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ABSTRACT

Oncolytic viruses have had a tumultuous course, from the initial anecdotal reports
of patients having antineoplastic effects after natural viral infections a century ago to
the development of current cutting-edge therapies in clinical trials. Adenoviruses have
long been the workhorse of virotherapy, and we review both the scientific and the
not-so-scientific forces that have shaped the development of these therapeutics from
wild-type viral pathogens, turning an old foe into a new friend. After a brief review
of the mechanics of viral replication and how it has been modified to engineer tumor
selectivity, we give particular attention to ONYX-015, the forerunner of virotherapy
with extensive clinical testing that pioneered the field. The findings from those as
well as other oncolytic trials have shaped how we now view these viruses, which
our immune system has evolved to vigorously attack, as promising immunotherapy

agents.

INTRODUCTION

Multiple forces aside from fundamental science
can influence the development of any therapeutic, and
oncolytic viruses are no exception. Before delving into
the scientific aspects, we review the cultural evolution
of virotherapy and the enthusiasm and skepticism that
accompanied its development, regardless of how well
founded those outlooks may have been.

Early virus discoveries date back to 1892 when
Dimitrii Ivanovsky observed that the agent of tobacco
mosaic disease passed through porcelain filters that
retained bacteria leading to the term “filterable agent”,
which was first used assuming that these were small
bacteria. The name virus arose from the Latin word
meaning slimy liquid or poison and was originally used
to describe any infectious agent, including the agent of
tobacco mosaic disease, tobacco mosaic virus. In 1898
Marcus Beijerinck concluded that the pathogen must be a
distinctive agent, and in the same year Friedrich Loeffler
and Paul Frosch (former students of Robert Koch), found
that the causative agent of foot-and-mouth disease was

filterable (the first animal virus) and in 1901 Walter Reed
identified the Yellow fever virus as the first human virus.
From these humble and inauspicious beginnings, the field
of virotherapy arose.

Through the 1950’s-1970’s, years before the advent
of the World Wide Web, one clinical concept that quite
literally “went viral” was the use of pathogenic viruses
to treat, and possibly cure, cancer. It is more than a little
ironic that viruses, which, at times, pose a significant
health threat, have been and continue to be seen in this
hopeful—and righteous—light. The foundation for this
anthropomorphized “good virus” belief was laid as far
back as 1904 when Dr. George Dock, a University of
Michigan Hematology Professor, described a 42-year-
old woman with acute leukemia who experienced a
temporary remission after a presumed infection with
influenza in 1896 [1] though at the time the relationship
between the influenza virus and the infectious syndrome it
caused was not established. Similarly, in 1912 a cervical
cancer patient bitten by a dog developed extensive tumor
necrosis following administration of a live attenuated
rabies virus for post-exposure prophylaxis [2]. In addition,
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spontaneous clinical remissions have been observed in
Hodgkin lymphoma [3] and Burkitt’s lymphoma [4] after
natural infections with measles virus.

Many more of these types of anecdotal observations
were reported where spontaneous remissions and
regressions of tumors occurred in the setting of naturally
acquired viral infections [5], possibly due to stimulation
of an anti-tumor immune response rather than direct
oncolysis [6]. They prompted hundreds of clinical trials
initiated between 1950-1970 to investigate the treatment of
cancer by administration of different viruses that included
hepatitis, West Nile, yellow fever, dengue fever, Uganda
and adenoviruses, as enthusiasm for their potential to cure
the disease reached a fever pitch [5]. They all used wild-
type viruses because these trials predated the availability
of modern molecular biology techniques to modify their
genomes.

Since these trials were not performed according to
current clinical standards, interpreting the data is difficult.
Moreover, to say that stringent quality control and testing
were lacking in these trials is a gross understatement: in
some cases patients were inoculated with viruses from
previous patients [7, 8], or the same patients received
multiple injections of different viruses (e.g., West Nile,
Newcastle, vaccinia). The consequences from this
haphazard and uncoordinated administration in terms of
safety were predictably disastrous [9], with a high risk of
encephalitis from West Nile, Uganda, dengue, and yellow
fever.

