lytically infect transformed
human fibroblasts and epithelial cells in vitro [6, 12—14, 16] and to suppress the
growth of human carcinoma transplants in vivo [7, 8, 115, 116].

Immune System-Mediated Antitumoral Effects of Parvoviruses

There is also indirect evidence to suggest that tumor suppression by natu-
ral parvoviruses involves an immune component. For instance, mice coinjected
with ascites cells and parvovirus MVMp acquire a long-term immunity to rein-
jection of the tumor cells alone in the absence of a detectable chronic infection [9].
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The mechanism through which parvoviruses may elicit a lasting anti-tumor
immunity is unclear at present. Although parvoviruses are non-budding agents
and are thus unlikely to xenogenize infected tumor cells, the possibility must not
be dismissed that viral antigens released by dying infected cells are taken up by
dendritic cells, triggering an antiviral cytotoxic T lymphocyte (CTL)-mediated
response that may cross-react with tumor antigens [122]. Alternatively, par-
voviruses may stimulate natural tumor-specific immunity by inducing the
appearance of dying cancer cells that provide dendritic cells with tumor antigens
to elicit an antitumoral CTL response [123]. On the other hand, parvoviruses
may act by disturbing the cytokine network, thereby raising inflammatory, cyto-
toxic and/or immune reactions directed against tumors. In agreement with this
possibility, human tumor transplants that were induced to regress in recipient
mice upon infection with H-1 virus were found to become infiltrated with acti-
vated NK cells [115]. Furthermore, infection of rats with parvovirus RV was
reported to cause a selective increase in the expression of specific cytokines
with immunomodulating, antitumoral and/or antiangiogenic activities [93].
These changes in cytokine profile may be direct or indirect consequences of
parvovirus interaction not only with tumor cells but also with immune or related
cells. This complexity can be exemplified by the ability of parvovirus MPV-1 to
induce mice to reject tumor allografts, although these are resistant to virus
infection [11]. This effect proved to be T-cell-mediated and was proposed to
result from a virus-induced, cytokine-mediated reprogramming of the immune
response at the expense of tumors, resulting in the development of an autoim-
mune reaction [11, 94]. Incidentally, an imbalanced cytokine environment was
also hypothesized to be responsible for the apoptotic death of uninfected
erythroid precursors in MVMi-infected mice [75]. Like its oncolytic counter-
part, the immune component of parvoviral oncosuppression is expected to be of
varying importance, depending on the virus and tumor under consideration.
Parvoviruses exhibiting a tropism for lymphoid tissues may be particularly
efficient in altering the immune status of infected hosts.

Recombinant Parvoviruses

As outlined above, parvoviral genomes harboring deletions within the VP
gene are competent for DNA replication and can be packaged in homologous
capsids, generating vectors that appear to retain the host range (in particular the
oncotropism) of wild-type viruses, at least under in vitro conditions [99, 100,
111]. This gives an impetus to the production of NSTVP™ recombinants that
carry transgenes capable of reinforcing the intrinsic antineoplastic activity of
the natural viruses. Although the in vivo assessment of this strategy is still in its
infancy, there is some evidence from in vitro and ex vivo experiments to suggest
that the cytotoxic and immunomodulating properties of parvoviruses can both
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be enhanced through supplementing these viruses with appropriate transgenes.
Thus, MVMp VP gene replacement with a suicide gene led to the production
of recombinant viruses whose cytocidal capacity was enhanced in a condi-
tional manner upon infection of transformed or tumor-derived cell cultures
[111]. On the other hand, mouse melanoma implants in immunocompetent mice
were prevented from forming tumors as a result of their preimplantation infec-
tion with MVMp-based vectors expressing the chemokine MCP-3 [K. Wetzel,
unpublished data], while H-1/IL-2 recombinants also suppressed human cervi-
cal carcinoma cell implants in immunodeficient mice [115]. The cytokine gene-
transducing parvoviruses achieved this protection at multiplicities of infection
that were insufficient for the wild-type virus and empty vector to show their
intrinsic antineoplastic activity. Thus, under these admittedly artificial condi-
tions, the oncosuppressive capacity of parvoviruses could be significantly
enhanced by adding a cytokine transgene to the viral replicon. It remains to be
determined whether this potentiation will also occur following the vector’s
administration in vivo. It should also be stated that other targets, besides immune
cells, may be responsive to parvovirus-transducing cytokines and participate in
the suppression of tumor progression. These targets include endothelial cells
involved in tumor neo-angiogenesis, as supported by the recent finding that
MVMp-mediated expression of the antiangiogenic chemokine IP-10 strongly
enhances the oncosuppressive effect of the parvovirus in a mouse model of
Kaposi’s sarcoma [117]. Indeed, immunocompetent mice could be efficiently
protected against fatal tumor recurrence and metastases formation from engrafted
hemangioma cells, as a result of the in vivo infection of primary tumor-bearing
animals with MVMp/IP-10 viruses [117]. This protection was achieved using
the repeated vector injection procedure that had no detectable adverse side
effects and was not effective when wild-type MVMp was used instead of the IP10-
transducing vector. These data provide the first indications that cytokine transgene
substitutes for VP genes may increase the antineoplastic potential of parvoviral
vectors, compared to parental viruses, in spite of the fact that the recombinants
become deficient in progeny virus production. It is quite possible that this addi-
tional feature of recombinant vectors will not apply to all tumors, in particular
those which are highly permissive for wild-type virus propagation in vivo [9, 115].
Yet, in the systems studied, the acquisition of transgene expression, combined with
the maintenance of NS-dependent cytotoxicity and competence for DNA amplifi-
cation, appears to prevail over defectiveness, resulting in an enhanced oncosup-
pressive capacity of recombinant vectors compared to the natural viruses.

Parvovirus Administration Regimen
Some of the above-mentioned animal studies have shown that parvoviruses
can find their way to tumors and exert an oncosuppressive effect after systemic
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administration through intravenous injection [7]. Yet, this route of parvovirus
delivery is likely to lead to the loss of many input particles, since most cells
from infected organisms are able to take up these viruses even though they are
not permissive for their full replication [13, 16, 17, and N. Giese, unpublished
data]. To avoid parvoviruses getting trapped by normal tissues before they can
reach the tumors, a local delivery of the virus inoculum within or in the vicinity
of neoplastic lesions seems therefore advisable.

The optimal method for delivering (recombinant) parvoviral genomes is a
priori in the form of full viral particles, since viruses are made to efficiently
infect target cells. This has been achieved up until now by packaging DNA
into parvoviral capsids. However, alternative strategies must not be dismissed.
Parvoviral DNA constituents could be transferred via heterologous delivery
systems allowing their transduction into target cells through non-parvoviral par-
ticles [124, 125]. Furthermore, parvoviral vectors may conceivably be adminis-
tered in the form of naked DNA, as reported for in vivo gene transfer from other
DNA viruses [126]. Since the aforementioned limitation to the overall size of
the parvoviral genome concerns packaging in parvoviral capsids but not DNA
replication [101, 102], these alternative approaches would have the advantage of
allowing larger transgenes to be accommodated.

In many instances, it may be necessary to perform multiple virus injections
in order to increase the fraction of target cells that become infected with natural
or recombinant parvoviruses. A humoral response develops within 2 weeks of
infection, and has a neutralizing effect on most parvoviruses (with the notable
exception of ADV) [21, 22, 88]. Although the cellular component of antiviral
immunity may be required for full eradication of the virus which can persist at
least to some extent in the presence of neutralizing antibodies [22], this sero-
conversion is likely to limit the efficiency of repeated parvovirus injections. As
mentioned above, pseudotypes can be generated by packaging the genome of a
given parvovirus into capsids from related parvoviruses [97, 98, and our unpub-
lished results]. By using such pseudotypes for reinfection, it may be possible
to circumvent the neutralizing immune response directed against previously
injected virions. Another major impediment to the repeated inoculation of cer-
tain viruses (e.g. adenoviruses) lies in the occurrence of life-threatening inflam-
matory reactions [127]. This problem was, however, not encountered in our
recent attempts to suppress tumor graft growth in immunocompetent mice by
means of the fibrotropic strain (p) of MVM or recombinant derivatives. Up to
15 virus injections could be made over a prolonged period without inducing
any detectable inflammatory reaction [117]. This probably reflects, at least in
part, the narrow spectrum of cells that can be targets for MVMp cytotoxicity
and function as antigen presenters. It remains to be determined whether a
similar tolerance to multiple infections also applies to animals treated with
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lymphocytotropic parvoviruses and/or bearing tumors of varying permissiveness
for parvoviruses.

Local delivery may not be enough to allow parvoviruses or their recombi-
nant derivatives to stabilize or revert tumor growth, due to the limiting amounts
of virions and/or poor accessibility of some neoplastic cells. Therefore, the
combination of parvovirus therapy with other treatments deserves consideration.
Parvoviruses may be administered after reducing tumor burden by conventional
mechanical or chemo/radiotherapeutic treatments, in the hope of preventing the
recurrence of neoplastic growth from residual tumor cells. The dose of conven-
tional anticancer agents may also be decreased when given in combination with
parvoviruses, thereby reducing deleterious side effects. Yet, it is worth stressing
that cell proliferation is a prerequisite for parvovirus replication and therefore
these viruses cannot be used to kill resting tumor cells or cells whose quies-
cence has been induced by a cytostatic treatment. In this respect, a most appeal-
ing treatment would combine toxins specific for cycling cells with recombinant
parvoviruses expressing a cocktail of immunostimulatory factors, in the hope
that any tumor cells escaping the former agent may be sensitive to the bystander
effect of the viral vector’s gene product.

Safety Issues and Clinical Trials

As previously mentioned, antineoplastic properties can be assigned to
parvoviruses which were originally isolated from human tumor transplants in
rodents. Despite initial claims that they are of human origin [21], these agents
are presently viewed as being rodent parvoviruses that opportunistically infect
human neoplastic cells engrafted in virus-carrying animals. Indeed, these
viruses are prevalent in rodent populations [21, 22], and the initial question as
to whether they could also be isolated from human material has been discussed
[21]. Serological data confirm that natural infections with rodent parvoviruses
in the human population are, at the most, rare events even in laboratory person-
nel working with these agents [21]. This low natural infection frequency can
be seen as an advantage, not only for the scientific and technical staff working
with these viruses but also for prospective patients receiving a parvovirus-based
therapy, since less than a few percent of the patients will have neutralizing
antibodies at the time of therapeutic virus injection [21]. Except for some
neonatal infections, rodent parvovirus infections are usually clinically inappar-
ent in their respective animal hosts (see above). If applicable to humans, this
relative innocuousness would argue for the safety of rodent parvovirus adminis-
tration to cancer patients. Yet, the biological effects of these viruses cannot be
readily extrapolated from one animal species to the other, as exemplified by the
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capacity of MVMp, which is nonpathogenic for mice, to cause severe illness
in newborn multimammate rats [82]. Therefore, safety is an important issue
when considering rodent parvoviruses for human treatments. This question was
initially addressed for suspected cases of natural infection of humans with
H-1 and related viruses. No consistent correlation was found between any
human disease and serological evidence of a previous infection with these
viruses [21]. Since some rodent parvoviruses are particularly pathogenic in
fetuses and neonates, histories of repeated abortion and stillbirth were investi-
gated for their possible relationship with H-1 virus infections. Although the
virus was claimed by some authors to be prevalent in women with such histories
[128], this finding could not be confirmed in other studies [21]. Altogether,
these data tip the balance between potential risks and benefits from H-1 and
related viruses in favor of the latter in cancer patients, warranting the further
assessment of these agents in humans.

Although infection through natural routes is rare, H-1 can be experimen-
tally inoculated in patients and seen to proliferate. A pioneer study was con-
ducted as far back as 1965 by Toolan et al. [5] who used H-1 virus to treat
2 patients with advanced disseminated osteosarcomas that had proved to be
resistant to other therapies. The result was a transient viremia followed by
seroconversion. In a more recent phase-I clinical trial involving 12 cancer
patients, live H-1 virus was directly injected into (sub)cutaneous metastases
from different kinds of solid tumors which had proved to be resistant to conven-
tional therapies [84]. These studies indicate that H-1 virus infection usually
remains fully asymptomatic, while causing only transient and mild clinical
signs (e.g., low fever) in a minority of infected patients. A maximum tolerated
dose could thus not be determined, even though high amounts of virus were
inoculated (up to 3 x 10! infectious units/patient). Although the H-1 virus
inocula used in these studies were not able to induce tumor regression,
some treated neoplastic lesions showed evidence of growth stabilization and
in situ virus replication. These effects, together with the good tolerance of
H-1 virus, are provocative and encourage the consideration of this and
related viruses, in natural or recombinant forms, for anticancer applications in
humans.
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Vaccinia virus has a distinctive history as a vaccine used for the eradication
of smallpox, and the unique biology of this virus has been extensively investi-
gated [1]. Because of its success as a vaccine and its safety profile in human
vaccination, vaccinia has been explored as an expression vector to induce immune
responses to a variety of antigens in the prevention or treatment of other viral
illnesses such as rabies and HIV as well as for the expression of tumor-associated
antigens in the treatment of cancer [2, 3]. In general, these approaches do not
rely on targeting of any specific tissues and may not require viral replication.
Rather they are designed to take advantage of the immune stimulatory effects
of the complex viral particle and the efficient transcriptional machinery of
the virus. Recently, it has been recognized that vaccinia has properties that
make it worthy of exploration as a replicating vector for tumor directed gene
therapy [4].

