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Abstract Soon after the discovery that viruses cause

human disease, started the idea of using viruses to treat

cancer. After the initial indiscriminate use, crude prepara-

tions of each novel virus in the early twentieth century, a

second wave of virotherapy blossomed in the 60s with

purified and selected viruses. Responses were rare and

short-lived. Immune rejection of the oncolytic viruses was

identified as the major problem and virotherapy was

abandoned. During the past two decades virotherapy has

re-emerged with engineered viruses, with a trend towards

using them as tumor-debulking immunostimulatory agents

combined with radio or chemotherapy. Currently, oncolytic

Reovirus, Herpes, and Vaccinia virus are in late phase

clinical trials. Despite the renewed hope, efficacy will

require improving systemic tumor targeting, overcoming

stroma barriers for virus spread, and selectively stimulating

immune responses against tumor antigens but not against

the virus. Virotherapy history, viruses, considerations for

clinical trials, and hurdles are briefly overviewed.
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Viruses as a cancer cause and solution: historical

perspective

A virus that can kill tumor cells in culture or in animal

models is known as oncolytic and its use in cancer treat-

ment as virotherapy. In relation to cancer, viruses are

certainly better known as the cause in 20 % of human

cancers: Epstein Barr virus causes Burkitts lymphoma,

HPV causes cervical carcinoma, Hepatitis B and C viruses

cause hepatocellular carcinoma, and Kaposi sarcoma Her-

pes virus causes Kaposi sarcoma. In 1908 Ellerman and

Bang demonstrated that a virus caused chicken leukemias

(for a review see [1]) and in 1911 Peyton Rose demon-

strated that a filterable agent (a virus) caused chicken sar-

coma. Duran I Reyanls corroborated these results and

insisted that the filterable agent was a virus. His sentence

‘‘viruses are in the cancer problem to stay’’ has been ful-

filled. But viruses may also be in the cancer solution to

stay. The same Duran I Reynals already appreciated this

other side of the coin, the possibility to use viruses to treat

diseases, and he pioneered the therapeutic use of bacte-

riophages to treat bacterial infections. In fact, with regard

to cancer the description of the role of viruses as a solution

to cancer is much earlier than their role as a problem. In the

last years of the nineteenth century, simultaneous to the

discovery of viruses and their role in infectious diseases,

there were occasional observations that cancer could

regress in patients suffering infectious diseases of known

viral etiology [2, 3]. These tumor regressions were more

common in leukemias and lymphomas of young patients,

where the immune system was compromised. But the

regressions were very rare, incomplete, and lasted a few

days or months. In any case such observations inspired the

first attempts to use viruses to treat cancer (virotherapy)

[4]. However, virotherapy did not blossom until the

development of cell culture techniques in the mid-twentieth

century that allowed the propagation and purification of

viruses and their characterization. In the decades that fol-

lowed, many clinical trials were done with Hepatitis virus,

West Nile virus (flavivirus), Mumps virus, Coxsackie virus,

Herpesvirus, Vaccinia virus, Adenovirus, etc. Alice Moore
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initiated the use of rodent models to test and select the best

viruses for clinical trials that she next performed in col-

laboration with oncologist Chester Southam. Despite this

virus selection, the results of these trials mimicked the

results obtained 50 years earlier and summarize the con-

clusions that led to the abandonment of virotherapy in the

70s in favor of the emerging chemotherapy alternative: the

virus punched a hole in the tumor until it was cleared by

the immune system. Given the importance of the immune

system in the poor clinical results and the observation that

in immunocompetent animal models virotherapy could

result in post-oncolytic antitumor immunity, the idea of

using viruses as an immunotherapy strategy gained sup-

port, and tumor oncolysates of autologous or allogeneic

tumor cells infected with viruses were used to vaccinate

patients. Occasional and transient immune responses were

reported but eventually even this ex vivo use of viruses was

dismissed. It was not until the 90s, with the recombinant

DNA technology available to modify the virus genomes,

that a new wave of virotherapy initiated [5] with the hope

that even more selective, potent, and immunoregulatory

viruses could become a cancer therapy. In the 20th anni-

versary of this third wave, this hope still has not been

fulfilled but it seems closer than ever.

