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Abstract: Oncolytic viruses are a promising experimental anticancer therapy currently
undergoing clinical translation. The development of oncolytic virotherapy offers a potential
solution to the elusive “one-shot” cancer cure by providing targeted therapy to selectively infect
and kill cancer cells while provoking adaptive anticancer immune responses as protection against
distant metastasis and recurrent tumor challenge. While this technology has overcome barriers to
safety and efficacy through cancer-specific targeting techniques, in order to reach full therapeutic
potential, oncolytic therapies must still overcome barriers to intratumoral delivery and spread
that result in heterogeneous intratumoral delivery and nonuniform response. This review will
discuss barriers to oncolytic virotherapy translation related to mechanisms of delivering virus
via tumor vasculature and distributing virus throughout the tumor microenvironment. Barriers
include extravasation into the tumor that is dependent on adequate blood flow, tissue perfusion,
and tumoral enhanced permeability and retention for transvascular transport. Subsequently,
virions must undergo interstitial transport against dense stromal barriers and high interstitial
fluid pressure to initiate infection. In order to achieve massive tumor regression, infection must
spread to cover large volumes of tumor mass. Furthermore, virus bioavailability is quickly
dampened upon systemic administration due to neutralization and sequestration. These barri-
ers to delivery limit the amount of virus that effectively reaches and spreads within the tumor,
forcing dose increases that impinge upon limits of production and increase possibility of adverse
events. Techniques to overcome these barriers are discussed but largely remain to be translated
into clinical use.

Keywords: oncolytic virotherapy, barriers, delivery, systemic therapy, translation

Introduction

The need for new cancer therapeutics is ever-present. Oncolytic virotherapy is an
experimental cancer therapy that commandeers the ability of a virus to cause cellular
death and incite adaptive immune responses to fight cancer. The use of oncolytic
virotherapy as a treatment for malignant tumors has been studied both preclinically
and in clinical trials. The history of oncolytic virotherapy development and clinical
trials has been extensively reviewed.'? Briefly, the field was initially sparked by case
reports of individuals with solid cancers who upon coincidental contraction of infec-
tious disease (later identified as viral infection) showed clinical remission.? The field
lost momentum around the 1970s when development was met with limited efficacy
and noncancerous tissue toxicity but has seen resurgence over the last quarter-century
due to advances in understanding of genetic engineering and biological systems.
Currently, viruses of naturally evolved or engineered cancer tropism are being used
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to specifically infect, replicate in, and kill cancer cells while
leaving neighboring healthy cells unharmed due to cancer-
specific abnormalities such as defective cellular signaling or
receptor expression.* Subsequent activation of the immune
response during viral infection leads to cross-priming of the
T-cells against tumor antigens leading to an antitumor adap-
tive immune response.>¢

There are many different types of oncolytic viruses
currently undergoing clinical trial to treat a multitude of
different late-stage refractory or recurrent cancers through
various approaches of administration and combinations with
other therapies (Table S1). Oncolytic viruses currently being
translated to clinical practice include DNA viruses: adeno-
virus, herpes simplex virus, parvovirus, and vaccinia virus,
and RNA viruses: coxsackie virus, Newcastle disease virus,
Measles virus, poliovirus, reovirus, Seneca Valley virus, and
vesicular stomatitis virus. Table S1 presents a list of clinical
trials currently registered with the National Institutes of Health
(clinicaltrials.gov), summarizing the translational status of
oncolytic viruses and demonstrating the breadth and poten-
tial of this growing field. As the first oncolytic viruses near
completion in Phase III testing, we recognize that the unique
duality of the oncolytic paradigm embodies the potential for
a one-shot cancer cure by both destroying existing tumor cells
through induction of massive tumor cell lysis and maintaining
an anticancer immune state to wipe out the total cancer cell
population and protect against recurrence.” Third-generation
oncolytic viruses now in clinical trials have improved safety
and efficacy, as they are better able to avoid off-target effects
by targeting viral infection through the use of molecular tech-
niques that allow for specific transduction, transcription, and
replication.>®° Oncolytic virotherapy also offers the ability to
target the heterogeneous tumor-cell population, including qui-
escent cancer stem cells that can be a cause of tumor resistance
and recurrence with standard therapies.!®'* Although many
early-phase clinical trials have been completed using oncolytic
virotherapies, only three have made it to Phase III testing
due to variability in efficacy (adenovirus; NCT01869088,
herpes simplex virus; NCT00169704/01368276, reovirus;
NCTO01166542; Table S1). This variability in efficacy is
matched with preclinical results that show nonuniformity of
intratumoral response to oncolytic therapies and even long-
term viral persistence within the tumor in the absence of
complete tumor response.'>'7 This identifies a clear barrier in
oncolytic virotherapy.

The benefits of these targeted therapies as single-agent
cancer therapies are only as good as the ability to adequately
deliver the virus to tumor cells. It is becoming increasingly
apparent that intratumoral virus delivery and spread is

a limiting factor in the translational success of oncolytic
virotherapies. The barrier of delivery is of special impor-
tance in the use of systemic administration, which allows for
targeted viruses to reach disseminated or numerous tumor
deposits. Currently, limited success has been seen with
systemic oncolytic virotherapy. Since the earliest reports of
intravenously administered oncolytic viruses in humans, only
five reasonably well documented complete responses to single
agent virotherapy have been achieved (Table 1). Of these
studies, detection of virus delivery to the tumor is variable.
This highlights the need to optimize delivery of systemically
administered therapy to tumor sites. Furthermore, our math-
ematical model derived to optimize oncolytic virotherapy
parameters predicts that improvements in delivery can have
large impacts on oncolytic efficacy.'® To achieve a one-shot
cure with oncolytic virotherapy, access to all tumor cells must
be maximized, requiring effective and uniform delivery of
virus to the tumor. Therefore, this review will discuss issues
pertaining to viral delivery, specifically focusing on barriers
to intratumoral dissemination that are a major impediment
to translational success.

Barriers to success

While mechanisms to efficiently target viruses to cancer
cells have been well established, the ability to effectively
and uniformly deliver the virotherapy to the site of the tumor
remains a barrier. Uniform coverage of the tumor is hindered
by infection voids, locations where virus fails to initiate
infection. Infection voids can result from inefficient delivery
or extravasation from the blood vessel or the inability to
achieve the viremic threshold necessary to seed infection.
These voids correlate with regions of tumor-cell viability
that remains after single-agent oncolytic virotherapy and
limit efficacy (Figure 1). By focusing on the path of an
individual virion en route to intratumoral infection, bar-
riers to delivery can be easily identified (Figure 2). Virus
arriving at the tumor site must first specifically extravasate
into the tumor, bearing dependence on adequate blood flow,
tissue perfusion, and tumoral enhanced permeability and
retention (EPR) for transvascular transport. Subsequently,
virions must undergo interstitial transport against dense
stromal barriers and high interstitial fluid pressure to initi-
ate infection. In order to achieve massive tumor regression,
infection must spread to cover large volumes of tumor mass.
Furthermore, virus bioavailability is quickly dampened upon
systemic administration due to neutralization by circulating
antibodies, association with factors in the blood, and seques-
tration by the mononuclear phagocytic system to the liver
and spleen. These barriers to delivery limit the amount of
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Table | Clinical trials with intravenously administered oncolytic virotherapy monotherapy show variable delivery and limited

response
Family/virus N= Delivery® PR¢ CRe Reference
Bunyaviridae
Bunyamwera 43) - 0 0 71
Hepadnaviridae
Hepatitis B 21 - ? 0 72
Flavivirdae
llheus 19 (9) Yes (3 of 4) 0 0 71
Dengue 5 - 0 0 73
West Nile virus 21 (9) No (I of 1) 0 0 71
Paramyxoviridae
Mumps 200 - ? 3 (breast, breast, Hodgkin’s) 74
Newcastle disease virus (PV701) 114 Yes 5 | (tonsillar) 75
Newcastle disease virus (HUJ) Il Yes (I of 2) 0 | (glioblastoma multiforme) 76
Reoviridae
Serotype 3 Dearing strain (Reolysin) 33 Yes (3 of 3) 0 0 77
Serotype 3 Dearing strain (Reolysin) 21 Yes (2 of 15) 0 0 78
Poxviridae
Vaccinia virus (JX-594) 23 (22) Yes (9 of 22) | 0 69
Vaccinia virus (AS) 3 - 3 0 79, 80
Vaccinia virus 19 (1) - 0 8l
Adenoviridae
Adenovirus 5 (ONYX-015) 10 Yes (I of 1) 0 0 82
Adenovirus 5 (ONYX-015) 18 No (I of 1) 0 0 83
Adenovirus 5 (CG7870) 23 - 0 0 84
Picornaviridae
Seneca Valley Virus 30 Yes (1 of 1) 0 0 85

Notes: *Number of patients in trial (number of patients assessable with intravenous administration); ®delivery indicates presence of replicating virus detected in tumor biopsy
when available (number with detectable virus of number of tumor biopsies assessed); “partial and complete response following RECIST criteria when able to determine.
? indicates magnitude of response could not be determined with information provided; - indicates unknown.

Abbreviations: CR, complete response; PR, partial response; RESIST, Response Evaluation Criteria In Solid Tumors.

virus that effectively reaches and spreads within the tumor,
forcing dose increases that impinge upon limits of good
manufacturing practice production and increase possibility
of adverse events.
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Figure | Systemically administered oncolytic virotherapy success is limited by
barriers to delivery that result in clinically relevant infection voids.

Notes: Immunofluorescent staining shows the correlation between tumor cell
viability and regions void of infection. Conversely, areas of viral infection are areas
of cell death. Shown here is a tumor section from 5TGMI murine myeloma solid
tumor from a C57Bl6/KaLwRij mouse administered IV VSV-GFP (5e7 TCID, ). Blue
Hoechst nuclear staining (A) shows viable tumor tissue and green staining (B) shows
areas of VSV infection (anti-VSV antibodies), with voids in infection marked with a
white dashed line.

Abbreviations: |V, intravenous; VSV, vesicular stomatitis virus; GFP, green fluorescent

protein; TCID, , 50% tissue culture infectious dose.
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Barriers to transvascular transport

When oncolytic virotherapy is systemically administered,
access to the tumor is achieved through the blood supply.
Delivery throughout the tumor is therefore dependent on
tumor vasculature. Initial tumoral delivery is met by barri-
ers to adequate tumor perfusion and vascular permeability
necessary to get the virus into the tumor, including irregular
blood flow, vascular occlusion, vascular organization, and
permeability.

Tumor perfusion

A cause of heterogeneous deposition is the irregularity of
blood flow due to inefficient and disorganized tumor vascu-
lature, given that the rate and distribution of blood flow deter-
mines the amount of systemically administered virus that
can reach specific regions of the tumor. Tumor vasculature
is chaotic in terms of microvessel length, diameter, spatial
distribution, and blood flow velocity and direction. Tumor
vasculature can be further impacted by growing tumor cells
and high interstitial pressure that can occlude flow and force
vessels apart, thus decreasing microvascular density.!!
The result is both spatially and temporally heterogeneous

blood perfusion throughout the tumor. Poor perfusion causes
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Figure 2 Barriers to intratumoral delivery and distribution encountered by oncolytic viruses.

Notes: Depicted here is vesicular stomatitis virus traversing from systemic administration into the tumor parenchyma. (A) Systemically administered virus is depleted by
sequestration prior to reaching tumor deposits. Distribution within the tumor is further limited by poor and heterogeneously distributed blood flow and perfusion. (B) At the
vascular wall, extravasation is limited by permeability of the vessels. High intratumoral pressure compresses tumor vasculature limiting blood flow and delivery. (C) Stromal
barriers including the extracellular matrix and densely packed cells limit diffusion of virus from the vasculature and from infected cells.

pockets of low oxygenation due to low blood flow that result
in transiently or chronically hypoxic tumor regions.”>* As
hypoxia is representative of perfusion state, it may also be
indicative of therapeutic delivery; therefore, understanding of
hypoxia is relevant to virotherapy delivery. It is known that
areas of transient or chronic hypoxic tissue occur as microre-
gions heterogeneously distributed within the tumor mass
and may be located next to areas of normal perfusion.?>*
Transient hypoxia has been well documented in tumors in
which markers of blood flow and perfusion show mismatched
delivery after administration at different time points.??7
Tracking changes in intratumoral partial oxygen pressure
also shows cyclical turnover or fluctuations in blood flow that
occur over time. Hypoxia is linked to tumor stem cell niches,
treatment resistance, and metastasizing disease, as hypoxic
tissue is a characteristically difficult target. Intriguingly, new

technologies are available to monitor and target hypoxic
regions.” Therefore, hypoxia is a clear barrier and target for
improving virus delivery.

