Advances in Virology

Oncolytic Viruses
Guest Editors: Nanhai G. Chen, Aladar A. Szalay,
R. Mark L. Buller, and Ulrich M. Lauer

Oncolytic Viruses

Advances in Virology

Oncolytic Viruses
Guest Editors: Nanhai G. Chen, Aladar A. Szalay,
R. Mark L. Buller, and Ulrich M. Lauer

Copyright © 2012 Hindawi Publishing Corporation. All rights reserved.
This is a special issue published in “Advances in Virology.” All articles are open access articles distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Editorial Board
Amiya K. Banerjee, USA
Jay C. Brown, USA
Michael Bukrinsky, USA
Bruno Canard, France
Jaquelin Dudley, USA
Eric O. Freed, USA
Robert C. Gallo, USA
Gary S. Hayward, USA
William Irving, UK
Frank Kirchhoﬀ, Germany

Alain Kohl, UK
Young-Min Lee, USA
George K. Lewis, USA
Blanca Lupiani, USA
Shinji Makino, USA
Masao Matsuoka, Japan
Trudy Morrison, USA
A. Osterhaus, The Netherlands
George N. Pavlakis, USA
Finn S. Pedersen, Denmark
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Oncolytic viruses, by definition, are viruses that are capable
of infecting and selectively replicating in cancer cells, eventually leading to cell death without harming healthy cells.
The concept of using viruses to treat cancer dates back over a
century. There was renewed interest in oncolytic virotherapy
in the 1990s after the first genetically engineered oncolytic
virus, a herpes simplex virus-1 thymidine kinase mutant, was
reported in 1991. Over the last two decades great progress has
been made in this field, and several oncolytic viruses have
entered into clinical trials. This special issue on oncolytic
viruses addresses some of the challenges that need to be
overcome in order to achieve success in the clinic.
Oncolytic viruses can be delivered into cancer patients
or preclinical animal models by a number of routes including intratumoral, intravenous, intrapleural, intraperitoneal
delivery and hepatic artery infusion. Although intratumoral
injection has been widely studied both preclinically and clinically, systemic delivery is the preferred method for treatment
of the patient populations in greatest need of new eﬃcacious
therapies those with metastatic or inaccessible disease. The
paper by M. S. Ferguson et al. summarizes the data from
clinical trials using systemically delivered oncolytic viruses
and then identifies barriers to this delivery approach and
proposes solutions.
The host immune response is a double-edged sword to
the success of oncolytic virotherapy. The paper by C. A.
Alvarez-Breckenridge et al. discusses the multifaceted relationship between oncolytic viruses and natural killer (NK)

cells, a key component of innate immunity. The NK response
to oncolytic virotherapy results in premature viral clearance
while also mediating downstream antitumor immunity.
Thus, it is critical to find an optimal approach to finely
balance host antiviral and antitumoral immune responses.
The paper by M. H. Verheije and P. J. M. Rottier reviews
the transduction targeting strategies currently employed to
generate new oncolytic viruses with improved tumor specificity. The authors discuss advantages and limitations of each
strategy by examples, and special attention is given to viruses
expressing a bispecific adaptor protein consisting of two
domains, one binding to the virion, the other to a cell surface
protein of interest.
Hematopoietic stem cell transplant (HCT) is used to treat
hematological malignancies; however, the contamination of
healthy hematopoietic stem and progenitor cells with cancer
cells presents a major challenge. The paper by S. Bais et al.
provides a detailed review of using oncolytic viruses to treat
hematological malignancies, and in particular, the use of
oncolytic viruses to purge contaminating cancer cells for
HCT.
Many new oncolytic viruses have been generated through
genetic engineering based on rational design. The paper by
M. Bauzon and T. Hermiston presents an alternative method,
that is, directed evolution that involves passaging diverse
viruses under conditions that mimic the human cancer
microenvironment. Using ColoAd1, the first directed evolution-derived oncolytic virus as an example, the authors

2

Advances in Virology

underline the benefits of directed evolution and propose
methods to “arm” these novel viruses and control their replication.
This special issue highlights some important recent
findings in the field of oncolytic virotherapy and addresses
challenges that the field is currently facing. Several oncolytic
viruses have already entered, or will be entering randomized
phase III trials. Amgen, the largest independent biotechnology company, has recently joined the field through acquisition of Biovex, highlighting the promising future of this
therapeutic approach.
Nanhai G. Chen
Aladar A. Szalay
R. Mark L. Buller
Ulrich M. Lauer
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Despite recent advances in both surgery and chemoradiotherapy, mortality rates for advanced cancer remain high. There is a
pressing need for novel therapeutic strategies; one option is systemic oncolytic viral therapy. Intravenous administration aﬀords
the opportunity to treat both the primary tumour and any metastatic deposits simultaneously. Data from clinical trials have
shown that oncolytic viruses can be systemically delivered safely with limited toxicity but the results are equivocal in terms of
eﬃcacy, particularly when delivered with adjuvant chemotherapy. A key reason for this is the rapid clearance of the viruses from
the circulation before they reach their targets. This phenomenon is mainly mediated through neutralising antibodies, complement
activation, antiviral cytokines, and tissue-resident macrophages, as well as nonspecific uptake by other tissues such as the lung, liver
and spleen, and suboptimal viral escape from the vascular compartment. A range of methods have been reported in the literature,
which are designed to overcome these hurdles in preclinical models. In this paper, the potential advantages of, and obstacles to,
successful systemic delivery of oncolytic viruses are discussed. The next stage of development will be the commencement of clinical
trials combining these novel approaches for overcoming the barriers with systemically delivered oncolytic viruses.

1. Introduction
Cancer remains a major health problem and is the 5th
leading cause of death worldwide [1]. There have been many
advances in the last few decades both in surgical care and
chemoradiotherapy regimes. Certainly this has contributed
to improved survival rates for commonly occurring cancers.
However, relapse and disease progression are still all too
common occurrences in modern medical practice. A variety
of novel adjuvant therapies have been developed over the
last decade, and oncolytic viruses have been particularly
promising members of this cohort.
Oncolytic viruses came to medical prominence in the
19th century when coincidental viral infections were observed to cause regression of some forms of haematological
malignancies. Rabies inoculation was also demonstrated to
regress a patient’s advanced cervical carcinoma [2]. A succession of studies in the 1950s and 60s were unable to establish
oncolytic viral therapy as a viable anti-cancer modality. As
a result, the field remained a medical curiosity until the
advent of genetic engineering in the late 1980s. In the last
decade, there have been rapid advancements in the oncolytic

viral therapy field. Naturally occurring oncolytic viruses
have been identified such as Vaccinia virus, Reovirus, and
Newcastle disease virus. These viruses naturally preferentially
infect tumour cells whilst sparing normal tissue. However,
other viruses have been identified that once attenuated
are also successful oncolytic agents such as herpes simplex
virus type 1 and Adenovirus. These viruses have then been
engineered to be more tumour specific and less pathogenic
to normal tissues [2]. This has been achieved by a variety
of modifications [3]. Herpes simplex virus has had two of
its latency genes deleted (ICP0 & ICP4) and only has one
copy of its virulence factor, γ134.5, remaining. As a further
level of safety its thymidine kinase gene has been deleted.
Deletion of the thymidine kinase gene means that viruses
can only replicate eﬃciently in cells with upregulation of the
EGFR/Ras signalling pathway, which is commonly the case in
tumour cells [4, 5]. This approach has been widely employed
successfully with Vaccinia virus developed for clinical trial
use. Adenoviruses used in clinical trials have E1B 55 K gene
deleted, which is involved in late viral RNA export and
restricts E1B 55 K-deleted adenovirus replication in normal
primary cells [6]. All of these modifications are designed
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to make the oncolytic viruses more tumour specific since
these gene deletions do not hamper their ability to replicate
in the dysregulated tumour environment; however, they
prevent replication in adjacent or distant normal tissue.
A yet more exciting development over the last decade
has been the incorporation of transgenes into these viruses
allowing expression of a variety of exogenous agents in the
tumour microenvironment raising the very real prospect of
truly immunomodulatory oncolytic viral therapy, and now
the discussion has moved onto which transgenes might be
the most eﬀective [7].
A range of delivery methods have been employed for
these novel agents, chief amongst them has been intratumoural delivery. A broad range of oncolytic viruses have
been delivered via intratumoural injection with a measure
of success in treating easily reachable solid tumours [8, 9].
However, death from cancer is often the result of inaccessible
or metastatic disease. In this context, oncolytic viruses
delivered intratumourally rely on viral replication at the
tumour site and then systemic dissemination to the distant
sites. However, this is transient and often ineﬀective due to
the development of immune responses to the viral infection.
Systemic delivery of oncolytic viruses (OVs) aﬀords the
opportunity to treat both the primary tumour and any overt
or undiagnosed metastatic deposits simultaneously. As a
result, this method of delivery is a very attractive option for
the treatment of patients with advanced/metastatic disease
or patients with inaccessible disease such as those with
pancreatic cancer or brain cancer due to physiological
barriers, such as blood-brain barrier.

2. Clinical Trials
There have been many clinical trials of a variety of OVs
delivered systemically, as summarised in Table 1. Oncolytic
adenovirus was one of the first oncolytic viruses to be
developed and licensed for treatment of cancer [8, 24]. The
first generation of oncolytic adenovirus, ONYX-015 (also
known as dl1520, H101 in China), is a genetically modified
adenovirus with deletion of the 55 kD gene in the E1B region.
Nemunaitis et al. [10] in 2001 performed a dose escalation
study using this agent in patients with advanced carcinoma
with lung metastases. They demonstrated that ONYX-015
was safe to deliver systemically with no toxicity up to doses
of 2 × 1013 particles, but the study was not designed for
objective tumour responses. Also commencing in 2001, a
succession of studies delivered ONYX-015 via hepatic artery
infusion for the treatment of metastatic colorectal carcinoma
with liver deposits [11–13]. In the first of these trials, a phase
I dose escalation study, one patient (9%) responded after
combination therapy with conventional chemotherapy and
two patients (18%) had stable disease lasting several months
[11]. In a larger phase II follow-up trial, three patients (11%)
had partial responses, nine (33%) had stable disease, and
eleven (41%) patients had progressive disease [12]. A final
phase II trial by this group demonstrated similar results to
the previous studies with overall median survival of 10.7
months with two patients (8%) having a partial response
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and a further eleven (46%) having stable disease [13]. Of
those with stable disease the median survival was prolonged
to nineteen months. In a diﬀerent study, Small et al. [14]
treated patients with hormone-refractory metastatic prostate
cancer using a single intravenous infusion. Unlike ONYX015, the adenovirus (CG7870) in this trial was modified so
that E1A was under the control of the rat probasin promoter
and E1B was under the control of the PSA promoterenhancer, thus making it prostate specific. Results from
this trial were disappointing with no complete nor partial
responses, although five patients (22%) did have a 25% to
49% reduction in their serum PSA values.
PV701 is a naturally attenuated Newcastle disease virus,
which has been used systemically in a number of clinical
trials between 2002 and 2007 [15–18]. Three of these
trials were phase I studies in patients with a variety of
advanced/metastatic solid tumours [15, 16, 18]. In the Pecora
et al. [15] study in 2002, 62 patients were assessed for
a tumour response and two patients (3%) had a major
response and 14 patients (23%) had stable disease for 4–30
months. Hotte et al. [18] performed a small phase I study
and although not designed to assess eﬃcacy, four major
(22%) and two minor (11%) responses to the treatment
were observed. A similarly sized trial by Laurie et al. [16]
in 2006 reported stable disease in four patients (25%) for
greater than six months. Freeman et al. [17] investigated
the safety of using Newcastle disease virus in patients with
recurrent glioblastoma multiforme and as with the other
studies the treatment was well tolerated but the eﬃcacy was
again disappointing with only one patient (7%) having a
complete response.
NV1020 is a Herpes Simplex virus type 1 with deletions
of the latency factors ICPO and ICP4, and only one copy
of its virulence factor y134.5. Another element of safety
is the insertion of the α4 promoter to control the HSV-1
TK gene expression, which sensitises the virus to antiviral
drugs such as acyclovir. One phase I trial [19, 20] delivering
NV1020 via hepatic artery infusion in patients with hepatic
metastases from colorectal primaries refractory to firstline treatment reported seven patients (58%) with stable
disease and two patients showing a partial response. Median
survival in this group was 25 months. Another trial by
Geevarghese et al. [21] in 2010 again delivered NV1020 by
hepatic artery infusion in patients with advanced metastatic
colorectal carcinoma but this time followed by conventional
chemotherapy. After completion of the combined approach,
there was a 68% response rate, with one patient with a partial
response and fourteen patients with stable disease. Median
survival in this study was 11.8 months.
Interrogation of the various clinical trial registration sites
(http://clinicaltrials.gov/, WHO trials register, https://www
.clinicaltrialsregister.eu/, http://www.controlled-trials.com/)
reveals that there are no ongoing nor pending trials systemically delivering Adenovirus, Newcastle disease virus, or
Herpes Simplex virus type 1.
Reolysin is a type 3 Dearing Reovirus in its wildtype form. Vidal et al. [23] completed the only trial using
systemic delivery in 2008. They performed a phase I dose
escalation study assessing the safety of a variety of doses.
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24

Metastatic liver
deposits from
gastrointestinal
primaries

Metastatic
colorectal cancer
refractory to
conventional
therapy

Hormonerefractory
metastatic prostate
cancer

E1B-55 kD-ve

E1B-55 kD-ve

E1B-55 kD-ve

E1A under control
of the rat probasin
promoter
E1B under control
of the PSA
promoterenhancer

ONYX-015 Adenovirus

Adenovirus

Onyx-015

ONYX-015 Adenovirus

CG7870

23

11

Liver metastases
from
gastrointestinal
carcinoma

E1B-55 kD-ve

ONYX-015 Adenovirus

Adenovirus

10

Advanced
carcinoma with
lung metastasis

Pt no.

Cancer type

Viral agent Virus species Modifications

Phase I, single
intravenous
infusion

Phase I/II, hepatic
artery infusion

Phase II, hepatic
artery infusion in
combination with
5 FU and
leucovorin

Phase I,
dose-escalation
study hepatic
artery infusion

Phase I,
dose-escalation
study

Treatment regime

References
Nemunaitis et al., 2001
[10]

Results
IV administration was well
tolerated up to 2 × 1013
particles. Not designed for
objective tumour responses.

Objective response with
chemotherapy + virus in a
No dose-limiting
patient who was refractory to
toxicity. Commonly
both 5-FU and ONYX-015 as
Reid et al., 2001 [11]
mild to moderate fever, single agents. 2 high dose
rigors and fatigue.
patients had stable disease on
combination therapy lasting
from 7 to 17 months.
3 patients with partial
responses, 4 with minimal
2 patients had reversible responses, 9 with stable
grade 3/4
disease, and 11 with
hyperbilirubinemia and progressive disease. Unclear
Reid et al., 2002 [12]
1 patient had a reversible from this study whether
severe systemic
observed responses were due
inflammatory response. to viral treatment or
chemotherapy or
combination.
Overall median survival was
10.7 months. 2 patients had
partial responses (tumur vol
No dose-limiting
reductions of 66% and 72%).
Reid et al., 2005 [13]
toxicity was observed.
11 patients had stable disease
after viral treatment and
median survival in this group
was 19 months.
Mostly grade 1 or 2
flulike symptoms were
No partial or complete
observed.
tumour responses were
There were 8 grade 3
observed. 5 patients had a
Small et al., 2006 [14]
events (fever or fatigue).
decrease in serum PSA of 25%
At higher doses,
to 49% following a single
asymptomatic grade 1 or
treatment.
2 transaminitis were
reported.

Toxicity
No dose-limiting
toxicity was observed.
Grade 2-3 toxicities were
common (fever, rigors
and fatigue).

Table 1: Completed clinical trials using systemically delivered oncolytic viruses for the treatment of solid tumours.
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ICP0 & ICP4-ve
Herpes
Only 1 copy of
simplex virus γ134.5 Transgene
type 1
inserted HSV-1 TK
gene (α4)

ICP0 & ICP4-ve
Herpes
Only 1 copy of
Advanced
simplex virus γ134.5 Transgene metastatic
type 1
inserted HSV-1 TK colorectal
gene (α4)

NV1020

NV1020

Hepatic colorectal
metastases
refractory to
first-line
chemotherapy
Phase I,
dose-escalation
study, hepatic
artery infusion

Phase 1

Phase I/II

Phase 1

Mild-to-moderate
febrile reactions after
each NV1020 infusion.
Grade 3/4 transient
lymphopenia in two
patients

Mild or moderate in
severity, and
self-limiting

Mild or moderate in
severity, and
self-limiting

References

Four patients had stable
disease for ≥6 months.

Not design for assessment of
response but 4 major and 2
minor tumour responses were
observed.
Tumour response assessed at
28 days after viral delivery.
7 patients had stable disease.
2 patients had a partial
response (tumour vol
reductions of 39% and 20%).
Median survival for this group
was 25 months.
After completion of NV1020
administration, 50% showed
stable disease. Best overall
tumor control rate after
completion of combined
therapy was 68% (1 partial
response, 14 stable disease).
Median time to progression
was 6.4 months. Median
overall survival was 11.8
months. One-year survival
was 47.2%.

Geevarghese et al., 2010
[21]

Kemeny et al., 2006 [19]
Fong et al., 2009 [20]

Hotte et al., 2007 [18]

Freeman et al., 2006 [17]

Laurie et al., 2006 [16]

62 patients assessed for
response, 2 major responses,
Pecora et al., 2002 [15]
14 had no disease progression
for 4–30 months.