Viruses and antitumor mechanisms

For its application to cancer therapy, an oncolytic virus is

grown in permissive cell lines through multiples rounds of

infection until a large amount of virus is harvested and

purified in density gradients or chromatography columns.

The virus in solution is characterized (identity and activity

parameters) to be injected in patients via different routes

(intratumorally, intracavitally, intravenously, or intra-arte-

rial). For efficacy, the virus must reach tumor cells (tumor

targeting), start the infectious lytic cycle to lyse such cells,

and produce virus progeny able to spread through the

tumor. Selectivity for cancer cells at the entry level or

during the virus replication process is a trait of oncolytic

viruses to allow therapy without harming normal tissues.

The selective lysis of tumor cells is the first and most

obvious mechanisms of virotherapy. In theory, in the

absence of stroma barriers and antivirus immune responses

(innate and adaptive), the virus would spread until the

complete tumor mass is lysed. But clinical experience

shows short-lived and partial antitumor responses with

concomitant antivirus immunity indicating an efficient

hurdle to the virus. In fact, clinical trials have not dem-

onstrated that direct tumor cell lysis is an important me-

chanims to eliminate tumors [3]. However, the fact that

immunity eliminates the virus from the infected tumor cells

means that the strong immune suppressive environment

that characterize tumors has been modified by the virus,

hence raising the possibility of an antitumor immunother-

apy mechanism [6]. The different tropism, structure, and

life cycle of different oncolytic viruses have implications in

these two mechanisms of virotherapy.

In general terms, RNA viruses are fast-growing viruses

that replicate in the cytoplasm of infected cells (except for

retroviruses). For RNA viruses, the interferon (IFN) path-

way is central to their tumor-selective replication. Certain

cells (fibroblasts and macrophages) secrete IFNs upon

infection which bind IFN receptors on normal cells to

induce and antiviral state characterized by protein trans-

lation inhibition. Tumor cells activate the Ras/MAPK and

PI3K pathways to promote protein translation and are

resistant to the IFN effects. Thus, viruses sensitive to IFN

inhibition in normal cells will show a natural tropism to

tumor cells. Viruses can be naturally sensitive to IFN

inhibition (many RNA viruses) or can be modified genet-

ically to be sensitive to IFN if the virus proteins responsible

to counteract the IFN response are deleted. A caveat of

highly IFN-sensitive oncolytic viruses is that most tumor

cells are not completely IFN-resistant, as deduced from the

fact that these viruses only grow efficiently in a very

restricted number of cell lines in vitro (these cell lines are

used for virus production purposes).

Reovirus (orthoreovirus) is a RNA virus without lipid

envelope that replicates in the cytoplasm of the infected cell.

The virion is a capsid double protein layer icosahedra of

70 nm of diameter that contains ten molecules of double-

stranded RNA (segmented genome). Reovirus is common in

the respiratory and gastrointestinal tract of humans

(50–100 % seropositivity) but does not cause disease. The

sensitivity to IFN inhibition in normal cells may explain its

natural tropism for cancer cells, but currently neither the

virus receptor levels (mainly the junction adhesion molecule

1, JAM1) nor markers of IFN or apoptosis correlates with the

permissivity to the virus. Systemic (intravenous) adminis-

tration of Reovirus (strain 3 or dearing, known as Reolysin)

in combination with paclitaxel and carboplatin is in phase 3

trials for squamous carcinomas of the head and neck (see

Table 1 for selected clinical trials). The low activity of

Reovirus alone contrast with the clinical results obtained in

combination with chemotherapy [7], suggesting that the

sensitization to chemotherapy, likely via apoptosis, is the

main mechanism of activity, even with low virus replication.