By normalizing blood flow, the causes of spatial and
temporal hypoxia can be reduced, thereby increasing perfu-
sion throughout the entire tumor. Tumor blood flow can be
increased for the purpose of therapeutic delivery through
manipulation of the systemic vasculature. Physiological
changes include increasing blood flow or perfusion pres-
sure to the tumor by increased systemic blood pressure
(pharmacologically or through exercise). This approach is
based on the principle that irregular, poorly differentiated
tumor vasculature does not maintain blood flow volume
homeostasis like systemic vasculature does. In this way, while
systemic vasculature that is exposed to vasoconstrictors or
shear stress experiences increases in peripheral resistance and
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arteriolar blood pressure, the tumor vasculature experiences
increased perfusion pressure, resulting in increased blood
flow into the tumor.?*3! Small changes in blood flow over
short periods of time, as evidenced in multiple tumor types by
measuring tumor oxygenation, result in changes in the hypoxic
regions surrounding tumor tissue.?? If these small changes can
be therapeutically induced, they can be used advantageously
to change areas of perfusion and therefore particle deposition.
The vasoconstrictor angiotensin-1I has been used in preclinical
and clinical studies to increase tumor-specific blood flow and
intratumoral delivery of chemotherapies and macromolecular
complexes.’*3> While this idea of improving nanoparticle
delivery by influencing blood pressure during infusion was
first suggested by Matsumara and Maeda in 1986, its use with
oncolytic viruses has yet to be reported.*

Enhanced permeability and retention

Once the virus arrives at the vascular wall, it must exit the
vasculature. Passive diffusion from the circulation into the
tumor parenchyma is mediated by the enhanced permeability
and retention (EPR) effect, a phenomenon that results from
irregular, leaky tumor vasculature with enhanced permeabil-
ity and the lack of lymphatic drainage that allows for particle
retention.’®” However, the EPR effect is not consistent,
with differences in vascular pore size and abrupt changes
in tumoral blood perfusion resulting in heterogeneous accu-
mulation.?*® While passive EPR-based delivery may be
unpredictable, nanodrugs consistently accumulate within a
tumor.*® This is because the enhanced permeability is selec-
tive for particles above 40 kDa, which is far surpassed by
the average oncolytic therapy.** Beyond molecular mass, the
dimensions of current oncolytic viruses undergoing transla-
tion are important in understanding physical barriers to viral
movement (Table 2). Tumor leakiness is related to the size

Table 2 Approximate virion dimensions of oncolytic viruses
currently undergoing clinical translation

Oncolytic virus Dimension® (nm) Reference
Adenovirus 80-100 86
Herpes simplex virus 200-225 86,87
Parvovirus 25-30 88
Vaccinia virus 270-350 89
Newcastle disease virus 150-250 90
Measles virus 50-510 91
Reovirus ~70 92
Coxsackie virus ~30 93
Seneca valley virus ~30 94,95
Poliovirus ~30 96
Vesicular stomatitis virus 180-200° 97,98

Notes: *Indicates largest dimension in the case of nonspherical virion; *nonspherical,
bullet-shaped virus with a shorter dimension of 70-80 nm.”*®

of tumor vessel interendothelial pores. The size of pores in
tumor endothelium is heterogeneous and tumor dependent,
ranging from less than 1 nm to greater than 1 um, while the
endothelial gaps in healthy tissue are only ~2—6 nm in diame-
ter.213*! Endothelial gap size determines the pore cutoff size,
a functional measure of size exclusion during transvascular
transport of nanoparticles. This is important in determining
if oncolytic virotherapy is even a viable option for the tumor,
as the virus must be able to extravasate between endothelial
cells to disseminate throughout the tumor. In some tumors,
especially primary brain tumors where the pore cutoff size is
as small as 1 nm, systemically administered oncolytic viro-
therapy will be unable to deliver to the tumor.* Interestingly,
in animal models it has been shown that this pore cutoff size
can change due to location of tumor growth and to growth
conditions such as hormone depletion.*’ It should be noted
that the primary means of tumor interendothelial junction
measurements has been observation of subcutaneously
grown murine tumors of human xenografts. Although these
observations may differ compared to those seen in patients,
the distinctive discrepancy between tumor endothelium and
that of healthy tissue allows for tumor-specific pathways of
virus extravasation.

Learning how to use the EPR effect to our advantage will
assist in overcoming obstacles related to diffusion and het-
erogeneous deposition. Permeability factors such as vascular
endothelial growth factor (VEGF), bradykinin, nitric oxide,
prostaglandins, tumor necrosis factor (TNF)-o, TNF-f, and
interleukin-2 facilitate tumor-selective enhanced vascular
permeability and improved delivery of macromolecular
drugs in solid tumors.’® The use of permeability factors
may be a promising combinatorial-therapy approach for
oncolytic virotherapy. The use of VEGF has been shown to
increase vascular leakiness and increased tumor transduction
in combination with oncolytic Sindbis virus.* Intravenous
administration of TNF-o. resulted in increased permeability
and up to six-fold increase in adenovirus extravasation into
tumor tissue.** Many of these permeability factors remain to
be explored for the purposes of selectively increasing tumor
vasculature permeability and subsequent viral delivery.
Another means of increasing permeability is the induction
of transient hyperthermia. Mild hyperthermia (41°C—42°C)
has been used to increase tumor-specific extravasation of
nanoparticles to xenograft tumor models by increasing the
pore cutoff size and increasing endothelial cell gaps up to
10 um in some tumor models.**¢ Increased permeability
was maintained up to 8 hours after heating.** Hyperthermia
presents another potential means of modifying tumor
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permeability for oncolytic virotherapy delivery that has yet
to be explored.

Barriers to interstitial transport

Upon transvascular extravasation or release of progeny
from an infected tumor cell, the virions must passively dif-
fuse to uninfected tumor cells and establish infection. The
EPR effect acts as a double-edged sword for nanoparticle
distribution, since the poorly organized and leaky vascula-
ture results in unregulated extravasation that contributes to
increased interstitial fluid pressure (IFP). High IFP can cause
intratumoral vessels to collapse, which in combination with
dense tumoral extracellular matrix and lack of lymphatic
flow results in loss of convective flow throughout the tumor,
making macromolecular transport dependent on passive
diffusion.!#748 Passive diffusion is limited by the compo-
sition and organization of the tumor microenvironment,
including the dense extracellular matrix (ECM), and tight
packing of tumor and normal stromal cells such as resident
macrophages.*®** Indeed, a mathematical model developed
to provide insight into the causes of insufficient distribution
predicted that an improvement in effective diffusion coef-
ficient could result in a substantial increase in number of
infected cells.*® One way to alter the diffusion coefficient is
through degradation or manipulation of the ECM and sur-
rounding interstitial space.

Interstitial fluid pressure

High IFP affects intravenous delivery by limiting move-
ment of large molecules such as oncolytic viruses out of the
vascular bed and limiting access to the tumor core where
IFP is highest. The high pressures are comparable to that
of the microvascular pressure, causing the loss of a pres-
sure gradient necessary for convection-driven diffusion.*!
Mechanical manipulation techniques have been developed
to aid in spread against pressure gradients. Therapeutic
ultrasound can be used to enhance delivery of therapeutic
agents. Ultrasound induced inertial cavitation, which has
been shown to successfully deliver macromolecules larger
than several millimeters against pressure gradients, has been
used to enhance distribution of oncolytic adenovirus in in vitro
and in vivo models.’*> For example, focused ultrasound
increased systemically administered oncolytic adenovirus
delivery to tumor up to 50-fold when coadministered with
microbubbles for induction of inertial cavitation.>* Although
this technique increases diffusion into solid tumor, this is not
a viable option for disseminated or metastatic cancer where
location is unknown or too numerous for ultrasound targeting.

Solid stress alleviation via tumor debulking can also reduce
IFP and reduce cellular infringement upon tumor vasculature,
thereby improving virus delivery. Solid stress alleviation can
be achieved by inducing cell death to reduce crowding in the
interstitial space. The average distance between tumor cells is
approximately 20 nm, smaller than the dimension of oncolytic
viruses, therefore creating a physical barrier (Table 2). Not
only do chemotherapies and oncolytic viruses work in synergy
to enhance cancer survival, chemotherapies can actually ben-
efit tumoral virus penetration. Channels formed by the spaces
left behind by dead tumor cells independent of any ECM
alterations will allow for increased tumor penetration by virus
particles. Apoptosis-inducing chemotherapies in combination
with oncolytic virotherapy have resulted in increased spread
within tumors and synergistic antitumor effect. For example,
induction of apoptosis using chemotherapies and TNF-related
apoptosis-inducing ligand increased oncolytic herpes virus
intratumoral spread and produced a more diffuse pattern of
infection in mice with both collagen-rich and collagen-poor
mammary tumors.*®

Another approach to decrease IFP uses anti-VEGF or
other antiangiogenic therapies to reduce irregular tumor vas-
cularity and allow for tumor neovasculature normalization.
This normalization reduces hypoxia and IFP, resulting in
an intravascular—interstitial pressure gradient that allows
increased delivery of drugs to the tumor and increased survival
of patients given chemoradiotherapies.?>>’-%° This technique
has yet to be fully developed with oncolytic virotherapies,
although work with oncolytic herpes simplex virus has shown
that the order of treatment with anti-VEGF bevacizumab in
combination with virus treatment matters. While Eshun et al®'
saw an increase in overall tumor response when bevacizumab
was given prior to virus compared to either therapy alone,
a greater overall response was seen when bevacizumab was
given after virus. This may be explained by the dual role
VEGF plays in herpes simplex virus receptor expression.
Perhaps the decrease in IFP after initiation of infection
allowed for greater local spread and tumor control. However,
vascular normalization also diminishes the vascular perme-
ability necessary for extravasation. For this reason it will
be necessary to balance any improvement in virus delivery
gained by vascular normalization leading to increased tumor
penetration against the parallel loss in extravasation of mac-
romolecules due to decreased vascular permeability.®

Extracellular matrix
A major contributor to high IFP is the ECM, primarily made
up of collagen, elastic fibers, glycosaminoglycans, and
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proteoglycans, which creates a gel-like medium difficult
for viruses to traverse given that the size of viral vectors is
comparable to or larger than the ~70—100 nm space between
fibers'”2%3 (Table 2). It has been demonstrated that the greater
the fibrillar collagen content, the lower the interstitial diffu-
sion rate of macromolecules, and because of this higher colla-
gen content, a greater infusion pressure is necessary to initiate
flow into the tumor interstitium.**% The ECM composition,
and therefore the IFP, can be altered by ECM-degrading
enzymes. For instance, collagenases reduce IFP and
increase transcapillary pressure gradients, improving uptake
and distribution of immunoglobulin G in solid tumors.®
Overexpression of matrix metalloproteinases in tumors
was found to enhance convection and viral distribution.®
Recombinant viruses expressing matrix-degrading proteins
have been developed to successfully increase distribution
and penetration in solid tumors. A multitude of oncolytic

viruses in combination with or genetically engineered to
express matrix-degrading proteins — including but not
limited to bacterial collagenases, matrix metalloprotei-
nases, relaxin, hyaluronidase, and heparanase to increase
distribution, control tumor growth, and increase survival of
tumor-bearing animals — have been reviewed previously.”’
Table 3 summarizes the main matrix-degrading enzymes
used in combination with oncolytic viruses to increase
distribution of and tumor response to oncolytic viruses. As
an example, increased levels of matrix metalloproteinases
increased intratumoral virus delivery, distribution, and tumor
response to adenovirus, herpes simplex virus, and vaccinia
virus in multiple tumor models.>¢® However, the efficacy
of these approaches above traditional oncolytic virotherapy
paradigms is minimal, with the increase in delivery and distri-
bution resulting in a nonsignificant survival benefit. Further,
the associated risk of potentiating the spread of replicating

Table 3 Examples of extracellular matrix degradation techniques used in combination with oncolytic viruses in preclinical work that

increase intratumoral virus delivery and spread

Matrix-degrading Virus Results

enzyme

Reference

Collagenase Ad

Collagenase/dispase and trypsin enhanced virus infection in glioblastoma 99

multiforme-derived tumor models.