On the other hand, adenovirus (or adenoidal-
pharyngeal-conjunctival virus as it was formerly known)
rose to prominence in cervical cancer clinical trials with a
demonstration of safety with mild flu-like symptoms being
the main adverse event [10], and apparent efficacy in the
form marked tumor necrosis or liquefaction of tumors.
However, the enthusiasm for oncolytic adenoviruses
was as short-lived [11, 12] as antitumor responses lasted
only months and did not translate into an overall survival
benefit [13] even when there was extensive necrosis
within the treated tumors [14], unlike the promising
new chemotherapy agents introduced in the 1970s.
Consequently, interest waned.

The 1970s were a heady time in oncology:
Nixon’s presidentially promoted War on Cancer [15]
in 1971 injected fresh urgency and momentum into the
discovery of clinically active molecules, resulting in an
ever-expanding therapeutic arsenal of new combination
chemotherapy regimens at the bedside which promised to
revolutionize the treatment of the disease. In the optimism
for combination chemotherapies that characterized the
zeitgeist, these hard-to-control viruses with a poor track
record were ‘mothballed’ and forgotten, leaving the field to
drift into semi-obsolescence. From foe to friend and back
to foe again, viruses were an unlikely “deus ex machina”,
having suddenly appeared on the scene as the potential
answer to cancer and then, just as suddenly, faded away

again.

The latency period lasted until the mid-1980s when,
thanks to a revolution in molecular biology, virotherapy
made a comeback with the development of adeno and
retroviral vectors for transgene delivery in different
indications including cancer [16]. However, the scientific
consensus soon oscillated from excessively optimistic to
excessively pessimistic after gene transfer, by and large,
was not effectively demonstrated. In addition, a lack of
understanding of how gene transfer vectors interacted with
the host coupled with the lack of suitable animal models to
fully understand the biology further dampened enthusiasm
[17].

In the early 2000s the field suffered yet another
setback of sorts when the worldwide rights to dl1520
(ONYX -015), a genetically engineered adenovirus with
multiple completed Phase I and Phase II trials, were sold
by Onyx to the Chinese company, Shanghai Sunway
Biotech, who halted development of the virus midway
during Phase III. This led to the mistaken impression that
ONYX -015 was an ineffective therapeutic strategy [18];
in fact, the virus likely would have met its primary overall
survival (OS) endpoint if the Phase III had been allowed
to continue. Indeed, the Chinese State Food and Drug
Administration approved H101 (Oncorine), an oncolytic
adenovirus similar to ONYX-015, for use in combination
with chemotherapy for the treatment of late-stage
refractory nasopharyngeal cancer in November, 2005 [19].
The corporate backstory [20] was that in 1995 Warner
Lambert entered into a partnership with Onyx to develop
the virus. However, in 2000, through the twists and turns
of corporate strategy, Warner Lambert merged with Pfizer
who backed out of the Onyx deal—a 40 million dollar
commitment for completion of Phase III trials—on the
basis of their skepticism about the Phase I and II clinical
trial data and lack of enthusiasm for virotherapy in general.
With the split from Warner Lambert/Pfizer and the loss of
the 40 million dollars, Onyx decided to divest itself of the
virus and cash out, focusing instead on its other partnered
asset: the tyrosine kinase inhibitor sorafenib (Nexavar®)
co-funded by Bayer and subsequently approved for
hepatocellular carcinoma (HCC) in 2005.

As it turned out, this fateful decision to sell ONY X-
015, which may have made financial sense at the time,
stigmatized virotherapy as a whole [21], despite the
seeming validation from the 2005 regulatory approval of
H101 (Oncorine), a closely related adenovirus developed
by Shanghai Sunway Biotech, for the treatment of
head and neck cancers in China. It was hard to shake
the perception of failure, whatever the actual facts, and
virotherapy was largely dismissed, overlooked or ignored
[22] until very recently when interest rebounded with the
advent of highly effective immunotherapeutic agents.
The potential for synergistic and rational combinations
of checkpoint inhibitors, radiotherapy and adoptive cell
therapy may finally mark a decisive turning point in the
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renewed interest of oncolytic viruses, due to the real
potentiation of the cellular immune response, discussed
below. Moreover, to enhance efficacy, the oncolytic
viruses may be “armed” with additional therapeutic genes
which can drive a systemic antitumor immune response.
In the meantime, multiple viruses including herpesvirus,
reovirus, polio virus, rhabdovirus, parvovirus and vaccinia
have quietly entered clinical trials [23, 24].