Newcastle Disease Virus (NDV) and Measles Virus

(rubeola) are paramyxoviruses, enveloped viruses of one

negative-strand RNA as a genome. Natural strains of NDV

have been used in oncolysis due to their sensitivity to IFN.

These strains of NDV are the main non-human viruses that

still remain in vogue among many non-human viruses

tested during the 50s and 60s. NDV causes a respiratory

disease in poultry but no harm to exposed workers and the
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virus is considered safe for human application. Paramyx-

oviruses fuse cell membranes form syncytia which offers

the advantage of an antibody-resistant cell-to-cell viral

spread. However, they are halted by stroma as any other

oncolytic virus [8]. In phase I clinical trials of intrave-

nously administered NDV (strains PV701 and MTH-68/H)

it has been observed that the initial virus infusions or very

slow infusions reduce the toxicity to the virus and thus they

are used as desensitization steps to increase the doses [9,

10]. With these optimized protocols partial responses are

frequently observed and phase 2 trials are ongoing.

The vaccine strain Edmonston of Measles Virus is used

as an oncolytic virus [11]. Measles infects cells through

CD46, SLAM, and nectin 4 receptors, but the Edmonston

strain prefers CD46 and nectin 4 which are overexpressed

in tumors and thus confers tumor-selectivity additional to

the gained by its IFN sensitivity. However, higher receptor

selectivity has been achieved by modifiying the envelope H

protein with ligands such single-chain antibodies. This

strategy may help to bypass the effective virus neutraliza-

tion expected in measles-vaccinated patients, in particular

if used intravenously. Genetic modifications of NDV and

Measles to improve its imaging, oncolytic potency, spread,

and immunoregulatory properties are ongoing. For Mea-

sles, these engineered viruses have already reached phase 1

clinical trials [12].

With regard to DNA viruses, the most commonly used

in virotherapy are Herpes Simples Virus 1, Vaccinia Virus,

and Adenovirus. In general terms DNA viruses replicate in

the nucleus of infected cells (except Vaccinia Virus) and

have longer (slower) replication cycles than RNA viruses.

However, transcription of virus genes with cellular RNA

polymerase offers the possibility to control virus replica-

tion replacing virus promoters with tumor-specific pro-

moters. This strategy has been used mainly with

adenovirus, as the control of virus replication is not only

under the E1a gene, but also with Herpes virus. The

cytoplasmic replication of Vaccinia virus precludes the use

of this transcriptional targeting strategy and Vaccinina

virus tumor-selectivity is achieved by deleting genes that

enhance the nucleotide metabolism (e.g. thymidine kinase)

whose requirement is higher in tumor cells.

Herpes Simplex Virus 1 is a stranded DNA virus char-

acterized by a 152-Kb linear genome, an icosaedral capsid,

and a lipid envelope of approximately 200 nm diameter.

The infection of humans with HSV1 is very common

through saliva and skin of infected individuals, and after a

lytic spread in the epithelium they can establish life-long

latency in the innervating neurones. Eventually, virus

reactivated from such neurons can travel to skin to produce

lesions (sores) that are less severe than the initial primary

infection due to the presence of antiviral immunity. Except

in immune-suppressed patients, the infection with HSV1 is

asymptomatic or produces benign blisters that heal spon-

taneously or that can be effectively treated with nucleoside

analogs (e.g. acylovir) that target the viral thymidine kinase

(TK) enzyme. This enzyme is essential for the virus rep-

lication in non-dividing (normal) cells. The idea of using a

herpes virus deleted in the TK gene as an oncolytic virus

sparked a new era of virotherapy with viruses designed to

depend on the molecular changes that characterize cancer

cells [5]. TK is the target of the anti-herpetic drugs, but the

mutation of other virus genes needed to stimulate the

synthesis of nucleotides in normal quiescent cells (UL39 or

ICP6 gene encoding rubonucleotide reductase) was con-

sidered safe enough to allow for clinical development. The

deletion of anti-IFN genes (ICP34.5) is another strategy to

achieve tumor-selective HSV replication. ICP34.5 mutant

HSV1716 and the double ICP34.5/ICP6 mutant G207 have

been used in phase 1 clinical trials, but the double deletion

substantially reduces virus replication in most tumor cells

and the clinical activity of G207 has been much lower.