Using a replicating virus to target tumor cells and spread throughout a tumor
prior to elimination by the immune system requires an extremely efficient virus
or one that evades the immune system. Efficient viruses or viruses that evade
the immune system are more pathogenic and pose a greater risk to the patient
and population. Variola, the pox virus responsible for smallpox, was an example
of a very efficient, yet virulent virus. The challenge is to make the virulent virus
specific for tumor cells without decreasing its efficiency. Pox viruses are unique
in that their entire life cycle occurs in the cytoplasm, including transcription and
DNA replication, thus avoiding the potentially inefficient process of nuclear
translocation [1]. Pox viruses produce their own transcriptional and DNA repli-
cation machinery which makes them resistant to the cell’s attempt to shut down
these processes. The virus produces a pronounced cytopathic effect on cells
within hours of infection and synthesizes up to 10,000 copies of its genome
within 12 h. The virus efficiently transfers from cell to cell such that a single



Fig. 1. a A typical vaccinia plaque on CV-1 cells is demonstrated revealing a marked
cytopathic effect in cells within the infected region. Vaccinia progeny are released by
membrane fusion and then remained cell-associated until infecting a neighboring cell. This
results in a progressively enlarging plaque on confluent cells. b Vaccinia virus under electron
microscope (courtesy of Maria Tsokos, MD, and Mones Abu-Asab, PhD, Laboratory
of Pathology, NCI) revealing the characteristic enveloped oval virion with a biconcave
central core.

virus particle can result in visible plaques on a cell monolayer within 36 h
(fig. 1). In addition to its aggressive replicative cycle the virus has a broad
host range infecting almost all cell types and multiple species ranging from
rodents to humans.

Despite the observation that vaccinia virus replicates very efficiently in
human cell lines, unlike other replicating viruses considered for gene therapy
it does not routinely cause human infection, and it is not an endemic virus to
any population. While the majority of people over the age of 21 have been
immunized against vaccinia for the eradication of smallpox, patients under
the age of 21 and future populations will not have preformed immunity to
vaccinia as there will be no native exposure of the population to this virus. Other
characteristics that make vaccinia an ideal vector for tumor-directed gene
therapy include the ability to grow vaccinia in high titers and the ability to
insert up to 25 kilobases of recombinant DNA without deletions in the virus.
Strong synthetic pox promoters exist which allow for exceptionally high
levels of gene expression. In this chapter we will review the unique biology
of vaccinia virus and methods by which this virus can be targeted to human
cancers.
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Biology of Vaccinia Virus

Pox viruses are classified into two subfamilies, Chordopoxviridae (vertebrate
poxviruses) and Entomopoxviridae (insect pox viruses), and at least 46 species
[5]. The classification scheme is based on host range, sequence homology, and
antigenicity. Vaccinia virus is a member of the orthopox virus genus, and its host
of origin is unclear. Vaccinia is the virus that was used as a vaccine for small-
pox, probably back as far as the 1850s. While Jenner originally used a cowpox
virus isolated from a milkmaid for vaccination, in the 1930s it became clear that
the virus in use for smallpox vaccination was genetically distinct from both
cowpox virus and variola virus [6]. No known natural host exists for vaccinia
virus, making it possible that mutations of cowpox or variola has led to this new
species. It is perhaps more likely that vaccinia represents a unique species which
is either extinct in its natural host or is so rare that it is difficult to identify [7].

All members of the orthopox genus have immune cross-reactivity and are
relatively stable, allowing for the eradication of variola virus. Nevertheless,
multiple strains of vaccinia viruses exist. As vaccination became widespread
throughout the world, numerous centers produced and maintained the vaccine in
different ways, resulting in numerous strains which differ in characteristics and
pathogenicity. The original New York City Board of Health strain was obtained
from England in 1856 and was originally used for smallpox vaccination in the
United States [7]. The WR strain is a laboratory derivative of this strain and
appears to be one of the more virulent strains in laboratory animals. It has not
been utilized in patients to date.

The genome of the Copenhagen strain of vaccinia virus was completely
sequenced and reported in 1990 [8] (other strains have been sequenced as well) [9].
The genome consists of double-stranded DNA with inverted terminal repeats
and a terminal hairpin loop which mimics a large circular single-stranded DNA.
The genome consists of 191,636 base pairs encoding approximately 2,063
proteins of 65 or more amino acids in length. As with all pox viruses the vaccinia
virus is a double-stranded DNA virus whose entire life cycle exists within the
cytoplasm of eukaryotic cells (fig. 2). The virus contains an outer envelope as
well as an internal membrane and it carries the enzymes required for initiation
of transcription. The extracellular enveloped form of the virus (EEV) is res-
ponsible for cell-to-cell spread, and has different properties compared to the
intracellular mature virus (IMV) which is artificially released from the cell upon
lysis [10]. The laboratory purified vaccinia is the IMV form, as it is collected
from the lysed cellular fraction, and the extracellular envelope is too fragile to
withstand the purification process.

Laboratory purified vaccinia enters the cell by membrane fusion, and recent
data suggest that this is mediated by the A27L and D8L IMV membrane
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Fig. 2. Vaccinia life cycle. Reprinted from Science [2].

proteins which bind to heparin sulfate and chondroitin sulfate on the surface of
the cell [11, 12]. This binding is followed by membrane fusion and entry of the
virus core into the cytoplasm. As the virus enters the cell, transcriptional
enzymes are released and immediately begin transcribing early messenger
RNA [13]. Translation of this RNA produces early proteins which are involved
in uncoating of the viral DNA, DNA replication, and intermediate transactiva-
tion for transcription of intermediate messenger RNA. Intermediate messenger
RNA is then expressed which encodes for late transactivators leading to late
messenger RNA synthesis. Late proteins include structural proteins for mem-
brane formation and early transcription factors to be incorporated into the new
virus particle. DNA replication occurs forming multiple concatamers of the
genome. These concatamers are then resolved into individual genomes which
are encapsulated along with the early transcription factors into Golgi-derived
membranes. The virus has a total of three membrane layers immediately prior to
release. The outermost viral membrane fuses with the cell membrane allowing
release of the two-layered virus. This extracellular, enveloped virus particle,
however, remains attached to the cell membrane, probably via the A34R gene
product, theoretically allowing cell-to-cell spread of the virus without significant
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shedding into the circulation [14]. The A34R gene may also be responsible for
circulating EEV attaching to cells for viral uptake [15].

The entire replication cycle occurs in approximately 12 h. Early messenger
RNA can be detected within 20 min of infection and DNA replication as early
as 1-2h after infection. A profound cytopathic effect occurs soon after viral
entry as early enzymes act to shut down host cell function including complete
inhibition of host protein synthesis by 4—6h from the time of infection. This
allows very efficient expression of viral genes and within 12 h after infection the
majority of messenger RNA within the cytoplasm is from vaccinia-encoded
genes. Approximately 10,000 copies of the viral genome are made within 12 h and
approximately half of these are encapsulated into mature virions and released
from the cell. Overall there is relatively little known direct interaction of cellu-
lar proteins with the viral life cycle. Recently, the cellular transcription factor
YY1 has been demonstrated to bind to late vaccinia promoters to enhance late
viral gene expression [16]. Another cell-derived intermediate transcription
factor has been identified but not well characterized [17]. On the other hand, the
virus encodes for many proteins which interact with the host as a means of
protection against an antiviral host response. Many of these proteins have been
well characterized, and include inhibitors of the interferon-induced apoptosis
pathway, complement inhibitors, TNF receptor analogs, and serine protease
inhibitors (serpins) [18].

A variety of vaccinia genes have been defined as host range genes by deletion
mutants which lose their ability to replicate in certain cell types, but replicate
normally in others. Early reports suggested that these genes were involved in
resisting cellular apoptosis which may act as a natural cellular defense against
viral infection. More recent data, however, obscure the relationship between
viral replication and apoptosis [19, 20]. Nevertheless, some vaccinia proteins
interact with the host as a means of protecting itself against host resistance, and
deletion of these genes may lead to the inability of the virus to replicate in
certain cell lines. The exact mechanism of these interactions, however, is still
being investigated. Other vaccinia proteins inhibit the host’s immune response
against the virus (table 1).

Because the virus replication and life cycle occurs within the cytoplasm there
is minimal to no risk of viral DNA incorporation into the genome. Productive
infection uniformly results in the rapid death of cells such that recombination
into the genome could not transform the cell. The viral genome appears to
be quite stable. It was possible to eradicate smallpox worldwide through vac-
cinations without selective mutations leading to resistant strains. While multiple
mutations of vaccinia virus have developed in different strains through in vitro
and in vivo passages, none altered the immune recognition of the virus. Vaccinia
has been inoculated through scarification of the skin in humans, and viral
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replication in the skin leads to a characteristic vesicle formation known as a pox
lesion. No known direct systemic inoculation of vaccinia virus has been
reported in patients, however deaths from systemic viremia have occurred in
vaccinated patients who have T-cell immune deficiencies. The immune response
to vaccinia virus in humans is quite complex and includes an aggressive cellu-
lar response as well as the development of neutralizing antibodies. While pre-
formed circulating antibodies may neutralize the intracellular mature form of the
virus which is used for initial inoculation, they are not believed to be able to
neutralize the EEV [21]. EEV is responsible for cell-to-cell spread, and antisera
act to inhibit viral release from the cell surface without affecting plaque forma-
tion [22]. The viral immunity appears to be quite long lasting, as illustrated by
the successful eradication of smallpox, however the current Center for Disease
Control (CDC) recommendation is for repeat immunizations every 10 years for
laboratory personnel actively working with vaccinia virus.

In vivo Biodistribution and Pathogenicity

When considering a virus as a vector for cancer gene therapy it is essential
to know the biodistribution of the vector in humans in order to predict unac-
ceptable toxicities and tumor transduction efficiency. It is well known that
vaccinia virus forms characteristic pox lesions in the skin when administered
by skin scarification. However, no data exist for whole body biodistribution.
Given the virus’ ubiquitous host range, it may be that animal models will provide
some useful insight into biodistribution in humans. We and others have explored
the biodistribution of vaccinia in murine models. Peplinski et al. [23] demon-
strated that intravenous delivery of vaccinia virus (WR strain) in a subcutaneous
murine tumor model led to 6-log higher recoverable virus plaque forming units
(pfu) from the tumor compared to the liver and spleen. Our original intention
was to explore the regional delivery of vaccinia virus in an isolated vascular
perfusion system as a means of achieving high levels of gene expression within
the tumors. When we compared levels of tumor marker gene activity in subcu-
taneous tumors after regional perfusion to levels after systemic injection, we
consistently found that there was no advantage to regional perfusion because the
systemically delivered virus efficiently targeted the tumor (unpublished data).
We followed up with more formal biodistribution studies using systemically
injected vaccinia virus (WR strain) [24].

We found that when injected systemically (intravenously or intraperi-
toneally) into mice bearing subcutaneous tumors, vaccinia infects and expresses
genes in both the tumor and the ovary at much higher levels than in any other
organs. Low levels of marker gene activity can also be picked up in the brain,
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Fig. 3. A model of subcutaneous flank MC-38 tumors in nude mice treated with 10% pfu
vaccinia expressing GFP injected into the peritoneal cavity (systemically). @ Under UV light,
8 days after virus injection, the flank tumor (arrow) is fluorescent due to GFP expression as
a result of vaccinia infection. Surrounding tissues show no evidence of fluorescence. b FACS
analysis demonstrates that 49% of the cells within the tumor express GFP § days after
injection. Slide is courtesy of Dr. John Lee, NCI.

bone marrow, liver, lung, and spleen, but on the order of 3 to 5 log-fold less than
what is seen in the ovary and the tumor. FACS analysis of tumors after systemic
injection of a vaccinia virus expressing the green fluorescent protein (GFP)
demonstrates that up to 49% of the cells within the tumor express the gene
8 days after virus injection (fig. 3). High levels of tumor luciferase activity
persists for greater than 21 days in athymic/nude mice, and for about 6 days in
immunocompetent mice. The possible mechanisms for this apparent tropism
and selective replication will be discussed in the next section. The observation

Vaccinia Virus 137



Table 2. Tissue luciferase activity (RLU/mg protein) after intravenous delivery of
10° vaccinia luciferase [4, 24]

Tumor model Tumor Ovary Liver Lung

Adenocarcinoma liver metastases 46,000,000 1,450 - 600
in immunocompetent mice

Subcutaneous sarcoma in rat 4,337 0.74 0.023 0.056

VX-2 liver metastases in rabbit 2,103 132 9 7

Human melanoma in athymic mice 558,000 78,000 215 963

can be extended to many tumor models and hosts, suggesting that a similar
phenomenon may occur in humans. We have studied the following tumors: MC38
(murine colon cancer) in immunocompetent mice; Pmel (human melanoma)
in nude mice; MCA (sarcoma) in rat, and VX-1 (adenocarcinoma) in rabbits
[4, 24]. All models demonstrated similar findings of selective tumor uptake
and gene expression compared to other organs (table 2).