HSV Bacterial collagenase coinfection improved range of viral distribution and 100

enhanced therapeutic outcomes in human melanoma Mu98 models.

MMP Ad

AdMMP8 (nonreplicating) with Adwt300 (replicating) caused reduced tumor 101

growth in A549 and BxPC-3 xenograft tumor models.

HSV MMP-| and MMP-8 overexpression in human soft tissue sarcoma enhanced 66
virus delivery and distribution, and tumor response.
Ectopic MMP-9 increased distribution of HSV in a neuroblastoma model. 102

Vaccinia

MMP-9 increased intratumoral viral dissemination and accelerated tumor 103

regression in a PC-3 tumor model.

Relaxin Ad

Ad-expressing relaxin increased intratumoral viral distribution and 104

penetration, inhibited tumor growth, and increased survival of BI6BL6

melanoma mouse model.

Ad-expressing relaxin showed enhanced transduction and spread
throughout tumor that correlated with antitumor efficacy and overall 105

survival in metastatic tumor models.

Hyaluronidase

Heparanase

Decorin

Elastase

Ad

Ad

Ad

Ad

Relaxin-expressing Ad showed better proliferation and eliminated collagens
more effectively than Ad in OSCC models.

Coadministration of hyaluronidase and Ad resulted in greater antitumor
activity and overall survival in mice with aggressive tumors than Ad alone.
Coadministration of hyaluronidase improves antitumor activity of Ad in
xenograft tumor-bearing mice. Hyaluronidase-expressing Ad had enhanced
distribution and induced tumor regression in melanoma xenograft models.
Oncolytic Ad in combination with heparanase-expressing Ad resulted in
increased penetration in vitro and more profound antitumor effects in a
mesothelioma model.

Decorin-expressing Ad had enhanced tissue penetration, enhanced viral
spread and improved tumor reduction and survival benefit compared to
non—decorin-expressing Ad.

Macrophage metalloelastase improved overall antitumor efficacy of
oncolytic Ad in HCT | |6 xenografts.

106

107

108

109

110

Abbreviations: Ad, adenovirus; HSV, herpes simplex virus; MMP, matrix metalloproteinase; OSCC, oral squamous cell carcinoma.
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Table 4 Selected examples of strategies to reduce neutralization and sequestration of oncolytic virotherapy in preclinical work that

show increased tumoral deposition and decreased sequestration

Strategy

Mechanism

Virus

Results

Reference

Receptor
saturation™*

Surface
modification™*#

Cell carrier®!'30-132

Serum depletion

Polyinosinic acid
[poly(h]

Liposomes

Viral pre-dosing

HPMA

PEG

Liposomes

Polypeptide

Dendrimer

Mesenchymal stem
cells

Dendritic cells

T-cells

Immunosuppression
(cyclophosphamide)

Ad

MV

HSV

VsV

Ad

Ad

VsV

Ad

Ad

HSV

Ad

Ad

MV

MV

VsV

HSV

Ad

Predosing with poly(l) before Ad infection resulted in

inhibition of As expression in macrophage and Kupffer cells, increased
circulating Ad, and improved transgene expression in tissue.
Pretreatment of cells with poly(l) reduced MV expression by 99% and
50% in murine and human macrophages, respectively. Predosing of mice
with poly(l) reduced MV sequestration and enhanced delivery to ovarian
and myeloma xenograft models.

Treatment with clodronate liposomes depleted peripheral macrophages
and increased intratumoral viral titers five-fold.

Clodronate liposomes mediated elimination of marginal dendritic cells
and splenic macrophages associated with increased VSV dissemination.
Transgene expression levels from low viral doses were enhanced

by coadministering unrelated adenovirus and further enhanced by
preadministration.

HPMA coating protected against neutralizing antibodies and

complement.

HPMA coating made to be bioresponsive allowed for maintained
transduction efficiency and enhanced circulation time.

PEGylation of VSV inhibited serum neutralization and increased circulating
half-life.

PEGylation of Ad reduced uptake in the spleen and liver.

PEGylation of Ad increased circulation half-life, increased accumulation in
tumor tissue, and decreased hepatic transduction.

Conjugating Ad with high molecular weight PEG reduced hepatocyte
transduction and hepatotoxicity, detargeted Ad from Kupffer cells,
maintained tumor transduction efficiency, and increased efficacy in
hepatocellular carcinoma xenografts.

PEGylation of Ad reduced production of anti-Ad antibodies and increased
therapeutic response against metastatic cancer.

Liposome-encapsulated Ad resulted in suppressed tumor growth and
decreased distribution to liver.

HSV complexed with liposomes increased survival rates of immunized
mice bearing liver metastases.

Noncovalent polypeptide coating of Ad reduced antigenicity and facilitated
gene transfer by shielding from neutralizing antibodies and blood factors.
Poly(amido amine)—dendrimer coating enhanced Ad transduction efficiency
in the presence of neutralizing antibodies.

Efficient liver detargeting and tumor retargeting of Ad after coating with
dendrimer was shown.

Dendrimer-coated Ad reduced liver pooling and hepatotoxicity and
increased transduction efficiency in peripheral xenograft tumors.

Survival of measles-immune mice bearing SKOV3 ovarian tumor
xenografts was enhanced by MV-infected MSC but not by naked virus or
uninfected MSC. MSC allowed for infection of target cells in the presence
of high-titer anti-measles antibody.

Carrier-delivered MV infection prevented accumulation of pleural
exudate and improved survival of MDA-MB-231 malignant pleural effusion
xenograft model.

Delivery to Bl6éova tumors and antitumor efficacy of VSV by preloaded
T-cells is better than systemically administered VSV alone in the presence
of neutralizing antibodies.

Cyclophosphamide pretreatment inhibited HSV-induced infiltration of
immune cells allowing increased intratumoral spread and oncolysis.

The combination of high-dose cyclophosphamide with recombinant
adenovirus inhibited neutralizing antibody formation and increased
intratumoral virus replication and transgene expression.
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Table 4 (Continued)

Strategy Mechanism Virus Results Reference
MV Immunosuppression with cyclophosphamide slowed the appearance of 138

neutralizing antibodies and enhanced oncolytic efficacy of recombinant
MV in an immunocompetent model.

Cobra venom factor ~ HSV Complement depletion using cobra venom factor facilitates infection of 139
tumor cells by systemically administered HSV.

Anticoagulants Ad Warfarin used to block blood factor-dependent virus neutralization 140

(warfarin) reduced transgene expression in the liver and decreased hepatotoxicity.

Warfarin combined with Kupffer cell depletion resulted in reduced tumor
growth and prolonged survival of tumor bearing animals treated with

adenovirus.

Note: *Reviewed extensively elsewhere with review citations included; selected examples chosen for illustrative purposes.
Abbreviations: Ad, adenovirus; HPMA, N-(2-hydroxypropyl)methacrylamide; HSV, herpes simplex virus; MSC, mesenchymal stem cells; MV, measles virus; MMP, matrix

metalloproteinase; PEG, polyethylene glycol; VSV, vesicular stomatitis virus.

viruses must be closely monitored as these techniques con-
tinue to be developed.

Other translational barriers

Administration, extravasation,

and immune modulation

Routes of administration must also be addressed, as they
can affect initial viral delivery. Current routes of virus
administration include intravenous administration, intratu-
moral injection, and regional delivery including intracavitary,
intrapleural, intraperitoneal, and regional perfusion. While
intratumoral or regional administration offer increased deliv-
ery specificity, this type of delivery is limited to local spread
in the absence of secondary viremia and requires tumors to
be injectable, making disseminated disease or metastases dif-
ficult targets. Intravenous administration allows for systemic
delivery of the virus and is therefore a necessary focus for
optimization of the one-shot cure. Systemic administration
depends on the ability of the virus to traverse the vascular
barrier at sites of tumor growth while evading neutralization
and sequestration. Whereas virion size plays a large role in
the ability of the virus to traverse the physical barriers pri-
marily focused on in this review, it should be noted that the
physical size of the virion is not the determining factor in
oncolytic virotherapy efficacy, which is also dependent on
factors such as receptor availability, the ability of tumors to
support virus infection, and immune status. Viruses are prone
to neutralization by pre-existing antibodies, complement
proteins, and coagulation and other serum factors that lead
to opsonization. Recognition by the mononuclear phagocyte
system, including splenic macrophages and hepatic Kupffer
cells, results in phagocytosis and rapid clearance from
circulation and can result in liver toxicity.**® Approaches
to reduce neutralization and sequestration include serum
depletion, saturation of the mononuclear phagocyte system

and other virus recognition systems, shielding of viruses
through engineered coats or surface modifications, and the
use of cell carriers to protect and transport therapies to tumor
sites. Many strategies to reduce neutralization and sequestra-
tion have been employed in preclinical testing and reviewed
previously.* Table 4 highlights successful strategies used in
the oncolytic virotherapy field to eliminate binding, increase
persistence in circulation, reduce sequestration, and improve
tumor transduction. Barriers to transvascular transport must
be remembered when any type of shielding of the virus is
used, as shielding can increase particle dimensions and
thereby limit extravasation. Similarly, immune depletion
used prior to virotherapy to increase delivery could limit
the efficacy of the subsequent immunotherapeutic phase of
oncolytic virotherapy. It is therefore necessary to balance
improvement in delivery with potential losses in efficacy as
these techniques continue to be developed.

Overcoming the barriers placed by the immune system
and taking advantage of viral-initiated antitumor immunity
will be critical to the success of systemic virotherapy and
has been extensively reviewed.’ Because the role of the host
antiviral and virus-initiated antitumor immune response in
the therapeutic outcome of oncolytic virotherapies is another
potential barrier to translation, it will be briefly discussed
here. The host antiviral immune response decreases the
amount of virus available to establish intratumoral infec-
tion. As discussed previously, soluble immune mediators,
along with nonspecific blood-factor binding and nonspecific
extravasation, limit viral efficacy following systemic delivery
by reducing the bioavailability of the therapy. However, immu-
nosuppression that accompanies cancer or the induction of an
immunosuppressed state may both aid and prevent oncolytic
efficacy. Thus, immunosuppression leads to enhanced virus
delivery and more extensive intratumoral virus spread, but at
the same time it limits cross-priming of the immune system,
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Table 5 Stages of oncolytic virotherapy delivery with barriers that limit therapeutic efficacy

Location Stages of delivery

Barrier Solutions

Systemic circulation I. Systemic administration

Tumor vasculature 2. Delivery via circulating blood

. Extravasation at vascular wall

A W

Tumor microenvironment
parenchyma

. Dissemination throughout tumor

Sequestration Saturate receptors

Neutralization Surface modification

Poor perfusion Target circulation

EPR Target permeability
ECM Degrade matrix
IFP Debulk, pressure gradients

Note: Preclinical work has offered potential solutions to each barrier in order to increase intratumoral delivery, distribution, and efficacy of oncolytic virotherapy.
Abbreviations: ECM, extracellular matrix; EPR, enhanced permeability and retention; IFP, interstitial fluid pressure.

thereby reducing any immunotherapeutic benefit gained from
the therapy. However, cross-priming of the antitumor immune
response after oncolytic virus administration may be more
the exception than the rule, and the host immune response may
remain completely focused on the virus, not seeing the tumor
antigens at all. Therefore, viral immunodominance may be
an important obstacle to effective oncolytic immunotherapy.
Considerable additional research in this area is needed.