The ideal oncolytic virus (OV) is easily produced,
easily manipulated, selectively lytic to cancer cells,
systemically deliverable and, above all, safely
administerable with low intrinsic pathogenicity—criteria,
which, by and large, are met by adenoviridae. By contrast,
vaccinia and HSV [25] with large dsDNA genomes that
encode hundreds of proteins, require multiple deletions
for safety and specificity while retroviruses pose the
theoretical risk of insertional mutagenesis i.e. insertion of
viral genomes into the host genome.

This article reviews the biology of oncolytic
adenoviruses, summarizes the data from clinical trials
and finally explores future directions in combination
with immunotherapy. Non-adenoviral oncolytics have
also undergone extensive clinical development and
entered late-phase clinical trials, most notably herpesvirus
(talimogene laherparepvec, previously called oncovex)
[26-31], vaccinia (pexa-vec, previously JX-594), [32-36]
and reovirus (reolysin), [37-46] while others are emerging
as potential therapeutics. Our focus on adenoviruses in
this review is in no way meant to detract from their major

contributions to the field of virotherapy.

BIOLOGY OF HUMAN ADENOVIRUS

Adenovirus biology, which serves as the basis for the
rational design of conditionally replicative adenoviruses
(Ads), is briefly reviewed here. In humans, more than 50
different serotypes of adenovirus have been discovered
[47]. On the basis of sequence homology and their ability
to agglutinate red blood cells [48], these serotypes are
divided into six species or subgroups (labeled A-F), most
of which are responsible for benign respiratory tract and
gastrointestinal infections [49]. The two most commonly
described and developed for oncolytic therapy, 2 and 5
(group C), are non-oncogenic [50] since the viruses
replicate episomally (i.e., extrachromosomally) without
host genome insertion [51].

Adenoviridae are a family of icosahedral, non-
enveloped (meaning that they possess a protein capsid
instead of a lipid membrane) viruses with an approximately
30-40 kb linear double-stranded DNA genome [51]. The
capsid proteins, in particular the hexon, penton base, and
fiber, (see Figure 1) are principally responsible for host-
receptor binding primarily through the coxsackie and
adenovirus receptor (CAR) and virus internalization [52].
These capsid proteins disassemble inside the cell, resulting
in the subsequent nuclear import of the viral genome [53]
for commencement of viral transcription.

Penton

Figure 1: The major capsid proteins fiber, penton, and hexon are the principle mediators of binding to the host cell.

www.impactjournals.com/oncotarget

19978

Oncotarget



The adenovirus replicative cycle is divided into
two phases: early (E1-E4) and late (L1-L5) (See Table
1). The first expressed viral transcription unit is E1A,
which contains four highly conserved regions (CR1-CR4)
[54]. The two major E1IA mRNA gene products, 12S and
13S, have a variety of functions that include promotion
of epigenetic alterations through their interaction with
chromatin remodeling protein p400 and the histone
acetyltransferases (HATs) p300/CBP [55] and dissociation
of retinoblastoma (Rb) from its complex with E2F, which
in turn activates E2F-mediated transcription of the other
adenovirus early transcription units (E1B, E2, E3 and E4)
involved in DNA synthesis and S-phase induction [56].

E2F, the host cell transcription factor that activates
the transcription of the adenovirus E2 gene, induces
pS53-dependent apoptosis [57]. In order to allow E2F to
transcribe these viral genes while avoiding its induction
of p53-dependent apoptosis, adenoviruses produce a S5K
Elb protein which binds to p53 [58] and exports it to
the cytoplasm for degradation, thereby keeping the host
cell alive long enough for productive infection [59]. The
ONYX-015 virus, which will be discussed in more detail
later in this review, is E1B-55k-deleted [60]. In theory,
as McCormick originally postulated, that would make
it a p53-selective cancer therapy. However, McCormick
[61] and others [62]later reported that ONYX-015 [60]
replicates efficiently in p53* tumor cells [63], possibly
due to the tumors inhibiting p53 activity through other
mechanisms such as overexpression of the endogenous
p53 inhibitor, Mdm2, or the loss of pl4A%F which
downregulates Mdm?2 (Figure 2).