The biodistribution data alone do not clearly delineate the pathogenicity
of this virus, and since it does not naturally cause human disease, it is difficult
to define what organ systems are at risk from the virus. We often identify cystic/
necrotic changes in the ovary after viral infection, but this is obviously not the
cause of overall viral pathogenicity, and would be an acceptable side effect
of systemic cancer therapy. We have found that 10%pfu of a WR strain, TK-
deleted vaccinia injected into a tumor-bearing nude mouse will reliably result in
the death of that mouse within 40 days. Animals become progressively cachec-
tic and develop pox lesions on the skin. Laboratory tests do not reveal specific
organ dysfunction, and postmortem histologic examination reveals no spe-
cific organ necrosis (except ovary) from vaccinia replications [25]. Presumably,
neurologic complications, direct effects from secreted viral proteins, or detri-
mental effects of host proteins in response to the virus ultimately lead to the
death of the host. The goal for enhancing tumor specificity and improving
safety should be to address these possibilities. It should be noted that doses
of up to 10'°pfu of a thymidine kinase-deleted WR strain of vaccinia virus
injected intraperitoneally can be tolerated in an immunocompetent mouse.

Tumor Targeting
The mechanism for the ovary and tumor tropism that we and others have

observed is not defined. The most obvious possibility is an increased density of
cell surface receptors for the virus, but the virus efficiently infects all histologic

Bartlett 138



subtypes in vitro. As discussed above, the viral coat proteins appear to bind to
heparin-sulfated glycosaminoglycans and chondroitin sulfate, leading to mem-
brane fusion and viral uptake into cells. No direct evidence exists to suggest a
higher density of heparin-sulfated glycosaminoglycans on tumor cells, but these
glycoproteins are a component of the extracellular matrix within tumors [26],
and digestion of the extracellular matrix during tumor cell invasion may lead to
enhanced exposure of these molecules for vaccinia binding. This may trap the
virus in the vicinity of the tumor, resulting in more tumor cell uptake of virus. It
may be that exposure of the basement membrane in tumor neovasculature is
somehow favorable to vaccinia binding and escaping the circulation. In addition,
tumor neovasculature is leaky compared to vessels in other tissues. It has been
clearly demonstrated that large proteins are more apt to escape the blood stream
and concentrate in tumor tissue, simply because of this increased leakiness [27].
Vaccinia virus is a very large particle (350 x 270nm), and a leaky vascular
barrier would be a distinct advantage for viral escape from the circulation.
Ovarian follicles have similar neovasculature and could explain why the tumor
and ovary are similarly targeted [28].

Viruses like vaccinia, which replicate efficiently are likely to be more
successful in rapidly dividing cells such as those seen within a tumor. This
observation may help explain the tumor tropism. Dividing cells have an acces-
sible pool of nucleotides, and are resistant to some pathways of apoptosis
(which may or may not be involved in resistance to viral infection as discussed
above). In fact, pox viruses encode for a secreted protein known as vaccinia
growth factor (VGF) which stimulates surrounding cells to divide in order to
prime them for vaccinia infection [29]. On the other hand, if vaccinia tropism is
completely based on the presence of dividing cells, then it would be expected
for vaccinia to preferentially replicate in gastrointestinal mucosal cells and
bone marrow, such that toxicity would be similar to that seen with standard
chemotherapy agents which target dividing cells. We have not been able to
demonstrate vaccinia gene expression or viral recovery from gastrointestinal
mucosa in repeated attempts. We can recover vaccinia from bone marrow, but
the significance of this is unclear. Animals dying of vaccinia infection do not
have neutropenia or thrombocytopenia, [25]. While we can take advantage of
the receptiveness of dividing cells within a tumor to increase the specificity of
the vector, it probably does not completely explain the native tropism.

By deleting genes which are required for vaccinia virus replication in non-
dividing cells, the virus may be more specific for tumor cells. We have focused
on the thymidine kinase gene which is essential for the synthesis of deoxythymi-
dine monophosphate (d{TMP) and deoxyuridine monophosphate (dUMP) for
DNA and RNA synthesis. In nondividing cells the host cell’s stores of available
nucleotides is limited, and therefore the viral thymidine kinase gene becomes
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essential for the viral life cycle. After deleting the thymidine kinase gene the
viral replication is markedly attenuated in nondividing cells, and therefore is
less pathogenic in vivo [30]. Marker studies demonstrate that there is less viral
recovery from normal host cells after thymidine kinase deletion [31]. A greater
than 10-fold higher titer of thymidine kinase-deleted virus can be safely inocu-
lated into the mouse brain compared to the wild-type virus, suggesting limited
replication in brain cells in the absence of thymidine kinase [30]. In dividing
cells such as tumor cells, however, the host cell nucleotide pool is ample and this
seems to compensate for the loss of viral thymidine kinase. Dividing cells in
culture allow for efficient viral replication in the absence of viral thymidine
kinase and the deleted virus can grow to high titers. Thymidine kinase deletion
alone, therefore, decreases the pathogenicity of the virus in vivo without affecting
its ability to replicate in tumor cells, providing a selective therapy for tumor
cells in vivo. We have demonstrated that thymidine kinase-deleted WR strain of
vaccinia virus achieves a greater than 4 log-fold increase in tumor gene expression
compared to the liver, spleen or brain [24]. Expressing an enzyme for con-
version of a nontoxic prodrug with this marked therapeutic ratio between tumor
cells and normal cells should allow for a reasonable tumor response.

There are many other genes involved in DNA synthesis such as ribonu-
cleotide reductase, thymidine kinase, DNA ligase, and dUTPase that can similarly
be deleted to allow selective advantage in dividing tumor cells. One concern
is that, as more genes are deleted, the virus will become less efficient within
tumor cells, negatively impacting the ability of the virus to treat cancer. We have
studied a virus with combined deletions of the thymidine kinase gene and the
vaccinia growth factor gene [32].

Vaccinia growth factor gene, as discussed above, is expressed by an early
promoter and encodes a protein which is secreted by vaccinia-infected cells.
It is thought to bind to surrounding cell membrane receptors such as the epider-
mal growth factor receptor and induce the cell to begin the process of dividing.
This makes the surrounding cells more receptive to vaccinia virus. Deletions
of the VGF gene reduces the virulence of the virus [29]. In the setting of a
thymidine kinase-deleted virus, VGF may act to compensate for the loss of
thymidine kinase by stimulating the surrounding cells to divide and synthesize
nucleotides. Although not proven, it is possible that vaccinia growth factor
actually increases the activity of cellular thymidine kinase in the surrounding
cells which compensates for the loss of the viral thymidine kinase. It is our
hypothesis that deletion of the vaccinia growth factor gene in parallel with
deletion of the thymidine kinase gene will increase the attenuation of the virus
in normal host cells but leave viral replication unabated in cancer cells. Prelim-
inary data have demonstrated that the double-deleted virus is highly attenuated
in vivo compared to either the thymidine kinase alone deleted virus or the
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VGF-deleted virus [32]. On the other hand, the virus maintains the ability to
replicate in tumor cells in vivo without a loss in the maximum marker gene
activity within the tumor. In summary, similar to manipulations that have been
performed with herpes virus, the vaccinia virus can be attenuated such that it will
not divide well in normal host cells but can maintain its ability to replicate in
dividing tumor cells.

Another targeting mechanism which can be utilized in many viral systems
is transcriptional targeting. Nuclear DNA viruses which utilize eukaryotic RNA
polymerase II for transcription of viral DNA can take advantage of cell-type
specific expression using tissue-specific promoters and enhancers. Vaccinia
virus, on the other hand, utilizes its own RNA polymerase which recognizes
specific vaccinia promoter sequences and is not influenced by most host tran-
scription factors. Tumor- or tissue-specific promoters and enhancers will not
function in vaccinia virus. Even if vaccinia virus DNA could translocate into the
nucleus and included a cellular promoter, it is unlikely that cell-type specific
transcription would occur, because the virus somehow shuts down host cell
transcription early in infection in order to maximize viral protein synthesis.

As discussed above, it has been demonstrated that cellular transcription
factors are involved in the expression of intermediate and late vaccinia genes, and
recently the YY1 host transcription factor has been shown to bind to vaccinia
late promoter regions. This transcriptional activator is normally trafficked to the
nucleus by a nuclear localizing sequence, but in the presence of vaccinia viral
infection it is found primarily in the cytoplasm associated with viral DNA [16].
This finding potentially opens the door for other host cell transcription factors
to be utilized artificially in a cell-type specific manner, but the interaction
between host cell transcription factors and viral RNA polymerase needs to be
better defined and perhaps manipulated.

Another targeting strategy involves the mutation of viral coat proteins
responsible for virus binding to the cell surface in order to improve viral targeting,
and the principle for this has been demonstrated in adenovirus and retrovirus.
Such an approach is more difficult with vaccinia because of the complex nature
of the viral coat, and because of the baseline ubiquitous cellular infectivity of
vaccinia. As well, the different enveloped forms of the virus add to this complex-
ity. As discussed above, the virus that is purified in the laboratory is mostly the
IMV which has different properties compared to the EEV which is responsible
for cell-to-cell spread of the virus after initial infection in vivo. Successful
retargeting of the EEV form may serve no advantage to the systemic delivery of
purified IMV. Retargeting the IMV may be futile when EEV is the primary
circulating form during secondary viremia. Katz et al. [33] have demonstrated
that an HIV glycoprotein can be preferentially targeted to be expressed on the
surface of the EEV by fusing with the cytoplasmic and transmembrane domain
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from the BSR EEV protein. The virus was in no way retargeted, but it did form
syncytia with cells expressing the CD4 receptor for HIV. Galmiche et al. [34]
have shown that a scFv can be expressed appropriately on the extracellular
enveloped virus, and that it would function to bind an antigen, but this did
not alter the infectivity of the virus. Other proteins can be expressed on the viral
coat as a means of improving immunogenicity for vaccine approaches without
altering viral uptake into cells.

Recently, two IMV coat proteins (A27L and D8L) have been described
which mediate binding to cell surface heparin sulfate and chondroitin sulfate for
IMV uptake into cells. Blocking antibodies to these proteins abrogate infection,
as does soluble A27L and DSL. Studies of single and double mutants demon-
strate that D8L is the most important of the two proteins for cell surface binding
[35]. Many questions and contradictions remain, however, and it is possible that
in the wild-type virus numerous IMV coat proteins exist for cell surface bind-
ing. Nevertheless, these findings open the possibility for redirection of infection
based on mutation of this protein, but no attempts at this have been published
to date. It is not clear whether retargeting the IMV is sufficient for enhanced
specificity of the vector, or whether EEV would also require retargeting. After
initial infection, subsequent spread of the virus is mediated by EEV. It must be
kept in mind that significant alterations in the IMV or EEV envelope proteins
may affect the formation of the extracellular envelope which would alter virion
formation and release.

In general, vaccinia virus appears to have minimal dependence and inter-
action with host cellular factors (as demonstrated perhaps by its wide host
range), which makes it difficult to imagine creating a cell-specific virus. It is of
interest, therefore, when deletions of viral genes result in host range defects
where the virus will still replicate in certain host cells but not in others. At least
5 host range genes have been described in pox viruses, including Chinese hamster
ovary (CHO)hr, C7L, K1L, E3L, and SPI-1 [36, 37].

The products of these host range genes interact with the cell in some selec-
tive way to allow for cell-specific replication. It may be that a cellular protein
present in some cells but not others compensates for the loss of the essential
viral protein, or that some cells have better antiviral defense mechanisms in
place which require a viral-blocking protein. Indeed, some host range genes are
thought to function as inhibitors of apoptosis within some cells, but are not
required in other cells. A general host cell defense against virus is the induction
of apoptosis, shutting down host cell processes which may be essential for viral
replication. Many viruses produce proteins which inhibit programmed cell
death or apoptosis. In fact, viral-mediated cell transformation occurs when
these viral proteins which resist apoptosis are inserted into the genome and
become constitutively activated. Some pox virus host range genes are known to
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inhibit apoptosis. The CrmA gene of cowpox virus is known to inhibit caspases,
including the interleukin-1B-converting enzyme, a downstream mediator of
apoptosis [38]. The vaccinia homologue, spi-2 is less well characterized, and
while it can function to inhibit apoptosis it is not clear what significance this has
for viral replication as an SPI-2 deleted mutant is not attenuated in vivo [39].
Perhaps intrinsic defects in apoptosis within tumor cells can compensate for the
intentional deletion of viral anti-apoptotic genes as has been suggested in other
viral systems, thus creating a tumor-specific virus. This avenue has not been
explored in vaccinia virus.

However, the pathway for apoptosis resistance involved in tumor cell trans-
formation may be different than the pathway involved in resistance to pox virus
infection. The vaccinia E3L gene product (another host range gene) is known to
bind to double-stranded RNA and prevent the induction of apoptosis via protein
kinase (PKR) activation [40, 41], and the K3L gene is a competitive inhibitor
of eukaryotic translation initiation factor (elF-2a) [42]. Both of these proteins
are mediators of interferon-induced apoptosis, and interferon is considered the
primary defense mechanism against viral infection in mammalian cells [41].
Interferon, on the other hand, induces apoptosis in many tumor cells so effi-
ciently that it has been utilized as antitumor therapy. While apoptosis resistance
in the p53 pathway may be required for tumor cell transformation, resistance in
the interferon pathway is not. No specific vaccinia protein interactions with the
pS53-mediated apoptotic pathway have been identified.