Dose and manufacturing

As oncolytic therapies approach approval through late-phase
clinical trials, focus must also be placed on issues of transla-
tion outside of safety and therapeutic efficacy. These include
the production and cost bottleneck. In order to achieve a
clinically relevant infection, viral delivery must exceed the
threshold necessary to establish infection. As seen in the Phase
I clinical trial of intravenously administered JX-594, virus was
recoverable from tumor biopsies only at doses above 10° infec-
tious units, demonstrating that tumoral deposition and most
likely destruction is dose dependent.** Since delivery is dose
dependent, current delivery barriers severely drive dose up,
impinging on the limits of production capability. Currently,
production facilities that employ good manufacturing practice
have the capability to produce high-titer virus preparations,
but it is costly and time intensive. Manufacture requires high-
grade purification techniques to remove cellular proteins and
nucleic acid contaminants while maintaining gentle conditions
for shear-sensitive viruses such as measles virus.” With the
idea that more virus delivered to the tumor will lead to more
tumor infected, we can actively seek to maximize efficacy of
current doses or even decrease the dose required by optimiz-
ing the current barriers that stand in the way of therapeutic
efficacy, namely, deficiencies in delivery and distribution that
result in nonuniform response.

Public acceptance
Perhaps unique to oncolytic viruses are other areas of safety
that must be addressed, including pre-existing immunity,

pathogenicity, and transmission. The idea of a replicating
therapy is bound to bring controversy and apprehension
to public acceptance. While certain genetic modifications
provide built-in mechanisms of protection against infectious
outbreaks by increasing tumor specificity and reducing the
ability for the virus to spontaneously revert to a harmful
strain, modifications such as matrix-degrading enzymes may
have contradicting effects that increase likelihood of extra-
tumoral dissemination of replicating viruses. It is difficult to
tell what public perception of oncolytic virotherapies will be,
as there are currently no therapies approved by the US Food
and Drug Administration and little knowledge in the general
public. It can be predicted that public acceptance of the use
of replicating virotherapy will be met with hesitation, similar
to that seen with the use of viruses for gene therapies and
vaccines. However, patient acceptability and adherence may
be improved compared to standard anticancer regimens as the
field of oncolytics moves towards a one-shot cure that will
reduce the need for repeat dosing and hospital stays.

Conclusion

Oncolytic viruses present a new paradigm in cancer treat-
ment that allows for selective cancer-cell killing with
built-in maintenance mechanisms to protect against tumor
recurrence and to target distant metastases. As the technol-
ogy advances along the path of translation, we are learning
that although oncolytic virotherapy has shown efficacy in
early-phase clinical trials, oncolytic virotherapies are still
limited by deficiencies in tumor coverage. By looking at
the specific path that is taken by a virion after systemic
administration, we have elucidated key barriers to uniform
delivery and distribution throughout the tumor, including
sequestration and neutralization prior to reaching the tumor
site, homogeneous distribution via the tumor circulation
followed by transvascular transport, and interstitial trans-
port to establish sites of infection, summarized in Table 5.
Preclinical work has been done to address many of the bar-
riers pertaining to stages of delivery and shows potential
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to overcome barriers to uniform delivery. Many of these
techniques, however, have yet to be translated or used in
current oncolytic virotherapy clinical trials (Table S1). This
highlights a translational gap that will need to be addressed
as this field seeks to optimize virotherapies. Taking the
insight learned in preclinical and early-phase clinical trials
regarding variable response rates matched with nonuniform
therapeutic distribution, extensive work has been done
to improve the delivery and spread of oncolytic viruses
throughout the tumor. Knowledge of the delivery barriers
and techniques to overcome them is the first step in translat-
ing a truly optimized oncolytic virotherapy.

Acknowledgments
Amber C Miller is the Mayo Clinic Gary and Anita Klesch
Predoctoral fellow.

Disclosure

Stephen J Russell is Chief Manager of ImaNIS Life Sciences,
LLC. The authors report no other conflicts of interest in
this work.

References

1. Kelly E, Russell SJ. History of oncolytic viruses: genesis to genetic
engineering. Mol Ther. 2007;15(4):651-659.

2. Liu TC, Galanis E, Kirn D. Clinical trial results with oncolytic
virotherapy: a century of promise, a decade of progress. Nat Clin Pract
Oncol. 2007;4(2):101-117.

3. Dock G. The influence of complicating diseases upon leukemia. Am J
Med Sci. 1904;127(4):563-592.

4. Russell SJ, Peng KW, Bell JC. Oncolytic virotherapy. Nat Biotechnol.
2012;30(7):658-670.

5. Prestwich RJ, Harrington KJ, Pandha HS, Vile RG, Melcher AA,
Errington F. Oncolytic viruses: a novel form of immunotherapy. Expert
Rev Anticancer Ther. 2008;8(10):1581-1588.

6. Tong AW, Senzer N, Cerullo V, Templeton NS, Hemminki A,
Nemunaitis J. Oncolytic viruses for induction of anti-tumor immunity.
Curr Pharm Biotechnol. 2012;13(9):1750-1760.

7. Naik S, Nace R, Federspiel MJ, Barber GN, Peng KW, Russell SJ.
Curative one-shot systemic virotherapy in murine myeloma. Leukemia.
2012;26(8):1870-1878.

8. Cattaneo R, Miest T, Shashkova EV, Barry MA. Reprogrammed viruses
as cancer therapeutics: targeted, armed and shielded. Nat Rev Microbiol.
2008;6(7):529-540.

9. Naik S, Russell SJ. Engineering oncolytic viruses to exploit tumor
specific defects in innate immune signaling pathways. Expert Opin
Biol Ther. 2009;9(9):1163-1176.

10. Bonnet D, Dick JE. Human acute myeloid leukemia is organized as a
hierarchy that originates from a primitive hematopoietic cell. Nat Med.
1997;3(7):730-737.

11. Dean M, Fojo T, Bates S. Tumour stem cells and drug resistance.
Nat Rev Cancer. 2005;5(4):275-284.

12. Gerlinger M, Rowan AJ, Horswell S, et al. Intratumor heterogeneity
and branched evolution revealed by multiregion sequencing. N Engl J
Med. 2012;366(10):883-892.

13. Markman JL, Rekechenetskiy A, Holler E, Ljubimova JY. Nanomedicine
therapeutic approaches to overcome cancer drug resistance. Adv Drug
Deliv Rev. 2013;65(13-14):1866—1879.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

. Park CH, Bergsagel DE, McCulloch EA. Mouse myeloma tumor stem

cells: a primary cell culture assay. J Natl Cancer Inst. 1971;46(2):
411-422.

. Harrison D, Sauthoff H, Heitner S, Jagirdar J, Rom WN, Hay JG. Wild-

type adenovirus decreases tumor xenograft growth, but despite viral
persistence complete tumor responses are rarely achieved — deletion
of the viral E1b-19-kD gene increases the viral oncolytic effect.
Hum Gene Ther. 2001;12(10):1323-1332.

. Sauthoff H, Hu J, Maca C, et al. Intratumoral spread of wild-type

adenovirus is limited after local injection of human xenograft tumors:
virus persists and spreads systemically at late time points. Hum Gene
Ther. 2003;14(5):425-433.

. Yun CO. Overcoming the extracellular matrix barrier to improve

intratumoral spread and therapeutic potential of oncolytic virotherapy.
Curr Opin Mol Ther. 2008;10(4):356-361.

. Bailey K, Kirk A, Naik S, et al. Mathematical model for radial expan-

sion and conflation of intratumoral infectious centers predicts curative
oncolytic virotherapy parameters. PLoS One. 2013;8(9):e73759.

. Jain RK. Determinants of tumor blood flow: a review. Cancer Res.

1988;48(10):2641-2658.

Jain RK. Normalizing tumor microenvironment to treat cancer: bench
to bedside to biomarkers. J Clin Oncol. 2013;31(17):2205-2218.
Wang Y, Yuan E. Delivery of viral vectors to tumor cells: extracel-
lular transport, systemic distribution, and strategies for improvement.
Ann Biomed Eng. 2006;34(1):114—127.

Cardenas-Navia LI, Mace D, Richardson RA, Wilson DF, Shan S,
Dewhirst MW. The pervasive presence of fluctuating oxygenation in
tumors. Cancer Res. 2008;68(14):5812-5819.

Dewhirst MW. Relationships between cycling hypoxia, HIF-1,
angiogenesis and oxidative stress. Radiat Res. 2009;172(6):653-665.
Dewhirst MW, Ong ET, Braun RD, et al. Quantification of longitudinal
tissue pO2 gradients in window chamber tumours: impact on tumour
hypoxia. BrJ Cancer. 1999;79(11-12):1717-1722.

Hockel M, Vaupel P. Tumor hypoxia: definitions and current clinical,
biologic, and molecular aspects. J Natl Cancer Inst. 2001;93(4):
266-276.

Sutherland RM. Cell and environment interactions in tumor microregions:
the multicell spheroid model. Science. 1988;240(4849):177—-184.
Brown JM. Evidence for acutely hypoxic cells in mouse tumours, and
a possible mechanism of reoxygenation. Br J Radiol. 1979;52(620):
650-656.

Chaplin DJ, Durand RE, Olive PL. Acute hypoxia in tumors:
implications for modifiers of radiation effects. Int J Radiat Oncol Biol
Phys. 1986;12(8):1279-1282.

Busk M, Horsman MR. Relevance of hypoxia in radiation oncology:
pathophysiology, tumor biology and implications for treatment. Q J
Nucl Med Mol Imaging. 2013;57(3):219-234.

Tozer GM, Shaffi KM. Modification of tumour blood flow using
the hypertensive agent, angiotensin II. Br J Cancer. 1993;67(5):
981-988.

Nagamitsu A, Greish K, Maeda H. Elevating blood pressure as a strategy
to increase tumor-targeted delivery of macromolecular drug SMANCS:
cases of advanced solid tumors. Jpn J Clin Oncol. 2009;39(11):
756-766.

Hattori Y, Ubukata H, Kawano K, Maitani Y. Angiotensin Il-induced
hypertension enhanced therapeutic efficacy of liposomal doxorubicin
in tumor-bearing mice. /nt J Pharm. 2011;403(1-2):178-184.

Suzuki M, Hori K, Abe I, Saito S, Sato H. A new approach to can-
cer chemotherapy: selective enhancement of tumor blood flow with
angiotensin 1. J Natl Cancer Inst. 1981;67(3):663—669.

Li CJ, Miyamoto Y, Kojima Y, Maeda H. Augmentation of tumour
delivery of macromolecular drugs with reduced bone marrow delivery
by elevating blood pressure. Br J Cancer. 1993;67(5):975-980.
Maeda H, Nakamura H, Fang J. The EPR effect for macromolecular
drug delivery to solid tumors: Improvement of tumor uptake, lowering
of systemic toxicity, and distinct tumor imaging in vivo. Adv Drug Deliv
Rev. 2013;65(1):71-79.

Virus Adaptation and Treatment 2014:6

submit your manuscript 21

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Miller and Russell

Dove

36. Matsumura Y, Maeda H. A new concept for macromolecular
therapeutics in cancer chemotherapy: mechanism of tumoritropic accu-
mulation of proteins and the antitumor agent smancs. Cancer Res. 1986;
46(12 Pt 1):6387-6392.

37. Fang J, Nakamura H, Maeda H. The EPR effect: Unique features of
tumor blood vessels for drug delivery, factors involved, and limita-
tions and augmentation of the effect. Adv Drug Deliv Rev. 2011;63(3):
136-151.

38. Prabhakar U, Maeda H, Jain RK, et al. Challenges and key considerations
of the enhanced permeability and retention effect for nanomedicine drug
delivery in oncology. Cancer Res. 2013;73(8):2412-2417.

39. Hashizume H, Baluk P, Morikawa S, et al. Openings between defective
endothelial cells explain tumor vessel leakiness. Am J Pathol.
2000;156(4):1363-1380.

40. Hobbs SK, Monsky WL, Yuan F, et al. Regulation of transport pathways
in tumor vessels: role of tumor type and microenvironment. Proc Natl
Acad Sci U S 4. 1998;95(8):4607-4612.

41. Fox ME, Szoka FC, Fréchet JM. Soluble polymer carriers for the
treatment of cancer: the importance of molecular architecture.
Acc Chem Res. 2009;42(8):1141-1151.

42. Yuan F, Salehi HA, Boucher Y, Vasthare US, Tuma RF, Jain RK.
Vascular permeability and microcirculation of gliomas and mammary
carcinomas transplanted in rat and mouse cranial windows. Cancer
Res. 1994;54(17):4564-4568.