Results

5 patients had grade I/II One patient achieved a
constitutional fever.
complete response.

No dose-limiting
toxicities. Mild flu-like
symptoms were
common.

Patients were
recruited into 4
Grade 3 fever in 11%
diﬀerent IV dosing flu-like symptoms
regimes.

Toxicity

Table 1: Continued.
Treatment regime

Phase I/II study,
hepatic artery
Phase 1 = infusion treatment
13, Phase followed by two or
2 = 19 more cycles of
conventional
chemotherapy

12

18

PV701

Advanced
chemorefractory
cancer

Naturally
attenuated

Newcastle
disease virus

14

NDV-HUJ

Recurrent
glioblastoma
multiforme

Naturally
attenuated

Newcastle
disease virus

PV701

79

16

Naturally
attenuated

Newcastle
disease virus

PV701

Pt no.

Pallitive solid
tumors

Naturally
attenuated

Cancer type
Advanced or
metastatic solid
cancers that were
refractory to
standard treatment

Newcastle
disease virus

Viral agent Virus species Modifications
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TK-ve Transgene
inserted in TK
region hGM-CSF
(pE/L) and Lac-Z
(p7.5)

TK-ve Transgene
inserted in TK
region hGM-CSF
(pE/L) and Lac-Z
(p7.5)

Wild-type

Vaccinia—
Wyeth

Vaccinia—
Wyeth

Reovirus—
type 3
Dearing

JX-594

JX-594

Reolysin

Viral agent Virus species Modifications

Metastatic solid
tumour disease
which is refractory
to conventional
therapy
specifically:
Melanoma, Lung
Cancer, Renal cell
cancer, SCC of
head and neck
Advanced or
metastatic solid
cancers that were
refractory to
standard
treatment

Unresectable
primary
hepatocellular
carcinoma

Cancer type

33

23

9

Pt no.

Phase 1, Dose
Escalation study

Phase I, Dose
Escalation Study

No dose-limiting
toxicity was observed.
Grade 1-2 toxicities
were common (fever,
fatigue and headache).

No dose-limiting
toxicities. Mild flu-like
symptoms were
common.

Toxicity
They assert viral
treatment was well
tolerated and sorafenib
side eﬀects were
consistent with
previously reported.

Table 1: Continued.
Treatment regime
Phase 2, pilot
safety study IV
then IT injection
followed by
sorafenib
treatment

Antitumor activity was
observed radiologically and
by tumor markers.

Vidal et al., 2008 [23]

References
http://www.clinicaltrials.gov/
7 out of 9 were able to be
Jennerex Biotherapeutics,
assessed for response. Of
Inc.
these, 6 achieved necrotic
NCT01171651
responses. 5 had stable disease
http://www.jennerex.com/
and 1 had a partial response.
pr 091310.html
Demonstrated that at the
higher doses used (1 × 107 to
3 × 107 PFU/kg) JX-594 can
selectively infect, replicate
http://www.clinicaltrials.gov/
and express transgene
Jennerex Biotherapeutics,
products in target tumour
Inc. NCT00625456
tissue whilst sparing normal Breitbach et al., 2011 [22]
tissue. Although not designed
for eﬃcacy, one patient had
partial response.

Results
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As such they observed no dose-limiting toxicity, and they
further comment that antitumour activity was observed both
radiologically and by tumour markers. However, no objective
radiologic responses were observed in terms of Response
Evaluation Criteria in Solid Tumours. Despite this they
did report that eight patients showed disease stabilisation.
There are also two phase II trials and one phase III trial
that have been registered (NCT01166542, NCT01199263,
NCT01280058). The phase III trial is in patients with
metastatic or recurrent squamous cell carcinoma of the head
and neck, whereas the two phase II trials are in recurrent
ovarian/fallopian tube cancer and recurrent pancreatic cancer, respectively. All these trials are still recruiting (Table 2).
JX-594 is a Vaccinia virus based on the Wyeth strain with
a thymidine kinase (TK) deletion and the insertion of human
granulocyte macrophage colony stimulating factor (hGMCSF) gene and Lac-Z into the TK-deleted region. These
transgenes are under the control of pE/L and p7.5 promoters,
respectively. Jennerex Biotherapeutics Inc. has reported the
results of one trial using this agent systemically in patients
with unresectable primary hepatocellular carcinoma. They
performed a phase I safety study delivering JX-594 initially
systemically then intratumourally with subsequent sorafenib
treatment. Seven out of nine of their patients were suitable
to be assessed: in six patients (67%), the tumours necrosed,
and of these five patients (56%) had stable disease and one
patient (11%) had a partial response. They have recently
reported the results of another dose escalation study using
JX-594 in patients with metastatic solid tumour disease,
which was refractory to conventional therapy. The treatment
was well tolerated and at higher doses of virus (1 × 107 to
3 × 107 PFU/kg), and they demonstrated that JX-594 can
selectively infect, replicate, and express transgene products in
target tumour tissue whilst sparing normal tissue. Although
the study was not designed for eﬃcacy, one patient had
partial response [22]. Jennerex Biotherapeutics Inc. has two
trials pending with respect to this agent, the details of which
are illustrated in Table 2.
In general these clinical trials have shown that oncolytic
viruses can be delivered systemically with limited toxicity
and latency. However, what they have not shown, and indeed
were not powered to show, is that these agents are eﬃcacious
at treating either the primary tumour or metastatic disease.
There is a complete lack of appropriately powered phase
IIb or phase III trials using OVs delivered systemically,
although there are a few pending for Reovirus. The data
that are available demonstrate that systemically delivered
oncolytic viruses oﬀer only modest improvements, if at all,
over and above conventional second-line therapy. Clearly if
intravenously delivered OVs are to play a part in the future
treatment of advanced cancer, there needs to be dramatic
improvement.

3. Barriers to Systemic Delivery of
Oncolytic Viruses
There are many obstacles to successful systemic delivery of
viruses; host defences limit most oncolytic viruses’ ability
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to infect tumours after systemic administration. Blood cells,
complement, antibodies, and antiviral cytokines [25], as well
as nonspecific uptake by other tissues such as the lung, liver
and spleen, tissue-resident macrophages, and additionally
poor virus escape from the vascular compartment [3] are
the main barriers to systemic delivery of oncolytic viruses
(Figure 1). Clearly, in order for this method to be eﬀective,
the virus must persist in the circulation without depletion or
degradation while selectively infecting tumour cells.

4. Neutralising Antibodies
Preexisting immunity is a major problem for systemically
delivered viruses whether this has developed due to the
ubiquitous nature of the virus, previous immunization, or
prior oncolytic viral therapy. Vaccinia virus was used in
the worldwide immunisation program for the eradication
of smallpox and so many people who are now developing
cancer have a preexisting immunity to this OV. Reovirus is
universally present within the environment and as a result
many people have immunity to it [26, 27]. Furthermore,
White et al. [28] have demonstrated that the antibody titre
to Reovirus increases dramatically after systemic delivery
and others have shown that the presence of these antibodies
significantly impairs eﬀective intravenous administration
[29, 30]. One simple strategy for overcoming this problem
has been to sequentially deliver related viruses with diﬀerent
serotypes or chimeric viruses [31].
Nature has already provided several solutions when
considering the significant hurdles to eﬀective systemic
delivery with regards to Vaccinia virus, which can potentially be delivered systemically [32] since the Extracellular
Enveloped Virus (EEV) form shrouds itself in a host cellderived envelope and thus can evade both complement and
neutralising antibodies [33–36]. Indeed, strains of Vaccinia
virus can be engineered that produce more of this immuneevasive form [37]. However, in the clinical setting, it is the
intracellular mature virion (IMV) form of the virus that
will potentially be injected systemically, and it is this form
that must successfully reach the target tissue before any
EEV form can be produced. IMV—unlike EEV—is highly
immunogenic and is rapidly cleared from the organism if
intravenously delivered.
Clearly methods need to be developed that can overcome
this acquired immunity. One such strategy is the so-called
“Trojan Horse” technique, where cells are taken from the
model organism infected with the OV ex vivo and then
reinfused. Yotnda et al. created transgenic cytotoxic T lymphocytes (CTL), which were transduced with the adenoviral
E1 gene under the control of the cell activation-dependent
CD40 ligand promoter. The CTLs were transduced ex vivo
with a conditionally replicating chimera of Adenovirus 5
with the fiber protein of Ad35. This was added as the
Ad35 fiber protein can infect cells through a coxsackie and
adenovirus receptor-(CAR-) independent method this is
required as there is low expression of CAR on CTLs. The
transgenic CTL was specifically targeted, and upon binding and subsequent activation, Adenovirus was produced.

Wild-type

Wild-type

Reovirus—type 3
Dearing

Reovirus—type 3
Dearing

Reolysin

Reolysin

Est 280
enrolment closes Dec
2012

Est 110
enrolment closes
December 2012
Est 70
enrolment closes
December 2013

Metastatic or
recurrent SCC of
H&N
Recurrent or
persistent ovarian,
fallopian Tube, or
primary peritoneal
cancer
Recurrent or
metastatic pancreatic
cancer

Recruiting

Phase II
carboplatin, paclitaxel plus
Recruiting
Reovirus versus carboplatin
and paclitaxel

Phase II
weekly paclitaxel versus
weekly paclitaxel with IV
Reovirus

Recruiting

http://www.clinicaltrials.gov/
Arthur G. James Cancer Hospital
& Richard J. Solove Research
Institute NCT01280058

http://www.clinicaltrials.gov/
Gynecologic Oncology
GroupNCT01199263

http://www.clinicaltrials.gov/
Oncolytics Biotech
NCT01166542

Wild-type

Reovirus—type 3
Dearing

Phase 3
IV administration in
combination with
paclitaxel and carboplatin
versus chemotherapy
treatment alone

Reolysin

http://www.clinicaltrials.gov/
Results pending Jennerex Biotherapeutics, Inc.
NCT01380600

Vaccinia—Wyeth

JX-594

http://www.clinicaltrials.gov/
Jennerex Biotherapeutics, Inc.
NCT01329809

Phase 1b dose escalation
Est 15
study
Enrolment closes June IV injection biweekly (to
2012
evaluate the safety and
tolerability of JX-594)

Not yet open

Metastatic colorectal
carcinoma refractory
to or intolerant of
oxaliplatin,
irinotecan, and
Erbitux

TK-ve
Transgene inserted in
TK region hGM-CSF
(pE/L) and Lac-Z
(p7.5)

Vaccinia—Wyeth

Neoadjuvant Phase 2a trial
IV or IT injection followed
by surgical resection of
metastatic hepatic deposits

http://www.clinicaltrials.gov/
Mayo Clinic NCT00450814

References

Est 20
Not open for
enrolment yet

Treatment regime
Status
Phase I trial
Est 54
Safe and dose escalation
Recruiting
Enrolment closes June study of vaccine therapy
2012
when given with or without
cyclophosphamide

Patient No.

Metastatic colorectal
carcinoma

Recurrent or
refractory multiple
myeloma

Cancer type

TK-ve
Transgene inserted in
TK region hGM-CSF
(pE/L) and Lac-Z
(p7.5)

oncolytic measles Transgene: thyroidal
virus—Edmonston sodium iodide
vaccine strain
symporter

Modifications

JX-594

MV-NIS

Viral agent Virus species

Table 2: Ongoing or pending clinical trials using systemically delivered oncolytic viruses for the treatment of solid tumours.
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Systemic delivery of
viruses

Tumour cell

Blood vessel

Uptake by lung, liver,
spleen, and other organs

Blood vessel
Tumour
microenvironment,
immune cells,
elevated interstitial
fluid pressure

Virus

Lung

Neutralising antibody
Liver
Blood cells

Spleen

Figure 1: Hurdles of systemic delivery of oncolytic viruses to tumour cells. After intravenous injection, viruses are neutralised by preexisting antibodies and complement activation. Oncolytic viruses also interact with blood cells. Sequestration into other organs and the
reticuloendothelial system is a particular problem, often with resulting toxicities. Macrophages in the lung, liver (aka kupﬀer cells), and
spleen are major players to clear oncolytic viruses after systemic delivery. From the blood stream, viruses have to pass through a mixture of
extracellular matrix and cells (including normal and immune cells) before reaching the tumour. The connective tissue of the tumour matrix
is important in the regulation and creation of the tumour vasculature; the tumour vasculature itself and interstitial pressures are also key
factors involved in the ability of the virus to penetrate the tumour mass.

This occurred since upon activation of the CTL by its
specific antigen, the AKNA transcription factor is transiently
expressed driving CD40 and E1A expression. Thus by this
mechanism, Adenovirus production is tightly linked to CTL
activation by its specific tumour-associated antigen resulting
in a tumour-specific delivery of Adenovirus [38]. Work by
Ilett et al. [39, 40] has shown that dendritic cells loaded
in vitro with Reovirus will “deliver” the virus successfully
to melanoma cells in the presence of neutralising serum.
Furthermore, they have shown that Reoviruses loaded into
mature dendritic cells are able to infect tumour sites
eﬀectively in vivo despite preexisting viral immunity. Other
cells have been used as potential viral carriers in preclinical
models such as cytokine-induced killer (CIK) cells [41],
monocytes [42], endothelial cells [42], mesenchymal stem
cells [43–45], T-cells [40, 46, 47], dendritic cells [40], and
tumour cells [48–50]. Also, stimulated peripheral blood
cells, infected with oncolytic Measles virus, have successfully
infected Raji lymphomas or hepatocellular carcinoma in
the presence of neutralizing antibodies [42]. However, the
“Trojan Horse” strategy may not be eﬀective for brain
tumours, for which some carrier cells are not able to pass
physiological barriers, such as the blood-brain.
Another interesting approach has been developed by
Yotnda et al. [51] in which they encapsulated a conditionally
replicating competent plasmid based on ONYX-015 in a
liposome. They showed that despite circulating Adenovirus

antibodies, the liposome-coated viruses were able to infect
subcutaneous tumours in mice.
Fontanellas et al. [52] have attempted to overcome the
host immunity which develops after repeated administration
of Adenovirus by inhibition of T cells and depletion of
B-cells with anti-CD20 antibody. Although this study was
not targeted at cancer therapy, they demonstrated that this
immunosuppressive regime was successful in facilitating
gene transfer to hepatocytes despite preexisting Adenoviral
immunity.
Another immunosuppressive strategy is to use cyclophosphamide to modulate antiviral immunity in combination with intravenous Reovirus. This has been evaluated in
a preclinical murine model by Qiao et al. [53], in which
they reported delivery of 1 × 107 plaque-forming units per
milligram of tumour with this regime with only mild toxicity
to the mice, whereas without cyclophosphamide, eﬀective
seeding of the tumour was not achieved. For this particular
regime, cyclophosphamide is often used at a lower dose
and would not result in significant side eﬀects while it is
combined with oncolytic viruses.

5. Complement Activation
Complement activation is an important antiviral mechanism. Vaccinia virus in its EEV form incorporates host
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proteins within its membrane that may well prevent complement activation [36]. Furthermore, it has long been
established that Vaccinia virus secretes a variety of immunemodulating molecules. One of the major secreted proteins
is Vaccinia complement control protein (VCP), which binds
and inactivates C4b and C3b [54–56] thus inhibiting the
classic and alternative pathways of complement activation.
Furthermore, there is compelling evidence from a variety of
viral infection models that complement activation induces
various elements within the adaptive immune system [57–
62]. Recent work has suggested that VCP dampens viral
antibody responses and reduces the accumulation of CD4+
and CD8+ cells at the site of infection in a complementdependent manner [63]. This has led to at least one
group using VCP to perturb complement activation outside
the context of a Vaccinia infection [64] and raises the
possibility of using it in combination with other OVs to block
complement activation.
Herpes simplex virus type 1 has also evolved strategies to
prevent complement activation. HSV-1 secretes glycoprotein
E that acts as an IgG Fc receptor and eﬀectively blocks
both IgG Fc-mediated complement activation and antibodydependent cellular cytotoxicity [65]. Also HSV-1 produces
glycoprotein C that binds C3b and is also critical in
preventing C5 activation [66].
Adenovirus activates the complement system by various
mechanisms but recent in vivo pre-clinical data suggests
that this activation can be eﬀectively reduced by shielding
Adenovirus with polyethylene glycol [67]. Another approach
to ameliorate complement activation, undertaken in Adenovirus, is to make the virus express soluble CD59 [68] and
thus prevent deposition of the membrane attack complex.

6. Antiviral Cytokines
Viral infections stimulate a variety of cytokines to be
produced (for review see Randall 2008 [69]). These include
type 1 interferons (IFN), type 2 IFN, and type 3 IFN [70,
71]. Although these molecules have pleiotropic functions,
the main eﬀects are to promote apoptosis in virus-infected
cells and induce cellular resistance to viral infection in
noninfected cells [72]. Additionally, they recruit elements of
the adaptive immune system, such as dendritic cells, leading
to potentially lasting immunity [73]. Most oncolytic viruses
express proteins that block these IFNs [74–76], or their
downstream targets, but the anti-viral response is often still
suﬃcient to prevent intra-tumoral spread of the OV.
As has been mentioned earlier, the “Trojan horse”
strategy is a potentially powerful technique for delivering
oncolytic viruses systemically. Ahmed et al. demonstrated
that mesenchymal stem cells infected ex vivo with Adenovirus
and then subsequently reinfused had great advantages in
terms of delivery particularly with respect to attenuating the
IFN-gamma response at the tumour site since mesenchymal
stem cells suppress activated T-cells [77]. Another strategy to
overcome the antiviral cytokines is to pretreat with histone
deacetylase inhibitors, which induce epigenetic changes that
blunt antiviral cytokine responses at the tumour sites and
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have been shown to greatly improve the eﬀectiveness of OV
therapy [78, 79].