Recently the importance of apoptosis in vaccinia viral replication has been
brought into question [19]. Because of the rapid life cycle of vaccinia virus and
the nonreliance on host cell proteins in general, it may be apoptosis has very
little relevance to vaccinia viral infection compared to its significance in other
viruses such as adenovirus. Vaccinia itself shuts down host cell functions very
early in infection which is similar to what would be expected in the initial stages
of apoptosis. It is difficult to demonstrate apoptosis in vaccinia-infected cells,
even in the setting of host range mutants in the absence of productive viral infec-
tion [19]. Intentional, artificial overexpression of a purely pro-apoptotic gene by
vaccinia virus could potentially induce apoptosis in cells which were not trans-
formed preventing viral replication. In tumor cells, where resistance to apopto-
sis is present as a means of its transformation, the virus should be able to
replicate normally. However, even when apoptosis is intentionally induced upon
vaccinia infection it does not alter vaccinia virus replication [43]. This avenue
of obtaining specificity may not be feasible.

The vaccinia host range gene SPI-1 was originally demonstrated to function
as an inhibitor of apoptosis during vaccinia infection, but new data place this
observation in doubt [19]. Instead, the SPI-1 gene has been characterized as a ser-
ine protease inhibitor which binds to cathepsin G [44]. While the significance of
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this is unknown, the squamous cell cancer antigen which is upregulated in most
forms of squamous cell cancers has some homology to the SPI-1 protein of vac-
cinia virus and also acts to bind to cathepsin G [45]. The exact function of these
proteins is not known, but upregulation of the cellular protein in transformed
cells may compensate for deletion of the viral gene and provide a means for
tumor specificity in squamous cell cancers. We are actively investigating this
hypothesis.

In summary, the exploration of tumor-specific targeting of vaccinia virus is
in its infancy. It may be possible to alter IMV or EEV envelope proteins in order
to retarget the vaccinia virus, and it may be possible to alter host range genes to
allow for selective replication in certain transformed tumor cells. Deletion of
viral genes which are essential for viral replication in nondividing cells may also
allow for tumor-specific replication. Despite the lack of careful investigation of
these possibilities the WR strain of vaccinia virus naturally targets tumor cells
remarkably well in vivo when delivered systemically. It may be that very little
additional selectivity is necessary to achieve a safe virus that replicates and
expresses genes well in tumor cells. It may also be possible to produce a gene
product which has specificity for tumor cells. For example, in a suicide gene
context, 5S-fluorocytosine (5FC) can be converted to 5-fluorouracil (SFU) which
has selective effects in dividing tumor cells and is already used as a systemically
delivered chemotherapy agent. SFU may have more of an effect when synthe-
sized in tumor cells than in normal tissues. We are exploring the possibility of
the vaccinia virus secreting a tumor-targeted protein consisting of an antibody/
enzyme fusion. This may enhance both the specificity and the bystander effect
of the virus.

Antitumor Effects

Much has been written on the ability of vaccinia virus to induce an immune
response against tumor-associated antigens for the immunotherapy of cancer.
The purpose of this review is, however, to focus more on the possibility of a
replicating virus having an antitumor effect based on its ability to infect and kill
cancer cells directly. Because vaccinia is such an efficient virus, as discussed
above, it represents an ideal replicating virus for killing cancer cells. An intra-
tumoral injection of a replication-competent vaccinia virus into a subcutaneous
tumor can mediate a dramatic antitumor response [46]. In addition, we have
found that a thymidine kinase-deleted WR strain of vaccinia has an antitumor
response when injected systemically to treat a subcutaneous tumor in nude
mice, without the addition of any toxic genes [25]. A characteristic pox vesicle
can be seen specifically overlying a tumor which is infected with vaccinia after
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a systemic injection of the virus, and virus can be recovered from the tumor
during the response.

The ultimate goal with a vector like vaccinia is to express a gene which
will induce the death of surrounding tumor cells which are not infected by the
virus. We have added genes encoding enzymes for conversion of nontoxic
prodrugs (viral-directed enzyme/prodrug therapy, VDEPT) in order to improve
the antitumor response seen with vaccinia alone. We have investigated both
the purine nucleoside phosphorylase gene which converts the nontoxic prodrug,
6-methylpurine deoxyriboside (6-MPDR) to the toxic 6-methyl-purine [47],
and the cytosine deaminase (CD) gene which converts the nontoxic SFC to the
standard chemotherapy agent SFU [48]. With both of these systems we have
been able to demonstrate long-term cures in a murine model of hepatic meta-
stases (fig. 4).

The interaction between the oncolytic effect of the replicating virus and
the antitumor effect of the enzyme/prodrug system is quite complex. While the
dividing virus itself can kill tumor cells, it will either be eliminated by the
immune system or ultimately kill the host. On the other hand, the enzyme/
prodrug system may lead to a significant bystander effect, but it may also inhibit
viral replication and decrease the “oncolytic” activity of the virus [25]. Timing
of the prodrug delivery is essential. The prodrug is not delivered until the virus
has achieved its maximum effect alone such that the maximum percentage of
cells within the tumor express the gene and the maximum tumor response has
been achieved by the virus. At this stage the addition of the prodrug may serve
to rescue the host from viral toxicity as well as enhance bystander killing
of cells not infected with the virus. In vitro we have demonstrated that the
addition of a prodrug enhances tumor cell killing by an efficient bystander
effect where the converted prodrug is released into the cell supernatant
and results in killing of distant cells. At a high viral multiplicity of infection
(MOI) the virally induced cytopathic effect results in such efficient cell death
that the prodrug addition is of no added benefit. At a very low MOI, however,
the virus alone has very little effect over a finite period of time, yet the con-
verted prodrug efficiently destroys many tumor cells [25]. It is likely that in
vivo the converted prodrug will have the maximum effect as a low percentage
of the tumor will be infected with virus. Of course other factors come into
play in vivo including a potentially quick washout of diffusible toxins (con-
verted prodrug) which may prevent a distant bystander effect within the tumor
and lead to systemic toxicity. In fact, we have found that tumor conversion of
the 6-MPDR into 6-MP leads to systemic toxicity from distant effects of the
diffusible toxin [47].

We have attempted to demonstrate some of these complex interactions in
vivo in a subcutaneous tumor in nude mice, using the SFC/CD enzyme/prodrug
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system. Intratumoral virus alone mediated a moderate antitumor response, but
the addition of the SFC prodrug resulted in some long-term cures. SFC also pro-
longed survival in nude mice dying of virally mediated toxicity, suggesting that
it may have inhibited viral replication. This was supported in vitro, as SFC treat-
ment resulted in decreased live virus recovery from vaccinia CD-infected cells
[25]. We have also demonstrated that, in a hepatic metastases model in immuno-
competent as well as nude mice, systemically delivered vaccinia virus express-
ing either the purine nucleoside phosphorylase gene or the CD gene can result
in cures after systemic delivery of the prodrug [47—49]. The virus alone in this
model, however, had no antitumor effect (a lower viral dose was used compared
to the subcutaneous model). Palumbo et al. [46] reported treatment of subcuta-
neous tumors with a local injection of replicating vaccinia virus expressing the
HSV-thymidine kinase gene for conversion of gancyclovir and bystander
killing. They reported complete tumor responses, and improved immunologic
protection following this approach.

The complex nature of these various effects requires further study. It is
likely, however, that the combination of direct virally mediated oncolysis and a
well-timed enzyme/prodrug system will combine for the most effective antitu-
mor treatment. It should be noted that vaccinia virus is ideal for the expression
of suicide genes and other toxic genes because of the efficient vaccinia RNA
polymerase and very strong synthetic promoters [50]. It is believed that higher
amounts of gene expression can lead to more efficient bystander killing with the
enzyme/prodrug system.

Antiviral Immune Response

A major impediment to successful gene therapy using complex viral vec-
tors is the immune response to the vector. This includes an intact immune sys-
tem in a naive host eliminating the vector prior to it having a significant
antitumor effect, as well as problems with preformed circulating antibodies and
T-cell memory from prior exposure. Most viruses which infect human cells are
also endemic in the population and therefore, the majority of patients will have
circulating antibodies against the viruses and preformed cellular precursors.
Vaccinia is unique in that as part of the smallpox eradication program all people
over the age of approximately 21 have been immunized with vaccinia and, there-
fore, have circulating antibodies directed against orthopox viral proteins. As
these circulating antibodies and memory T cells have led to the eradication of
smallpox, it is quite likely this will also be an impediment to successful gene
therapy with vaccinia virus. It may be that the remoteness of the immunization

Vaccinia Virus 147



influences the effectiveness of the circulating antibodies. Laboratory workers
who undergo revaccination usually form pox vesicles, despite remote prior vac-
cination. This has also been demonstrated in tumor vaccine trials in patients
previously immunized [51]. Some viruses can avoid circulating antibodies by
mutating their coat proteins and changing serotype. This is not seen with vac-
cinia virus, as the complex viral coat proteins have proven stable over hundreds
of years. It is also unlikely that intentional mutations of the coat proteins would
be able to significantly alter the immune recognition without also changing the
packaging and infectivity of the virus.

While the antibodies directed against vaccinia cross-react among all strains
of vaccinia virus as well as other virus species within the orthopox genus, other
pox viruses from different genera readily infect human cells and express genes
without cross-reacting [52, 53]. Whether these viruses would show similar
tumor tropism is unclear. It may be possible to construct a hybrid virus with
a viral coat from one virus and the replication efficiency of vaccinia. This
principle has been demonstrated by Scheiflinger et al. [54] who showed that a
hybrid virus between fowlpox and vaccinia could be generated, though at low
titers. Viruses from the Yatapox genus infect monkeys and secondarily have
infected monkey caretakers [55]. These viruses do not cross-react with vaccinia,
yet they cause human disease and replicate in human cells. The yaba-like
disease (YLD) virus is under investigation as another replicating pox virus for
tumor-directed gene therapy, as discussed in more detail below.

The T-cell response to vaccinia seems to be quite potent and is probably
more important than antibodies in the host resistance to the virus. Table 3 sum-
marizes the clinical response to vaccinia vaccination based on immunologic sta-
tus. Progressive vaccinia correlates with a defect in cell-mediated immunity
[56]. We have studied marker gene expression after systemic delivery of vac-
cinia in both immunocompetent and athymic/nude mice. In the absence of
a functional T-cell population the virus is able to replicate and express genes
within tumor cells at high levels for greater than 30 days [25] (fig. 5). On the
other hand, in an immunocompetent host the window of gene expression only
lasts for about 8 days with high levels of gene activity lasting approximately
4 days [24]. While this 4-day window may be enough for some very potent toxic
genes or suicide gene systems to have an effect, it may be of some advantage to
temporarily, reversibly inhibit the T-cell response to virus in order to allow for
prolonged viral replication and spread through the tumor. Perhaps the recover-
ing immune system would lead to bystander clearing of tumor cells as the intra-
tumoral, antiviral, inflammatory response progresses. This is obviously a much
safer procedure than manipulating the virus to be less recognizable by the
immune system, but still requires a tumor-specific virus.
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Fig. 5. Luciferase activity in hepatic metastases after intravenous delivery of vaccinia
expressing luciferase. While the peak levels of activity are similar, the athymic mice have
prolonged gene expression.

Safety Issues

Safety issues for cancer gene therapy vectors include direct toxicity of
the vector, toxicity of the therapeutic gene product, genome insertion with trans-
forming possibilities, germ line mutations and teratogenesis, and the ability to
recombine with endemic virus to form a more virulent pathogen. Because vaccinia
is a cytoplasmic virus, the viral DNA does not transport to the nucleus and there-
fore integration into the genome is very unlikely. In addition, there is no known
latent infection with vaccinia virus and all cells infected by the virus will be killed
by the virus. A theoretical concern exists with free viral DNA being released upon
cell death that could be taken up into surrounding cells which are not infected with
the virus and recombine into the genome [57]. The chances of this seem exceed-
ingly low. In addition, since pox viruses are not endemic in the population, it is
extremely unlikely for recombinations to occur in patients between attenuated
strains and wild-type strains which would result in a more virulent virus with
world health implications. The stability of the virus has already been proven dur-
ing vaccination as part of the smallpox eradication program, so it is unlikely for
spontaneous mutations to occur which would change the pathogenicity.