E1B is transcribed shortly after E1A and encodes the
55K protein, mentioned above, that inhibits the function of
p53 as well as a 19K protein, a homolog of cellular Bcel-
2, which prevents bax- and bak-mediated mitochondrial
apoptosis. The E2 region encodes three proteins required
for replication of the viral genome: DNA polymerase,
preterminal protein, and the 72-kDa single-stranded DNA-
binding protein [64].

E3, dispensable for adenoviral infection in
vitro, encodes proteins that function to subvert the
immune response. These proteins include a 19-kDa
glycoprotein (gp19) which downregulates class I major
histocompatibility complex-mediated antigen presentation
to cytotoxic T-lymphocytes, thereby preventing T cell
recognition of infected cells [65]. Three other proteins
10.4K, 14.5K, and 14.7K [66], protect cells from the lytic
effects of tumor necrosis factor-a (TNF-a)). Because E3 is
nonessential, it is often deleted to allow for insertion of
foreign DNA (approximately 3.3 kb).

E4 produces transcripts for six proteins named after
their open reading frames: ORF1, ORF2, ORF3, ORF4,
ORF6 and ORF6/7. These viral proteins are involved in
DNA replication, transcription, apoptosis, host cell protein
shutoff and regulation of cell cycle signaling [67]. ORF6
[68] cooperates with E1b-55K, discussed earlier, both to

inhibit p53 and to induce the preferential transport of viral
late mRNAs from the nucleus to the cytoplasm [69].

Late after infection, the major late promoter (MLP)
initiates transcription from the so-called major late
transcription unit [70]. Its transcripts, subdivided into five
late regions (L1-L5), mostly encode the structural proteins
needed for progeny virus, e.g. penton base (L2), hexon
(L3) and fiber (LS5) [71].

CONDITIONALLY REPLICATIVE
ADENOVIRUSES (CRADS)

From an understanding of adenoviral biology,
two broad types of replication-competent oncolytic
adenoviruses or conditionally replicative Ad (CRAds)
were developed to restrict the cytocidal effect to tumors.
The first type of CRAd involved modification of a viral
gene sequence important for efficient viral replication in
normal cells but dispensable or expendable in tumor cells
[72]. In the second type of CRAJ, tissue/tumor specific
promoters were inserted to restrict viral replication to
deregulated tumors with the ability to activate these
promoters; in normal tissues where the promoter is
inactive no viral transcription results , so infection is a
dead end. Examples include the human telomerase reverse
transcriptase (W"TERT)-regulated adenovirus [73], active
in multiple tumor types, and prostate specific antigen
(PSA)-regulated adenovirus CG7870 developed for the
treatment of prostate carcinoma [74]. Those approaches
both act after the step of viral entry into the cell: the
virus is not modified to selectively enter cancerous cells
rather than normal cells, but is modified so it cannot
carry out a productive infection to release progeny except
in cancerous cells. Modifications to the fiber protein
leading to selective entry into cancer cells have also
been described [75] and have made it into clinical trials
[76], but are generally used in combination with one of
the previously mentioned types of modification to confer
additional specificity.

As the first engineered adenovirus to enter clinical
trials, ONYX-015 is the standard bearer for the whole
CRAd field and has been closely followed by other E1b-
55k deleted viruses with similar efficacy and toxicity
profiles. This class of viruses was designed around
deletion of the 800 bp E1b-55k gene, and this was the
sole modification in ONYX-015 that did not carry any
therapeutic transgenes. In theory, lacking a functional
E1B-55 kDa for p5S3 degradation, the adenovirus should
have only replicated in cells with wild-type p53 but not
in cells where p53 was mutated or defective. In reality,
ONYX-015 replication was p53-independent, likely due
to the complexity of the p53-MDM2-p14ARF feedback
loop (see Figure 2).