7. Nonspecific Uptake by Other Tissues Such as
the Liver and Spleen
It is known that many viruses are either filtered or taken
up by the lung, liver, or spleen thus reducing systemic
availability. Our group has demonstrated that the spleen
is pivotal in the early clearance of systemically delivered
Vaccinia virus (unpublished data by James Tysome et al.).
Furthermore, up to 90% of Adenovirus type 5 is sequestered
from the blood by Kupﬀer cells [80] and as a result this acts
as a major obstacle for the systemic delivery of Adenovirus.
With respect to Adenovirus, several lines of investigation
have developed strategies for improving its systemic availability. Shashkova et al. [25] demonstrated in a pre-clinical
model that pretreatment with warfarin followed by multiple doses of replication-defective Adenovirus successfully
depleted Kupﬀer cells and prevented hepatocyte binding,
thus improving the antitumour eﬃcacy of a subsequent
single dose of oncolytic Adenovirus. Another important
factor involved in liver sequestration of Adenovirus 5 is
the binding of its hexon with blood coagulation factor X.
Zhang et al. [31] have developed a hexon-chimeric oncolytic
Adenovirus type 5 that has Adenovirus type 48’s hexon,
which only weakly binds factor X. They have demonstrated
that this chimera has a significantly reduced liver uptake.

8. Suboptimal Viral Escape from the
Vascular Compartment
Adenovirus is known to bind to human erythrocytes [81, 82],
and this reduces its therapeutic availability when delivered
systemically. Furthermore, it is well known that the neovasculature within solid tumours is very chaotic and abnormally
leaky with often markedly raised interstitial pressures leading
to reduced viral penetration of the tumour mass. Oncolytic
viruses are known to stabilize tumour vasculature directly
improving tumour penetrance [83]. Interestingly, other work
has shown that the addition of antiangiogenic agents with
oncolytic viruses can further normalise the vasculature and
improve viral delivery in preclinical models [84, 85]. There
is also emerging evidence that blockade of the Hedgehog
signaling pathway can aﬀect tumour vasculature [86]. Thus a
Hedgehog antagonist may prove to be an eﬀective treatment
in combination with a systemically delivered oncolytic virus
or indeed incorporated within one as a transgene. Another
potential agent that could be incorporated into an OV as a
transgene is histidine-rich glycoprotein (HRG) particularly
in the context of repeated systemic administrations of
OV. This protein has been shown to normalise tumour
vasculature through its ability to polarize macrophages from
M2-like TAM phenotype to M1-like tumour inhibitory
phenotype [87].
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9. Other Physical Methods to Enhance
Systemic Delivery
Microbubbles have been developed as a potential method
for enhancing the systemic delivery of a variety of agents
including oncolytic viruses. They were first developed to
help deliver small molecules to target tissues [88–91].
Microbubbles are ultrasound contrast agents that contain
high-molecular weight gases which are less soluble and
do not diﬀuse easily, and as a result the microbubbles
persist in the circulation for a few minutes passing through
the microcirculation several times [88]. Ultrasound-targeted
destruction of the microbubbles allows focused release of the
oncolytic virus at the tumour site, and a secondary eﬀect is
transient and localised increased cellular permeability which
potentially can improve viral infection of the cancer cells
[92]. This technique has been used in vivo with Adenovirus
successfully delivering the virus to the tumour site in mice
[93, 94]. The technique has not yet been used with other
oncolytic viruses.

10. Tissue-Resident Macrophages
To date, most pre-clinical studies examining systemic delivery of Vaccinia virus have used nude mice bearing xenograft
tumours. It is now clear that there is a need to assess
systemic delivery in an immune-competent model as host
immunity is a major barrier. Indeed, results from our group
have demonstrated that while Vaccinia virus can eﬀectively
infect tumour cells in nude mice after systemic delivery,
infection of tumour cells cannot be achieved at similar levels
in the immunocompetent model. Concurrently, work in our
group revealed that depletion of macrophages by clodronate
liposomes dramatically enhanced Vaccinia virus infection of
tumours in immunocompetent mice after systemic delivery
(unpublished data by James Tysome et al.). This almost
completely restored the antitumour potency to the level seen
in nude mice. However, clodronate liposomes nonselectively
deplete macrophages and therefore potentially diminish
any beneficial activity in the tumour microenvironment
unrelated to viral clearance. Consequently, this necessitates
a search for a novel, more selective agent that could interfere
transiently with macrophage function and thus enhance the
systemic delivery of Vaccinia virus.
In general, it should be possible to perturb macrophage
function at a variety of stages such as their development,
recruitment/migration, or blocking their phagocytic function. Several lines of evidence have highlighted an important
role for phosphatidylinositol 3-kinases (PI3K) [95–98] in
macrophage phagocytosis. These observations imply that
PI3K inhibitors may be potential therapeutic agents for
enhancement of systemic delivery of Vaccinia virus, and
other OVs, by blocking macrophage uptake/clearance of the
viruses. One caveat to this is that therapeutic interference in
the PI3K pathway may have to be targeted at individual or
groups of PI3K isoforms [99]. It is known that mammals
have eight isoforms of PI3K, but the specific isoforms of PI3K
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involved in macrophage phagocytosis and Vaccinia, or other
OV, uptake have yet to be elucidated.

11. Conclusions
To date, the systemic delivery of oncolytic viruses has
been shown to be safe but not eﬃcacious mainly due to
immunological factors that facilitate rapid clearance of these
agents. There is a range of novel methods that are being
developed at a pre-clinical level to overcome these hurdles
which have been reported to be successful in vivo mainly in
murine models.
However, we need to remember that mouse models are
just that—they are models, which oﬀer opportunities to
investigate the eﬀect of host factors on systemic delivery
of oncolytic virus in vivo. The major problem is that the
host immune responses to some oncolytic viruses in mice
are completely diﬀerent from those in humans reflecting
their mutual genetic divergence 65 million years ago. Most
importantly, for some oncolytic viruses such as oncolytic
adenovirus, murine models of cancer are suboptimal as
murine tissue and cells do not support adenovirus replication. Therefore, the information derived from these models
about the host immune response to oncolytic adenovirus is
certainly diﬀerent and nonrepresentative of the situation in
humans. Given these limitations, the next step will be the
commencement of clinical trials combining these methods
with systemically delivered oncolytic viruses, investigating
whether these strategies work in humans. Several agents
that can enhance the systemic delivery of oncolytic viruses
have been separately used or tested in clinical trials. It
is conceivable that a combination strategy to enhance the
systemic delivery of oncolytic viruses should and will be
employed in the near future. This strategy may provide
an eﬀective therapeutic approach for treatment of primary
tumours, the metastatic deposits, and tumour entities, which
are not easily accessible for conventional therapeutic agents
because of physiological barriers. The blood-brain barrier
is one such obstacle, which it has been demonstrated that
several oncolytic viruses have been able to pass identifying
them as potential candidates in the treatment of brain
tumours.
In conclusion, if an optimal approach to enhance the
systemic delivery of oncolytic viruses can be achieved by
rationally targeting diﬀerent factors, the outcome for treatment of advanced cancers would be dramatically improved.
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Despite active research in virotherapy, this apparently safe modality has not achieved widespread success. The immune response to
viral infection appears to be an essential factor that determines the eﬃcacy of oncolytic viral therapy. The challenge is determining
whether the viral-elicited immune response is a hindrance or a tool for viral treatment. NK cells are a key component of innate
immunity that mediates antiviral immunity while also coordinating tumor clearance. Various reports have suggested that the NK
response to oncolytic viral therapy is a critical factor in premature viral clearance while also mediating downstream antitumor
immunity. As a result, particular attention should be given to the NK cell response to various oncolytic viral vectors and how their
antiviral properties can be suppressed while maintaining tumor clearance. In this review we discuss the current literature on the
NK response to oncolytic viral infection and how future studies clarify this intricate response.

1. Introduction
The field of oncolytic viral therapy is currently at a crossroads. With over twenty years of attention directed towards
oncolytic viruses (OV), clinical trials have been encouraging,
but have left investigators with the task of identifying
barriers that can be circumvented to achieve more successful
virotherapy. Some of the most prevalent obstacles include
the antiviral host response to OV, the angiogenic response
to viral infection, extracellular barriers to viral spread, and
ineﬃcient/nonspecific receptor-ligand interactions on target
cells [1]. Interestingly, various groups have also demonstrated that an inability to achieve adequate antitumor
immunity also represents a significant barrier to tumor clearance [2]. In order to optimize virotherapy for clinical success,
the relevance of these barriers, along with the conflicting
roles of antiviral and antitumor immunity, must be clarified.
While various groups have studied the host response to OV,

the natural killer (NK) cell response to various oncolytic
viruses has been less thoroughly investigated.
In order to appreciate both the current literature surrounding the NK response to OV therapy and understand
how these cells can be targeted in future studies, it is essential
to understand the role of these cells in viral clearance
and tumor immunology. Interestingly, profound human
NK cell deficiencies have led to overwhelming herpes viral
infections, supporting the notion that this innate immune
eﬀector cell has specific recognition of, and control over,
viral infection [3–5]. Additionally, multiple reports have
associated NK cell levels with tumor regression [6–9]. Taken
together, these findings highlight potentially conflicting roles
for NK cells in oncolytic virotherapy. On the one hand,
the antiviral properties of these cells may be detrimental
to viral propagation and viral mediated tumor clearance.
Conversely, an activated NK response following OV infection
of tumors may stimulate NK-mediated antitumor immunity
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Figure 1: The immune reaction to oncolytic viral infection is two-phased response. Within hours after infection, the innate immune
response consisting of NK cells, macrophages, and neutrophils is recruited to the site of infection and mediates initial viral clearance.
Following this response to infection, innate immune mediators, particularly NK cells, mediate the downstream adaptive immune response
that is a critical antitumor mediator. In order to reconcile this biphasic response, initial immune suppression targeting NK cells may be
required initially after viral infection followed by a period of immune stimulation to elicit antitumor immunity.

(Figure 1). While most studies to date have focused on the
dichotomous nature of the NK response, it is likely that a
more nuanced approach will be needed in which the antiviral
response to infection is initially suppressed while antitumor
immunity is selectively stimulated.
Investigators frequently attempt to correlate the success
of their oncolytic viral therapy with immune cell infiltration
following infection. Using this metric, NK cells have been
highlighted as a relevant factor in response to OV infection. However, significantly less attention has been directed
towards the nature and relevance of this viral-induced NK
response. For example, what role do NK cells have in recruiting activated macrophages following OV therapy? Does
OV administration induce a diﬀerent NK activation profile compared to infection with its wild-type counterpart?
Does OV infection of tumor lead to the preferential NKmediated clearance of these virally infected cells compared
to uninfected tumor and therefore impeded viral oncolysis?
Are there discrepancies between activated NK cells that are
recruited in mice bearing xenograft tumors versus syngeneic
tumors? Lastly, is it possible to temporarily pharmacologically modulate the NK immune response to OV-infected cells
in order to enhance OV therapeutic eﬃcacy? These are just
a few of the questions that should be considered as investigators move beyond just determining that these cells are
recruited following infection. In this review, we will discuss
the nature of the host response to OV infection, highlight
the clinical relevance of NK cells in antiviral defense, consider

the literature surrounding the NK response to OV therapy,
and suggest areas for future investigation.

2. Placing NK Cell Biology in the OV Context
Although a corpus of evidence has delineated both the role
of NK cells in tumor clearance for various tumor models and
their role in viral eradication, the importance of NK cells in
response to OV therapy is just beginning to be appreciated. In
order to decipher their role in the OV context, it is important
to first understand the basic properties of NK cell biology.
Human NK cells are divided into separate CD56bright and
CD56dim populations that diﬀer in their functional capacity
and localization [10]. Approximately 90% of circulating and
splenic NK cells are CD56dim CD16+ , express perforin, and
possess cytotoxic capacity when interacting with target cells
[11]. In contrast, CD56bright CD16-NK cells are detected in
lymph nodes and tonsils, lack perforin, and readily produce
cytokines such as IFN-γ in response to stimulation with
IL-12, -15, and -18 [12, 13]. In mice, NK cells have been
diﬀerentiated into three subsets according to CD11b and
CD27 expression [14]. NK cell diﬀerentiation in mice occurs
from a relatively immature C11bdull CD27+ state to the
double positive CD11b+ CD27+ and ultimately to the senescent CD11b+ CD27dull . Notably, both the double positive
and senescent NK cells have been demonstrated to secrete
IFN-γ and carry out cell-mediated cytotoxicity. While investigators have identified diﬀerential anatomical distribution

Advances in Virology

Inhibitory
receptors

Human NK cell

Target cell

KIR
CD94

HLA-A, B, C

HLA-E

NKG2A

CD94

HLA-E

NKG2C/E
Activating receptors/costimulatory molecules

for each type of NK cell in wild type mice, there have been no
examinations into the maturation state of NK cells within
the tumor microenvironment either in the absence or
presence of OV. Despite the diﬀerences in developmental and
activation markers on NK cells in mice and humans [15], a
basic understanding of the role of NK cells in response to OV
therapy in mice establishes a framework for future studies in
clinical trials.
While certain NK cells are suﬃciently mature to produce
both cytotoxic and cytokine responses, these two functions are products of the cytokine microenvironment. For
instance, type I interferon, IL-12, and IL-18 are critical for
the induction of NK activation [16]. Moreover, much like T
cells require “priming” for full activation, IL-15 has been elucidated as a cytokine that is critical for the priming function
of murine NK cells [15, 17]. While initial eﬀorts have examined the role of certain activating cytokines within the tumor
microenvironment following OV therapy [18, 19], additional
work is needed to understand their roles in OV clearance
and tumor killing.
NK cells are able to carry out their diverse repertoire
of activities through a detection system that relies on the
engagement of a variety of cell surface activating and inhibitory receptors on NK cells (Figure 2). Through the
binding of these receptors, a dynamic equilibrium is achieved
that diﬀerentiates the recognition of “self ” cells from transformed target cells. The activating NK cell receptors detect
the presence of ligands on cells that are in a “distressed” state.
These include stress ligands in mice (e.g., RAE1, H60, and
MULT1) and humans (e.g., ULBP1-3 and MICA/B) that bind
to the NKG2D activating receptor on NK cells. Natural cytotoxicity receptors (NCRs) are a family of activating receptors
critical for mediating NK killing. They consist of NKp46
which is endogenously expressed on NK cells and NKT-like
cells in both mice and humans [20]; NKp44 which is solely
expressed on human NK cells, with constitutive expression
only after cytokine stimulation, and plasmacytoid dendritic
cells [21]; NKp30 which is exclusively expressed on resting
and activated human NK cells [22]. While the identity of ligands for NCRs is a field of intense investigation [23], recent
discoveries have identified influenza hemagglutinin (HA)
as an activating ligand for NKp46 and NKp44 [24]. Besides
mediating the eradication of tumor and virally infected cells,
NKp30 interacts with immature dendritic cells (imDCs).
Following NKp30 binding to an unknown ligand on imDCs
[25], the imDCs are subsequently either killed or develop
into mature DCs that can mediate a Th1 response [26]
culminating in tumor/viral eradication. To counteract this
process, human cytomegalovirus tegument protein pp65
impedes NKp30 activation through NKp30-CD3ζ receptor
dissociation and the concomitant circumvention of NKp30mediated maturation of dendritic cells [27, 28]. Known
activating ligands for NKp30 include two activating cellular
proteins. These include B7-H6 [29], a cell surface protein
associated with tumor formation and Bat3 [30], a released
cellular stress protein. In addition to their activating receptors, NK cells also possess an array of inhibitory receptors
that are used to survey cells for the absence of constitutively expressed self-ligands. For instance, MHC-I expres-
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Figure 2: NK cell activation is mediated by a variety of cell surface
inhibitory and activating receptors that recognize cell surface
ligands on target cells. Viral infection, oncogenic transformation,
and cellular stressors result in the downregulation in ligands for NK
inhibitory receptors while concomitantly increasing the expression
of NK activating ligands. Despite the presence of both activating and
inhibitory signals on target cells, the overall balance of these signals
dictates NK activation and target cell clearance.

sion is recognized by the inhibitory receptor killer cell
immunoglobulin-like receptors in humans, lectin-like Ly49
dimers in mice, and CD94-NKG2A heterodimer in both
species [15].
Taken together, by identifying cells that have absent
MHC-I expression and/or upregulation of stress or virally
encoded ligands for NK activating receptors, a target cell can
be susceptible to NK-mediated lysis. By characterizing the
NK ligand signature following OV infection and deciphering
the receptor-ligand interactions that are responsible for NK
recognition of virally infected cells, a mechanistic understanding can potentially guide the development of therapeutic approaches to selectively target the NK receptors
implicated in either the anti-OV or antitumor response.