On the other hand, the properties that make it a useful virus for tumor-
directed gene therapy also make it potentially more dangerous. It replicates
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efficiently in human cells, and its pathogenicity as a systemically delivered
virus is unknown. The scarification of the skin during vaccination for smallpox
results in viral replication in the dermis, pox formation over 57 days, followed
by an aggressive immune response against the virus which eliminates the virus
and prevents systemic spread. A permanent scar in the skin results from the
infection. It is not difficult to imagine that, if such an infection occurred in an
organ such as the brain, this could result in a poor outcome. During vaccination
for smallpox, patients with T-cell-deficient immune systems suffered pro-
gressive systemic infection and death from vaccinia [56]. In vaccine trials
for HIV patients, deaths have been reported as a result of vaccinia viral replica-
tion, presumably secondary to systemic viremia in the setting of an immuno-
compromised host [58]. While intradermal delivery is quite safe for the vaccine
strains, more virulent strains such as WR delivered systemically may be more
pathogenic. These viruses need to be carefully studied in preclinical toxicology
studies prior to human trials. Any mutations which result in improved tumor
specificity and decreased systemic virulence should be considered (as discussed
above).

Vaccinia and other pox viruses have been identified, designed, or treated
such that they no longer replicate in human cells, but still efficiently express
genes. These include the modified vaccinia ankara strain (attenuated by serial
passage in chick embryo fibroblasts, until it no longer replicated in human
cells), fowlpox virus, and entomopox viruses [52, 53, 59]. Vaccinia can also be
reliably inactivated using UV light and psoralen such that early genes are still
expressed but no cytopathic effect or replication occurs [60]. Also, viral mutants
can be constructed with deletions in essential genes preventing replication
except in cell lines where the gene is compensated for by stable integration into
the genome. While all these nonreplicating viruses improve the safety profile,
they would not be expected to be efficient for the purpose of tumor-directed
gene therapy. It is my bias that a nonreplicating vector will never be sufficient to
transduce enough cells within a human tumor as a systemically delivered vector
to completely eradicate the tumor, even with a significant bystander effect. Our
biodistribution study with psoralen/U V-inactivated virus supports this bias, where
no measurable tumor [B-galactosidase activity could be recovered compared to
10° RLU/mg protein with a replicating virus [24].

Our goal, therefore (as discussed above), is to use an efficient strain of
vaccinia virus and attenuate the virus by inhibiting replication in nondividing
cells, but maintaining replication in tumor cells. Also, it is possible that an enzyme/
prodrug approach will inhibit viral replication and provide a switch for turning
off infection prior to host toxicity. As discussed above, we have shown that treat-
ment with SFC prolongs survival in a model where mice are administered a
lethal dose of vaccinia expressing the CD gene. This was the original design of
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‘suicide genes’ and provides an additional safety switch which could potentially
be very valuable and needs to be explored further [61].

Human Trials

The extent of experience with vaccinia over the years and its proven safety
record should lead to acceptance of exploration of this vector in more novel
delivery systems in terminal cancer patients. Vaccinia virus is being utilized
in multiple clinical trials as vaccines for treatment of a variety of tumors as
well as treatment of infectious diseases such as HIV (table 4). Replicating
vaccinia virus has been delivered as subcutancous, intramuscular, intratumoral,
and intravesical (bladder) injections in clinical immunotherapy trials without
significant vector related toxicity [51, 62, 63]. Doses of up to 10° pfu have been
delivered safely. Intravenous injection of fowlpox virus has been performed
with no significant toxicity, however, this species does not replicate in human
cells. No systemic injection of a replicating vaccinia virus has been performed
in human trials. Its use as a tumor-directed replicating oncolytic vector for
cancer gene therapy has not been explored in clinical trials. The closest example
of this is the intratumoral injection of replicating vaccinia expressing cytokine
genes for the immunologic rejection of tumor.

Mastrangelo et al. [51] studied intratumoral injections of up to 2 x 107 pfu
vaccinia expressing GmCSF in melanoma nodules in 7 revaccinated patients. In
5 of 7 patients they were able to see complete clearance of an injected lesion.
These patients were immunized immediately prior to receiving the vector and
it is certainly not clear whether viral replication had any effect in eradicating
local tumor, but it gives hope that if systemic viral delivery could lead to viral
gene expression within multiple tumor sites that this could lead to more global
clearance of systemic tumor.

We have recently begun preclinical toxicology studies in the development of
a tumor-directed vaccinia treatment delivered in an isolated perfusion model for
intransit melanoma isolated to the limb. This model delivery system should allow
for increased viral concentrations to be delivered to the tumor vasculature while
theoretically avoiding preformed circulating antibodies. In addition, manipula-
tions of the perfusion circuit, such as hyperthermia, may enhance tumor vascular
leakiness and therefore viral infection.

Other Pox Viruses

Because of universally preformed immunity to vaccinia virus for all
patients over the age of 25 who were vaccinated for smallpox, intense interest
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Table 4. Clinical trials with vaccinia virus

Title

Principal investigator(s)

Institution

A phase I study of recombinant
vaccinia that expresses prostate
specific antigen in adult patients
with adenocarcinoma of the
prostate

Phase I study of recombinant CEA
vaccinia virus vaccine with post
vaccination CEA peptide challenge

A phase I trial of recombinant
vaccinia virus that expresses PSA
in patients with adenocarcinoma
of prostate

Phase I trial in patients with
metastatic melanoma of
immunization with a recombinant
vaccinia virus encoding the
MaART-1 melanoma antigen

A phase I/II clinical trial evaluating
the safety and biological activity of
recombinant vaccinia-PSA vaccine
in patients with serological
recurrence of prostate cancer
following radical prostatectomy

A pilot study of sequential
vaccinations with ALVAC-CEA
and vaccina-CEA with the
addition of IL-2 and GM-CSF
in patients with CEA expressing
tumors

A phase I trial of a recombinant
vaccinia-CEA (180kD) vaccine
delivered by intradermal needle
injection versus subcutaneous jet
injection in patients with metastatic
CEA expressing adenocarcinoma

A.P. Chen

D.J. Cole

D.W. Kufe
J.P. Eder

S.A. Rosenberg

M.B. Sanda

J.L. Marshall
R.A. Peck

R.M. Conry

National Naval Medical
Center, Bethesda, Md.

Medical University of
South Carolina,
Charleston, S.C.

Dana-Farber Cancer
Institute, Boston, Mass.

National Institute of
Health, Bethesda, Md.

University of Michigan
Urology Clinics,
Ann Arbor, Mich.

Georgetown University
Medical Center,
Washington, D.C.
Sponsor: National
Cancer Institute-Cancer
Therapy Evaluation
Program

University of Alabama
at Birmingham,
Birmingham, Ala.
Sponsor: Drug
Regulatory Affairs
Branch, Cancer Therapy
Evaluation Program
(CTEP), Division of
Cancer Treatment,
Diagnosis and Centers,
NCI, NIH
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Table 4. (Continued)

Title Principal investigator(s) Institution

Phase I/11 trial of antigen-specific R. Figlin University of California
immunotherapy in MUC-1 positive Los Angeles,

patients with adenocarcinoma of the Los Angeles, Calif.
prostate using vaccinia virus- Sponsor: Transgene, SA
MUCI-IL2 (TG 1031)

Phase I/1I trial of antigen specific B.J. Gitlitz University of California
immunotherapy in MUC-1 positive Los Angeles,

patients with advanced non-small Los Angeles, Calif.

cell lung cancer using vaccinia- Sponsor: Transgene, SA
virus-MUC-1-1L-2

A phase I trial of recombinant C.W. Kufe Dana-Farber Cancer
vaccinia virus that expresses Institute, Boston, Mass.

DF3/MUCI in patients with
metastatic adenocarcinoma

A phase II randomized trial of E.P. Eder Dana-Farber Cancer
recombinant fowlpox and Institute, Boston, Mass.
recombinant vaccinia virus Sponsor: NCI-CTEP

expressing PSA in patients with
adenocarcinoma of the prostate

Immunization of patients with S.L. Topalian National Institutes of
metastatic melanoma using Health, Bethesda, Md.
recombinant fowlpox and vaccinia

viruses encoding the tyrosinase

antigen

Adapted from Rosenberg et al. [63, p 3067].
Other trials may exist which are not reported here.

exists in studying non-cross-reactive pox viruses. As discussed above, the
non-cross-reacting species which have been reported thus far in this context do
not replicate in human cells and therefore are not useful as an oncolytic virus.
In review of the different genera, the yatapox viruses stand out as potential
replicating vectors for human gene therapy. Monkey caretakers have developed
cutaneous nodules after handling monkeys with similar lesions from a yatapox
virus, and live virus could be recovered from these lesions [55]. This suggests
that these viruses replicate in human cells, and could be used for tumor-directed
gene delivery.

We have studied one member of this genus, the YLD virus, and found
that it replicates efficiently in human cells, expresses genes at high levels
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using vaccinia promoters, and it does not cross-react with vaccinia anti-
bodies [64]. We have sequenced the YLD thymidine kinase gene and made
recombinants into this locus expressing marker genes. We are in the process
of studying this vector in vivo to see whether it has similar tumor tropism
as the vaccinia virus. Unfortunately, unlike vaccinia it does not appear to
replicate in murine cells, and therefore it will be more difficult to model tumor
targeting with this vector compared to vaccinia. We are continuing investigation
of this virus as a possible alternative pox virus for tumor-directed oncolytic gene
therapy.

Conclusions

Vaccinia virus is an interesting gene expression vector which is worthy
of continued exploration for tumor-directed gene therapy. It is an efficient,
destructive virus with some element of baseline tumor specificity in murine, rat,
and rabbit tumor models. Mutations leading to tumor-specific replication could
potentially lead to selective tumor cell killing. Powerful transcription machinery
can lead to very high levels of therapeutic gene expression within tumor cells,
and its immunogenicity may lead to an immunologic bystander effect against
tumor cells.

It is possible that a 3-pronged approach to vaccinia-mediated cancer gene
therapy would be possible. This would involve the vaccinia replicative oncolytic
effect, the toxic effect of the transgene expressed, as well as the immunologic
clearance of the vector and stimulation of immune response against tumor-
associated antigens. Because the vaccinia virus can include multiple genes, it
would be possible to express toxic genes, multiple suicide genes, cytokine genes,
costimulatory genes, HLA genes and tumor antigens. Reversible immuno-
suppression could lead to a period of time for the virus to replicate in cancer
cells, followed by prodrug delivery at a time when the maximum number of
cells within the tumor are expressing the enzyme gene. The reversal of immuno-
suppression would allow for immune clearance of the virus and bystander
clearance of tumor cells. This versatility may be unique to vaccinia virus.

Compared to other replicating vectors such as herpes virus and adenovirus,
the study of vaccinia as a tumor-directed suicide gene vector is in its infancy.
I think over time the advantages of this vector will become more apparent, and
its applicability may be more significant as the population ages and more
cancer patients have not been vaccinated against smallpox. The complexity of
the virus may allow for further manipulation to enhance the specificity and it is
possible that further genetic manipulations can improve its ability to spread
through tumor cells. Further understanding of the biology of the virus will
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improve our ability to manipulate it to our advantage and enhance its potential
as a vector for tumor-directed gene therapy.
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Introduction

Background Virology

Newcastle disease virus (NDV) is an avian virus belonging to the
Paramyxoviridae, a family of enveloped, nonsegmented, negative-stranded RNA
viruses [1]. NDV is an important pathogen for poultry and is widely distributed
in naturally occurring bird populations [2]. There is a wide variation in the avian
pathogenicity of NDV isolates, including naturally attenuated vaccine strains of
proven safety and those that are highly pathogenic for chickens [3]. The virus
name comes from the site of the first reported disease outbreak among chickens
on a farm near Newcastle-upon-Tyne in England in 1926 [4, 5].

Historical Overview of NDV in the Treatment of Human Cancer

In 1994, a new age for therapeutic viruses was proposed with NDV con-
sidered a most promising agent [6]. The first hints of the potential anticancer
benefit of this virus were made over 30 years ago. In 1964, Wheelock and
Dingle [7] reported a significant reduction in leukemic blasts in a patient with
myelogenous leukemia treated intravenously with NDV. In 1965, Cassel and
Garrett [8] reported the effects of intratumoral NDV treatment on a patient with
cervical cancer. Marked tumor shrinkage of the injected mass as well as the
superclavicular lymph node metastasis was observed and the patient tolerated
the treatment well. In 1971, Csatary [9] noted that a chicken farmer, shortly
after a known exposure to NDV from his flock of infected chickens, had a spon-
taneous remission of his metastatic gastric cancer. In this same report, he noted



tumor regressions in 3 other patients, all of whom were intentionally inoculated
with NDV. Since then, cytolytic strains of NDV virus have been shown to have
a preference for replicating in and killing human cancer cells compared to normal
cells [10—12]. NDV has additional properties which are potentially useful as an
adjuvant for tumor vaccines [13] including the stimulation of an antitumor T-cell
response by the presence of surface viral glycoproteins on NDV-infected tumor
cells [14]. Furthermore, the virus is a strong inducer of cytokines such as inter-
feron [15—17] and tumor necrosis factor-a (TNF-a); [18, 19]. Currently, the use
of NDV for cancer therapy has taken on renewed scientific interest [20] and Pro-
Virus, Inc., has initiated a phase-I intravenous trial in advanced cancer patients.