In fact, as O’Shea et al have demonstrated, the
mechanism of tumor selectivity was related to the
presence of the protein Y-Box Binding Factor 1 (YB-1)
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Table 1

E = Early (before replication, <8 hours)
L = Late (after replication, >12 hours)

Gene Function

EIA Modifies the function of key host and viral regulatory proteins such as
retinoblastoma (Rb) and the chromatin remodeling protein p400

E2 Encodes the proteins for viral DNA replication

E3 Modulates host defense mechanisms

E4, E1B Progression to late phase

L1-L5 Capsid proteins

[77], variably expressed in cancer cells but not found in
normal tissue. According to O’Shea, the multifunctional
E1B-55 kDa protein mediates export of late adenoviral
mRNA in normal cells as well as p53 inhibition [77].
YBI1 substitutes for the mRNA export function of E1B-
55K only in tumors (although not all tumors are YB1"),
leading to cancer cell-restricted ONYX-015 replication.
In retrospect, this proposed mechanism of action helps
to explain the ONYX-015 clinical trial data and suggests
future strategies to optimize and improve therapeutic
outcomes.

RESULTS FROM CLINICAL TRIALS WITH
ONYX-015 (DL1520)

The advent of viral therapy brought concerns about
its safety when retroviral integration causing activation
of the proto-oncogene LMO?2 led to leukemia in patients
treated for SCID [78] and after the death of a patient

with ornithine transcarbamylase deficiency treated with
adenoviral gene therapy [79, 80]. Such dramatic adverse
events have not been observed in cancer patients treated
with adenoviruses, and lack of chromosomal integration
(and more importantly killing of infected cells) mitigates
the risks that integration entails. In Phase I and II trials,
ONYX-015 was safe and well tolerated; even at the
highest dose of 3 x 10" plaque forming units (PFU)
no dose-limiting toxicities were reached [81, 82] by
intravenous, intratumoral or hepatic artery administration.
The most common reported adverse effect was short-lived
flu-like symptoms [83].

The evaluation of efficacy was more complex.
RECIST response rates as a single agent were
disappointingly low in its trials that predated the
development of immune related response criteria for
pseudoprogressive changes. Pseudoprogression, i.e.
therapy-mediated tumor swelling, which can transiently
occur before a tumor later regresses, has been associated

E1B-55 kDa

Cell cycle arrest
Apoptosis

<— p53 F

MDM2

p1 4ARF

Figure 2: The p53-MDM2-p144%F feedback loop. MDM2 negatively regulates p53 by promoting p53 degradation. p144%F (p194RF in
the mouse) binds to and sequesters MDM2, thereby preventing MDM2 from targeting p53 for degradation while p53 negatively regulates
p14ARF expression. E1B-55kDa binds to and degrades p53. The removal of this gene in the ONYX-015 virus did not necessarily relieve p53
inhibition due to the presence of the other two components of the feedback loop in the tumor: MDM2 and p14*RF
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and recognized with the checkpoint inhibitors ipilimumab
and nivolumab [84], whole brain radiotherapy (WBRT)
[85], imatinib in GIST [86] and the Phase II pan-
epigenetic inhibitor, RRx-001 [87] where the kinetic
responses to these agents are typically slower than with
standard chemotherapy.

Similarly, Reid et al [88] reported a pattern of acute
tumor enlargement followed by regression of tumor size
after intra-hepatic injection of ONYX-015 in combination
with 5-FU/leucovorin for hepatic colorectal metastases in
11 of 24 patients (46%), suggestive of an ipilimumab-like
pseudoprogression, and predictive for improved survival
(Figure 3.) A phase II trial of talimogene laherparepvec
(then called Oncovex), an attenuated herpesvirus that
expresses GM-CSF, showed delayed responses occurring

4 Months

up to ten months after starting treatment and often
preceded by apparent tumor progression [29]. These trials
suggest that pseudoprogression may be a common theme
in oncolytic virotherapy [89].