43. TsengJC, Granot T, DiGiacomo V, Levin B, Meruelo D. Enhanced specific
delivery and targeting of oncolytic Sindbis viral vectors by modulating
vascular leakiness in tumor. Cancer Gene Ther. 2010;17(4):244-255.

44. Seki T, Carroll F, Illingworth S, et al. Tumour necrosis factor-alpha
increases extravasation of virus particles into tumour tissue by activat-
ing the Rho A/Rho kinase pathway. J Control Release. 2011;156(3):
381-389.

45. Kong G, Braun RD, Dewhirst MW. Hyperthermia enables tumor-specific
nanoparticle delivery: effect of particle size. Cancer Res. 2000;60(16):
4440-4445.

46. LiL, ten Hagen TL, Bolkestein M, et al. Improved intratumoral nano-
particle extravasation and penetration by mild hyperthermia. J Control
Release. 2013;167(2):130-137.

47. Padera TP, Stoll BR, Tooredman JB, Capen D, di Tomaso E, Jain RK.
Pathology: cancer cells compress intratumour vessels. Nature.
2004;427(6976):695.

48. Carlisle R, Coussios CC. Mechanical approaches to oncological drug
delivery. Ther Deliv. 2013;4(10):1213-1215.

49. Netti PA, Berk DA, Swartz MA, Grodzinsky AJ, Jain RK. Role of
extracellular matrix assembly in interstitial transport in solid tumors.
Cancer Res. 2000;60(9):2497-2503.

50. Mok W, Stylianopoulos T, Boucher Y, Jain RK. Mathematical modeling
of herpes simplex virus distribution in solid tumors: implications for
cancer gene therapy. Clin Cancer Res. 2009;15(7):2352-2360.

51. BoucherY, Baxter LT, Jain RK. Interstitial pressure gradients in tissue-
isolated and subcutaneous tumors: implications for therapy. Cancer
Res. 1990;50(15):4478-4484.

52. Bazan-Peregrino M, Arvanitis CD, Rifai B, Seymour LW, Coussios CC.
Ultrasound-induced cavitation enhances the delivery and therapeutic
efficacy of an oncolytic virus in an in vitro model. J Control Release.
2012;157(2):235-242.

53. Bazan-Peregrino M, Rifai B, Carlisle RC, et al. Cavitation-enhanced
delivery of a replicating oncolytic adenovirus to tumors using focused
ultrasound. J Control Release. 2013;169(1-2):40—47.

54. Rifai B, Arvanitis CD, Bazan-Peregrino M, Coussios CC. Cavitation-
enhanced delivery of macromolecules into an obstructed vessel. J Acoust
Soc Am. 2010;128(5):EL310-EL315.

55. Carlisle R, Choi J, Bazan-Peregrino M, et al. Enhanced tumor uptake
and penetration of virotherapy using polymer stealthing and focused
ultrasound. J Natl Cancer Inst. 2013;105(22):1701-1710.

56. Nagano S, Perentes JY, Jain RK, Boucher Y. Cancer cell death enhances
the penetration and efficacy of oncolytic herpes simplex virus in tumors.
Cancer Res. 2008;68(10):3795-3802.

57.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Dickson PV, Hamner JB, Sims TL, et al. Bevacizumab-induced
transient remodeling of the vasculature in neuroblastoma xenografts
results in improved delivery and efficacy of systemically administered
chemotherapy. Clin Cancer Res. 2007;13(13):3942-3950.

. Gerstner ER, Duda DG, di Tomaso E, et al. VEGF inhibitors in the

treatment of cerebral edema in patients with brain cancer. Nat Rev Clin
Oncol. 2009;6(4):229-236.

Sorensen AG, Emblem KE, Polaskova P, et al. Increased survival of
glioblastoma patients who respond to antiangiogenic therapy with
elevated blood perfusion. Cancer Res. 2012;72(2):402—-407.

Tong RT, Boucher Y, Kozin SV, Winkler F, Hicklin DJ, Jain RK.
Vascular normalization by vascular endothelial growth factor receptor 2
blockade induces a pressure gradient across the vasculature and improves
drug penetration in tumors. Cancer Res. 2004;64(11):3731-3736.
Eshun FK, Currier MA, Gillespie RA, Fitzpatrick JL, Baird WH,
Cripe TP. VEGF blockade decreases the tumor uptake of systemic
oncolytic herpes virus but enhances therapeutic efficacy when given
after virotherapy. Gene Ther. 2010;17(7):922-929.

Zhang Q, Bindokas V, Shen J, Fan H, Hoffman RM, Xing HR. Time-
course imaging of therapeutic functional tumor vascular normalization
by antiangiogenic agents. Mol Cancer Ther.2011;10(7):1173-1184.
Xu X, Sabanayagam CR, Harrington DA, Farach-Carson MC, Jia X.
A hydrogel-based tumor model for the evaluation of nanoparticle-based
cancer therapeutics. Biomaterials. 2014;35(10):3319-3330.

McGuire S, Zaharoff D, Yuan F. Nonlinear dependence of hydraulic
conductivity on tissue deformation during intratumoral infusion.
Ann Biomed Eng. 2006;34(7):1173-1181.

Eikenes L, Bruland @S, Brekken C, Davies Cde L. Collagenase
increases the transcapillary pressure gradient and improves the uptake
and distribution of monoclonal antibodies in human osteosarcoma
xenografts. Cancer Res. 2004;64(14):4768-4773.

Mok W, Boucher Y, Jain RK. Matrix metalloproteinases-1 and -8
improve the distribution and efficacy of an oncolytic virus. Cancer
Res. 2007;67(22):10664—10668.

Smith E, Breznik J, Lichty BD. Strategies to enhance viral penetration
of solid tumors. Hum Gene Ther. 2011;22(9):1053-1060.

Underhill DM, Ozinsky A. Phagocytosis of microbes: complexity in
action. Annu Rev Immunol. 2002;20:825-852.

Breitbach CJ, Burke J, Jonker D, et al. Intravenous delivery of a multi-
mechanistic cancer-targeted oncolytic poxvirus in humans. Nature.
2011;477(7362):99-102.

Langfield KK, Walker HJ, Gregory LC, Federspiel MJ. Manufacture
of measles viruses. Methods Mol Biol. 2011;737:345-366.

Southam CM, Moore AE. West Nile, Ilheus, and Bunyamwera virus
infections in man. Am J Trop Med Hyg. 1951;31(6):724-741.

Hoster HA, Zanes RP Jr, Von Haam E. Studies in Hodgkin’s syndrome;
the association of viral hepatitis and Hodgkin’s disease; a preliminary
report. Cancer Res. 1949;9(8):473-480.

ERF LA. Human leukemia, with emphasis upon recent therapeutic
experiences. Pa Med J. 1950;53(11):1172-1181.

Okuno Y, Asada T, Yamanishi K, et al. Studies on the use of mumps
virus for treatment of human cancer. Biken J. 1978;21(2):37-49.
Lorence RM, Pecora AL, Major PP, et al. Overview of phase I studies
of intravenous administration of PV701, an oncolytic virus. Curr Opin
Mol Ther. 2003;5(6):618-624.

Freeman Al, Zakay-Rones Z, Gomori JM, et al. Phase I/II trial of
intravenous NDV-HUIJ oncolytic virus in recurrent glioblastoma
multiforme. Mol Ther. 2006;13(1):221-228.

Vidal L, Pandha HS, Yap TA, et al. A phase I study of intravenous
oncolytic reovirus type 3 Dearing in patients with advanced cancer.
Clin Cancer Res. 2008;14(21):7127-7137.

Galanis E, Markovic SN, Suman V], et al. Phase II trial of intra-
venous administration of Reolysin(*) (Reovirus Serotype-3-
dearing Strain) in patients with metastatic melanoma. Mol Ther.
2012;20(10):1998-2003.

Kawa A, Arakawa S. The effect of attenuated vaccinia virus AS strain on
multiple myeloma; a case report. Jpn J Exp Med. 1987;57(1):79-81.

22 submit your manuscript

Dove

Virus Adaptation and Treatment 2014:6


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Barriers to translational advancement of oncolytic virotherapy

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Arakawa S Jr, Hamami G, Umezu K, Kamidono S, Ishigami J, Arakawa S.
Clinical trial of attenuated vaccinia virus AS strain in the treatment of
advanced adenocarcinoma. Report on two cases. J Cancer Res Clin
Oncol. 1987;113(1):95-98.

Hunter-Craig I, Newton KA, Westbury G, Lacey BW. Use of vaccinia
virus in the treatment of metastatic malignant melanoma. Br Med J.
1970;2(5708):512-515.

Nemunaitis J, Cunningham C, Buchanan A, et al. Intravenous infusion
of a replication-selective adenovirus (ONYX-015) in cancer patients:
safety, feasibility and biological activity. Gene Ther. 2001;8(10):
746-759.

Hamid O, Varterasian ML, Wadler S, et al. Phase II trial of intravenous
CI-1042 in patients with metastatic colorectal cancer. J Clin Oncol.
2003;21(8):1498-1504.

Small EJ, Carducci MA, Burke JM, et al. A phase I trial of
intravenous CG7870, a replication-selective, prostate-specific
antigen-targeted oncolytic adenovirus, for the treatment of hormone-
refractory, metastatic prostate cancer. Mol Ther. 2006;14(1):
107-117.

Rudin CM, Poirier JT, Senzer NN, et al. Phase I clinical study of
Seneca Valley Virus (SVV-001), a replication-competent picornavirus,
in advanced solid tumors with neuroendocrine features. Clin Cancer
Res. 2011;17(4):888-895.

Hermens WT, Verhaagen J. Viral vectors, tools for gene transfer in the
nervous system. Prog Neurobiol. 1998;55(4):399-432.

Griinewald K, Desai P, Winkler DC, et al. Three-dimensional structure
of herpes simplex virus from cryo-electron tomography. Science.
2003;302(5649):1396-1398.

Meng G, Zhang X, Plevka P, Yu Q, Tijssen P, Rossmann MG. The struc-
ture and host entry of an invertebrate parvovirus. J Virol. 2013;87(23):
12523-12530.

Smith SA, Kotwal GJ. Immune response to poxvirus infections in
various animals. Crit Rev Microbiol. 2002;28(3):149-185.

Sinkovics JG, Horvath JC. Newcastle disease virus (NDV): brief history
of its oncolytic strains. J Clin Virol. 2000;16(1):1-15.

Liljeroos L, Huiskonen JT, Ora A, Susi P, Butcher SJ. Electron
cryotomography of measles virus reveals how matrix protein coats
the ribonucleocapsid within intact virions. Proc Natl Acad Sci U S A.
2011;108(44):18085-18090.

Kapikian AZ, Shope RE. Rotaviruses, reoviruses, coltiviruses, and orbi-
viruses. In: Baron S, editor. Medical Microbiology. 4th ed. Galveston,
TX: University of Texas Medical Branch; 1996.

Xiao C, Bator-Kelly CM, Rieder E, et al. The crystal structure of cox-
sackievirus A21 and its interaction with ICAM-1. Structure. 2005;13(7):
1019-1033.

Venkataraman S, Reddy SP, Loo J, Idamakanti N, Hallenbeck PL,
Reddy VS. Structure of Seneca Valley Virus-001: an oncolytic
picornavirus representing a new genus. Structure. 2008;16(10):
1555-1561.

Venkataraman S, Reddy SP, Loo J, Idamakanti N, Hallenbeck PL,
Reddy VS. Crystallization and preliminary X-ray diffraction studies
of Seneca Valley virus-001, a new member of the Picornaviridae
family. Acta Crystallogr Sect F Struct Biol Cryst Commun. 2008;
64(Pt 4):293-296.

Hogle JM, Chow M, Filman DJ. Three-dimensional structure of
poliovirus at 2.9 A resolution. Science. 1985;229(4720):1358—1365.
Cureton DK, Massol RH, Whelan SP, Kirchhausen T. The length of
vesicular stomatitis virus particles dictates a need for actin assembly
during clathrin-dependent endocytosis. PLoS Pathog. 2010;6(9):
e1001127.