However, it has been the combination of the high repli-

cation potency of the single ICP34.5 mutants with immu-

nostimulatory strategies that has allowed clinical progress.

Oncovex-GMCSF is a HSV1 where ICP34.5 has been

replaced with the GM-CSFgene and it also contains a

mutation in the ICP47 gene encoding a protein that binds to

the transporter associated with antigen processing (TAP).

In a phase 2 clinical study in 50 patients with advanced

melanoma, repeated intratumor injections of Oncovex-

GMCSF caused complete regressions of injected and un-

injected tumors in eight patients [13]. Now this oncolytic

HSV is in phase 3 clinical trials for metastatic melanoma

and, together with reovirus Reolysin and Vaccinia virus

JX-594, leads the expectations in virotherapy.

Vaccinia Virus is a DNA virus of the poxvirus family,

characterized by a big lipid envelope (350 nm of diameter)

containing a linear double-stranded DNA of 190 Kb. This

complex virus contains its own RNA polymerase that allows

a fast replication in the cytoplasm. Vaccinia virus was used

widely until the early 70s to vaccinate against smallpox,

which is produced by a similar poxvirus (the Variola Virus).

Different strains of this virus, obtained by repeated passages

in different cells in vivo or in vitro, were used before as

vaccines and now to construct oncolytic viruses: Lister (in

UK, Africa, Asia and Oceania), Dryvax, or Wyeth (USA).

These strains are considered safe except in individuals suf-

fering from immunosuppression, cardiac disease, or atopic

dermatitis. As vaccination is no longer done since the early

70s, patients younger than 40 are expected to be naı̈ve to the

virus and superior oncolytic activity or toxicity may result.

Jennerex-594 (JX-594) derives from the Wyeth strain

modified with a TK gene deletion to allow selective repli-

cation in tumor cells, which increases safety. As Oncovex-

GMCSF, JX-594 also expresses human GM-CSF for

Clin Transl Oncol (2013) 15:182–188 185
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immunotherapy. JX-594 has demonstrated efficacy in in-

tratumoral phase 2 trials in melanoma and hepatocellular

carcinoma. However, it has focused major interest in the

virotherapy field after a phase 1 trial of intravenous

administration where it demonstrated cancer-selective and

dose-related tumor targeting and antitumor effects [14].

Phase 2 trials of intravenous JX-594 for hepatocellular

carcinoma, as well as trials with other oncolytic vaccinia

viruses (vvDD-CDSR and GL-ONC1) are ongoing.

Adenovirus is a DNA virus characterized by a linear

double-stranded genome of 36 Kb encapsidated in an ico-

sahedral capsid of 100 nm diameter without lipid envelope.

Among 52 human serotypes, type 5 is the most frequently

used in virology studies and for oncolytic development.