While ONYX-015 was a pioneering agent, there
is room for potential improvement through further viral
genetic modification: E1b-55k is a multifunctional protein
with pleiotropic properties including mRNA transport
and its deletion renders the virus YB-1-dependent, which
affects replication efficiency and lytic activity since not all
tumors express YB-1. However, with an intact E1b-55k
gene, tumors remain fully permissive and susceptible to
Ad infection. For example, adenovirus 5 mutants d1922-
947 and D24, which retain E1b-55k and carry a mutation
in the conserved region 2 (CR-2) of the E1A gene that

Day 21

13 Months

Figure 3: CT scans of a patient receiving ONYX-015. This patient received treatment with ONYX-015 on days 1 and 8 and CT
scans are shown from baseline, Day 21, 4 months and 13 months. The baseline CT scan of this patient demonstrates extensive disease in
all lobes of the liver. The CT on day 21 demonstrates therapy-related enlargement of the tumor masses so-called pseudoprogression. The
patient continued with monthly treatment with ONYX-015 in combination with 5-FU/leucovorin and improvement of the tumor masses
(white arrows) was observed at 4 months. The masses (white arrows) have largely resolved by 13 months [88].
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abolishes binding of E1A to Rb protein and prevents
release of the E2F transcription factor, have demonstrated
significantly greater potency compared to ONYX-015
both in vitro and in vivo [90].

ONYX-015 has cancer-selective replication due to
the E1B-55k deletion but is otherwise unmodified, and in
particular it did not carry a therapeutic “cargo” transgene.
Other adenoviruses with various cargoes have been tested
in the clinic with varying degrees of success. But when
interpreting responses to virally delivered cytokines, one
must keep in mind that the cargo gene is not the only
immunologic factor in play. The viral packaging system
itself will elicit an innate host response even without viral
replication or even cellular expression of foreign proteins
[91, 92], and replicating viruses would stimulate the same
innate and adaptive immune response as a natural viral
infection.

While systemically administered interleukin-2 can
induce durable disease control in about 10% of treated
patients, a replication-defective adenovirus delivering
the interleukin-2 gene induced responses in some tumors
that were directly injected with the virus but not in distant
metastases [93]. In the replication-defective adenovirus
TNFerade, TNF alpha was driven by a radiation inducible
promoter to achieve high local TNF levels without
detectable levels in the blood and the associated toxicities
of systemic TNF [94]. Early phase trials of TNFerade gave
encouraging results with melanoma [95], but a phase 111
trial recently found no survival benefit in patients with
pancreatic cancer [96] and it was not established whether
the radiation inducible promoter in that non-replicating
(and therefore not strictly oncolytic) virus actually led to
significant TNF expression in patients. CD154 has shown
promise - in a phase I/Ila trial of patients with urothelial

Trough of disillusionment

AVISIBILITY
Peak of inflated expectations
Virotherap&/ comeback:
adeno and retroviral
vectors

Clinical trials with pathogenic viruses to treat cancer

carcinoma of the bladder, intravesicular adenovirus
carrying CD154 led to absence of tumor on cystectomy
in 3 out of 5 patients with high risk cancer with plans for
cystectomy, and to tumor shrinkage in 1 out of 3 patients
who had stage Ta tumors [97]. A replication-defective
adenovirus delivering a modified form of CD154 with
increased membrane stability was injected into lymph
nodes of patients with CLL, and in a dose-escalation
study it reduced lymphocytosis, lymphadenopathy, or
splenomegaly in most patients [98].

GM-CSF was identified as promising for cancer
immunotherapy in preclinical work and has emerged as the
leading cytokine in the virotherapy field. The most notable
preclinical study of GM-CSF was an in-vivo screen by
Dranoff and colleagues: tumor cell lines carrying various
immunostimulatory agents were used to immunize mice,
and vaccination with the GM-CSF expressing cells
provided the greatest protection against later engraftment
when mice were challenged with the parental tumor cell
lines [99]. Cell-mediated anti-tumor responses were seen
in humans when a replication competent tumor-selective
adenovirus was armed with GM-CSF and injected
intratumorally to patients with various metastatic cancers,
and generated MHC I dependent T-cell activity against
the tumor-associated antigen survivin while inducing
clinical responses (tumor regression or stabilization) in 7
of 15 patients [100]. ONCOS-102 (Ad5/3-D24-GMCSF)
with triple orphan status for mesothelioma, soft tissue
sarcoma and ovarian cancer in the U.S. and Europe
showed evidence of immune priming on biopsies in Phase
I clinical trials [101] (discussed below). ONCOS-102 is
similar to Ad5 D24 but with the following modifications:
1) The Ad 5 fiber knob domain has been replaced with
an Ad 3 fiber knob that binds to cells via a Coxsackie