3. The Host Response to OV Therapy
The rapid response of innate immunity, consisting of NK
cells, monocytes, macrophages, and neutrophils provides an
initial and potent line of defense for the host and limits
initial viral infection, replication, and spread; facilitates

4

Advances in Virology

CD69
Viral infection
Proliferation
Granzyme production

Activated NK
phenotype

Cytotoxicity

IL-12

NK cell

IL-15
IL-18
IL-1β

IFN-γ

M1 phenotype

Macrophage
IL-12
TNF-α
T-cell activation
Reactive oxygen species
CXCL 10 and 11

Figure 3: Innate immune eﬀector cells, including NK cells and macrophages, represent an initial barrier to viral infection, replication, and
spread. Following infection, NK cells are recruited to the site of infection and adopt an activated phenotype. Through their IFN-γ production,
they also facilitate the maturation and activation of macrophages which adopt an inflammatory “M1” phenotype. Lastly, macrophages create
a feedback loop by producing a variety of inflammatory cytokines that mediate NK activation. This inflammatory response creates a potent
antiviral microenvironment while also communicating with the adaptive immunity.

the maturation of antigen presenting cells; communicates
with the adaptive arm of the immune system to regulate its
response. Due to the rapid decline in viral titers within days
of inoculating various oncolytic viruses [31, 32], the innate
immune response has been implicated as a critical factor
in this response. While neutrophils are the first antiviral
responders that are recruited to a site of infection, eﬃcient
viral clearance at the cellular level requires both NK cells and
monocyte-derived cells. Activated NK cells mediate direct
lysis of infected target cells by releasing cytotoxic granules
containing lytic enzymes [33] or by binding to apoptosisinducing receptors on target cells [34]. NK cell-mediated
preferential lysis of HSV- or vaccinia-virus-infected cells has
been shown to prevent viral dissemination to neighboring
cells [35]. While recruitment of NK cells to infected tumor
tissue has correlated with reduced viral spread and OV
eﬃcacy, IFN-γ production by NK cells has also been shown
to set the stage for the subsequent adaptive immune response
[36, 37].
Apart from NK cells, macrophages also play a critical
role in OV clearance. Upon viral infection, resident or
recruited macrophages initially secrete IL-12 to activate NK
cells while NK cells complete the feedback loop by secreting
IFN-γ—the prototypic macrophage activator, without which
macrophages cannot clear microbes [36] (Figure 3). In fact,
recruitment of infiltrating monocytic cells has been shown
to coincide with clearance of over 80% of HSV-derived

oncolytic viral particles [38, 39]. Increased intra-tumoral
presence of macrophage/microglia cells has also been
reported in human patients treated with adenovirus [40, 41]
or HSV-1-derived OV [42] indicating the global significance
of macrophages in OV therapy.
Despite their antiviral properties, NK cells have pleiotropic eﬀects that may also be critical in tumor killing. NK
cells have been shown to augment the tumoricidal eﬀects in
various models. This includes the most well-studied example
of a melanoma model in which NK cells have been defined
as an essential cellular component for VSV eﬃcacy [43].
In this model, NK cells functioned synergistically with the
adaptive antitumor immune response, launched in response
to viral antigens expressed by tumor cells. Therefore, it
appears that NK cells can serve a dual function—both as
potential inhibitors of viral replication and as critical mediators to establish an eﬀective antitumor immunity following
viral antigen presentation within the tumor cells. These
findings emphasize the impact of variations in tumor
models, anatomical location of the tumors, and properties
of the viruses that are being tested [2].
In future studies, a refined approach will be needed
to manipulate individual cell populations while considering
both the timing and nature of the intervention in order
to maximize therapeutic regimens. One promising, albeit
simplistic, approach will be to combine OV inoculation with
transient immunomodulation in order to achieve initial viral
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replication, followed by restoration of immune activity to
harness the immunotherapeutic potential of virotherapy.

4. NK Deficiencies
NK cell deficiencies, while being a rare phenomenon, provide valuable information about the role of these cells in
antimicrobial defense and potentially the NK response to
OV. While these deficiencies are relatively uncommon, they
indicate the essential nature of these cells in host defense.
The most informative group of disorders involves an isolated
human NK cell deficiency that is associated with a specific
gene mutation [4]. The only known human gene alteration
resulting in an isolated NK cell deficiency results from
a polymorphism in CD16, the IgG Fc receptor which is
activated following binding to IgG. In this polymorphism,
the CD16 epitope recognized by mAb B73.1 is changed by
a T → A substitution at position 230 resulting in L48 →
H [4]. Individuals homozygous for this alteration have phenotypically normal NK cells but are not recognized by mAb
B73.1 [44, 45]. Several individuals have been documented
to have a homozygous 48H phenotype and they reported
to have recurrent viral infections. In particular, a 5-year-old
girl was documented to have frequent respiratory infections,
recurrent HSV stomatitis, and recurrent herpetic whitlow
[45]. This child was deficient in NK cell cytotoxicity against
K562 target cells but had normal antibody-dependent cellular cytotoxicity (ADCC). Taken together, this 48H phenotype
suggests the importance of this epitope in resistance to viral
infections.
A second group of NK cell deficiencies result from
unknown gene mutations. The most striking example of
human NK cell deficiency is from a female adolescent with an
absolute NK cell deficiency based on a lack of lymphocytes
expressing CD56 or CD16 and an absence of both NK cell
cytotoxicity and ADCC. This patient presented with disseminated, life-threatening varicella infection and subsequently
developed both CMV pneumonitis and cutaneous HSV [5].
There have also been reports of individuals with functional
NK deficiency in which NK cells are present as a normal percentage of peripheral blood lymphocytes, but are deficient
in activity. For example, four patients have been reported
with widespread or invasive HSV disease, all with basal NK
cell cytotoxicity against HSV-infected fibroblasts [46].
Although isolated NK cell deficiencies present the opportunity to understand NK cell specific genes and NK cell roles
in human antimicrobial defense, a variety of other diseases
have NK cell deficiency as a component. For instance, in
Griscelli syndrome patients have variable immune deficiencies that typically include a marked reduction in NK cell
cytotoxicity but an ability to induce cytotoxicity upon IFN-α
or IL-2 stimulation [47–49]. Despite this variable responsiveness, patients with this syndrome have a propensity for EBV
and HSV infections [47]. In leukocyte adhesion deficiency
(LAD), patients have elevated peripheral leukocytes and in
some patients, a corresponding recurrence of HSV infection
[50, 51]. In these patients, the ability of NK cells to mediate cytotoxicity, ADCC, or kill HSV-infected target cells is
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severely attenuated. In LAD, there are a variety of mutations
in the β2 integrin CD18 [52]. This results in the inappropriate expression of various key adhesion complexes including
LFA-1 (CD11a/DC18) and Mac-1 (CD11b/CD18). Notably,
LFA-1 associates with the immunoglobulin-like activating
receptor DNAM-1 [53]. Taken collectively, the findings from
both isolated human NK cell defects and diseases that include
NK cell deficiencies suggest that human NK cell activity
is especially important in limiting viral infection and may
similarly attenuate oncolytic viral propagation.

5. The Interface between NK Cells and
Oncolytic Viral Therapy
5.1. NK Cells and Antitumor Immunity. In fully immunocompetent animal models, the variables that ultimately
determine clinical success are the amount of viral replication
inside the tumor, the antiviral immune response elicited by
viral infection, and the stimulation of an antitumor immune
response. However, diﬀerences in oncolytic viral vectors,
tumor models, and the anatomical locations of tumors
add a layer of complexity that makes broad conclusions
about host immunity diﬃcult to achieve. Innate immune responses have the potential of mediating cytotoxicity directly
against tumors while simultaneously mediating downstream
immune response [54]. Among the innate immune cell
compartment that mediates this response, NK cells stand out
as a key cellular factor [55]. While the presence of NK cells
within human tumors is associated with a positive prognosis
[6–9], their infiltration within many tumors is often sparse
[56, 57]. Since NK cells possess both antiviral and antitumor
properties, it is not surprising that their involvement is
equally controversial. While there are examples of studies
that have found no involvement of NK cells in response to
oncolytic viral infections [58, 59], the majority of studies
find that they are relevant in some capacity. To start, we will
focus on studies that both highlight the need of achieving
antitumor immunity and determine the essential role of NK
cells in mediating this response.
One of the first reports to mechanistically describe the
essential nature of antitumor immunity was the work of Diaz
et al. in which VSV was administered intratumorally for the
treatment of an immunocompetent B16 melanoma model
[43]. In this study, depletion experiments were performed to
demonstrate that tumor regression was achieved in a CD8
and NK cell-dependent manner. While markers of NK cells
and CD8 T-cell activation were not extensively examined,
the authors did observe that CD8 priming correlated with
increased cell counts in both the tumor and draining lymph
nodes; however, NK cell numbers remained unchanged
following infection. Corroborating the relevance of these
findings, the treatment of prostate cancer with reovirus overrode the prominent immunosuppressant milieu of prostate
adenocarcinoma [60, 61] and elicited an antitumor CD8
T-cell response along with prominent NK cell infiltration
[62]. Miller and Fraser also found that intratumoral therapy
with oHSV for metastatic melanoma was abrogated in
syngeneic models lacking NK and T-cell subsets [63]. Lastly,
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inoculation of HSV-1716 induced the production of IFNγ inducible chemokines from human DCs along with the
migration of NK and CD8 cells into murine tumors [64].
Taken collectively, these findings from various tumor models
treated with VSV, reovirus, and oHSV highlight the apparent
relevance of NK and T cells as mediators of antitumor efficacy [2].
Interestingly, a recent Phase I trial examining intravenous
administration of oncolytic reovirus found that CD8 and
NK cells increased by 33% and 38%, respectively, following
OV infection [65]. These findings appear to highlight the
relevance of these cellular components in the clinical setting.
Despite these observations, increases in immune cell numbers do not necessarily correlate with immune cells activation
in response to infection. As a result, future studies are needed
to evaluate the phenotypic profile and relevance of each
immune cell component following oncolytic viral infection.
In addition to the CD8 and NK response, Diaz et al.
examined the significance of regulatory T cells (Tregs) in
their model [43]. Following viral inoculation, increased
numbers of Tregs were detected within the tumor. Surprisingly, Treg depletion did not increase antitumor eﬃcacy by
relieving the suppression of antitumor CD8 cells; rather,
the antiviral immune response was significantly enhanced
following Treg depletion, resulting in both decreased viral
titers and decreased OV eﬃcacy. In this model, these findings
suggest that Treg suppression is active at the level of antiviral,
rather than antitumor immunity.
The treatment of B16 subcutaneous tumors and lung
metastasis can also be treated with intravenous VSV, albeit
using a diﬀerent mechanism. In the study by Kottke et al.,
vascular leak syndrome (VLS) correlated with enhanced
oncolytic VSV localization to subcutaneous and metastatic
lung tumors [66]. VLS is induced following IL-2-mediated
endothelial cell injury which was exacerbated with Treg
depletion [67, 68]. The authors hypothesized that this
endothelial damage and concomitant vascular permeability
created an environment that facilitated viral access from the
circulation to the tumor. Interestingly, NK cells were critical
for VLS-mediated localization and spread through the tumor
while also allowing for the continued delivery of virus to
tumors in the presence of previously vaccinated mice [66].
In contrast to the work by Diaz et al. [43], the induction
of VLS through Treg depletion induced a markedly diﬀerent
immune response to OV infection [66]. While IL-2 expands
the pool of NK cells in vivo, these cells are kept in check
by Tregs which are similarly expanded by IL-2. Thus,
depletion of Tregs appears to result in hyperactivated NK
cells manifesting in enhanced VLS, cytokine production, and
cytotoxic eﬀector functions [66]. Moreover, this eﬃcacious
response was recapitulated in the same tumor model using
i.v. administration of reovirus combined with IL-2 and
cyclophosphamide (CPA) [69]. When given at low doses,
CPA has been demonstrated to enhance immune responses
against tumors through transient depletion of Tregs [70,
71]. Consistent with the findings with VSV combined with
IL-2 and Treg depletion [66], reovirus/IL-2/CPA cotherapy
achieved an activated NK phenotype that achieved significant tumor regression [69].
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Somewhat surprisingly, however, this state of NK cell
hyperactivation, which presumably includes antiviral properties, correlates with increased VSV localization, replication,
and spread. These findings suggest that in a VLS virotherapy
model, the antiviral properties of hyperactivated NK cells are
overridden by their ability to localize systemically injected
virus to the tumor. These findings were also in contrast
to the findings of Diaz et al. [43] in which Treg depletion
was detrimental for CD8/NK cell-mediated eﬃcacy of IT
administration of VSV. Thus, Treg depletion clearly has
positive and negative outcomes and emphasizes the need
to consider opposing interactions between antitumor and
antiviral immune cells.
While the field of oncolytic viral therapy is built upon
the premise that a small initial inoculum will go through
progressive rounds of viral replication in order to achieve
tumor clearance, the work of Galivo et al. used a mutant
form of VSV to modify this fundamental principle [72].
Rather than just relying on viral oncolysis, it is becoming
increasingly apparent that antitumor immunity is a critical
factor for VSV-mediated eﬃcacy. This was clarified by Galivo
et al. in which a single replication cycle VSV vector, but not
a replication defective or UV inactivated virus, was found
to achieve equal therapeutic eﬃcacy compared to a fully
replication competent VSV vector [72]. Thus, the ability of
oncolytic VSV to proceed through multiple rounds of viral
replication is unnecessary; rather, the immune response to
intratumoral injection of a live, viable virus that is able to
express its genome is the essential eﬀector mechanism for
tumor clearance [72]. Further supporting this premise, both
viruses elicited a nearly identical NK and CD8 T-cell immune
response, thereby confirming that antiviral immunity and
the ability to elicit an acute proinflammatory response is an
essential component for achieving antitumor eﬃcacy that is
seen in the B16 model [72].
An additional mechanistic component for VSV-mediated
clearance of B16 is the role of IL-28 and NK cells in this
process. In the study by Wongthida et al., IL-28 expression
following VSV infection is identified as a key mediator
of antitumor immunity [73]. Both the expression of IL-28
and the presence of its cognate receptor on B16 tumors were
required for therapeutic eﬃcacy. Moreover, IL-28-mediated
activation of bone marrow cells to induce bystander cytotoxicity against B16 while maintaining an environment
conducive for viral replication and spread [73]. Although
IL-28 was produced from GR1+ and Macs3+ and not NK
cells, depletion of NK1.1 cells eliminated cytotoxicity against
B16 cells. It appears that this is coordinated through IL-28
induction of NK ligands on B16 cells and IL-28-mediated
activation of IFN-γ production from NK cells (Table 1).
Thus, IL-28 was identified as a novel mediator of NK cell activation that is essential for VSV therapeutic eﬃcacy. Further
work is needed to extrapolate these findings to other tumor
models and oncolytic viral vectors; however, this initial
report suggests that screening tumors for IL-28 receptor
may represent a useful prognostic marker for predicting
therapeutic response [73].
A recent study by Granot et al. has added additional
evidence to the relevancy of NK cells in mediating viral
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Table 1: Relevant NK receptor-ligand interactions in the field of
virotherapy.
Treatment

Altered NK ligand or receptor Reference
↑ RAE-1

IL-28

↑ H60
↑ MULT-1

Valproic acid
VSV+UL141
HSV
Parvovirus
ΔNS1 influenza type A

↓ NKp30 and NKp46
↑ MICA/B
↓ CD155
↓ MICA
↑ NCR ligands
↑ CD155
↑ Influenza hemagglutinin

[73]
[73]
[73]
[75]
[76]
[77]
[78]
[79]
[80]
[81]

mediated tumor clearance. Using a replication deficient
Sindbis virus to treat SCID mice bearing ES-2 ovarian carcinoma xenografts, the authors found that tumor clearance
was dependent upon the presence of functional NK cells
[74]. In addition, the eﬃcacy of a recombinant Sindbis/IL2 expressing virus was dependent upon NK cells and
IFN-γ production that ultimately mediated macrophage
polarization towards an inflammatory M1 phenotype. These
findings highlight the role of NK-mediated tumor clearance
in immunodeficient mice treated with a replication defective
viruses. It is important to interpret these findings in the context that viral replication was not a goal with this viral vector.
Moreover, it is important to note that NK cells were the key
antitumor mediator in the SCID mice used in the experiment. As a result, future work will need to discriminate (a)
whether NK cell activity is still essential when viral replication is desired, and (b) the relative importance of NK cell
coordinated adaptive antitumor immunity in immunocompetent models.
5.2. Pharmacologic Modulation of the Host Response to OV.
While antitumor immunity can be a critical tool for OV
eﬃcacy, various pharmacologic cotherapies have also been
used to counteract this response and synergize with OV
therapy. For instance, the complement system is rapidly
activated following viral infection and is intended to directly
neutralize virus; consequently, abrogating this response
could potentially enhance OV eﬃcacy. This question was
addressed by using cobra venom factor which depletes the C3
component of the complement system and was subsequently
shown to enhance OV infection [82].
Cyclophosphamide (CPA) has also been used to attenuate
antibody-mediated activation of the complement system,
serum neutralization of virus, and reduce peripheral blood
mononuclear counts that are responsible for producing an
antiviral cytokine response [19]. Due to the pleiotropic
immunosuppressive nature of CPA and its ability to halt the
antiviral immune response, in vivo CPA treatment significantly reduced viral clearance and increased viral propagation while reducing immune cell filtration [19, 83]. Taken
together, these findings suggest that targeting the immune