This virus often infects humans, with 50 % seropositivity

worldwide, causing respiratory infections and conjuncti-

vitis in children that can be severe when immunity is

compromised, such after hematopoietic stem cell trans-

plantation. In immunosuppressed patients adenovirus 5

infections causes diarrhea, trombocytopenia, transaminatis

and bone marrow failure, and can be fatal at more than

10E10 virus copies per ml of blood, suggesting the adverse

events and toxicity than can be expected from oncolytic

adenoviruses. Adenovirus was used in virotherapy soon

after being discovered [15]. In 1996, Frank Mc Kormick

and colleagues proposed the use of adenovirus mutants

unable to inactivate p53 (E1b-55K deletion mutant Onyx-

015) to target p53-defective tumor cells [16]. The use of

mutants defective in pRB-binding was later proposed to

restrict replication to tumor cells defective in the pRB

pathway [17, 18]. From the safety standpoint, adenovirus is

unique as it presents two traits that allow the design of

tumor-selectivity: i) replication in quiescent cells is highly

dependent on the inactivation of tumor-suppressor proteins

by virus early proteins, and the deletion of these functions

lead to a selectivity based on tumor-suppressor gene

defects; and ii) the transcriptional control of all virus genes

is regulated by E1a and replacing the E1a promoter with

tumor-selective promoters results in highly selective

oncolytic viruses. However, clinical trials with intravenous

or intratumoral oncolytic adenoviruses have not been suc-

cessful [19, 20]. As with Herpes and Vaccinia Virus,

arming the virus with genes for enhanced potency or

immunostimulation may be a requirement.

Considerations for clinical trials

The current third wave of virotherapy has reached the

clinical test very notoriously. Early in 2012 there were 34

clinical trials recruiting patients for oncolytic virus injec-

tions, most of them intravenously [21]. Reovirus, Vaccinia

Virus, Measles virus, Herpes Simplex virus, and

Adenovirus are leading the ranking of frequency, followed

by isolated trials recruiting for Coxsackie virus, Seneca

Valley virus, Retrovirus, Vesicular Stomatitis virus,

Poliovirus, and Parvovirus. One Reovirus (Reolysin,

Oncolytic Biotech) and one Herpes virus (Talimogene

laherparepvec or Oncovex-GMCSF, Amgen) are the two

agents most advanced in clinical development in phase 3

trials. The combination with chemotherapy is most fre-

quent. Several considerations are worth discussing for

clinical trials. Compared with other drugs, oncolytic viru-

ses show an inverse pharmacokinetics. Viruses can burst

from tumors to give secondary peaks of viremia that

indicate virus replication. These bursts of progeny can

result in delayed activity and toxicity that are not dose-

dependent. The toxicity may correlate better with the

amount of tumor cells (tumor load of the patient) than with

the initially injected dose. Therefore, it would be safer to

proceed from patients with a low tumor burden to patients

with large metastatic disease to detect possible adverse

events. In addition, the fast virus-induced tumor lysis can

result in a tumor lysis syndrome and a cytokine storm,

which are expected to correlate with the patient tumor load.

With regard to efficacy, anti-virus immune responses may

prevent the efficacy of repeated dosing, in particular upon

systemic administration. Despite this, almost all protocols

are based on repeated administrations following the

schemes of radio and chemotherapy. Immunotherapy

experience with dendritic cells or tumor antigens vaccines

shows that responses may develop eventually after multiple

ineffective rounds, indicating that sparking the proper

immune response may depend on a rare encounter of the

antigen-presenting cells and the presumably few tumor-

specific CD4 and CD8 lymphocytes. So if elicitation of an

anti-tumoral immune response is sought by arming the

oncolytic virus with stimulatory genes or tumor antigens,

repeating injections makes sense even if oncolysis is

expected to be quickly neutralized by previous virus

administrations. Such perseverance can yield responses

(complete and partial) even after 2 years of treatment [13].

As performed in most prime-boost immunotherapies,

alternating different oncolytic virus would be ideal to

stimulate immunity against the tumor in spite of the

immunity against the virus. The immune response may also

preclude the interpretation of conventional antitumor

response criteria (RECIST). For example, swelling of

metastases is a typical symptom a successful immunother-

apy and the size increase or the unveiling as metastases can

be taken as tumor progression (defined as pseudo-progres-

sion) [13, 22]. Another consideration for efficacy is the

likely synergy with chemotherapy and radiotherapy [23].

Viruses often increase sensitivity to chemo and radiother-

apy and chemo and radiotherapy increase virus replication.