Virotherapy comeback:
oncolytic viruses
alone and in
combination with
immunotherapies

Development of promising
adenovirus halted by Shanghai
Sunway Biotech

TIME

1950 1970

1980

o

2000 2015

Figure 4: Times are trough all over. The expectation (hype)-disappointment cycle in virotherapy. Throughout its history, oncolytic
virotherapy (OV) has been characterized by over-enthusiasm followed by pessimism and apathy when expectations were not met. With the

immunotherapy revolution interest in OV has rebounded.
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Adenovirus Receptor (CAR)-independent pathway, which
is often downregulated in advanced tumors [89] and 2)
It is armed with an immunostimulatory granulocyte-
macrophage colony stimulating factor (GMCSF) transgene
in the E3 region.

IMMUNOGENIC EFFECTS OF
VIROTHERAPY AND POTENTIAL FOR
COMBINATION WITH IMMUNOTHERAPY

One of the criticisms of OVs has been that
their efficacy is limited to directly treated tumors as
intravenously administered viruses fail to reach distant
metastatic disease due to off-target tissue trapping (e.g.
in liver or spleen) and they are rapidly cleared [102] by
neutralizing antibodies. Furthermore, the immune response
is rapidly mobilized to clear the viral infection, which on
the one hand is beneficial because it limits systemic spread
and prevents the potential for widespread toxicity, but on
the other is detrimental due to the inhibition of therapeutic
efficacy. Strategies to suppress the immune response
and rapid viral clearance include PEGylation [103], cell
or nanoparticle carriers [104], modification of the tumor
vasculature [105] and/or transient immunosuppression
[106].

Fortunately, evidence indicates that oncolytic
virotherapy, like the systemic or abscopal effects of
radiotherapy [107], is not restricted to direct tumor
cytolysis and apoptosis but also primes an immune
response against distant lesions due to cell death,
production of cytokines, and release of tumor antigens.
One editorial about oncolytic viruses posits the question,
which it doesn’t actually go on to answer, about whether
OVs are really “direct tumor killers or simply immune
adjuvants” [108]. Indeed, T cell and dendritic cell (DC)
activation and stimulation of innate and adaptive antitumor
immunity have been reported with adenovirus [109] and
other oncolytic therapies [27, 36].

For this reason, oncolytic adenoviral therapy
is particularly suitable for combination with other
immunostimulatory/immunomodulatory treatments
including cytokines, Treg-depleting chemotherapies like
cyclophosphamide, DC-based vaccines like sipuleucel-T
(Provenge®) and, of course, the checkpoint inhibitors
such as cytotoxic T-lymphocyte antigen 4 (CTLA-4) and
programmed death 1 receptor (PD-1), which “release
the brakes” on the adaptive antitumor immune response
[110]. This was demonstrated in one small trial where
metronomic cyclophosphamide, which selectively depletes
Tregs, augmented the activity of an oncolytic adenovirus
carrying GM-CSF [111], and trials combining talimogene
laherparepvec with checkpoint inhibitors are planned.

Furthermore, insertion of immunostimulatory
transgenes (e.g. ligand traps, cytokines, costimulatory
molecules etc.) from oncolytic viruses is also likely to
potentiate antitumor activity, and incorporation of GM-

CSF into viruses is now commonplace.

FUTURE DIRECTIONS

According to an ancient Arab proverb, “The
enemy of my enemy is my friend.” It is by this logic that
viruses, a threat to human welfare and existence since
time immemorial, have been conscripted to fight the
War on Cancer, due to their inherent tumor-tropic and
anticancer properties recognized since the turn of the
20" century. Through the seemingly impossible magic
of genetic engineering, a plethora of viruses have been
reengineered into weapons of (tumor) mass destruction.
Viruses are particularly inimical to cancer cells because
the immunosuppression that shields tumors from the
innate and adaptive immune system also increases
their susceptibility to pathogenic attack: like “no-go”
neighborhoods with high levels of crime that are largely
off-limits to the police, the immune-protected enclave
of the tumor allows viral replication to proceed largely
unchecked. Of the variety of infectious viral species
developed as virotherapy agents, adenoviruses have
emerged as one of the most promising because they are
intrinsically oncolytic for tumor cells while minimally
toxic to normal non-transformed cells.