Features of Cytolytic NDV Exploited for Cancer Therapy

NDV is a fast growing RNA virus with signs of progeny virions first
detectable within 3 h after infection [21]. Cytolytic strains of NDV rapidly and
selectively replicate in human tumor cells with selective killing of malignant
cells compared to normal cells [10]. After infecting a tumor cell, the virus can
efficiently spread to neighboring tumor cells by means of syncytia formation
[10]. Cytolytic strains of NDV have a high potency for killing tumor cells and
one infectious virus leads to rapid death of at least 10,000 cancer cells in 2-3
days [10, 12]. Unlike many viral agents being developed for cancer, the general
human population is seronegative to NDV [22, 23]. There is an extensive safety
database for NDV primarily from low dose human tumor vaccine trials. NDV
was well tolerated in humans in doses tested up to 3 X 10° infectious units by
the intravenous route [7, 16] and tested up to 2.4 X 10'? infectious units by the
intratumoral route [8]. Environmental safety of NDV is indicated by the absence
of genetic recombination [24, 25], the lack of a carrier state [26], the genetic
stability of naturally attenuated strains [3], the lack of antigenic drift [27], the
absence of human-to-human transmission [28], and the extensive safety record
of human tumor-passaged virus [29]. Cytolytic strains of NDV, therefore, have
key features for development as replication-competent, oncolytic agents. The
high potency and tumor selectivity are especially important for systemic admin-
istration to treat metastatic cancer. Also, from a practical standpoint, sufficient
production for clinical use is achievable due to the growth of NDV to titers
of >10° pfu/ml in embryonated chicken eggs [30].

Brief Overview of the Biology of NDV

Classification
NDV, also called avian paramyxovirus type 1 (avian PMV-1), is a member of
the Paramyxoviridae, a family of enveloped, nonsegmented, negative-stranded
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RNA viruses [1]. NDV falls within the Paramyxovirinae subfamily in the
Rubulavirus genus (not to be confused with rubella virus) which also includes
mumps virus and human parainfluenza virus types 2, 4a and 4b [31]. Recent
complete nucleotide sequencing of the genome suggests that NDV is only dis-
tantly related to other members of the Rubulavirus genus and it is proposed as a
member of a new genus [32].

Pathogenicity in the Natural Host

Strains with widely varying virulence have been identified since the first
reports of Newcastle disease in 1926. There are three broad categories of NDV
virulence [33]: velogenic, mesogenic and lentogenic. The highly pathogenic velo-
genic strains kill a large percentage of adult fowl and all young chickens [4].
Velogenic strains are further subdivided into (a) viscerotropic-velogenic strains
which principally cause acute and lethal hemorrhagic lesions of the digestive
tract, and (b) neurotropic-velogenic strains which principally cause an acute
respiratory and nervous system infection in adult birds. Less virulent strains, iso-
lated from birds that have mild respiratory symptoms or which are asymptomatic,
have been used as naturally attenuated live vaccines and are classified as either
mesogenic (of moderate virulence) or lentogenic (of low virulence).

Avian Infection and Spread

Over 200 species of birds have been shown to be infected with NDV [34].
Strains of low virulence appear to be enzootic in many parts of the world.
Spread of the virus occurs by three major routes [34]: (1) movement of live
domestic poultry or poultry products; (2) movement of pet birds (e.g., parrots),
and (3) migration of birds within or between continents.

Control of the Disease in Chickens by Vaccination

Vaccination against NDV as a means of controlling the disease has been
used by the poultry industry for more than 40 years and has employed either live
attenuated or inactivated vaccines [3, 35]. Vaccination using one strain of NDV
can confer protection against all other strains. Live vaccines have been used
throughout the world (USA, Europe, Australia, Africa, Asia, the Middle East)
and have included both mesogenic and lentogenic virus strains, each having a
well-documented track record in terms of phenotypic stability [3, 35]. The min-
imum live NDV vaccine dose recommended by the USDA is 3 X 10° infectious
units. The standard in the UK is 10°® infectious units with 3 X 10° infectious
units suggested as the preferred dose [36].

Physical Characteristics of NDV
NDV virions, like other virions in the Paramyxovirinae subfamily of
Paramyxoviridae, are large, pleomorphic, membrane-enveloped virus particles
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exhibiting spherical-to-rod shapes ranging in size from 150 to 400nm [37].
Electron microscopy reveals an envelope covered with spikes of glycoproteins
(HN and F) that are 8- to 12-nm-long. Contained inside the membrane is a long,
coiled nucleocapsid of 18 nm diameter with 5.5 nm pitch with left-handed heli-
cal symmetry.

Genetic Characteristics of NDV

The genome of NDV is a single strand of negative-sense RNA that is
complementary to mRNA which in turn codes for the viral proteins. The NDV
genome is 15,186 nucleotides in length and the complete sequence of several
strains has been recently reported [32, 38, 39]. The NDV genome contains
6 genes encoding for the following six gene products listed in order from the
3’ end: nucleocapsid protein (NP, 55kD); phosphoprotein (P, 53kD); matrix
(M, 40kD); fusion (F, 67 kD); hemagglutinin-neuraminidase (HN, 74 kD); and
large protein (L, 200 kD). By means of an overlapping reading frame, the P gene
encodes for an additional gene product, the V protein. In addition, the F glyco-
protein is synthesized as an inactive precursor (F,, 67kD), which undergoes
proteolytic cleavage to yield the biologically active protein consisting of the
disulfide-linked chains F; (55kD) and F, (12.5kD).

Function of the Viral Proteins

Hemagglutinin-Neuraminidase

The HN glycoprotein (see table 1 for a list of NDV proteins), as the name
implies, has two activities which are found both in virions and in the plasma
membrane of NDV-infected cells [37]. The attachment or hemagglutinating
activity mediates virion binding to sialic (neuraminic) acid-containing host cell
receptors including those found on chicken erythrocytes. The neuraminidase
activity presumably has a role in allowing budding virions to be released from
the host cell by destroying local receptors and also a role in preventing virion
clumping by destroying any sialic acid residues on viral glycoproteins [37]. In
some lentogenic NDV strains (Ulster and Queensland V4), the HN glyco-
protein is synthesized as an inactive precursor HN, (of 82kD) which requires
proteolytic removal of an 8 kD peptide from the exposed C terminus for activity
[40—42].

Fusion Protein

In order for infectious progeny to be produced and multiple rounds of
infection to occur, the F (fusion) protein is required to be proteolytically acti-
vated from a precursor F,, (68 kD). Cleavage of F,, forms the larger F; (55kD)
and the smaller F, (12 kD) fragments which are held together by disulfide bonds
in a protein denoted as F,, [37]. Cleaved F protein is required for the viral
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Table 1. Main NDV proteins in order of size (largest to smallest) and their function

Protein Abbreviation ~ SizekD  Function
Large L ~200 RNA directed RNA polymerase
Hemagglutinin- HN 74 Receptor binding
neuraminidase
Fusion F,, (uncleaved) Fy 67 Precursor to cleaved F
Nucleocapsid NP 55 Major structural component of
nucleocapsid
Fusion F, F, 55 Mediates fusion of virus and
host cell membrane
Phosphoprotein P (also 53 Associates with the
(or nucleocapsid- denoted as nucleocapsid; polymerase
associated protein) NAP) assessory function
Matrix M 40 Organizes virus assembly
Fusion F, F, 12 Smaller fragment of cleaved F

protein which remains attached
to F; via disulfide bonds

membrane to fuse with the host cell membrane and, therefore, for the infection
to proceed. This activation of F is dependent upon both the virus strain and the
host cell. Most avian and mammalian cells are capable of cleaving the F, of
velogenic and mesogenic NDV strains through the presence of furin or furin-
like proteases [43]. Exceptions include certain lymphoma cell lines that are
deficient in this proteolytic [43]. Cleavage of the F,, of lentogenic NDV strains
is much more restricted, occurring only in embryonated avian eggs or in culture
of avian chorioallantoic membrane cells [40, 41]. This highly restricted activa-
tion of the lentogenic F protein is believed to be at least part of the reason why
lentogenic strains are very host cell restricted in their production of infectious
progeny and less virulent compared to velogenic and mesogenic strains.

Matrix Protein

The M (matrix) protein is a highly basic, largely hydrophobic protein. This
protein confers specificity relative to virus assembly with a high degree of
exclusion of host cell proteins. The M protein binds selectively to viral mem-
brane glycoproteins and to the nucleocapsid prior to budding [44]. The M pro-
tein is also thought to control the rate of RNA synthesis as indicated by in vitro
experiments for other paramyxoviruses [44]. The majority of the M protein in
NDV-infected cells is located within the nucleus [45], which is a surprising
finding since RNA replication occurs in the cytoplasm.
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Nucleocapsid Protein, Phosphoprotein, and Large Protein

Three proteins (NP, P and L) are associated with the nucleocapsid and all
form a protein complex with RNA-dependent RNA transcriptase activity. NP is
the most abundant viral protein in infected cells and in the virion [37]. As the
main structural component of the nucleocapsid, the NP protein complexes with
viral RNA rendering it RNase-resistant.

V Protein

The V protein, which is encoded for by the P gene, is found in virions of
other rubulaviruses [31], however its function remains unknown. For Sendai
virus, another member of the Paramyxovirinae subfamily, V protein expression
is completely dispensable for in vitro replication, although it does contribute to
in vivo pathogenesis [46].

Antitumor Activity of NDV

Overview

It is important to distinguish three different conceptual uses of NDV in
cancer treatment (table 2) [10, 13, 47]: (1) certain NDV strains can be directly
oncolytic to human and murine cancer cells without the need for immune effec-
tor cells or molecules; (2) NDV can serve as an immune adjuvant in cancer
vaccines through active specific immunotherapy, and (3) NDV can cause non-
specific immune stimulation through the induction of cytokines (e.g., inter-
feron, TNF-a, IL-6 and IL-1), and chemokines (e.g., RANTES, IP-10).

Oncolytic Activity of NDV

Tumor Cell Binding Followed by Rapid Virus Replication

NDV is a fast growing RNA virus. Binding of virions to tumor cells is
rapid, occurring within minutes [48] and progeny virus is detectable as early as
3 h after infection [21]. Experiments using various neuraminidases to treat host
cells have shown that sialic acid is a key component of the cell surface receptor
[49]. The receptor must have a wide cellular distribution because of the diverse
cell types that NDV can infect, including human tumor cells of neuroectoder-
mal, mesenchymal, and epithelial origins [10]. When a high multiplicity of
NDV infection is used, diverse human tumor cells but not normal fibroblasts
exhibit rapid cell-to-cell fusion (in less than 1 h), indicating that differences in
host cell membranes are recognized by NDV [50].

Cytolytic NDV strains selectively replicate in, and rapidly kill diverse
human tumor cells [10, 12]. At the same multiplicity of infection, no effect is
seen on normal cells. Plaques (macroscopic areas of cytolysis) in tumor cell
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Table 2. Three uses of NDV in cancer treatment

Examples of direct oncolytic activity of NDV

Tumor-selective cytolysis

Syncytia formation in infected tumor cells

Durable complete responses induced in human tumor xenografts
Requirement for live virus for antitumor effects

Virus localization and replication in tumors

Examples of NDV as an immune adjuvant
Clinical trials of therapeutic tumor vaccines with NDV as a component
Stimulation of CTL and DTH responses after tumor vaccination

Example of NDV as a cytokine inducer
Interferon induction

monolayers are seen as early as 18 h after NDV infection of tumor cells [10].
Increased membrane permeability is seen when new virions are being released
by budding at the cell surface and is suggested to play an important role in host
cell death [51]. Dying tumor cells also display nuclear fragmentation after NDV
infection [52]. Regarding apoptotic cell death, chicken embryo cells have been
shown to undergo apoptosis after NDV infection [53, 54].

Cell-to-Cell Spread

After infecting a human tumor cell in vitro or in vivo, NDV can efficiently
spread to neighboring cells by means of syncytia formation (cell-to-cell fusion);
[10, 50]. Eight hours after NDV infection of human tumor cells in athymic mice,
numerous multinucleated malignant cells can be seen in histological sections of
tumor cells along with signs of tumor necrosis [10].

High Potency of NDVs Oncolytic Activity

NDV has a high potency for killing tumor cells; one infectious virus is
able to kill tens of thousands of cancer cells in a monolayer within 2-3 days
[10, 12].

Use of NDV as an Oncolytic Agent

In 1965, Cassel and Garrett [8] were the first to observe that certain strains
of NDV can have an oncolytic effect on human tumors. They used NDV strain
73-T which had been generated by extensive passage of NDV in murine Ehrlich
ascites tumor cells with 73 in vitro passages and 13 in vivo passages. Extensive
tumor necrosis was observed following inoculation of 107 infectious units of
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NDV strain 73-T into human adenocarcinoma xenografts grown in hamster
cheek pouches. In addition, a patient with a cervical cancer was treated intra-
tumorally with 2.4 X 10'? infectious units of this same NDV strain. Pronounced
tumor sloughing and cessation of bleeding from the primary tumor and shrink-
age of the superclavicular lymph node was noted and this patient tolerated the
virus treatment well. Virus replication apparently occurred since the patient’s
urine sample became positive at 8 days after inoculation and continued to be
positive for the next 3 days.