response to OV therapy is a particularly useful modality
towards achieving enhanced OV eﬃcacy.
While angiogenesis provides resources to growing tumors, this increased vascularity is also associated with
increased immune cell traﬃcking. As a result, antiangiogenic
agents have the potential of reducing not only tumor growth
but also the antiviral tumor microenvironment. For example, cilengitide is an antiangiogenic, cyclic RGD (cRGD)
peptide that was originally identified as antagonists for the
integrins αvβ3 and αvβ5 [84]. cRGD also limits leukocyte
recruitment to sites of inflammation [85], reduces myeloid
cell adhesion and transendothelial cell migration [86, 87].
When combined with OV, cRGD limited both OV-mediated
inflammatory gene expression and CD45 leukocyte recruitment [18]. This reduced inflammatory response resulted in
increased OV propagation in vivo and significantly enhanced
therapeutic eﬃcacy of OV in animals with intracranial
tumors [18].
An additional pharmacologic approach that has been
demonstrated to enhance OV therapy is the use of the
histone deacetylase inhibitor valproic acid (VPA). VPA has
been shown to enhance the eﬃcacy of oncolytic HSV [88]
through the inhibition of IFN-I, STAT-1, PKR, and PML
signaling within infected glioblastoma cells. By targeting
intracellular mediators that are responsible for creating an
antiviral state [89], this therapeutic approach targets the
antiviral host response prior to the recruitment of antiviral
cellular mediators.
5.3. NK Cells and Antiviral Immunity. Despite a number of
studies suggesting that natural killer cells are a critical component for achieving tumor clearance following oncolytic
viral therapy, the deleterious nature of innate immunity
has also been well documented with immunosuppressive
cotherapies that enhance OV eﬃcacy. Mathematical modeling has previously shown that the timing of the antiviral
innate immune response to OV can be detrimental to therapy
[90]. A variety of important changes associated with antiviral
immunity occur in the tumor microenvironment in response
to oHSV treatment of malignant GBM. These include profound increases in IFN-γ transcript and protein levels; upregulation of IFN-γ inducible chemokines; increased hyperpermeability with an associated inflammatory cell infiltrate;
a rapid rise in an inflammatory transcriptome including
type I interferon, TNFα, iNOS, and IL-15 [18, 32, 83, 91].
Studies in multiple tumor models and oncolytic viruses
have observed a rapid decline in viral titers that occurs within
days of inoculating various oncolytic viruses [32], suggesting
that impediments are in place that limits successive rounds
of viral replication. Using a GBM model, the clearance of
over 80% of oHSV occurs in an IFN-γ dependent manner
and corresponds with the rapid recruitment of NK cells
and peripheral macrophages into the site of viral infection,
suggesting that this response is a potential factor mediating
oHSV clearance [64]. Moreover, transient immunomodulation with cyclophosphamide attenuated NK cell and
macrophage recruitment to the site of oncolytic HSV-1 infection while resulting in profoundly increased viral titers and
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tumor clearance. Apart from HSV-1-derived OV, CPA has
also been shown to increase the oncolytic capacity of other
OVs derived from HSV-2 [92], adenovirus [39], and reovirus
[69, 93]. In fact, based on the promising preclinical results
seen with CPA and OV, the combination of CPA with measles
virus is currently being evaluated for safety and eﬃcacy in
human patients [94]. Similarly, clinical trials of reovirus with
CPA (clinicatrials.gov, NCT01240538) and adenovirus with
CPA (A. Hemminki, personal communication) are being
conducted.
The finding that CPA enhances OV therapy through
the suppression of immune cell recruitment was validated
through a study demonstrating that macrophage depletion
enhanced the eﬃcacy of oHSV therapy in glioblastoma
[91]. Clodronate encapsulated in liposomes is engulfed by
phagocytic cells resulting in intracellular accumulation of
apoptosis inducing clodronate [95]. When combined with
OV therapy, CL-mediated depletion of peripheral phagocytic
cells resulted in a 5-fold increase in OV titers in intracranial
glioblastoma. While these findings partly recapitulated the
eﬀect of CPA on OV replication, they were unable to achieve
enhanced in vivo survival demonstrated with CPA [91]. A
potential reason for these findings may relate to the inability
of clodronate to cross the blood brain barrier, thereby limiting its ability to deplete phagocytic microglial cells in addition to peripheral macrophages. Alternatively, macrophages
may represent just one of multiple barriers present within
the innate immune response to OV. In fact, a study by
Breitbach et al. found that neutrophil depletion increased
oncolytic viral titers and enhanced tumor clearance [96].
These findings suggest that OV replication may be limited by cellular components of the innate immune system
shortly after viral infection. While we have previously
demonstrated that microglia and macrophages play a critical
role in limiting the therapeutic eﬃcacy of OV [91], the
role of NK cells has received less attention. In a series
of two separate studies, Altomonte et al. detected NK cell
infiltration into hepatocellular tumors treated with VSV and
demonstrated a critical role for NK cell-mediated viral clearance in this model. First, intratumoral VSV replication and
tumor killing was significantly enhanced in mice depleted
of NK cells [97]. Second, a recombinant VSV encoding
a viral chemokine binding protein (equine herpesvirus-1
glycoprotein G) attenuated NK cell recruitment, enhanced
viral titers and tumor necrosis, and dramatically increased
the overall survival of tumor-bearing mice compared to
mice treated by parental VSV [97]. Due to the broad range
of binding partners of the chemokine binding protein, an
additional recombinant VSV encoding UL141 was created
in order to more specifically inhibit NK cell recruitment
and activation [77] (Table 1). UL141 is derived from human
CMV that inhibits NK cell activation by blocking cell surface
expression of CD155 on infected cells, thereby attenuating
DNAM-1 mediating signaling on NK cells. In this study,
rVSV-UL141 similarly enhanced virotherapy by specifically
targeting the NK response to viral infection [77]. These series
of findings suggest that NK cell recruitment and activation,
at least in some models, can be detrimental to viral oncolysis
and should be circumvented.
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Based on findings that oHSV elicits brisk NK recruitment
to the site of infection and CPA modulation of innate
immunity enhances oHSV-mediated glioblastoma killing
[18, 19, 32, 83, 90, 98], the functional relevance of these
cells in vivo brain tumor models remains unclear and
additional studies will be needed to determine this. The most
recent clinical trial for oncolytic HSV in recurrent glioblastoma patients attempted to determine evidence of HSV
replication and the extent of immune infiltration into the
tumor microenvironment following OV administration [42].
While viral replication was observed in a portion of the
patients enrolled in the study, there was significant variability
in viral levels between patients. These findings are in contrast
to the assumption in the field of OV therapy that even
small initial inoculums should amplify significantly following successive rounds of viral replication [91, 99–101].
Additionally, immunohistochemical (IHC) analysis of tumor
tissue demonstrated that G207 administration elicited a
robust increase in CD3, CD8, CD20, and HAM56 staining.
Additionally, testing of the genetically engineered mutant
adenovirus (ONYX-015) in a phase I trial for glioblastoma
provided similar results. Notably, when biopsies were taken
from recurrent tumors, a significant inflammatory, mononuclear infiltrate was observed within the tumor microenvironment. Notably, in both of these studies, staining with
the pan-NK maker CD56 was not included. These collective
IHC findings are consistent with our preclinical findings
[18, 32] and suggest that OV infection/replication causes
the recruitment of inflammatory infiltrates into the site of
viral infection. The nature of this histological feature is
uncertain. For example, it is unclear whether these findings
correlate with a potential benefit by stimulating an antitumor immune response or a detriment by eliminating OV
initially after infection thereby preventing initial rounds
of viral replication within the tumor. Taken together, the
findings from these clinical trials demonstrate the need for
a clearer understanding of the host-based factors and cellular
mediators that are responsible for limiting viral infection,
replication, and spread. By clarifying the host response to the
virus, subsequent clinical trials can be designed to modulate
these obstacles to viral propagation and achieve enhanced
OV eﬃcacy.
5.4. NK Cell Interactions with OV Infected Cells. Despite the
conflicting viewpoints that NK cells are either a benefit or
a hindrance to OV eﬃcacy, most investigators would argue
that NK cells and their place within innate immunity have a
critical role in achieving success with this therapeutic modality [2]. As a result, the knowledge gained from uncovering
the mechanistic signals governing NK-mediated recognition
of OV infected cells has the potential of benefiting both
schools of thought. For instance, in cases where the NK
response is deleterious to OV eﬃcacy, it may be necessary to
design oncolytic viruses that express decoys or suppressors
of NK activating ligands or combine the oncolytic virus
with cotherapies that achieve similar NK avoidance of oHSV
infected target cells. In tumors where NK-mediated killing
is beneficial to OV therapy, the opposite approach could
be used so that the oncolytic virus is combined with an
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immunostimulatory agent that heightens the expression of
critical NK activating ligands. In either case, it will be
necessary to uncover the underlying signals that mediate NK
recognition of OV infected tumor cells.
NK cells are able to carry out their diverse repertoire
of activities through a detection system that relies on the
engagement of a variety of cell surface activating and
inhibitory receptors on NK cells that bind MHC class I
and class I-like molecules (Figure 2). Through the binding
of these receptors, a dynamic equilibrium is achieved that
diﬀerentiates the recognition of “self ” cells from malignantly
or virally transformed target cells. While a number of viral
vectors are being tested for the treatment of an equally
diverse array of tumors, studying the NK response to oHSV
infection of GBM, for example, can be extended to various
virotherapy models. GBMs are readily killed by NK cells
in vitro [102], and despite an intense immunosuppressive
tumor microenvironment as the GBM progresses, a recent
report found that peripheral NK numbers were not altered
in patients with GBM [103]. NK cells have also been
demonstrated to preferentially lyse virally infected target cells
through either the elaboration of cytotoxic granules containing lytic enzymes or through the binding of apoptosisinducing receptors on target cells [33]. Through the expression of both virally and tumor/stress associated ligands for
NK activating receptors, a target cell such as an infected GBM
can become susceptible to NK-mediated lysis. Countering
this is the production of TGF-β and related molecules by the
refractory GBM cells that impede both NK cell production of
IFN-γ [104] and the ability of NK cells to directly lyse tumor
cell targets [105].
Recent discoveries have explored the role of HSV-1
infection in modulating NK activating ligand expression.
HSV-1 infection of fibroblast cells, through its immediate
early gene product ICP0, resulted in increased susceptibility
to NK-mediated lysis in an MHC-I independent fashion
[79]. NK activation was achieved independently of the NK
activating receptor NKG2D [79]. Rather, NK stimulation was
elicited through the expression of an unknown ligand(s) of
the NCRs on the cell surface of infected cells. Moreover,
HSV infection was subsequently found to downmodulate
NKG2D ligand expression due to late viral gene products
[78] (Table 1). These findings demonstrate the modulation
of ligands for NK activating receptors following wild type
HSV infection; however, neither the identity of these ligands
nor the nature of their cooperative binding to NK activating
receptors is currently resolved.
Beyond cell-mediated viral clearance, NK cells are potent
producers of IFN-γ [104]. In the context of oHSV therapy,
the detrimental role of this antiviral cytokine has been
uncovered through an IFN-γ depletion study that resulted
in enhanced intratumoral viral titers [32]. Additionally, IFNγ is vitally important in the activation of macrophages,
thereby facilitating their ability to kill both viral and obligate
intracellular pathogens [106]. Collectively, these findings
demonstrate the critical nature of NK cells in coordinating
the antiviral response to oHSV therapy.
A number of groups have also studied the ability of
human glioblastomas to induce NK cell cytotoxicity. Based
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on their expression profile of ligands for activating NK receptors [102, 107], NK cells have been demonstrated to actively
lyse a variety of glioblastoma cells in a NKp46 and DNAM-1
dependent manner [102].
The mechanism of NK-mediated cytotoxicity in other
oncolytic viral models is also being explored. Recently, work
by Bhat et al. found that oncolytic parvovirus infection
of PDAC cell lines resulted in increased IFN-γ, TNFα,
and MIP1a/b release from NK cells in coculture [80].
Moreover, parvovirus infection appeared to sensitize virally
infected tumors cells to NK-mediated killing through the
downregulation of MHC-I, enhanced expression of NK activating ligands such as CD155, and involvement of multiple
NK activating receptors including NCRs, DNAM-1, and
NKG2D [80]. Based on the findings that target cells infected
with wild type influenza A virus (IAV) were exquisitely
sensitive to NK-mediated lysis through NKp46 recognition
of HA expressed on virally infected targets, an oncolytic
IAV was developed. This novel virus lacks the NS1 gene
and grows eﬃciently in IFN-resistant malignant cells with
concomitant Ras overexpression [108]. Using the ΔNS1 IAV
infected prostate cancer cells, Ogbomo et al. found that NK
cells overrode MHC-I inhibition and exhibited rapid ERK
activation, increased degranulation, and heightened NKp46mediated target cell lysis compared to uninfected cells [81].
These findings suggest that second-generation versions of
these viruses that coexpress an NK activating cytokine such
as IL-2 or IL-12 may be a useful tool in activating NK cells
in vivo, particularly in cases where the immunosuppressive
environment of the tumor results in resistance to NKmediated lysis.
By deciphering the critical receptor-ligand interactions
that are responsible for NK activation following viral infection, this has the potential of paving the way for the
development of novel therapeutic approaches. This can be
achieved by either the selective blockade of NK receptors
implicated in the anti-OV response or the development of
ways to stimulate the critical receptor-ligand interactions
that are essential for downstream immunotherapy.

6. Future Perspectives
Nearly two decades after the first published report of
oncolytic viral therapy [40], investigators using these viruses
have made remarkable progress in their preclinical testing and evaluation in clinical trials. Moreover, the recent
approval of the H101 oncolytic adenovirus in China [109],
the numerous clinical trials in place within the United
States and Europe, and the acquisition of BioVex by Amgen
suggest that virotherapy will gradually enter the armamentarium of tomorrow’s physicians. In order to achieve
widespread clinical applicability, however, certain obstacles
must be overcome. For instance, infected cells have various
antiviral defense mechanisms that must be circumvented
to achieve sustained viral replication; however, circumventing this response must be countered with concerns
about uncontrolled viral replication and toxicity. Additionally, host immunity, particularly innate immunity, is a first
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line of defense against foreign pathogens that has been
demonstrated to impede virotherapy; however, immune
suppression potentially impedes the antitumor immune
response that has been shown to synergize with viral oncolysis. Lastly, coadministration of pharmacological agents that
cooperate with viral mediated tumor clearance shows significant promise; however, the comparative eﬀectiveness of
treating various tumors with the appropriate virus/drug
combination must be thoroughly evaluated in clinical trials.
In recent years, significant attention has been directed
towards the host immune response to oncolytic viruses.
In particular, the role of initial immune responder cells,
including NK cells, macrophages, and neutrophils, has been
questioned. With their antiviral and antitumor properties
combined with their ability to mediate macrophage activation, the NK cell response to virotherapy has elicited significant attention.
Despite recent progress, there are certain challenges that
should be addressed in order to expand our knowledge of the
NK response to OV therapy. To date, limitations in mouse
strain susceptibility to certain oncolytic viral vectors have
impeded the ability to evaluate the host immune response
in fully immunocompetent animal models [110, 111]. Thus,
there is an increasing need to study the NK response to
OV in syngeneic, orthotopic tumor models that include
the presence of tumor initiating cells and recapitulate the
immunosuppressive tumor microenvironment that is frequently found in human cancers.
In order to fully investigate the role of NK cells following
OV infection, future studies should also attempt to test OV
in a syngeneic mouse model with specific NK deficiencies. By
testing for OV eﬃcacy and downstream immune cell activation, including macrophage and T-cell polarization, in each
of these groups, it would be possible to delineate the critical
NK components in antiviral and antitumor immunity to OV.
Additionally, NKp46 is the only NCR present on murine NK
cells. As a result, we are limited in our ability to test the
significance of NKp44 and NKp30 against OV in vivo. To
circumvent this problem, it would be possible to evaluate
OV in the context of a humanized mouse model [112]
where NKp46, NKp44, and NKp30 are expressed.
While a variety of cotherapies have been shown cooperate with viral oncolysis through immune cell suppression, additional work can be done to fine-tune this approach.
For instance, it is shortsighted to think that antitumor immunity has no part in viral oncolysis. Rather, future work
must identify the delicate balance between an initial suppression of antiviral immunity that facilitates initial rounds of
viral replication and a downstream stimulation of antitumor
immunity against tumor or viral antigens. This could
potentially take the form of targeting NK cell depletion in
a temporal manner whereby NK cells are attenuated initially
after viral infection and then allowed to repopulate the site
of infection a few days after viral inoculation. This later
response would take advantage of their antitumor properties,
macrophage activating properties, and their ability to induce
an antitumor T-cell response.
An additional approach could focus on M1/M2 macrophage polarization following OV infection. Clinical reports
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have confirmed that tumors, such as glioblastoma, are
typically associated with generalized immunosuppression,
TGF-β production, and an M2 macrophage phenotype
[103]. oHSV inoculation elicits an M1 macrophage response
that is detrimental to OV eﬃcacy [91]. Taken together, future
studies could attempt to discern whether a temporary maintenance of the M2 phenotype initially after infection followed
by a switch towards an inflammatory M1 state is eﬀective
at initially enhancing viral titers while eliciting antitumor
immunity at later timepoints.
The role of NK receptor-ligand interactions deserves
further exploration. Future studies should investigate the
identity of the NK receptor ligands in virally infected cells;
whether the ligands are viral in origin or expressed following
cellular stress; whether they are expressed following infection
with other oncolytic viral vectors. The identifying of ligands
expressed after OV infection will be useful on multiple fronts.
First it could potentially be targeted to enhance viral eﬃcacy.
For instance, if NKp30 and NKp46 are key receptors mediating premature viral clearance, suppressing the expression
of these ligands could be particularly advantageous. Targeted
suppression could be achieved through either pharmacologic
means or through the creation of a novel oHSV that expresses
a decoy for NKp30/NKp46 or inhibits ligand presentation
on the infected cell surface. Second, while NK killing of
virally infected cells may be deleterious for viral replication, it
represents a novel target for mediating antitumor immunity.
As a result, in instances where NK-mediated antitumor
immunity is deemed beneficial, such as later time points after
infection once productive viral replication is established,
eliciting NKp30/NKp46-mediated tumor killing could be
pursued as a viable therapeutic option.
With a number of oncolytic viral clinical trials in the
pipeline, it will be critical for investigators to include the
evaluation of NK cells in the immunological response to viral
administration. Attention should be directed towards NK
cell numbers in the periphery, within the tumor microenvironment and their distribution within the virally infected
tumor. Moreover, the activation/developmental state of these
NK cells should be evaluated. For instance, NK cells should
be tested for CD56 and CD94 expression, whether the
recruited/circulating NK cells are NCRbright or NCRdim , and
their functional capacity. By collecting this data from human
samples, we can test the validity of our preclinical models and
guide future experimental trials.
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Oncolytic virus therapy is based on the ability of viruses to eﬀectively infect and kill tumor cells without destroying the normal
tissues. While some viruses seem to have a natural preference for tumor cells, most viruses require the modification of their
tropism to specifically enter and replicate in such cells. This review aims to describe the transductional targeting strategies currently
employed to specifically redirect viruses towards surface receptors on tumor cells. Three major strategies can be distinguished; they
involve (i) the incorporation of new targeting specificity into a viral surface protein, (ii) the incorporation of a scaﬀold into a viral
surface protein to allow the attachment of targeting moieties, and (iii) the use of bispecific adapters to mediate targeting of a virus
to a specified moiety on a tumor cell. Of each strategy key features, advantages and limitations are discussed and examples are
given. Because of their potential to cause sustained, multiround infection—a desirable characteristic for eradicating tumors—
particular attention is given to viruses engineered to become self-targeted by the genomic expression of a bispecific adapter
protein.