Hodges J, Tang X, Landesman MB, et al. Asymmetric packaging of
polymerases within vesicular stomatitis virus. Biochem Biophys Res
Commun. 2013;440(2):271-276.

Kuriyama N, Kuriyama H, Julin CM, Lamborn K, Israel MA.
Pretreatment with protease is a useful experimental strategy for
enhancing adenovirus-mediated cancer gene therapy. Hum Gene Ther.
2000;11(16):2219-2230.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

McKee TD, Grandi P, Mok W, et al. Degradation of fibrillar collagen
in a human melanoma xenograft improves the efficacy of an oncolytic
herpes simplex virus vector. Cancer Res. 2006;66(5):2509-2513.
Cheng J, Sauthoff H, Huang Y, et al. Human matrix metalloproteinase-8
gene delivery increases the oncolytic activity of a replicating
adenovirus. Mol Ther. 2007;15(11):1982-1990.

Hong CS, Fellows W, Niranjan A, etal. Ectopic matrix metalloproteinase-9
expression in human brain tumor cells enhances oncolytic HSV vector
infection. Gene Ther. 2010;17(10):1200-1205.

Schifer S, Weibel S, Donat U, et al. Vaccinia virus-mediated intra-
tumoral expression of matrix metalloproteinase 9 enhances oncolysis
of PC-3 xenograft tumors. BMC Cancer. 2012;12:366.

Kim JH, Lee YS, Kim H, Huang JH, Yoon AR, Yun CO. Relaxin
expression from tumor-targeting adenoviruses and its intratumoral
spread, apoptosis induction, and efficacy. J Natl Cancer Inst.
2006;98(20):1482—-1493.

Ganesh S, Gonzalez Edick M, Idamakanti N, et al. Relaxin-expressing,
fiber chimeric oncolytic adenovirus prolongs survival of tumor-bearing
mice. Cancer Res. 2007;67(9):4399-4407.

Lee SY, Park HR, Rhee J, Park YM, Kim SH. Therapeutic effect
of oncolytic adenovirus expressing relaxin in radioresistant oral
squamous cell carcinoma. Oncol Res. 2013;20(9):419-425.

Ganesh S, Gonzalez-Edick M, Gibbons D, Van Roey M, Jooss K.
Intratumoral coadministration of hyaluronidase enzyme and oncolytic
adenoviruses enhances virus potency in metastatic tumor models.
Clin Cancer Res. 2008;14(12):3933-3941.

Guedan S, Rojas JJ, Gros A, Mercade E, Cascallo M, Alemany R.
Hyaluronidase expression by an oncolytic adenovirus enhances
its intratumoral spread and suppresses tumor growth. Mol Ther.
2010;18(7):1275-1283.

Watanabe Y, Kojima T, Kagawa S, et al. A novel translational approach
for human malignant pleural mesothelioma: heparanase-assisted dual
virotherapy. Oncogene. 2010;29(8):1145-1154.

Choi IK, Lee YS, Yoo JY, et al. Effect of decorin on overcoming the
extracellular matrix barrier for oncolytic virotherapy. Gene Ther.
2010;17(2):190-201.

Lavilla-Alonso S, Bauer MM, Abo-Ramadan U, et al. Macrophage
metalloelastase (MME) as adjuvant for intra-tumoral injection of
oncolytic adenovirus and its influence on metastases development.
Cancer Gene Ther. 2012;19(2):126—-134.

Haisma HJ, Kamps JA, Kamps GK, Plantinga JA, Rots MG, Bellu AR.
Polyinosinic acid enhances delivery of adenovirus vectors in vivo by
preventing sequestration in liver macrophages. J Gen Virol. 2008;
89(Pt 5):1097-1105.

Liu YP, Tong C, Dispenzieri A, Federspiel MJ, Russell SJ, Peng KW.
Polyinosinic acid decreases sequestration and improves systemic
therapy of measles virus. Cancer Gene Ther. 2012;19(3):
202-211.

Fulci G, Dmitrieva N, Gianni D, et al. Depletion of peripheral
macrophages and brain microglia increases brain tumor titers of
oncolytic viruses. Cancer Res. 2007;67(19):9398-9406.

Ciavarra RP, Taylor L, Greene AR, et al. Impact of macrophage and
dendritic cell subset elimination on antiviral immunity, viral clear-
ance and production of type 1 interferon. Virology. 2005;342(2):
177-189.

Tao N, Gao GP, Parr M, et al. Sequestration of adenoviral vector by
Kupffer cells leads to a nonlinear dose response of transduction in
liver. Mol Ther. 2001;3(1):28-35.

Fisher KD, Seymour LW. HPMA copolymers for masking and
retargeting of therapeutic viruses. Adv Drug Deliv Rev. 2010;62(2):
240-245.

Prill IM, SubrV, Pasquarelli N, et al. Traceless bioresponsive shielding
of adenovirus hexon with HPMA copolymers maintains transduction
capacity in vitro and in vivo. PLoS One. 2014;9(1):e82716.

Tesfay MZ, Kirk AC, Hadac EM, et al. PEGylation of vesicular
stomatitis virus extends virus persistence in blood circulation of
passively immunized mice. J Virol. 2013;87(7):3752-3759.

Virus Adaptation and Treatment 2014:6

submit your manuscript

23

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Miller and Russell

Dove

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

De Geest B, Snoeys J, Van Linthout S, Lievens J, Collen D. Elimination
of innate immune responses and liver inflammation by PEGylation
of adenoviral vectors and methylprednisolone. Hum Gene Ther.
2005;16(12):1439-1451.

GaoJQ, EtoY, Yoshioka Y, et al. Effective tumor targeted gene transfer
using PEGylated adenovirus vector via systemic administration.
J Control Release. 2007;122(1):102—110.

Doronin K, Shashkova EV, May SM, Hotherr SE, Barry MA. Chemical
modification with high molecular weight polyethylene glycol reduces
transduction of hepatocytes and increases efficacy of intravenously
delivered oncolytic adenovirus. Hum Gene Ther. 2009;20(9):
975-988.

Eto Y, Yoshioka Y, Ishida T, et al. Optimized PEGylated adenovirus
vector reduces the anti-vector humoral immune response against
adenovirus and induces a therapeutic effect against metastatic lung
cancer. Biol Pharm Bull. 2010;33(9):1540—-1544.

Shi HS, Yang LP, Wei W, et al. Systemically administered liposome-
encapsulated Ad-PEDF potentiates the anti-cancer effects in mouse
lung metastasis melanoma. J Transl Med. 2013;11:86.

Shikano T, Kasuya H, Sahin TT, et al. High therapeutic potential for
systemic delivery of a liposome-conjugated herpes simplex virus.
Curr Cancer Drug Targets. 2011;11(1):111-122.

Jiang ZK, Koh SB, Sato M, et al. Engineering polypeptide coatings
to augment gene transduction and in vivo stability of adenoviruses.
J Control Release. 2013;166(1):75-85.

Vetter A, Virdi KS, Espenlaub S, et al. Adenoviral vectors coated
with PAMAM dendrimer conjugates allow CAR independent virus
uptake and targeting to the EGF receptor. Mol Pharm. 2013;10(2):
606-618.

Griinwald GK, Vetter A, Klutz K, et al. Systemic image-guided liver
cancer radiovirotherapy using dendrimer-coated adenovirus encod-
ing the sodium iodide symporter as theranostic gene. J Nucl Med.
2013;54(8):1450-1457.

Grinwald GK, Vetter A, Klutz K, et al. EGFR-targeted adenovirus
dendrimer coating for improved systemic delivery of the theranostic
NIS Gene. Mol Ther Nucleic Acids. 2013;2:e131.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Willmon C, Harrington K, Kottke T, Prestwich R, Melcher A, Vile R.
Cell carriers for oncolytic viruses: Fed Ex for cancer therapy.
Mol Ther. 2009;17(10):1667-1676.

Power AT, Bell JC. Taming the Trojan horse: optimizing dynamic
carrier cell/oncolytic virus systems for cancer biotherapy. Gene Ther.
2008;15(10):772-779.

Russell SJ, Peng KW. The utility of cells as vehicles for oncolytic
virus therapies. Curr Opin Mol Ther. 2008;10(4):380-386.

Mader EK, MaeyamaY, Lin Y, et al. Mesenchymal stem cell carriers
protect oncolytic measles viruses from antibody neutralization
in an orthotopic ovarian cancer therapy model. Clin Cancer Res.
2009;15(23):7246-7255.

Tankov ID, Msaouel P, Allen C, et al. Demonstration of anti-tumor
activity of oncolytic measles virus strains in a malignant pleural effusion
breast cancer model. Breast Cancer Res Treat. 2010;122(3):745-754.
Kottke T, Diaz RM, Kaluza K, et al. Use of biological therapy to
enhance both virotherapy and adoptive T-cell therapy for cancer.
Mol Ther. 2008;16(12):1910-1918.

Fulci G, Breymann L, Gianni D, et al. Cyclophosphamide enhances
glioma virotherapy by inhibiting innate immune responses. Proc Natl
Acad Sci U S A.2006;103(34):12873-12878.

Hasegawa N, Abei M, Yokoyama KK, et al. Cyclophosphamide
enhances antitumor efficacy of oncolytic adenovirus expressing uracil
phosphoribosyltransferase (UPRT) in immunocompetent Syrian
hamsters. /nt J Cancer. 2013;133(6):1479—1488.

Ungerechts G, Springfeld C, Frenzke ME, et al. An immunocompetent
murine model for oncolysis with an armed and targeted measles virus.
Mol Ther. 2007;15(11):1991-1997.

Ikeda K, Wakimoto H, Ichikawa T, et al. Complement depletion
facilitates the infection of multiple brain tumors by an intravascular,
replication-conditional herpes simplex virus mutant. J Virol.
2000;74(10):4765-4775.

Shashkova EV, Doronin K, Senac JS, Barry MA. Macrophage
depletion combined with anticoagulant therapy increases therapeutic
window of systemic treatment with oncolytic adenovirus. Cancer Res.
2008;68(14):5896-5904.

24

submit your manuscript

Dove

Virus Adaptation and Treatment 2014:6


www.dovepress.com
www.dovepress.com
www.dovepress.com

Barriers to translational advancement of oncolytic virotherapy

Dove

(panunuon)
uoos opia opa
9r01€610 A4W/ALW €10C 4290120 Buluado e/l 11 (paz[e20)) 4aduEd B3E350.g /2139-39S-9PV  /D13¥-3DS-5PV
BwWOlaYI0SaW
[eana|d Jo dneIseIDW ¢-N4IY + @Ano9ep
19666700 Aixo | 900C Y2-ely 8ul08uQ | [eanajde.u| ‘sappueUBI[eW [IN3]d uonesydey 1000099
S4d ‘Aijiqeasjor (oneasersw
¥SLEOLIO pue Liajes €107 Yddely  Buninuday I Sl | -SpIWgysoled Ll pudlindal) Jadued Isealg CIFTY-SLY-PY  TI-TIY-SLY-PY
pa319[ep
uonez|joquiaoWaYd [elioIe (pooueape) d13 § Py uewny GpYV uewny
88069810 SO €10z Adenue[  Suninuday n AJa1uesued | -enuiopeda  ewourJed Jen|j@203edap JUBUIqUIODDY JUBUIqUIODDY
€0029500 Apixon ‘q1IIW £00z dun[  passjdwod | dl (3ua.unda.) 19duRd URLIBAQ Jv-asuyea
Aoeolye sJ919y3ed Unoj Aq
Aaeuwijpad AJSAI]2p pasueyud
91928510 ‘v ‘Al 010z 3un[  Suniniay I uonddAUC)H (3us.nd3.) BWOISE|GOND J¥-aoyyea
¥€£95610 IV €107 oquaadag  Buninuday | aplwojozows | 11 (3ua.nd3.) eWOISE|GOND Jv-aoyyea
9££50800 dLlW 800T 4eque33Q 8ulo8uQ | uonddsaL Jown | 1l (3us.nd3.) eWolsE|qOND J¥-aouyea 10FTXNA
(sa1suodsaauou) Jadued
[e393.10]0d dneIseIswW/uISiio
TPP8T0T0  9SOP ‘Q4dW/ALW 7107 4oquardag  Suninuday 11} Al [eNayda jo qown pijos  duBwWIYd €py/d| | pY
peauds
0TTES020 pue AaAjpQ €10z aun[  Buminuday | AI/LI  (31qe32953.) 42dUED UOJOD  dLRWIY pY/d| |PY
uoos (aurasisou
£1187020 asop ‘AL ¥10T Aenue[  Buiuado dl  wnuneid) Jedued URLIEAQ  dLIBWIYD €PY/d| |PY IPV©oloD
(4oppeiq (3n|1ey 9O g J22ye)
ojul Ap23.1p) J9pPpE|q Y3 JO BWOUIDIRD
95960100 A4W/ALW S00T IMdy  umouwrun | [edisaARIU]  |]23 [eUORISUE. [e1dlIadNg 4SO-WO
uoos uonejjsul Jadued JoppE|q
[4RE:13410) ¥OA WD €107 4equisroN 8uiuado 1/ J1oppe|g SAISBAUI 3]3SNWUON 4SO-WO 0£009D
(s1qe329lul
6186510 asoQ Tioz udy  Buoduo | @piweydsoydopAd ALl ‘AdoRdedal) siowm pIOS  JSD-WD-4TA-E/SPY 201-9519D
SHIAODI (Ku4o3dmU)04 PUE
199%¥810 v €107 Asenue[  Suninioay /1 Yum pa1ddjul DS Al 1EISEIdW) SownI pijos OSW + SHIAODI YIAATID
(oneasersw asyyeea
6519810 alW €107 Aenue[  Suninoay | Al /PROUBADE) BLIOUE[D| A-473-WA-PV S-4IAOD|  sndirouapy
JAa113U3pI swod3no SUOIIUSAIDIUL swreu
1ON Arewiad jep Jelg snjelg aseyd leuonippy aynoy Jadue) uoesyIpo Adeaay SNJIA