Despite the potential of oncolytic adenoviruses,
especially in combination with checkpoint inhibitors or
other immunotherapy, we should learn from the boom-
bust cycles of hype and disappointment in the decades
of the 1950’s, 1960°s and 1980’s and carefully resist the
temptation to characterize these OVs as “magic bullets”
since no one strategy by itself is—or will likely ever be—
a panacea—a single “one shot” solution to the riddle,
wrapped in a mystery, inside an enigma that is cancer.
Unrealistic, unattainable expectations will inevitably lead
to disillusionment and another bursting of the bubble for
the virotherapy field (see Figure 4), which can, in turn,
undermine its potential and lead to a withdrawal of interest

or support.
Although oncolytic adenoviruses have meaningful
single agent antitumor activity, complementary

mechanisms of action and nonoverlapping toxicity
profiles make them a more ideal radiation, chemotherapy,
kinase inhibitor, and/or immunotherapy partner than a
stand-alone treatment. For example, the combination
of metronomic cyclophosphamide and the oncolytic
adenovirus, ONCOS-102, in a Phase I solid tumor trial
resulted in a significant reduction of T in the presence
of a Thl-like response—T,_ infiltration not only correlates
with poor prognosis [112] but also compromises the
efficacy of immunotherapies. Moreover, because OVs
stimulate an anti-tumor immune response, combination
with checkpoint inhibitors will undoubtedly improve
therapeutic efficacy. Several research groups including
the Reid lab are evaluating the combination of OVs with
traditional chemotherapy agents, multikinase inhibitors
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and CTLA-4 and PDI1 inhibitors.

Autophagy-inducing agents like temozolomide have
also been reported to potentiate the activity of oncolytic
viruses [113]. In addition to temozolomide, another
intriguing potential combination is with the experimental
pan-epigenetic inhibitor, radiosensitizer [114] and
autophagy inducer, RRx-001, which has demonstrated
promising activity without systemic toxicity in Phase I and
Phase II metastatic colorectal cancer and brain metastasis
(+ whole brain radiation) studies [115].

CONCLUSION

Despite the plethora of therapeutic combinations
with actual or theoretical benefit, there is room to
improve the single agent activity of adenoviruses. Tumors
overexpress growth factors, cytokines, transcription
factors, stress signals, and oncogenic stimuli, which may
supply deleted viral mutants with missing functions. The
implication of this tumor ‘helper function’ is that point
deletions of a few base pairs, rather than whole genes,
may be all that are required to impair replication in
normal tissue, while permitting near-wild-type levels of
replication and expression in cancer cells. Viruses pack
tremendous complexity into a small genome, often with
overlapping reading frames and proteins carrying out
multiple functions as exemplified by E1B-19k mediating
both p53 neutralization and RNA export. Therefore,
with regard to oncolytic adenoviral engineering, less is
more. While many oncolytic viruses carry GM-CSF as a
therapeutic gene, other approaches using different genes
are certainly possible and it is tempting to speculate
about how they could be strategically used to fight
cancer. If a checkpoint inhibitor given systemically
proves to be synergistic with an oncolytic virus, then
why not make the virus itself deliver a checkpoint
inhibitor to be produced within the tumor? The tumor
microenvironment is characterized by aberrant expression
of cytokines promoting tumor progression like TGF-f3
[116], and viruses may be a tool particularly well suited
to manipulate the tumor microenvironment itself. They
offer the possibility to produce therapeutic agents directly
within treated tumors, turning the problem of delivering
agents to a dense tumor with high interstitial pressure
completely around and leading to greater intratumoral
activity and fewer systemic side effects.

Possibilities for the future are brighter than ever:
wild-type adenoviruses, a common cause of respiratory,
diarrheal and conjunctival disease, may infect about a
billion people worldwide every year [117], but perhaps
one day not too far in the future genetically engineered
adenoviruses will treat billions more as a therapy not only
for cancer but also potentially many other diseases.
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