1. Introduction
Cancer is one of the major health problems of our times.
Though the prognosis for people diagnosed with, at least
some forms of, cancer has increased considerably, it is more
typical a disease of which treatment is initially eﬀective, to be
followed later by an irreversible and eventually fatal relapse.
Already for decades, cancer treatment is based on three types
of approaches: surgery, radio-, and chemotherapy. While the
scientific and technological advancements have improved the
eﬃcacy of each of these classical approaches tremendously,
and while also some new therapies have evolved including
immunotherapy, the treatments apparently fail to eradicate
all residual tumor cells or metastases completely. Therefore, additional means are urgently required to support or
replace the conventional therapies. Hence, a variety of new
approaches is currently being explored, one of which is based
on the use of viruses.
Oncolytic viruses are defined by their ability to specifically kill tumor cells, but to leave the normal tissues un-

harmed. Their most characteristic features, thus, are their
target specificity and their cytolytic capacity. Ideally, they
exhibit additional features including, but not limited to,
a high reproductive capacity in vivo, the ability to recruit
uninfected neighboring cells (syncytia formation), the ability
to infect both dividing and nondividing cells, a high stability
in vivo, the inability of chromosomal integration, the lack
of disease induction, and the general absence of preexisting
antibodies to the virus in the host population.
Infection of cells by viruses primarily depends on their
successful entry of these cells. As a first step, virus-binding
to the cell relies on the specific interaction between the
viral attachment protein(s) and the cellular receptor(s). Only
very few viruses have a natural preference for replication in
tumor cells. Some acquired such tropism by serial passage
in cell culture cells; examples include measles virus, mumps
virus and Newcastle disease virus (recently reviewed in [1]),
vesicular stomatitis virus [2], and reovirus [3]. Many viruses,
however, lack the means for selective binding to tumor cell
epitopes. To adapt these viruses for oncolytic therapy, their
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natural tropism needs to be altered to allow binding to
tumor-specific receptors, an approach called transductional
targeting.
This review outlines the recent developments in transductional targeting of viruses. It will focus on the three
strategies for retargeting of viruses that seem most promising
for the development of new oncolytic viruses. Section 2
will review the strategy through which viruses could be
successfully provided new tropism by introducing targeting
information into one of the viral surface proteins. As this
strategy has been investigated most actively, we will limit
the overview of the examples to those viruses in which
the new targeting specificity could be genomically encoded.
In Section 3, approaches are described by which scaﬀoldbased modifications of viral surface proteins were applied
to direct virions to new target cells, including the use of
biotin or antibody-binding moieties. Section 4 will review
the use of bispecific adapter proteins as mediators of binding
virions to tumor cells. Most often such adapters were simply
combined with the respective viruses thereby enabling
single-round infection. In some cases, these targeting devices
were incorporated genetically into the virus so as to generate
self-targeted agents able to independently spread through a
tumor. Finally, the review will be completed with general
conclusions on the current status of the field of oncolytic
virotherapy and with views on its future.

2. Modification of Viral Surface Proteins
The most popular approach to generate oncolytic viruses has
been by adapting their surface-exposed components. Viral
surface proteins can be modified to express ligands that
bind to receptors preferentially or exclusively expressed on
tumor cells. Viruses can be genetically adapted to express
those modifications to redirect them towards tumor cells
(Figures 1(a) and 1(b)). The main advantage of this strategy
is that the targeting specificity is inherent to the viral genome
and will, thus, be maintained upon replication. Progeny
virus is then able to infect neighboring cells harboring the
target receptor, thereby establishing a multiround infection
that will be maintained until no further tumor target cells
remain. For this strategy, the ability to genetically modify
the viral genome is crucial. Furthermore, detailed structural
information about the viral surface protein to be modified
is indispensible to predict at which location targeting motifs
might be tolerated and will be exposed. Such motifs should
not only allow binding of the modified virion to the cells
but should also not be detrimental to the entry mechanism
of the particular virus, not interfering for instance with
the fusion of viral and cellular membrane. In addition, the
targeting ligand introduced into the viral protein will have
to meet size limitations. Small peptides, thus, seem the first
and most obvious choice. The development of targeting
strategies of viruses is, however, severely limited by a shortage
of naturally existing molecules available for use as targeting
ligands. Therefore, other sources of binding ligands have
been investigated and incorporated into viral proteins for
this purpose. These include (parts of) antibodies, like scFvs
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(single-chain variable fragments, composed of a fusion of
the variable regions of the heavy (VH ) and light chains (VL )
of an immunoglobulin) or Fabs (antigen-binding fragments,
composed of one constant and one variable domain from
each heavy and light chain of the antibody). The feasibility
of modifying viral coat proteins has been demonstrated for a
number of viruses as is summarized below.
2.1. Adenoviruses. Adenoviruses are among the most extensively studied viruses for oncolytic viral therapy. In a wildtype infection, adenovirus-binding to the cells is mediated by
its major attachment factor, the fiber protein. Via its carboxy
terminal knob domain, this protein binds to the primary
cellular receptor coxsackie/adenovirus receptor (CAR). Following viral attachment, internalization is mediated through
interaction of RGD motifs in the penton base with cellular αν
integrins. In order to achieve CAR-independent infection by
adenoviruses, the viral tropism can be modified via genetic
engineering of adenovirus capsid proteins.
The list of reviews describing the development of genetically redirected adenoviruses through incorporation of
ligands into viral surface proteins is numerous. In summary,
heterologous peptide ligands have been successfully engineered into many adenoviral proteins, including the HI loop
of the fiber, the C terminus of the fiber, the L1 loop in the
hexon, and the RGD loop in the penton base and in the
minor capsid protein IX. Most commonly, targeting moieties
are inserted in the HI loop of the fiber knob. For this protein,
the importance of the insertion site of the ligand was demonstrated when introducing a model peptide CDCRGDCFC
into the knob [4]. The insertion of the ligand into three of
five analyzed loops of the knob still allowed trimerization
of the knob protein, and the resulting adenoviruses showed
superior infectivity to that of viruses with the same peptide
fused to the fiber C terminus. That the precise ligand
positioning is pivotal was further demonstrated by the lack
of enhancement of infectivity when the ligand-flanking
linkers were extended and when tandem copies of the ligand
peptide were inserted [5]. Interestingly, also antibody-based
targeting could be achieved for adenoviruses by generating
fiber chimeras [6] or fusions of scFvs with the capsid protein
IX [7]. For the most recent reviews on transductionally
targeted adenoviruses, the reader is referred to [8–11]. For
adenoviruses, the possibility to combine transductional with
transcriptional targeting to increase adenoviral specificity
makes this group of viruses particularly interesting for future
therapy; however, their strong immunogenic nature might
seriously hamper their eﬃcacy in vivo.
2.2. Paramyxoviruses-Measles Virus. The measles virus is
another virus well studied for oncolytic therapy, as the
attenuated measles virus strain Edmonston has the ability
to selectively destroy neoplastic tissue (reviewed in [12]).
Measles virus has two envelope glycoproteins: the hemagglutinin (H) attachment protein and the fusion (F) protein.
Virus attachment, entry, and subsequent cell-cell fusion are
mediated via the two measles receptors: CD46 and the
signaling lymphocyte activation molecule (SLAM).
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Figure 1: Transductional targeting through the modification of viral surface proteins. (a) Principle of redirecting viruses by the insertion
of tumor-specific ligands into the viral coat, without modification of viral surface protein (upper part) no infection; (b) Schematic
representation of a viral surface protein (represented by the grey-filled circle) on which tumor-binding peptides or antibodies are exposed.
Ligands can be introduced at the N- or C-terminus of the protein or internally, provided that the correct folding of the viral protein and
its accessibility for binding to the cell surface receptor are maintained; (c) Schematic representation of a viral surface protein on which a
scaﬀold is exposed. The targeting ligand, examples of which are shown schematically, is then provided as a separate entity, binding on the
one hand to the virion and on the other hand to the cell surface receptor of choice.

To improve the specificity of the infection, tumor-specific
ligands have been introduced as C-terminal extensions of the
H protein. A range of ligands, including both peptides and
scFvs, were tolerated and, in addition, allowed the redirection
of the virus to cells expressing the appropriate virus receptor.
Again, the nature of the ligands was pivotal. Thus, though
the length of the linkers separating the VH and VL domains

was not of importance for scFvs to be incorporated into
virions, it certainly aﬀected the membrane fusion ability of
the virus [13]. For reviews on redirected measles virus, please
see [12, 14–16]. As the Edmonston strain has been used
for vaccination for over 50 years now, its safety profile is
impressive and might provide a good basis for future application in oncolytic therapy.
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2.3. Herpesviruses-Herpes Simplex Virus (HSV). Another
field of active study involves the use of herpes simplex virus
for tumor therapy (reviewed in [17, 18]). Herpesvirus infects cells by attachment to heparan sulfate proteoglycans,
mediated by the viral glycoproteins gC and gB, followed
by the interaction of the glycoprotein gD with one of two
alternative protein receptors. One, designated herpesvirus
entry mediator, is a member of the family of tumor necrosis
factors receptors. The second involves nectin1 and nectin2,
both intercellular adhesion molecules belonging to the
immunoglobulin (Ig) superfamily.
Retargeting of HSV could be achieved by the insertion of
ligands and scFvs into the gC and/or the gD protein, with
subsequent increased infectivity of target cells expressing the
appropriate virus receptor. The current strategies to redirect
HSV towards tumor cells have recently been reviewed [18,
19]. For another herpesvirus, the gamma herpes virus saimiri
the native binding region of the viral glycoprotein ORF51
to heparan sulphate was replaced with that of a peptide
sequence interacting with somatostatin receptors, known
to be overexpressed on hepatocellular carcinoma cells. The
subsequent recombinant virus appeared to infect the carcinoma cells as well as the wild-type virus, while showing
reduced infectivity for other cell lines. The reason for these
observations is unclear [20]. In conclusion, herpesviruses
remain promising as candidates for oncolytic therapy as
they can be redirected to tumor cells and are considered
reasonably safe due to the induction of a self-limited disease
in humans. On the other hand, their wide natural tropism
and the presence of viral antibodies in the human population
might hamper their eﬀectiveness in vivo.
2.4. Parvoviruses-Adenoassociated Virus (AAV). A less frequently studied candidate for development as oncolytic agent
is AAV (reviewed in [21]). AAV has a broad host cell range
due to the widespread distribution of its primary cellular
receptor heparan sulfate proteoglycan. The viral capsid protein is responsible for the interaction with this host cell
receptor.
Transductional targeting independent of the native
tropism could be demonstrated by genetically incorporating
the 14-amino-acid targeting peptide L14 [22] into six diﬀerent putative loops of the AAV2 capsid protein. The results
showed that all mutant capsids were eﬃciently incorporated,
that three mutants expressed L14 on the capsid surface,
but that only one of these eﬃciently infected wild-type
AAV2-resistant cell lines that expressed the integrin receptor
recognized by L14. The importance of the incorporation
site and of the peptide sequence was further elucidated in
other studies, showing that the assembly, the generation
of infectious particles, and the ability to transduce target
cells depends both on the position in the capsid and on
the ligand introduced [23, 24]. Successful targeting was
demonstrated towards RGD [25] and towards the human
luteinizing hormone receptor [24]. Due to the broad cell
tropism of wild-type AAV, retargeting in combination with
ablation of its natural tropism will remain crucial to develop
this virus into a safe oncolytic vector.
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2.5. Retroviruses-Murine Leukemia Virus (MuLV). Replication-competent retroviruses have gained interest as oncolytic
agents, in particular because of their high transduction
eﬃciency (reviewed in [26, 27]). Of MuLV diﬀerent classes
can be distinguished, of which the host range is based on
the interaction between the envelope glycoprotein and a
particular cell surface receptor. While the ecotropic MuLVs
are particularly capable of infecting mouse and rat cells,
amphotropic MuLV infects a range of mammalian, including
human cells via the widely expressed Pit-2 receptor.
Initial studies to redirect ecotropic MuLV towards human
tumor cells pointed towards the importance of the interaction between the envelope glycoprotein and its original
virus receptor. Despite the correct folding of chimeric
envelope glycoproteins displaying scFvs, their incorporation
into viral particles, and the binding of pseudotyped virus
particles carrying chimeric ecotropic Env to human cells,
the resulting viruses were not infectious for the targeted
cells (reviewed in [28]). When expanding these studies
using amphotropic MuLV, targeted infection could be
achieved only when incorporating the high molecular weight
melanoma-associated antigen (HMWMAA), while targeting
towards the EGF [29], IGF [30], and folate [31] receptors was
unsuccessful, despite the observed binding to cells expressing
those receptors. It was proposed that traﬃcking of the
virus particles to lysosomes and subsequent degradation
caused the lack of infectivity, but attempts to overcome this
problem by inserting a translocation domain of exotoxin A of
Pseudomonas aeruginosa into the envelope protein, in order
to translocate the virion from endosomes to the cytoplasm,
were unsuccessful [29]. Clearly, the choice of receptor will
be of ultimate importance for the successful targeting of
retrovirus vectors towards tumor cells.
2.6. Poxviruses-Vaccinia Virus. Vaccinia virus has been studied for its antitumor properties already for a long time.
Despite its entry into a wide range of cells, for several vaccinia
virus strains, a natural preference for replication in cancer
tissue has been reported. While the identity of the natural
receptor is still under debate, it likely involves a widely expressed surface component, like heparan sulfate or chondroitin sulfate proteoglycans. Tumor targeting can be improved
by deleting vaccinia virus genes that are necessary for replication in normal cells but not in cancer cells (recently
reviewed in [32]).
To increase the specificity of their tropism, tumorspecific scFvs have been displayed on the surface of vaccinia
virus particles. Targeting moieties were introduced by fusing
an scFv directed against the tumor-associated antigen ErbB2
to the N-terminus of the nonessential hemagglutinin HA
protein in vaccinia virus strain IHD-J [33]. Similarly, the
nonessential p14 membrane-associated protein of vaccinia
strain MVA could be replaced with a p14 fusion molecule carrying an inserted scFv directed against the tumor-associated
antigen MUC-1 [34]. The resulting fusion proteins could be
expressed, were exposed on the envelope of the recombinant
virus, and were able to bind the target cells. No preferential
infection of the target cells was, however, observed, likely
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Figure 2: Modification of viral surface proteins for redirecting coronavirus to tumor cells. Schematic representation of MHV surface
glycoproteins spike (S) and hemagglutinin-esterase (HE) and of modifications applied to redirect the virus to novel target cell antigens.
Modifications tested include: insertion of small peptide ligands, including RGD and NGR, and extension with the anti-EGFR scFv425.
Recombinant MHV viruses encoding such mutated S proteins or modified HE proteins (in the presence of wild type spike proteins) were
generated by targeted recombination [35]. Indicated is whether the intended recombinant viruses could actually be isolated (confirmed by
RT-PCR and sequencing). Also indicated is the tropism of each successfully generated recombinant virus for murine and for human cells
(Verheije and Rottier, unpublished data).

because the recombinant viruses still contained wild-type
host cell attachment proteins, providing the infection with
a broad cell range. Therefore, the future challenge for the
transductional targeting of vaccinia virus towards tumor cells
will lie in the elimination of its natural tropism.
2.7. Coronaviruses-Mouse Hepatitis Virus (MHV). The favorable characteristics of—particularly the nonhuman—coronaviruses as potential oncolytic agents have been recognized
only recently. In these viruses, the spike (S) protein is
responsible for receptor binding and subsequent cell entry
through virus-cell membrane fusion. The aminoterminal
S1 domain is required for virus-binding to the cells, and,
while undergoing ordered structural changes, the S2 domain
mediates fusion with the cell membrane. Infection of cells by
coronaviruses depends on the expression of specific cellular
receptors, which makes these viruses highly species-specific.
For example, entry by MHV is mediated by the murine
carcinoembryonic antigen (CEACAM1a) receptor.
Attempts to redirect coronaviruses, in particular MHV,
by mutation of the viral surface proteins were unsuccessful.
Incorporation of ligands, such as RGD and NGR, into
various nonconserved domains in the S1 domain of the spike
protein appeared to be not tolerated, as the selection of
retargeted recombinant viruses based on the new binding
properties of the modified spike was not successful (Figure 2;

Verheije and Rottier, unpublished data). Obviously, without
much knowledge of the tertiary structure of the coronavirus
spike protein and of its conformational changes during cell
entry, chances are high that the introduction of even small
ligands aﬀects its proper functioning. Some MHV strains
carry an accessory hemagglutinin-esterase (HE) surface
glycoprotein. Attempts to also use this glycoprotein for
retargeting were equally unsuccessful. Though some HE gene
modifications, such as insertions of small peptide ligands and
terminal extensions with the anti-EGFR scFv425, could be
incorporated into the viral genome, the resulting recombinant viruses were unable to redirect MHV to human tumor
cells (Figure 2; Verheije and Rottier, unpublished data).