This combination may thus increase clinical benefit.
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Major hurdles for clinical efficacy

Despite the hopes on the new wave of virotherapy, major

hurdles need to be overcome to achieve efficacy. Reaching

the maximum number of tumor cells via systemic admin-

istration will be a great advantage against metastatic can-

cer. Even for those who rely on immunotherapy, the local

reversion of tumor immunosuppression by the oncolytic

virus requires tumor targeting. The neutralizing interaction

with antibodies and other blood proteins and cells, and the

loss of virus through the vascular fenestrations of spleen

and liver (150 nm diameter) with the subsequent uptake by

macrophages (Kupffer cells in liver) are key to improve

virus bioavailability for tumor cells. This systemic avail-

ability is higher for Herpesvirus and Vaccinia Virus as their

envelope derive from infected cells and it has a diameter

larger than the fenestrations. Large particles compatible

with blood components show a natural tropism for tumors

due to the enhanced permeability and retention (EPR)

associated with the disorganized tumor vasculature [24].

For adenovirus, the mutation of the capsid binding sites to

blood factors and cells and to scavenger receptors on

macrophages may improve bioavailability and passive

tumor targeting [25]. However, these interactions are just

recently being characterized and a more radical solution

may be the transport of the infectious virus genome in non-

viral carriers such as liposomes, nanoparticles, or carrier

cells [26]. Non viral delivery with vectors that do not elicit

immune responses may also improve the prospects of

repeated dosing. A second key limitation is the intratu-

moral spread or dissemination of the virus. Tumors are

characterized by a stroma composed of extracellular matrix

proteins (collagen, fibronectin, laminin, fibrin, and sparc/

osteonectin), polysaccharides (proteoglycan glycosamino-

glycans such as protein-attached heparan, condroitin and

keratan sulfates, and non-proteoglycan glycosaminogly-

cans such as hyaluronan), and cells such as fibroblasts and

inflammatory cells. In contrast to the tumor targeting

problem, for intratumoral dissemination the smaller the

virus the better, with the small Picornaviruses and Cox-

sackie Viruses having a much better diffusion coefficients

than Vaccinia and Herpes Viruses. The stroma not only

precludes virus spread but also virus arrival to the tumor

via the vasculature given that the stroma, together with the

poor lymphatic drainage in tumors, increases the interstitial

pressure and generates a lymph flow against virus extrav-

asation and diffusion towards the tumor. Therefore, arming

the viruses with stroma-degrading enzymes and extending

virus permissiveness to non-tumor stromal cells is currently

actively explored to improve virus spread and virus repe-

ated delivery. However, clinical experience in the past has

indicated that the major barrier to virotherapy is the anti-

virus immune response. Although the tumor environment is

immunosuppressive, the danger signals elicited by virus

replication are so strong that virus is detected and neu-

tralized. There is hope that the lysis of tumor cells and

release of tumor antigens within the new immuno-stimu-

latory environment created by the oncolytic virus may

allow for a response against the tumor [27]. Indeed the

most clinically advanced oncolytic viruses are armed with

GM-CSF. However, clinical experience shows that while

virus rejection is usual, tumor rejection is very rare. This

may be related to the immunodominance of virus antigens

against tumor antigens [28]. Compared with virus proteins,

tumor antigens are normal proteins with minor changes,

overexpressed, or expressed out of their normal site or time

and thus, a higher immunotolerance to these proteins is

expected. As the cellular adaptive immune response focu-

ses on a few epitopes at a time, the response against the

most immunogenic or dominant epitopes precludes the

response against the rest of epitopes. General immuno-

stimulatory protocols or genes will not change the immu-

nodominance of the virus. Priming immunity against the

tumor antigen or tolerizing against the virus antigens may,

on the contrary, help to overcome the virus dominance.

Taking these delivery, spread, and immunity hurdles

into account may lead to the success of virotherapy. In the

past 20 years, we have seen a new wave of viruses

designed to replicate selectively in tumor cells and to

stimulate the immune system. In the next 10 years, we will

see capsid-modified viruses armed with matrix-degrading

and immunostimulatory genes. In the next 20 years, it is

conceivable to obtain nonviral vectors that deliver infec-

tious virus genomes encoding stroma-degrading genes and

genes that selectively enhance the immune response

against the tumor but not against the virus.
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