Schirrmacher et al. [47] tested the effects of a velogenic strain Italien on
human Me-Wo-Met melanoma xenografts in athymic mice. Intratumoral injec-
tions of virus-infected allantoic fluid caused approximately 100% growth inhi-
bition lasting 3 months, whereas continued tumor growth was seen in the
animals treated with control allantoic fluid. Purified and concentrated virus was
not tested. The noncytolytic (lentogenic) strain Ulster was reported as having no
effect in this same tumor model.

Lorence et al. [11, 12] tested the effects of purified and concentrated NDV
73-T in human tumor xenograft models. After intratumoral injection of 107 pfu,
complete regression was seen in 8 of 10 fibrosarcoma xenografts. Also noted
was marked regression of >80% seen in 6 of 9 uncultured, primary and sec-
ondary sarcoma explants from 1 patient [12]. Transformation of human fibro-
blasts with either H-ras or N-ras oncogenes was associated with a 1,000-fold
increase in sensitivity to NDV cytolysis [12].

Durable complete tumor regressions of subcutaneous IMR-32 human neu-
roblastoma xenografts were seen in 17 of 18 mice after a single intratumoral
NDV injection [11]. The one tumor that showed partial regression showed com-
plete regression after a second NDV treatment. Tumor responses were associated
with selective replication of virus in tumor tissue. Virus levels increased more
than 80-fold in virus-injected tumors while no infectious virus was recovered
from normal muscle tissue after intramuscular injection [11].

Systemic injection of NDV was also shown to have a marked antitumor
effect [55]. Lorence and Reichard [55] tested the effects of intraperitoneal
injection of NDV strain 73-T on subcutaneous IMR-32 human neuroblastoma
xenografts. This systemic NDV treatment caused complete tumor regression in
6 of 7 mice, with a partial tumor regression in the remaining mouse. Control
vehicle had no effect.

Live Virus Is Required for the Oncolytic Effects of NDV

Several studies have indicated that the oncolytic activity of cytolytic NDV,
including its ability to cause tumor regression, requires live virus. Lorence et al.
[11] tested the effects of live versus UV-killed NDV strain 73-T in treating
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subcutaneous human neuroblastoma xenografts by the intratumoral route in
athymic mice. Live virus (107 pfu) caused complete regression in 6 of 7 mice.
The remaining mouse had partial regression that became complete following
a second dose on day 10. In marked contrast, rapid tumor growth occurred in
all 9 mice treated with an equivalent amount of UV-inactivated virus and in all
7 mice treated with vehicle control.

Cassel and Garrett [8] noted a similar difference between live NDV and
heat-inactivated virus. Six days after intraperitoneal inoculation of Ehrlich
ascites tumor cells, mice were treated with live NDV (10° infectious units) or
heat-inactivated virus. No ascites developed over a 65-day observation period in
the animals treated with live NDV, while animals treated with inactivated virus
were all dead by day 15.

The effectiveness of live NDV in contrast to the ineffectiveness of inacti-
vated virus was also demonstrated by in vitro experiments. Reichard et al. [10]
observed that live NDV caused plaques indicative of tumor cytolysis in a wide
variety of human cancer cells, including bladder carcinoma, Wilm’s tumor,
fibrosarcoma, osteosarcoma, neuroblastoma and carcinoma lines, but not in
9 normal human fibroblast isolates. Heat-inactivated virus had no activity in any
of these tumor cells. Additional studies by Reichard et al. [10] demonstrated a
similar effect when administering NDV to the tumor cell inoculation site imme-
diately after subcutaneous tumor cell injection in athymic mice. While tumors
formed in 24 of 26 mice treated with heat-inactivated virus, no tumors grew in
any of the 20 mice treated with live virus.

Use of NDV to Stimulate Antitumor Immunity

Studies Using Cytolytic NDV Strains

A recent, extensive review on the use of NDV as a biologic adjuvant to
stimulate antitumor immunity of tumor vaccines is given by Schirrmacher et al.
[13]. The concept of active specific immunotherapy is to have a vaccine com-
ponent stimulate the immunogenicity of tumor-associated antigens. Cassel and
Garrett [8, 56] were the first to observe this phenomenon. Mice cured of their
ascites tumors by an oncolytic strain of NDV (73-T) were able to resist rechal-
lenge with 2 X 107 cells from the same tumor line when given at either the same
site (intraperitoneal) or a different site (subcutaneous) [8, 56].

Cassel et al. [29, 57] followed this observation with two clinical studies
which enrolled 83 stage-IIl melanoma patients between 1975 and 1982. After
therapeutic lymphadenectomy for palpable tumor in their lymph nodes, patients
were treated at regular intervals with an oncolysate containing live NDV strain
73-T and consisting of autologous (or in some cases, allogeneic) melanoma
cells lysed ex vivo by live NDV. Initial results were encouraging with only 12%
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of the patients progressing to disseminated disease within 3 years compared to
95% of historical controls [57, 58]. Longer follow-up studies indicate that the
patients treated with the NDV-oncolysate had a 63% 10-year survival rate [29]
and 55% 15-year survival rate [59] compared to 6-15% 10-year survival in
historical controls having had palpable lymph node dissemination [59, 60].
In a 1998 report [59], 34 of the original 83 patients continue to receive NDV
oncolysates at 3- to 6-month intervals.

Studies Using Noncytolytic NDV Strains

Schirrmacher et al. [13] have preclinically and clinically tested the use of
NDV as an immune adjuvant using Ulster, a lentogenic (noncytolytic) NDV
strain [13]. While the Ulster strain of NDV cannot replicate in normal cells
(except avian chorioallantoic cells), de novo expression of NDV antigens at high
density was observed on the surface of all human cancer cell types tested
including 33 established tumor cell lines, 40 primary cultures and more than
400 noncultured freshly isolated patient-derived tumor cells [13]. However,
unlike cytolytic strains, new virions produced by the Ulster strain in tumor cells
were noninfectious. Virus amplification in tumor cells was not dependent on
cell proliferation as it occurred in gamma-irradiated tumor cells [13].

Preclinical testing examined the effects of NDV infection on antitumor
immunity [13, 61]. NDV infection or HN transfection augmented the tumor-
specific or antigen-specific cytotoxic T lymphocyte response [13, 61]. NDV
infection of tumor cells increased lymphocyte binding and provided a T-cell
costimulatory function [14, 48, 61]. Antibody inhibition and transfection
experiments indicate that these phenomena were mediated by the NDV HN
surface glycoprotein [14, 48, 61].

NDV infection can also overcome tumor anergy [14]. A patient-derived
T4-helper lymphocyte clone was obtained that could not be stimulated by autol-
ogous melanoma cells and became anergic to subsequent stimulation even in the
presence of costimulatory signals, such as anti-CD28 antibodies [14]. Upon
NDV infection, autologous tumor cells were now able to stimulate IL-2 produc-
tion and proliferation of T4-helper cells.

Schirrmacher et al. [47] also showed that infection of human melanoma cells
with either the noncytolytic lentogenic strain Ulster or the cytolytic velogenic
strain Italien had the ability to induce a bystander effect [47]. After injecting a
mixture of uninfected and infected tumor cells at a ratio of 5 : 1 into athymic mice,
the cells infected with strain Ulster were able to markedly suppress the growth
of the uninfected cells. In contrast, using the same test system, the cytolytic strain
Italien completely prevented tumor growth of the uninfected cells.

Several phase-II clinical trials (renal carcinoma, breast carcinoma, colon,
carcinoma, ovarian carcinoma, melanoma and glioblastoma) have been completed
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by Schirrmacher et al. [13] using NDV strain Ulster as a tumor vaccine
component. Irradiated autologous tumor cells that are then infected with live
NDV were used to prepare the vaccines. Early results of the ovarian cancer,
melanoma, glioblastoma and breast cancer trials showed promise [13]. A follow-
up phase-III European trial in breast cancer patients of medium risk for disease
recurrence has recently been initiated [13, 20].

In phase-II colon carcinoma studies, Nelson [20] found that 86% of
patients with Duke’s stage C survived 5 years after treatment with NDV-infected
tumor cell vaccines compared to 42% for historical controls. Delayed-type
hypersensitivity (DTH) response was examined in these colon cancer patients.
Forty percent experienced an increased DTH reactivity against autologous
tumor cells following NDV tumor vaccination while only 17% showed reactiv-
ity to NDV antigens, autoantigens from the patients’ normal liver or test anti-
gens [62]. In another study, NDV-infected tumor cell vaccination was compared
to tumor cell vaccine mixed with bacillus Calmette-Guérin (BCG) organisms in
the immunotherapy of patients with resected colorectal carcinoma. The 2-year
survival for patients treated with NDV tumor vaccines was 98 versus 67%
for the patients treated with the BCG tumor vaccine and 74% for historical
controls [63].

Use of NDV as a Nonspecific Immune Stimulant (e.g., for Cytokine

Production)

Interferon Induction

NDV is a well-known interferon inducer in mammals including humans
[15-17]. In a study using RC19 tumor cells grown intraperitoneally in mice,
Gresser and Bourali [64] showed that NDV, when given 24 h after tumor cells by
the same route, was able to increase survival. Since exogenous interferon by
itself was able to increase survival to an even greater degree, it was postulated
by the authors that interferon played at least a role in NDV’s antitumor effects in
this tumor model. A similar conclusion was reached by Bart et al. [65] using a
subcutaneous B16 murine melanoma model and intraperitoneal treatment with
NDV. Compared to nonirradiated mice, irradiated mice had a greater degree of
tumor growth inhibition and also had a higher serum interferon level after NDV
treatment.

Merigan et al. [16] performed a dose escalation of a single intravenous
injection of NDV with the intent to induce interferon. Determinations of the
dose-limiting toxicity and the maximal tolerated dose were not objectives in
this 17 patient study. Patients received single intravenous injections of NDV
strain 73-T ranging from 2.4 X 10° to 1.6 X 108pfu. NDV quantities between
1.2 X 107 and 1.6 X 10% pfu induced interferon in direct proportion to the dose.
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In patients receiving the highest doses, the following clinical signs and symp-
toms consistent with interferon release were observed: a temperature spike
ranging from 1 to 3 °C above baseline, a transient drop in leukocyte count, and
a mild, flu-like syndrome. Viremia was occasionally detected 12—18h after
virus inoculation. Overall, the treatment was well tolerated.

Induction of Tumor Necrosis Factor

Strains of NDV can stimulate human peripheral blood mononuclear cells
and rat splenocytes to produce TNF-a [18, 19]. TNF-a, also called cachectin,
has multiple activities including those which are antineoplastic (e.g., the ability
to cause hemorrhagic necrosis of tumors and to augment the cytotoxicity of
natural killer cells and macrophages) and those which are toxic (e.g., causing
cachexia and mediating endotoxic shock). In in vitro experiments, NDV infec-
tion of human tumor cells can markedly increase their sensitivity to lysis by
TNF-a [18].

Induction of Other Factors

NDV is known to induce a variety of other factors with a wide range of
biological activity. Besides interferon and TNF-a, NDV stimulates synthesis of
other proinflammatory cytokines such as IL-1 and IL-6 [66]. This proinflam-
matory cytokine response to NDV is thought to be dampened in mammals by
NDV stimulation of endogenous glucocorticoids [67]. IL-1 released in response
to NDV can stimulate ACTH release from the hypothalamus leading to adrenal
glucocorticoid production and the stress response [68].

Chemokines induced by NDV such as RANTES and IP-10 [69] can lead
to the recruitment of T lymphocytes and monocytes to the site of NDV infection
[13]. NDV also induces nitric oxide synthase and which is known to be associ-
ated with increased macrophage antitumoral activity [70]. Tissue inhibitor of
metalloproteinases, which can inhibit tumor invasion, is induced by NDV [71].

Treatment of Cancer Patients in Hungary

Csatary et al. [72] reported seven responses in 33 patients treated with
twice-weekly inhalation of NDV strain MTH-68/N. Side effects in this study
were limited to fever. Additional studies by the same group reported favorable
effects in 4 patients and tumor shrinkage in a patient with glioblastoma
[73, 74]. Over 4,000 cancer patients have been treated in Hungary primarily
by inhalation [75]. However, many of these patients received other therapies
rendering the interpretation of the data relative to efficacy and safety unclear
[20, 75].
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Molecular Engineering

The rescuing of infectious NDV from cloned cDNA was recently reported
[76]. In general, although recently accomplished, the genetic manipulation of
negative-stranded RNA viruses has lagged behind that of DNA viruses and
positive-strand RNA viruses. This is, in part, because the naked viral RNA by
itself is not infectious after transfection [77]. Regarding the insertion of foreign
genes, the enveloped, negative-stranded RNA viruses do not have packaging
constraints like encapsulated DNA viruses. The nucleocapsid of paramyxo-
viruses can accommodate additional genes (e.g., those encoding for chloram-
phenicol acetyltransferase or green fluorescent protein) with recovery of fully
infectious virus, although at a virus yield inversely proportional to the size of
the insert [46, 78—80].

Safety

Overview

There is an extensive safety database for NDV, primarily from low-dose
human tumor vaccine trials [13]. NDV is well tolerated in humans in doses of at
least 3 X 10° infectious units by the intravenous route [7, 16], and at least
4 X 10" infectious units by the intratumoral route [8]. Complementing these
clinical findings, animal safety data provide evidence of the low pathogenicity
of NDV in mammals.