3. Introduction of Scaffolds into
Viral Surface Proteins
Rather than incorporating specific tumor targeting information into a viral surface protein, an alternative approach
involves the incorporation of a scaﬀold moiety into such
a protein to which subsequently various types of targeting modules can be linked (schematically depicted in
Figure 1(c)). The main strategic diﬀerence relative to the
previous method is that the moiety incorporated is not a
tumor ligand itself but represents an attachment site for
exogenously provided targeting moieties that, besides to

6
the scaﬀold, also bind to the receptor of interest (compare
Figures 1(b) and 1(c)). An essential operational limitation
is that this targeting strategy provides viruses that can only
establish single-round infection, remaining dependent on
the external supply of the targeting module. Yet, it has
the advantage of flexibility as the targeting device, binding
always to the same, previously modified viral protein, can
be changed relatively easy. Some of these strategies are based
on antibody targeting, giving the opportunity to redirect the
oncolytic virus to virtually every tumor surface epitope. A
particular application based on this principle relies on the
biotin-(strept)avidin-coupling method (reviewed in [36]).
3.1. Adenoviruses. For adenoviruses, single-round targeted
virus particles could be generated by using the biotinstreptavidin coupling system. After incorporating a biotinacceptor peptide into the fiber, metabolically biotinylated
adenovirus was coupled to an EGF-streptavidin complex
and found to successfully infect EGFR expressing target
cells [37]. Similarly, a biotin-polyethylene glycol (PEG)-EGF
conjugate coupled to an avidin-modified adenovirus could
redirect the virus to a nonnative receptor [38]. In another
study, small protein ligands capable of selective binding to
human IgG and IgA were incorporated as model ligands
for tropism-modified adenoviruses. Viable viruses that had
genetically incorporated scaﬀolds into their fiber gene could
be rescued and were, after incubation with antibodies,
able to enter cells displaying the Fc receptor on their
surface [39]. Recently, it has been demonstrated that specific
chemoselective modification of the adenoviral particle could
also function as a scaﬀold for targeting devices. By metabolic
incorporation of noncanonical monosaccharides and amino
acids in adenoviral particles, conjugation with a folate
targeting motif in combination with a taxoid was achieved.
Initial results demonstrated increased toxicity in vitro [40].
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domain of protein A inserted into their envelope protein
E2. When combined with antibodies that bound to specific
surface antigens on nonsusceptible cells, the chimeric virus
was able to infect these otherwise refractory cells [44]. A
comparable combination approach was taken by introducing
Ig-binding domains as N-terminal extensions of the E2
glycoprotein. After adding species-matched antibodies, Fc
receptor-positive cell lines could be successfully infected
[45].
3.4. Murine Leukemia Virus. Also for MLV, studies were
performed to introduce the IgG-binding domain of protein
A to enable modular use of antibodies of various specificities
for vector targeting. By inserting this binding domain into
the hinge region of the viral envelope protein virions were
generated that were capable of capturing anti-HER2 antibodies. Subsequent eﬃcient binding of the virus-antibody
complex to HER2-positive target cells and enhancement of
transduction of these cells was observed [46].

4. Transductional Targeting of Viruses
Using Bispecific Adapters

3.2. Adenoassociated Virus. The Ig-binding fragment of
protein A was tested as a possible scaﬀold to redirect AAV.
The fragment was successfully introduced into the capsid
protein providing a versatile platform for antibody-mediated
AAV targeting [41]. In a more recent study, a biotinacceptor
peptide was incorporated into AAV particles. Subsequent
biotin labeling of the viruses with the biotin ligase BirA and
attachment of an RGD peptide to target integrins resulted in
a significant increase in the transduction of endothelial cells,
demonstrating again the feasibility of this approach [42].

4.1. Bispecific Adapters. An elegant strategy currently
employed to target viruses towards tumor cells makes
use of bispecific adapters. Such proteins consist of two
domains (“arms”), one binding to the virion, the other to
a cell surface epitope of interest, thereby enabling indirect
interaction of virus and tumor cell. The composition of
the adapter proteins can vary greatly, depending on the
design of the arms. The virus-binding domains that have
been used include soluble receptor fragments (so-called
pseudoreceptors), polymers like PEG, (parts of) antibodies,
including scFvs or Fabs. Moieties that have been applied
for cell-binding are natural peptide or vitamin ligands for
receptors, and again scFvs or Fabs directed against a cell
epitope of interest. The specificity for two diﬀerent antigens
is achieved either by joining the arms together chemically
or by combining the two moieties in one fusion protein,
often with a flexible linker, the targeting arm typically
being at the C-terminus. The principle of redirecting viruses
towards nonnative cells using bispecific proteins is shown in
Figure 3(a), with typical examples of the two domains being
depicted in Figure 3(b). In Table 1, an overview is provided of
combinations of arms in bispecific adapter proteins actually
generated to target viruses to tumor cells.

3.3. Togaviruses-Sindbis Virus. Sindbis virus has inherent
oncolytic properties and has been studied quite extensively
as an oncolytic virus (reviewed in [43]). One of the surface
proteins on mammalian cells to mediate the Sindbis virus
infection is the laminin receptor, which is overexpressed on
various human tumors. The envelope protein E2 of Sindbis
virus is responsible for receptor binding.
To increase the specificity of the infection, researchers
combined the introduction of ligands into the viral envelope
with the use of targeting molecules. To this end, virus
particles were generated which contained the IgG-binding

4.2. Advantages and Disadvantages of Bispecific Adapters for
Targeting. The use of adapters to redirect viruses towards
tumor cells has several advantages over the introduction of
targeting or scaﬀold moieties into viral attachment proteins.
First, no detailed structural information is required about the
viral surface proteins, as the manipulation of these proteins
is not required. Second, as the size of the targeting part of
the adapter protein seems less crucial than when introducing
this moiety into a viral protein, the choice of targets can
easily be expanded by using (parts of) antibodies. In this
way, the selection of targeting receptors becomes virtually
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Table 1: Overview of the composition of bispecific adapters used to reroute viruses for oncolytic purposes.
Adaptor protein moiety binding to
Virion

Targeting demonstrated for

Cell

Antibody (scFv or Fab)

Antibody (scFv or Fab)

Antibody (scFv or Fab)

Ligand peptide

Soluble/pseudo receptor

Antibody (scFv or Fab)

Soluble/pseudo receptor

Ligand peptide

Polymer
Polymer

Antibody (scFv or Fab)
Ligand peptide

unlimited, as antibodies can be generated relatively easy,
once the receptor of interest has been identified. Third, as
adapter proteins are straightforward to construct, expanding
the repertoire of target receptors becomes relatively easy.
Finally, the binding of adapter proteins to the virion has, at
least in some cases, been reported to ablate the virus’ natural

Adenovirus
Adenoassociated virus
Coronavirus
Adenovirus
Paramyxovirus
Adenovirus
Herpesvirus
Coronavirus
Adenovirus
Coronavirus
Adenovirus
Adenovirus

tropism, which is especially useful when the oncolytic virus
of choice has a preference for normal cells in the host.
There are also disadvantages of using bispecific proteins in targeting oncolytic viruses. As bispecific proteins
are artificial polypeptides composed of parts that do not
occur linked together naturally, their proper biogenesis with
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independent folding of both moieties and eﬃcient secretion may be impaired. Moreover, unless expressed by the
oncolytic virus itself, production and purification of the
adaptors is a challenge.
4.3. Application of Bispecific Adapters. To redirect oncolytic
viruses towards tumor cells, bispecific proteins can be
applied in two ways. First, after recombinant production or
chemical synthesis, the proteins can be precomplexed with
virions before applying them in vitro or in vivo. A major
drawback of this approach is, however, that it allows singleround infection only; progeny virus will not be able to
infect neighboring cells as the amount of adapter protein
will be limiting. Consequently, the use of such adapterprecomplexed viruses in vivo is likely to be restricted to
local, rather than systemic application. It will probably also
require repeated administration of high doses of the adapter
proteins. Little is known about the potential risks of such
approach.
As an alternative, the genetic information for the adapter
protein can be incorporated into the viral genome. When
properly expressed, this ensures the local production of
the targeting device together with the progeny virus in the
infected cell. This approach will enable multiround infection
and lateral spread of the oncolytic virus. The time span and,
hence, the eﬃcacy of this kind of therapy will be limited by
the emergence of immunity against the bispecific protein
and/or the virus. The feasibility of this strategy depends on
the availability of a genetic modification system to introduce
the adapter-encoding gene into the viral genome as an
additional expression cassette. While such modification
systems are currently available for most viruses, the capacity
of the genome to accept such insertions can be limited;
hence, the size of the targeting moiety might be restricted.
Finally, the genetic stability of such recombinant viruses
might be an issue, in particular when the adapter protein is
used to ablate the natural tropism of the virus.
The feasibility of using adapter proteins for oncolytic
viral therapy has been explored for a number of viruses.
Below we first present an overview of the studies in which targeting to tumor cells was performed by coadministration of
viruses and adaptor proteins (Section 4.3.1). Thereafter, we
discuss the studies describing genetic targeting of oncolytic
viruses generated by the incorporation of genes coding for
bispecific proteins into the viral genome (Section 4.3.2).
4.3.1. Single-Round Transductional Targeting
Using Bispecific Adapters
Adenoviruses. To redirect adenoviruses to tumor cells, neutralizing antiknob fiber antibodies have been used extensively. The first demonstration of their potential application
for retargeting of these viruses to a nonadenovirus cellular
receptor was in 1996, when such antibodies were chemically
conjugated to folate and shown to mediate infection of
folate-receptor expressing cells [47]. Many nonnative receptors have since been targeted by conjugating an antiknob
antibody fragment to either ligand peptides or antibody
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domains directed against a cellular receptor. This resulted
in successful targeting towards the EGF receptor (EGFR)
[48, 49], FGF receptor [50–52], integrins [53, 54], EGP-2
(also known as EpCAM) [55, 56], the melanoma-associated
antigen HMWMAA receptor [57], carbonic anhydrase IX
protein G250 [58], CD40 [59, 60], various organ- and
tumor homing peptide receptors [61], mesothelin MSLN
[62], prostate-specific membrane antigen PSMA [54, 63],
VEGFR2 [54], Ly-6D [64], and Tie2 receptors [54].
Similar approaches have been explored using antibodies directed against other adenoviral proteins. Thus, Fabs
directed against the penton base of the fiber in combination with targeting ligands, such as EGF, IGF, and TNFα
could mediate the infection of target cells expressing the
appropriate receptors [65]. Also Fabs directed against the
hexon protein chemically linked to Fabs specifically binding
to an antigen highly overexpressed on human hepatocellular
carcinoma were successfully applied to redirect adenoviruses
to a nonnative receptor [66].
Another strategy successfully employed for the same
purpose made use of pseudoreceptors. In this approach,
bispecific proteins were generated by fusion of a soluble form
of CAR (sCAR) to EGF [67, 68], to the Fc region of human
IgG1 [69], and to scFvs against ErbB2 [70] and CEA [71].
In yet another approach, polymers were exploited as
targeting ligands in a single round fashion. Here, adenovirus
particles were coated to inhibit their natural tropism after
which ligands, including peptides and scFvs, were attached.
Several types of polymers have been used [72–77], including
polyethylene and metacrylamide derivatives, to successfully
target adenoviruses to FGF2 [78], RGD [79], TNFα [80], and
the HER2 receptor [81]. It has been proposed that adenoviral
coating with polymers might have enhanced potential for
systemic delivery, as it prolongs the viral plasma half-live and
reduces the hepatotoxicity in vivo [80].
Finally, another type of bispecific molecule based on
the binding ability of the Gla domain of coagulation factor
X to the hexon was exploited for targeting. Upon fusion
of Gla to scFv proteins, increased infection of tumor cells
by adenovirus could be observed. However, the anticipated
reduction in liver transduction was not observed [82].
Adenoassociated Viruses. AAV has a broad host cell range due
to the widespread distribution of its primary cellular receptor
heparan sulfate proteoglycan. To achieve a more specific
infection, a bispecific Fab was tested of which one arm
recognized the cell-surface integrins αIIbβ3 while the other
bound to the AAV capsid [83]. Targeting this way did not
inhibit downstream steps required for productive infection.
Moreover, a decrease of infection of normally permissive cells
was observed, indicating that the bispecific protein was able
to ablate the normal tropism.
Herpesviruses-Herpes Simplex Virus. HSV binding to the cell
is mediated by several widely expressed cell surface receptors,
including nectin1. HSV was successfully redirected to the
EGFR by means of a soluble adapter protein comprising
the N-terminal domain of nectin1 fused to an scFv directed
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against EGFR [84]. Adapter-mediated entry was, however,
promoted by the presence of heparan sulfate proteoglycans
on cells, which are also required for wild-type HSV infection.
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4.3.2. Multiple-Round Transductional Targeting Using Bispecific Adapters. To overcome the major drawback inherent to
single-round targeting, a number of investigations focused
on the expression of the bispecific adapters from the viral
genome in order to allow the recombinant viruses to produce
their own targeting device and sustain the infection. The
feasibility of this approach has so far only been demonstrated
for some adenoviruses and coronaviruses.

replication in tumor cells. The first experiments demonstrating the ability to redirect CRAds towards tumor cells
were performed using dual-virus mixtures consisting of
a CRAd and an adenovirus secreting a bispecific adapter
protein consisting of a fusion between the soluble CAR
receptor and the EGF ligand [91]. Dual virus infections
resulted in increased oncolytic activity in vitro and improved
therapeutic eﬃcacy in vivo.
Subsequently, CRAds were engineered to express the
bispecific adapter proteins by themselves. Van Beusechem
et al. [92] developed such a CRAd encoding a bispecific
protein composed of the anti-EGFR scFv 425 and antifiber
knob scFv s11. The resulting virus AdΔ24-425S11 produced
the bispecific protein 425-s11 during replication in cancer
cells, yielding progeny virus with enhanced infectivity and
oncolytic properties on EGFR-positive, CAR-deficient tumor
cells. However, in addition to infection mediated by EGFR,
the virus retained its capacity to infect cells through binding
to the native receptors CAR and integrins. To abolish the
native tropism, mutations were introduced that eliminated
CAR and integrin binding [93], resulting in a recombinant
virus with a strictly EGFR-dependent targeting profile and
reduced replication in EGFR-negative cells. Both viruses
displayed similar oncolytic potency in cell lines and tissue
specimens [93]. Also when applied in a mouse model by
intrajugular or intramuscular injection, the native tropism
of adenoviruses appeared to be reduced after the removal
of both the CAR and integrin-binding sites [94]. Strikingly,
however, when expressing the soluble CAR-EGF targeting
moiety from a CRAd rather than from a dual virus system,
its oncolytic potential was severely impaired [95], suggesting
that the expression of biologically active proteins can be
counterproductive to virus replication.
To overcome the biosynthetic diﬀerences between the
bispecific proteins translated and secreted via the ERGolgi route and the adenovirus with translation in the
cytoplasm but assembly in the nucleus, an elegant strategy
was developed by tagging of the adenovirus fiber and the
scFv each with a synthetic leucine zipper-like dimerization
domain [96]. Tagging of the proteins with the zipper peptide
sequences preserved both the trimerization capability of the
adenovirus fiber and the recognition of the EGFR by the
zipper-scFv protein, but, most importantly, it gave rise to
receptor-specific infection of the target cells.
Several studies have shown the feasibility of using bispecific proteins for redirecting adenoviruses towards target cells
ex vivo or in vivo in laboratory animal models, including [71,
92, 97–102]. Although quite eﬀective, these studies were all
based on a two-component strategy, requiring the mixing of
virions with bispecific proteins before administration. To our
knowledge, no in vivo studies have yet been performed using
recombinant adenoviruses expressing a bispecific adapter
from their viral genome to establish whether they have
superior targeting and cell-killing abilities.

Adenoviruses. To redirect adenoviruses to nonnative surface
receptors, conditionally replicating adenoviruses (CRAds)
seem to be the viruses of choice, due to their selective

Coronaviruses. To generate self-targeted coronaviruses, initially the coding sequence for a bispecific adapter protein
composed of the soluble mCEACAM1a receptor linked to

Paramyxoviruses-Newcastle Disease Virus (NDV). In the
avian paramyxovirus NDV, the hemagglutinin-neuraminidase (HN) protein is responsible for sialic acid receptor
attachment, while the F protein mediates the fusion of
viral envelope and cellular membrane. NDV has oncolytic
properties by nature; however, it has a broad cell tropism
due to the widespread occurrence of sialic acids on many
cells. To narrow its specificity, the use of bispecific adapter
proteins has been investigated. Preincubation of NDV with a
recombinant bispecific protein composed of an scFv against
HN that blocks the native receptor binding site and the
interleukin-2 peptide clearly enhanced the specificity of
the virus [85] and reduced its side-eﬀects when applied
systemically in vivo [86].
Coronaviruses-Mouse Hepatitis Coronavirus (MHV) and
Feline Infectious Peritonitis Virus (FIPV). The first demonstration of retargeting of coronaviruses was achieved by
exchanging the viral spike ectodomains. Thus, felinized
MHV (fMHV) [87] and murinized FIPV (mFIPV) [35]
were generated in which the murine viruses carried the
feline S ectodomain and vice versa. These otherwise highly
species-specific recombinant viruses were able to cross
species barriers; fMHV had acquired feline cell tropism but
completely lost its murine cell tropism while the opposite was
true for mFIPV. To extend the species tropism of nonhuman
coronaviruses towards human tumor cells, bispecific adapter
proteins were generated. Proteins composed of a bispecific
scFv directed against both the feline spike protein and the
EGFR could mediate FIPV and fMHV infection of EGFRexpressing human cancer cells, with subsequent syncytia
formation typical of a productive coronavirus infection [88].
Subsequent studies to redirect murine coronavirus MHV
to human tumor cells were based on an adapter protein
that consisted of a pseudoreceptor, composed of the Nterminal domain of murine CEACAM1a (soluble receptor;
soR), fused to an scFv directed against the EGFR [89] or
to the EGF ligand [90]. Again, such adapter proteins could
mediate EGFR-specific entry of MHV into human cancer
cells. However, in contrast to many of the previous examples,
no ablation of the natural tropism of the virus was observed.