Adeaaya siy jo smeas jeuonejsue.l aya olul aydisu; ue
SOAIS JUSWIIESI) USDUBD B SE SISNUIA d1A[oduo Sunedijdad jo asn aya SunednsaAul (A0S sjeledIul]d) YI[eSH JO S9IMIISU| [BUONEN SN SYI YUM PaJalsi3ad S[elid [BdIUl]d JualinD) | S djqel

sjeltayew Auejuswajddng

25

submit your manuscript

Virus Adaptation and Treatment 2014:6

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Miller and Russell

sijnpe SYeEdOl
Ajiqeasjol 8unoA pue syusdsajope jo S9podUD 1BYd | TY
1€61€600 pue Liajes 0107 Y2Jel  Suninuoay | 1l sJown pljos SND-UON ul pai3jdp |-ASH
SYEdOI
Ajjiqeasjol BWOI|YI0saW S9podUD 1BY) | TY
8101¢TLI10 pue Liajeg 7107 429010 Buninuday ell/l [eanajde.u [eanajd ueusijely ul pa33jdp |-ASH
SYeEdDI
Suoseylawexap (auaaundau/Aiooeapau S9podUd JeYd | Ty
$961€020 ALW €107 42qwa%eq  Suniniay [ ‘A498.4ng [esownady| | ‘ape.3 y3iy) ewolo ul pa33J3p |-ASH 91L1-ASH
(ewouepw jueudiew
‘SBWIOUID.IBD 1SBRIq
‘|23 snowrenbs) suolsa|
[eIadns/snosueINd Yaim
3V ‘esuodsau sJowm pijos 4o (A1o1deupo.)
S8121010 Jowny [ed07] 6007 3sn3ny  3uninuoay | 11 J92UeD >PdU pue peaH 1-ASH P®3enuany 0l4H
asuodsau Adessypowsyd uoisnyul J3AI| 3Y3 03 dn3EISEIBW
96£6¥100 Jowm ‘|7@Q/avV 00T AIn[  pa19|dwor 1/ aul|-puodag Auorae opedop J9dued [B123.40[0D) 1-ASH P®1enuany 0Z0IAN
1-ASH
€0//5100 E\ 5007 A&y pasjdwon | Adeaayy uoneipey 11 'wol 3 qurudiely pa3enuaiieoanaN
(ewoase|qoy 3
Aoeoiye ‘ewol4d0.41sE ‘ewol3) 1-ASH
85187000 ‘Aupqes|on ‘Aasjes |07 Joqwiedsg  parsjdwio) 11/91 uondasa.l Jown | Dl J92UBd UlRIq JUBIINIRY pa3enualIRoINdN 107D ASH
(s1e3504d
AjiqeJs|on ‘Jse9.q ‘BLWOUBPW }, 93E1S) 17vedA L
8559£900 pue A19jes 8007 YoJel  pa9jdwiod | Al $J92UED Jown3 pIjos SNJIASD|DBSX0D)
Ajqets|o 17vedAL
6008£+00 pue A1ayeg /007 Adenuga4  patsjdwon | 11 (Al 93e3s) rwouealy SNUIASIYDBSXOD)
[FAZLAN
18¥SE€T00 5007 3snSny  pa1sjdwon | 11 BWOUEDW JuruSIfRL SNIIASD{DBSX0D)
7889€910 Sdd (AI-2111 98e3s) 17vedAL snJIA
/1§S2TT10 pa3gjaJ-aunwiw| 1107 4290120 Suniniday I 11 BWOUB|DW JuBUSI[BY SNIIASD{IBSX0D) MVLVAVYD apjIesSXx0D)
(oneasersw ‘pasueApe PV
T095¥020 11a ‘adW ‘v 10T Arenue[  Suninuday I auiqeIPWan Al Ajes0]) Jowns pijos uissaudxa OZHd
(padueApe) PY
6855#020 174 ‘QdW av #107 Arenue[  Suninuday | [uIqeIRWLD 1] EBWOUIDJEI0USPE dEIIDURY Suissaudxa gzHd 10-NDA
Adeaaypolped
pue ‘Spiwojozow]
“a1n0|pAoeleA Aq
Pamoj|o uoizd3saul aw.Io|NW BwoIse|qol3 TEU-AWDY-PY  TEIH-AWDY-PY
6611810 as0p ‘17Q €107 4equedg  Suniniday | O dwn 38 USAIDH Al ‘ewol|8 Jueusifely MLAWDYPY  ML-AWDY-PY
BETITRITET] awos3no SUOI3UaAIIUI awreu
1DN Arewrad ajep jJelg snyejg  aseyd [euonippy ajnoy Jadue) uonedyIpop] Adeasy SNUIA

(panunuop) |s a1qeL

Virus Adaptation and Treatment 2014:6

submit your manuscript

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Barriers to translational advancement of oncolytic virotherapy

(panunuod)
9ed asuodsau (3usuandau)
¥8987S00  Jown ‘| 1A/ALW 900T AIn[  pa13jdwod I 1l ewoyj3 ueudljey  3uliesp ¢ adAouag oNISATOTN snJinoay
(e1ao3uaneadns Jua.unda.) | adA3oues
€6816110 ati T10T Arenue[  Buninuday | Ll aw.iojnnwW BWOISE|qO!D parenuany OdIYSAd sn.iAoljod
uone.IsIuIWpE (auauundau
Ajiqeasjon |e4gaJade.ul Jo Asewiad aaissaudoud)
0E¥10€10 pue fA1ojeg | |07 4eqwiadag  Suninuday I pUB U0y Al/LI SWL.I0}13|NW BWOISE|qOI|D) 1-H SnJiInoAIRg XAJ0oAIRg SNJIAOAJRY
uoos (aueasisau) ewoIse|go.INBU SN.IIA 95B3SIp
LESKLIIO S4d  010T Jequiandag 8uiuado /1 ‘ewod.es ‘BWO3SEIqOl|D [NH-AQN [NH-AQN S[ISEIMIN
Suippays
‘uoissaadxs auad
[BJIA ‘BIWRUIA (auaaundau) swuoynnw
66706£00 ‘LW “AdIx01‘3y 9007 420100 Buminuday | uondssas.own] 1 BUIOISE|qRWOND VADAW VADAW
(A1030BU94 JO JUBLINDDL)
1805+00 Al £00T Al Buninuoay | @piweydsoydopdd ANl ewoRAw 3jdnjnjy SIN-AW
(oneasersw Jo ualindau)
J3DUED 23U pue peay jo
16094810 v ‘dln €107 Iudy  Suninuoay | BLOUID.IE |93 snowrenbg SIN-AW
ewoljsyjosaw
£LL£1€0S10 3V 1107 4oquiaroN  Buninuday | [eanajde.u| [eanad Jueusiely SIN-AW SIN-AW
(A10328U)94 QUBIINDA
‘aAIssau3o.d) Jaoued
jeauoatiad Asewiud o SIN-AW SNJIA
0658000 Aixon ‘q1IIW ¥00T IMdy 8ul08uQ | dl J4a3ued [elayuda UeLEAQ SIN-AW ‘VAD-AW ‘VIDAW s3|sealy
uoos (an1ssau30ud
17879020 ALW/AdiW 10T Idy 8uiuado | Ll Ua.IN23.) WOl 11 1-ASH CEOW
Aijiqesajon [eli9Ie saowiny JuaAl| Arewiad
1%612010 pue A1ayeg 71074290120  3uninuday | -eJ3ul d3eda pUE S9SBISEIDW JIBAI 0Sydy- [-ASH 0Spdy4
(8un) oneaudued ‘uanl
£9¥9€610 174 ‘a1l TI0T Aey Buninuoay | 1l ‘ewloue|aW) siown pijog 4SO-WOY 010XuU3LO
Buppays pue uoos (BIWAI-qII 93e3s -vd -2¥
¥ 1020 uonnquisipolg 8uiuado I LI P312353.4UN) BWOUE|D| 4SOWOY-SHE 1S
SO *Anjiqea|od (AI-q111 38ess -vd 2§
L6T0¥LI0 pue Liajes €107 Aenaga4  Suninuday /a1 qewnuwyid| 1l P312353.4UN) BWOUE|R| 4SOWOY-SHE 1S
(s1qe109s59.4UN) -vd -/
57020100 3V 900 4oquanoN  parajdwod | 1l 43dued diea.dued 4SDWOY-SHE IS[
9LT89€10 (AI'D1I1 D11 98w3s) -vd -2¥
%0£69£00 Yd/dD 6007 Iy  Bulo3uo I 1 ewoueply  JSOWDY-SHE IS (1551:0XTAOUO
S4d ‘2andaueduaye|
QW) |BAIAINS ‘)B (AI-2]1] 23®as) -yd -/ suadowler)
91068700  dsuodsau jown | S00T 429010 pasjdwo) I Ll BWOUEDW 3uBUSI[Rl 4SDWOU-SHE IS[ AL