Safety in Mammals

NDV has been extensively tested by a variety of routes in mammals with
minimal signs of pathogenicity. Safety has been documented in rabbits by the
intracerebral (i.c.) and intravenous (i.v.) routes, guinea pigs by the i.c. and
intraperitoneal (i.p.) routes, 1-day-old mice by the subcutaneous (s.c.) and i.c.
routes, adult mice by the i.c. route and i.p., rats by the i.c. route, and hamsters by
the i.c. route [8]. Baron and Buckler [15] demonstrated the safety of large
amounts of even velogenic NDV given by the i.v. route to mice. Upton et al. [81]
extensively evaluated 25 different strains of NDV by i.c. injection into weanling
mice. They observed that vaccine strains of NDV, including lentogenic strains
such as B1 and mesogenic strains such as NJ-Roakin had mild effects. In con-
trast, virulent velogenic strains produced moderate to severe neurological effects.

Immunodeficient mice can tolerate NDV injections well by the intra-
venous, intraperitoneal and intratumoral routes. Schirrmacher et al. [47]
reported that velogenic strains of NDV are well tolerated upon repeat inocula-
tion by the intratumoral and intravenous routes in immunodeficient athymic
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mice. Lorence et al. [11, 12, 55] confirmed the safety of high doses of NDV in
athymic mice injected by the intraperitoneal and intratumoral routes.

Testing of virulent velogenic strains in monkeys by intranasal, intradermal,
and perineural peripheral routes had no effect [82]. However moderate to severe
encephalitis developed after intracerebral injection. Since these strains are most
virulent in chickens, it is not clear what effect vaccine strains of NDV would
have in this experimental setting.

Accidental Exposure in Humans

There have been over 100 documented cases of conjunctivitis in people
after accidental exposure. These cases include accidental eye inoculation of
high-titered NDV into the eye by laboratory workers as well as chicken handlers
in whom infected material was introduced into their eyes resulting in conjunc-
tivitis 1-2 days later (see Kleiman [83] and Chang [28] for reviews). Human
infections are mild, last 3—4 days, and result in inflammation of the ocular con-
junctiva, most commonly unilateral, without affecting the cornea, visual axis or
extraocular structures. There are rare reports of human systemic illness, espe-
cially an influenza-like illness following inhalation of virus-containing aerosol.
These systemic symptoms include low-grade fever, chills and malaise. NDV
infection in humans is always self-limiting without any lasting sequelae [28,
83]. No therapy is recommended [83, 84] and no quarantine or isolation of
human patients is required [28]. Also there is no human-to-human transmission
(see Environmental Safety).

Human Seropositivity

Two surveys indicate a low incidence of seropositivity among the general
human population and a significantly higher percentage for the poultry-associated
population. In a study in the United States by Miller and Yates [22], none of
100 people in the general population were seropositive for NDV antibodies by
hemagglutination inhibition and only 7% were positive at low levels by plaque
neutralization (all positive titers below 1:16). For 116 poultry workers, 29 and
17% were positive by these two methods, respectively. In India, Charan et al. [23]
found 4% of 109 people in the general population were seropositive and 38% of
104 poultry workers were seropositive by hemagglutination inhibition.

Human Safety of Intentional NDV Injection

Intravenous Injection

Wheelock and Dingle [7] administered the Hickman strain, a velogenic
NDV strain to a single patient with acute myelogenous leukemia using intra-
venous doses of 3.2 X 10%, 1.3 X 10'°, 1.3 X 10'°, and 6.3 X 10° infectious
units over 4 consecutive days. The patient was reported to tolerate the treatments
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well with only a transient fever spike noted on the first day. An overall 74%
reduction in leukemic blast count was observed. This patient had had prior i.v.
treatment with other viruses and it is not clear how these previous treatments
may have affected the safety profile.

Merigan et al. [16] administered NDV strain 73-T to 17 patients intra-
venously in single doses up to 1.6 X 108 pfu. Side effects included fever, rang-
ing from 1 to 3°C above baseline, a transient drop in white blood count, and a
mild, flu-like syndrome in patients receiving the higher doses. These side effects
correlated to the induction of interferon. Viremia was occasionally detected
12—18 h after dosing.

Recently, Csatary and Bakacs [74] reported that NDV strain MTH-68/H
was well tolerated in 3 patients with glioblastoma when given by the i.v. route
and caused no neurotoxicity.

Intratumoral Injection

A dose of 2.4 X 10'? infectious units of strain 73-T was injected intra-
tumorally in 1 patient and reported to be well tolerated [8]. In addition to
pronounced tumor sloughing, virus replication apparently occurred since the
patient’s urine sample became positive 8 days after inoculation and continued
for 3 more days.

Intramuscular Injection into AIDS Patients

Csatary and Massey [85] provided evidence that vaccine strains of NDV
are well tolerated in severely immunocompromised AIDS patients. These inves-
tigators reported that 5 AIDS patients were given weekly intramuscular NDV
injections. Although 4 of these patients had T4 counts below 75/ml, they all tol-
erated the treatment well with no report of detrimental effects.

Dosing by Inhalation

Csatary et al. [72] reported the results of a phase-1I/B study in Hungary
in which a total of 33 patients with diverse types of advanced cancer received
NDV strain MTH-68/N by inhalation twice weekly for 6 months. The authors
reported that the treatment was well tolerated and that fever, which was
observed, did not cause any patient to withdraw from the study. In a later paper,
they indicated that over 300 patients have tolerated treatment with NDV well
[73], and a recent publication indicates that over 4,000 people have been treated
in Hungary [75].

Intradermal Injection as a Tumor Vaccine Component
Recently, Schirrmacher et al. [13] have been testing live NDV as a compo-
nent of tumor vaccines given intradermally to over 1,400 patients and reported
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minimal side effects. The tolerability of these NDV tumor vaccines is best seen
in one study, a direct comparison between NDV-infected tumor cell vaccination
and BCG tumor vaccination [63]. The patients treated with the NDV-infected
tumor cells experienced mild side effects consisting of erythema, swelling and
induration at the injection site. A slight fever was noted in 17% of the patients
and generalized lymph node swelling for 48 h observed in 15% of the patients.
In contrast to these mild side effects, the BCG vaccine led to more serious side
effects including long-lasting ulcers at the injection site in all patients, abscesses
in 20% of the patients requiring surgical excision, and significant fatigue in
60% of the patients.

Human Safety Profile of Tumor-Passaged Virus by the

Subcutaneous Route

NDV strain 73-T has been passaged in primary human tumor cells to gener-
ate oncolysates and administered in live form as a tumor vaccine component to
melanoma patients as follows: (1) autologous melanoma cells from each patient
were isolated, expanded in vitro and then infected with NDV; (2) the virus was
allowed to amplify at least 3 orders of magnitude in these human tumor cells, and
(3) this human tumor-passaged virus in the form of infected tumor cells was then
safely and repeatedly inoculated by an s.c. route on a weekly schedule into 163
patients [29]. Over 11,000 total doses of human tumor-passaged NDV were
safely administered to 163 patients at least four times per year for up to 18 years
without any adverse reactions [29].

Although the above human safety profile of tumor-passaged virus occurred
in tumor vaccine studies, these safety studies are relevant to the use of NDV as
an oncolytic agent since oncolysis requires the in vivo amplification of the virus
in the tumor.

Environmental Safety

Overview

NDV is enzootic in many parts of the world and can be easily isolated from
chickens at poultry markets in the United States. The environmental safety of
NDV is indicated by the absence of genetic recombination, the lack of a carrier
state, the genetic stability of naturally attenuated strains, the lack of antigenic
drift, and the absence of human-to-human transmission. The extensive safety
record of human tumor-passaged virus (as outlined above) is also an important
environmental issue indicating the stable properties of the virus with passage in
tumor cells.
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Absence of Recombination, Gene Reassortment, and Nucleic Acid

Integration

In numerous studies, deliberate attempts to cause recombination between
strains of NDV and between paramyxoviruses have been negative [24, 25, 86].
In addition, there is no evidence for viral recombination in nature. Toyoda et al.
[87] analyzed the sequences of the HN and F genes of multiple strains of NDV
isolated over a period of 50 years. They concluded that no gene exchange by
recombination had occurred in the generation of three lineages which were
stable even after having cocirculated in nature for a considerable time.

Unlike Orthomyxoviridae and Reoviridae, there is no risk for genetic reas-
sortment with Paramyxoviridae like NDV, since they have a nonsegmented RNA
genome. There is no evidence for integration of viral nucleic acid into the host
genome, presumably because NDV is a RNA virus for which nucleic acid repli-
cation occurs in the cytoplasm without the expression of a reverse transcriptase
and without a DNA intermediate [13].

Genetic Stability of NDV and Lack of Antigenic Drift

Live poultry vaccine strains of NDV, including both mesogenic and lento-
genic strains, have been in widespread use for over 40 years and have been
shown to be stable in terms of virulence parameters [3, 35]. Multiple strains of
NDV have coexisted in nature for a considerable time with individual strains
being genetically stable and distinct [87, 88].

In contrast to influenza, NDV strains do not display antigenic drift. Com-
pared to influenza, there is much less variation in the surface glycoproteins pro-
teins (HN and F) for a paramyxovirus species in general, as shown, for example,
by the lifelong immunity against all strains of mumps virus conferred by infec-
tion with mumps virus [86]. Sakaguchi et al. [27] also concluded that there was
no antigenic drift in NDV by analyzing the sequence of the HN gene for 13
NDV strains. Although there was minor variation in the 13 HN gene sequences,
it did not appear that these changes were cumulative or directional. These find-
ings are in complete agreement with the vaccination results from over 60 years
of field testing throughout the world which indicated that there is no significant
antigenic variation between NDV strains and that vaccines from one strain pro-
tect against all other strains [1, 4, 35].

Lack of a Carrier State

In a study by Clancy et al. [26] chickens infected with a mesogenic vaccine
strain of NDV cleared the infection. The absence of a carrier state was indicated
in this study by the lack of seroconversion of naive chickens housed with poul-
try inoculated with NDV 6 weeks earlier.
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No Known Human-to-Human Transmission

Accidental human NDV infection causing conjunctivitis is reported in a
review by Chang [28] as not being transmitted from one person to another. An
epidemiological study by Nelson et al. [89] indicated the lack of human-to-human
transmission. In this study, workers on an eviscerating line in a poultry process-
ing plant in a small town in Minnesota were intensively exposed to a chicken
virulent (velogenic) strain of NDV in infected poultry carcasses. Forty cases of
NDV conjunctivitis were noted in 90 workers on this eviscerating line. Only
mild cases occurred without any corneal involvement and this effect was
reversible with no constitutional symptoms and no lasting sequelae. There were
no secondary cases reported among their 210 coworkers at the plant nor among
their family contacts or 1,500 community members. This lack of transmission
occurred despite inadequate hygienic measures including minimal use of lim-
ited hand-washing facilities in the plant.

In a study of workers in their laboratory at Johns Hopkins in the 1950s,
Bang and Foard [90] also observed the lack of human-to-human transmission of
NDV. With repeated exposure to high titer virus without the use of biosafety
cabinets, 60% of the individuals seroconverted. All members of their laboratory
not directly exposed to NDV were seronegative.

Previous testing of live NDV in over 1,400 patients, mainly in vaccine
trials, have also indicated the absence of horizontal transmission in humans.
Most noteworthy is the study by Cassel and Murray [29, personal commun.] in
which 11,000 doses of between 10> and 10 infectious units of live human tumor-
passaged NDV as a component of tumor vaccines were administered to 163
patients with no detectable spread of the virus over an 18-year follow-up period.

Presence of NDV in the Environment

King and Seal [91] demonstrated the ease of isolating NDV from chickens
at poultry markets in the USA. NDV is enzootic in many parts of the world and
can be isolated from many free-living birds [34].

Human Trials of Oncolytic Newcastle Disease Virus

PV701, a naturally attenuated strain of NDV, was selected for clinical devel-
opment by Pro-Virus, Inc., because of its preclinical safety and efficacy profile.
PV701 is currently in phase-I testing by Pro-Virus, Inc. Advanced cancer patients
with a wide variety of tumor types have been enrolled in this study using the intra-
venous route with dose escalation. This route of administration was chosen based
on preclinical efficacy and the potential advantage of systemic treatment for a
systemic disease like metastatic cancer. Results of this phase-I trial are pending.
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Conclusion

The use of NDV for cancer therapy has taken on renewed scientific interest
[20]. NDV has several properties that help differentiate it from other viruses for
cancer therapy: (1) high potency for oncolysis; (2) rapid virus replication in
tumors; (3) tumor cell selectivity; (4) syncytia formation with efficient spread
of infection from tumor cell to tumor cell; (5) high titer growth; (6) seronega-
tivity of the general human population; (7) genetic stability; (8) ability to stim-
ulate immune specific antitumor effects in humans; (9) extensive human safety
database, and (10) environmental safety.

In conclusion, cytolytic strains of NDV have key features as replication-
competent, oncolytic agents. Their high oncolytic potency and tumor selectivity
are especially important for systemic administration which is being explored in
a current phase-I intravenous trial of advanced cancer patients using PV701, a
cytolytic NDV strain.
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