27

submit your manuscript

Virus Adaptation and Treatment 2014:6

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Miller and Russell

(A40310e4424 U0 pasdejau

8€S0+T10 AlW 0107 42qwadag 3ulo8up | apiweydsoydo|pAD Al s1eipad) suiown pijog  Sulieap ¢ adAlouag
(A1010e4)04 JO pasdejou)
v61€€510 Al v Tlozudy  Bulo8up [ ewoppAw aydnny  Bulresp ¢ adkiouag
(Al 28e1s
/5115900 asuodsau Jown 800¢ |idy  paasjdwor I Al ‘QuaJJndad) ewouedly  Sultesp ¢ adLiousg
(oneaselsw 4o pasueApe
|oxe1950p ‘parea.ay Ajsnoiaaud)
£6680210 S4d 2107 499010  Suninuday I 10 paxaJlaway Al J9dued 8unj |jPo-|lews-uoN  Suliesap ¢ adA1ouag
qewnzideAsq (oneasersw)
€¥STC910 Sdd TI0Z N3Ny Suninuday I pue 9X0O4104 Al J493UEd [€323.40j0D  Bulredp ¢ adAiouag
(oneserow
8£595910 S4d z10z3sndny  Suninuday I |oxenldey /PadUeApe) Jadued Isealdg  Sulieap ¢ adAlouag
auosjupa.d (aueasisas uone.sed
€1861910 S4d 210z An[  Suninuday I pue [9xe1930Q] Al dneiselsw) Jadued 21eIsodd  Suliesp ¢ adA1ouag
une|doqgued 3un|ay1 jo
76186600 as/ddrdd 600¢ 4290120 Suio3up I pue |axe1l|ded Al BWOUDJED |93 snowenbg  3ulresp ¢ adAiousg
upeidoqued
$9v+8600 as/ydrdD 6007 Hequ=adag 3ulo3uQ I pue |axell|ded Al (onesersw) ewouedly  3Bultesp ¢ adLiousg
(3uaaundau onersersw
‘Aao1oeappua-wnuneld)
unejdogues 523U pue pesy sy Jo
wWs99110 Ne) 010z aun( 8ulo03up m pue |axe|oey Al BwouJed |93 snowenbg  Buliesp ¢ adkiodsg
unejdog.ed
8£0£5200 asrdd/dd 8007 3sN8ny  umowjun I pue |axe|oey BWOU.IED Xdau pue pea  ulieap ¢ adkiodag
(o17BISEIDW/PAdUBAPE)
1T£86600 asrddidd 600T 1290120 8ulo08up I suigeIpWeD Al BWoOUD.IBIOUSPE dNBAUdURY  Suliesp ¢ adA1ouag
(auaasisaad
10 JU3.4N234) J9dUEd
[esuonuad Asewd Jo ‘oqm
£€9766110 3V ‘S4d 0107 4oqwedag  Suninuday I |ox®1l|oRy ueidojfey ‘leieyaids uelea  Buitesp ¢ adkiodag
(uoneAnoe
J01dedau 10128 Yamoud
une|doqued [ewaapida pue Syyy)
17919800 NEe) 6007 Yol Sulo8uQ I pue [9xel|oey Al J9oued Sunj [j9o-|[ewss-uoN  8uliesap ¢ adA1o.ag
(1oranouonyy
oNISATOTY ‘ULIOAODN?) (aurasj0aUl/AI010RB
yam Y4704 Jo ‘uedazoullr) unejdifexo Queinw
yTovLTio d ‘L7A/ALW  010T 42quad3Qg 8ulo8uQ | 1414704 SYYy)) 42oued [eadoj0)  Buledp ¢ adAiouag
3unjaya
01 d1eISEIDW SEUWOD.IES
$67€0500 as/ddrdd £00z dun[  pasdjdwo) I Al anssi 3yos pue duog  3uliedp ¢ adA1o.ag
JAau13uapl swod3no SUOI3USAII3UL swreu
1DN Arewiag 9jep Juels snyejs 9seyd |euonIppy 9ynoy Jasdue) uoiyesyIpoj Adeaay SNUIA

(panunuop) |s a1qeL

Virus Adaptation and Treatment 2014:6

submit your manuscript

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Barriers to translational advancement of oncolytic virotherapy

Dove

(panunuo))

6£6¥6£10

00908€10

CLEYSS00

C1E6T00

6€£99L10

¥8C¥8S10

09¢EV¥ 10

1€1¥6£00

10921010

6881010

ST611€00

¥¥610120

££TT0900

85008C10

23e4 9suodsa.
siydea3oiped
‘Aaages ‘QIW/ALW

A4W/ALW

asoq
Sdd

‘W [BAIAINS ‘1B
asuodsau Jown |

alW
v
v

Ajjiqessjol
pue A1aeg

S4d

asop

‘ALW “Aliqess|ol
pue A1ayeg

9sop ‘11
v
‘uonedi|dau [eUIA

Yd/dD ‘ALl

Sdd

7107 Adenue(

010z Anf

800¢ 3sn3ny

£00T Yd>-'I

€10¢ Arenue(

T10T IMdy
710 Aenugay

800T H2quisroN

0107 Adenue(

600 “2quiadag

9007 |Hdy

¥10T Yd>-1B|

800¢ [Hdy

010T 4°quied2Qg

Suninioay

3ulo3up

paiajdwor

pa1sjdwo)

Supinioay
(IR WREN|
Suniniday

Suniniday

3ulo3uQ

Suninuoay

umouun
uoos
Suiuadp

3ulodup

Suninioay

/1

11

ueda30uLl| Al

A

1l
[eanajdeanu)
une|dsi> pue
Adeaayy uoneipey Al
Al
Adesayrowayd
uononpul
9A2NPaJ0Ad
Sujureauod-wnune|d
A28 USAID Al
aplweydsoydojpLA> Al
Al
qlwoz|iyed
‘suoseylawexa Al
A
|oxeyioed
pue unejdogJe) Al

(K1o12Ra504 OnEISEIDW)
BLWIOUIDIED [B1D3.0|0D)
(xn3qug pue

‘uedajoun ‘unedijexo

0] JUBJ3|OIUI/AI01DRIR)
BLWIOUID.IED [B1D3.40|0D)
(s1qe399s9.4UN) BWOUIDIED
Jejnjj@ooreday Auewiigd

(AI/111 @8eas 9|qeIdasalun)
ewouejaw ueuijel
BwWOlaYI0saW

pue ‘soseisezow ‘Asewrid
:suoisnye [eanajd aueusijel
(padueApe AjjeuoiSal00|)
J92UBd 23U pue pesaH
(podueApe)
SISOJBWIOUID.IED [B3UOILID
(padueape)

siowm uedJo pijog

(93eas aAISUIXD)

Jaoued 3un| |92 |lews
(A1o10RU04 JO pasdepu)
$9.N1e3) SulIDOpUdO.INaU
YIM sJown) d.ed Jo
‘ewod.esoAwopqey.
‘eWO)Se|qoINdN

(proura.ed auLDoOpuso.INaU)
$9.N383} SulIDOpUSOINSU
Y2IM saowna pljos
(AKaordeapou)

ewoRAw 3|dnniy

(Adeaayn

wnupe|d 03 aAIsuodsaauou)
J2oued 9gm ueldoje Jo
‘J9oued [eauolliad Asewrad
‘J9oued [e1pyaids uelieAQ
(oneaseIsw Jo Jus.Inda.)
J9oued di3Ea.dURY

4SD-WD
+ Pa19Jop M1

4SD-WD
+Pa12pop i1

4SD"WD
+ Pa12J2p ML

45D-WD
+ Pa19Jop M1

pajenuany
pajenuany
pajenuany

pa3enusny

010-XLN/100-AAS

010-XLN/100-AAS

100-AAS

Suireap ¢ adfiouag

Suiresp ¢ adfyousg

Suireap ¢ adfiousg

(res-xI
>oAadauideAsp

aualownsexad)
29 \-eX3d

IDNO-19

010
“XLN/100-AAS

100-AAS

SNJIA
BIUDDEBA

AAS

29

submit your manuscript

Virus Adaptation and Treatment 2014:6

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Miller and Russell

tsopoupjodew.Ieyd ‘Hd {[BAIAINS 93.)-uoissaa3o.d ‘S4d {[BAIAINS |[BUSAO ‘SO ‘4934odWwAs sulpol—winiiieu ‘SN ‘Joquinu uonesyiusp
“DSIW ‘9SOP 9|qIsea) WNWIXeW ‘4| ‘A[SNOUSAB.IIUI ‘A] {[EUOISD[EIIUI JO [BJOWNIBIIUL ‘]| {UDINB[JIUl 7|

*SNUIA SIIIBWIOIS JBINDISIA ‘ASA ‘DSBUD| BUIPIWAYY Y| ‘SNJIA A3|[EA BIDUDS ‘AAS ‘@SEISIp 3|qels ‘s ‘asuodsad [enJed yq

113 P9.491si8a. AT s[eLn|e

“JBI3USP! | DN ‘OSOP PaIBID|0I WNWIXBW ‘L N |22 W3S [BWAYDUSSSW
|eauoiliadeniur ‘d| {eagadadenurl ‘D] ‘snala xajdwis sadaay ‘ASH 40128} Sunejnwns-Auojod adeydousew 214d0|nueds ‘4$H-|ND

tA101x03 Bunjwi|-asop ‘] 1 ‘esuodsau 919]dwod s|qeanp ‘YO suodsau 939|dwod YD {WIsAS SNOAJSU 243U ‘SN (US3NUE DIUCAIGUISOUIDIED “YID) (ULISND-S1IBWIED) SN||1DB] ‘DD USAD 9SISAPE ‘JY ‘SNIIAOUSPE ‘P :SUOIIRIADIGQY

SO
‘asuodsa. Jowny
0¥987910 AVIIA/ALW 710z asnEny  Buninuday | 1l 135U J3AI AN4I-ASA AN4I"ASA ASA
BLWIOUIDIBIOUSPE
oneaJtdued Jo ‘|e129.40|0d
‘JSAI| ‘493U |[93 snowrenbs
329U pue peay “I9dued
LL6¥1500 Q4W/dLiW 800C el 3uo8uo | LIHO Al sea.q ‘BWOUELY ASAd-aaaa ASAd>-aagaa
3V ‘Ajiqeasjor qluaje.os BWOUDIED 4SD-WO
15912110 pue A19jeg 600 3sndny Suio8uQ I pJepuels 031 Jolid 11uaya Al Je[njj9203eday Asewiig + Pa19I3p ML
(qiuaye.os
01 DAIBU ‘pIJUBAPE) 4SO-WD
$879€910 asuodsau Jown | 710z dun( Sulo3uQ I Al BWOUIDJED JB|N||9d03edaH + P33P ML
(SIS EINTEN))
(ewodJes s3uim3 Yowny
S,W[IAA ‘BwoydwiA|
‘ewodaesofwopqeyd
Adixo) pue ‘ewoase|qo.dnau) syuaped 4SD-WO
¥8569110  A194es ‘Q4W/ALIW 0107 3sndny 8ul08uQ I 1l d1eipad ul siowm pijog + P39J3p L
9eJ asuodsau uoos UI3110 J9JUED UBLIBAO JO 4SD-WD
8/9/1070 siydeaSoipey 107 Asenue Suiuadp I Al SISOJBWOUID.IED [BIUOIIIDY + Pa193p M1
(Kao10®a04) 4SO-WO
11969710  A19jes ‘Q4IN/ALIN  010T 4oqwieadesg Sulo8uQ | Al J93ueDd [832940]0D) + Pa19I3p ML
(oneasersw Jo Asewiad) 4SD- WO
65267900 A4W/dliW 900¢ Asenue[  pa3sjdwod | Ll ewou.ed dneda + Po39I9p 31
(Adeasya paepuess
01 Auordrapa./oneIsEISW
/PadUBApE) (33U pue peay
Jo 'wouJed |92 snowenbs
‘ewouldaed |92 |euad
Ad1x03 pue ‘J90ued 8un| ||9-|jeWs-uou 4SD-WDO
95457900  A1dyes ‘AdIN/ALIN gooz aun[  3uo3uQ I ANl ‘eLIOUE[3W) sJowns pljog + P239J3p ML
(qiuajelos pajrey ‘pasueApe) 4SD-WO
G5S/8€10 SO 110T 3snSny Sulo8uQ I 1l BWIOUID.IED Je|n|j9d03edoH + Pa19op L
BETITRUIETW] swod3no SUOI3UdAIRIUI swreu
1DN Arewiag 9jep Juelg snyejs 9seyd [euonippy ajnoy Jadue) uonedyIpop] Adeasy SNUIA

(panunuop) |s ajqeL

Virus Adaptation and Treatment 2014:6

submit your manuscript

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove Barriers to translational advancement of oncolytic virotherapy

Virus Adaptation and Treatment Dove

Publish your work in this journal

Virus Adaptation and Treatment is an international, peer-reviewed open  studies, reviews & evaluations, expert opinion and commentary, case
access journal focusing on the study of virology, viral adaptation and  reports and extended reports. The manuscript management system
the development and use of antiviral drugs and vaccines to achieve is completely online and includes a very quick and fair peer-review
improved outcomes in infection control and treatment. The journal  system, which is all easy to use. Visit http://www.dovepress.com/
welcomes original research, basic science, clinical & epidemiological  testimonials.php to read real quotes from published authors.

Submit your manuscript here: http://www.dovepress.com/virus-adaptation-and-treatment-journal

Virus Adaptation and Treatment 2014:6 submit your manuscript 31
Dove


http://www.dovepress.com/virus-adaptation-and-treatment-journal
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
www.dovepress.com

	Publication Info 2: 
	Nimber of times reviewed: 