10
a His-tag was incorporated into the MHV viral genome
by targeted recombination, creating the virus-designated
MHVsoR-His [103]. The presence of this additional expression cassette was tolerated and the resulting recombinant
viruses indeed expressed the adapter protein. Inoculation of
target cells expressing the artificial His-receptor on their surface showed the recombinant viruses to be able to establish
a multiround, receptor-dependent infection. Furthermore,
extensive cell-cell fusion and rapid cell killing of infected
target cells was observed, demonstrating the possibility of
generating genetically redirected coronaviruses [103].
The expression cassette was subsequently extended by
inserting the sequence encoding the EGF peptide between
that of the soluble receptor and the His-tag [90]. Again, the
generated recombinant MHVsoR-EGF-His thereby acquired
the ability to cause multiround infection of other-wise nonsusceptible, EGFR-expressing cell cultures in vitro, with
subsequent eﬃcient cytolytic activity [90]. More importantly, the redirected virus demonstrated oncolytic capacity
also in vivo in an orthotopic U87dEGFR xenograft mouse
model. Survival rates of the mice were significantly
longer when the tumor-bearing animals were treated with
MHVsoR-EGF-His than after treatment with control virus
MHVsoR-His or with PBS (Figure 4(a)). In none of the
MHVsoR-EGF-His treated mice-recurrent tumor load could
be detected, demonstrating the strong oncolytic capacity
of such viruses in vivo [90] (Figure 4(b)). Despite the
impressive oncolytic eﬀect in vivo of the redirected MHV,
replication of MHV in non-tumor tissue of the natural host
was observed (Figure 4(c)), presumably because the natural
tropism of MHV was not ablated.
Further experiments demonstrated that the composition
of the bispecific protein is of critical importance for the
success of generating recombinant oncolytic coronaviruses.
In particular, viable recombinant coronaviruses expressing
a bispecific scFv from an additional expression cassette in
the viral genome could not be rescued (Figure 5; Verheije
and Rottier, unpublished data). Subsequent introduction of
a bispecific gene encoding the soR fused to a scFv against
the EGFR did generate viable viruses; however, such viruses
were genetically highly unstable, loosing the foreign gene
usually already within one passage (Figure 5; Verheije and
Rottier, unpublished data). As successful incorporation of
other, even larger, foreign genes at the same position in the
MHV genome has been reported (including for example the
gene-encoding luciferase [104]), the instability of the scFvs
is likely due to their particular sequence composition rather
than to their size.
In conclusion, oncolytic coronaviruses expressing a soluble receptor that is C-terminally extended with a peptide ligand have great potential for oncolytic therapy. By expanding
the targeting repertoire through exchange of peptide ligands,
coronaviruses can probably be redirected towards various
tumor epitopes, provided that the binding and fusion ability
of the viral proteins are maintained. As murine coronaviruses
display great species specificity in their infection, ablation of
the natural tropism will probably not be required, making
MHV a safe candidate oncolytic agent for use in other
mammals, including humans.
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5. Conclusions and Perspectives
Appealing as the idea of oncolytic virotherapy may be, its
realization is still disconcertingly remote. What this overview
emphatically reveals is that the field of retargeting of viruses
for therapeutic use is in its early infancy. In fact, for the
majority of the viruses studied, scientists are still struggling
with the most fundamental aspects of changing their cell
tropism. Robust platforms for retargeting have actually not
been established yet for any of the viruses. On the positive
side, the feasibility of retargeting was, at least in vitro, demonstrated for an increasing number of viruses in the past years.
Clearly the most attractive goal will be to generate oncolytic
viruses that carry the retargeting information in their
genome. Only then will the viruses be able to sustain their
replication in the tumor tissue, irrespective of the retargeting
principle used, that is, whether through the modification of
the viral attachment protein or through expression of an
adapter protein. However, (pre)clinical data on the eﬃcacy—
let alone safety—of such transductionally targeted viruses in
vivo are very limited. With one exception (a transductionally and transcriptionally targeted adenovirus [105]), none
of such genetically modified, tropism modified oncolytic
viruses have entered phase I clinical trial. This makes it virtually impossible to compare the viruses reviewed here. Thus,
many hurdles have yet to be overcome before new oncolytic
viruses will reach the clinic. Below, some of the important
future tasks and challenges for the field are summarized.
One major challenge at the base of the idea of oncolytic
virotherapy is the availability of suitable target receptors
on tumor cells. Ideally, such receptors are unique or highly
overexpressed in order to provide suﬃcient specificity for the
infection. Recent developments in the proteomics field have
already recognized various proteins that are overexpressed in
tumor cells as compared to normal tissue and many more
will hopefully be identified. It remains, however, questionable whether truly unique tumor surface proteins exist. This
stresses the need to increase specificity of oncolytic viruses in
other ways. This can be achieved, for example, by combining
transductional targeting with either transcriptional targeting
or attenuation of the viral genome, both increasing tumorspecific replication. In transcriptional targeting, viral genes
essential for replication are placed under control of a tumorspecific promoter—which is particularly feasible for DNA
viruses—or under the control of an IRES element in the
case of RNA viruses. Attenuation of the viral genome might
be achieved by the deletion of viral genes that eliminate
functions dispensable in tumor cells, but not in normal
tissue. The feasibility of combining both transductional and
translational targeting has already been demonstrated for
DNA viruses, including adenovirus, while for RNA viruses
investigations rather focus on the transductional targeting of
attenuated viruses.
The natural tropism of the therapeutic virus is another
aspect which needs to be taken into account with regard
to safety. Ablation of the native tropism might be required
for those viruses naturally infecting humans, to prevent the
infection of normal tissue, but also when the virus has a
preference for binding, for instance, to blood substances or
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Figure 4: In vivo oncolytic activity of murine coronavirus MHV. Mice with established intracranial U87ΔEGFR tumors were treated with
MHV genetically redirected to the EGFR (MHVsoR-EGF-His), the His-receptor (MHVsoR-his), or with PBS. (a) Survival curves. (b)
Histopathological analysis of brains at day 9 posttreatment and at the day of euthanasia (day > 9). Large neoplasms and cystic structures
are indicated by “N” and “C,” respectively. (c) Immunostaining of brains after treatment with MHVsoR-EGF-His using polyclonal
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when it exhibits hepatic tropism, both being a major cause
of loss of infectious virus in vivo. The use of nonhuman
viruses for oncolytic therapy gains interest, as such viruses
are usually nonpathogenic for humans and, in addition,
no preexisting antibodies circulate which might limit their

eﬃcacy. However, when adapting to the new host, these
viruses might also pose a risk, as was reviewed in [106].
In order to achieve eﬀective eradication of all tumor cells,
a desirable characteristic of oncolytic viruses is their ability to
cause sustained, multiround infection. This can be achieved
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Figure 5: Introduction of bispecific adapter cassettes into the
coronaviral genome. Schematic representation of the MHV genome
and of the bispecific expression cassettes introduced herein. The
plus-strand RNA genome contains, from 5 to 3 , the polymerase
precursor gene (ORF1ab), the accessory genes 2a and 2b/HE, the
S gene, the nonessential genes 4ab and 5a, and the genes encoding
the virion proteins E, M, and N. In the recombinant viruses, the
gene cluster 2a + 2b/HE was replaced with an expression cassette
downstream of the translation regulation sequence for protein 2a.
Recombinant MHV viruses were generated by targeted recombination [35]. Indicated is whether the particular recombinant virus
could be isolated, as confirmed by RT-PCR on virus RNA. In addition, the ability of such viruses to infect murine and human cells is
depicted (Verheije and Rottier, unpublished data). Abbreviations of
adapters as specified in the text: “na”: not applicable.

by viruses genetically redirected through the incorporation
of tumor-binding ligands and those having incorporated a
bispecific adapter into their viral genome The stability of
such recombinant viruses might, however, be a matter of
concern, in particular when the targeting protein is required
to ablate the natural human tropism. In general, DNA viruses
are considered to be more stable than RNA viruses in which,
in addition, the mutation rate is relatively high.
Irrespective of the origin of the virus, immunity induced
upon (repeated) viral treatment against viral antigens but
also against foreign proteins like the bispecific adapters
expressed from the viral genome might limit the eﬀectiveness
of the therapy. To shield viruses from antibodies, polymers
might be used to coat the virion [107]. Yet, this might
compromise the binding of the virus to tumor cells and
can technically only be performed upon application and not
during lateral spread of the virus. Other ways to increase the
delivery of oncolytic virus to tumor cells, especially when
applied systemically, might be the use of carrier cells, which
have the ability to home to the tumor [108].
In conclusion, transductionally targeted viruses may provide a much needed tumor-specific therapy, but researchers
will have to face, besides the technological challenges, a
delicate balance between safety and eﬀectiveness during
development of such new viruses for clinical use. Yet, despite
all problems and concerns, the importance of the ultimate
goal of winning the fight against cancer warrants the sacrifice
of all the energy and creativity needed for its realization.
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Hematological malignancies such as leukemias, lymphomas, multiple myeloma (MM), and the myelodysplastic syndromes
(MDSs) primarily aﬀect adults and are diﬃcult to treat. For high-risk disease, hematopoietic stem cell transplant (HCT) can
be used. However, in the setting of autologous HCT, relapse due to contamination of the autograft with cancer cells remains
a major challenge. Ex vivo manipulations of the autograft to purge cancer cells using chemotherapies and toxins have been
attempted. Because these past strategies lack specificity for malignant cells and often impair the normal hematopoietic stem and
progenitor cells, prior eﬀorts to ex vivo purge autografts have resulted in prolonged cytopenias and graft failure. The ideal ex vivo
purging agent would selectively target the contaminating cancer cells while spare normal stem and progenitor cells and would be
applied quickly without toxicities to the recipient. One agent which meets these criteria is oncolytic viruses. This paper details
experimental progress with reovirus, myxoma virus, measles virus, vesicular stomatitis virus, coxsackievirus, and vaccinia virus as
well as requirements for translation of these results to the clinic.

1. Hematological Malignancies
Hematological malignancies include leukemias, lymphomas,
multiple myeloma (MM), and the myelodysplastic syndromes (MDSs) that most often aﬀect individuals older than
60 years of age. These blood cancers aﬀect approximately
10% of Americans diagnosed with cancer each year, and an
estimated 140,000 were newly diagnosed in 2010 (National
Cancer Institute, Surveillance Epidemiology, and End Results). Unfortunately, despite best available therapies, an estimated 50,000 individuals died from these diseases in 2010.
The causes of hematological cancers vary depending
on the specific malignancy. Exposure to environmental
toxins such as benzenes, prior cytotoxic treatment such as
radiotherapy or chemotherapy for an antecedent cancer, as
well as infections have all been implicated as causative factors
in initiating hematological malignancies. In contrast, recurrent cytogenetic abnormalities have also been observed in
hematological malignancies. These abnormalities often form
the basis for assigning prognosis. For example, in acute

myeloid leukemia (AML), recurrent mutations that portend
for a high risk of relapse after conventional treatment include
those with chromosome 7 abnormalities, chromosome 5
abnormalities, complex karyotypic abnormalities, and mutations in the FLT3 gene. Genetic information can also indicate
the most appropriate therapy. For instance, in patients with
acute promyelocytic leukemia with the abnormal PMLRARA gene fusion, treatment with all transretinoic acid
(ATRA) and cytotoxic chemotherapy can cure approximately
90% of patients [1]. In patients with MDS and deletion of
chromosome 5q, treatment with lenalidomide can improve
blood counts in 75% of patients [2].
Based on the utility of genetic information in determining prognosis and type of treatment in hematological
malignancies, increased attention has been given to fully
assessing the blood cancer genome. Recently, whole genome
sequencing of an AML patient’s DNA revealed several novel
mutations never before associated with oncogenesis [3].
This technology also recently led to the discovery of TET2
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mutations as common gene mutations in MDS and emphasized the importance of epigenetic dysregulation in this
disease [4, 5]. Because of the abnormal DNA methylation
that occurs after TET2 mutations, finding this mutation
in an MDS patient’s genome may indicate treatment with
a hypomethylating agent such as azacitidine or decitabine
[6]. Recently, whole genome sequencing was reported useful
in determining the best treatment for a patient with AML
[7]. Thus, genome analysis has the strong potential for
personalized medicine in hematological malignancies.
In some hematological malignancies, such as MDS, abnormalities in bone marrow stromal cells are believed to
aﬀect hematopoietic stem and progenitor cells, leading to
neoplastic transformation [8]. Evidence that the bone marrow microenvironment is an important factor in the oncogenesis of hematological malignancies has spurred great interest in regulating microenvironmental interactions as a means
for improved therapies. We have targeted blood vessels in the
leukemia niche with the novel vascular disrupting combretastatin, OXi4503, and have successfully regressed disease [9].
This work has been translated into a phase I clinical study
(http://www.ClinicalTrials.gov Identifier NCT01085656).
Cancer stem cells have been identified for some hematological malignancies [10]. In the specific case of acute
myeloid leukemia (AML), a small subpopulation of cancer
stem cells have been identified in the CD34+CD38−CD123+
fraction [11, 12]. In MM, myeloma stem cells have been
found in the CD138− B cell fraction, which replicate and
diﬀerentiate into CD138+ malignant plasma cells [13]. In
chronic myeloid leukemia (CML), hematopoietic progenitor
cells are believed to be the cancer-initiating cells which are
endowed with cancer stem cell properties after acquiring the
abnormal BCR/ABL gene fusion [14]

2. Treatment of Hematological Malignancies
The cornerstone of conventional therapy for hematological malignancies includes agents that block cell division
such as antimetabolites (e.g., cytarabine), DNA alkylating
agents (e.g., cyclophosphamide), and anthracyclines (e.g.,
daunorubicin). Treatment with these agents induces initial
remission in a high percentage of patients; however, relapsed
disease remains a major challenge in treating patients with
hematological malignancies.
For example, in cases of AML, remission rates with
standard induction chemotherapy such as seven days of continuously infused cytarabine and three days of anthracycline
bring about initial complete remissions in approximately 30–
70% of patients. However, in older individuals, who are more
commonly diagnosed with AML, long-term prognosis can
be grim with only 10–20% of patients surviving without
disease [15]. For patients with high risk AML, allogeneic
HCT is used and can be curative in approximately 40% of
patients. With this procedure, the donor immune system
recognizes any residual leukemia in the recipient as foreign
because of minor human leukocyte antigen mismatches
and/or unique AML antigens, resulting in elimination and
persistent surveillance for the malignant cells. By similar
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mechanisms, the donor immune system can recognize the
recipient’s normal organs (skin, gastrointestinal tract, liver,
lungs, joints) as foreign and elicit graft versus host disease
(GVHD). Although potentially curative, most AML patients
due to their age-related comorbidities are not fit for the
high risks associated with allogeneic HCT (e.g., GVHD, lifethreatening infections, organ toxicity) and/or do not have
a suitable allogeneic stem cell donor. Experimental therapies
for AML have recently included specific mutation-targeting
agents such as FLT3 inhibitors for patients with internal
tandem duplications in the FLT3 gene of the AML clone.
However, results from these clinical trials have been disappointing.
For patients with MM, treatment decisions are often
based on risk for refractory and relapsed disease. Certain
chromosome abnormalities, such as deletion of chromosome
13, portend for poor prognosis. In addition, gene expression
profiling can be used to risk-stratify MM disease [16]. For
patients with standard risk MM, initial treatment is dependent on the patient’s eligibility for high-dose chemotherapy
followed by autologous HCT, which can prolong diseasefree and overall survival but carries treatment-related risks
of organ toxicity, need for transfusions, and life-threatening
infection. Patients eligible for autologous HCT are treated
with nonalkylating agent induction therapies such as thalidomide and dexamethasone or lenalidomide and dexamethasone [17, 18]. After this initial therapy, patients have the
option of early versus delayed autologous HCT. If early HCT
is used, then a second HCT can be performed in patients who
do not achieve a very good partial remission or better [19].
If the patient elects for delayed high-dose chemotherapy followed by autologous HCT, then transplant is not performed
until initial induction therapy brings about a plateau in
response or progressed disease develops. Even using these
treatments, however, autologous HCT rarely brings about
cures for MM, as the disease nearly always relapses.

3. Autograft Contamination and Disease
Relapse after Transplant
Despite the significant increase in use of autologous HCT
for hematologic malignancies, disease relapse is a primary
cause of death after transplant. Graft contamination is
thought to be the chief reason for posttransplant relapse.
This premise is supported by multiple lines of evidence. First,
transplant of HSPC from syngeneic (identical twin) donors
leads to lower incidences of disease relapse in patients with
multiple myeloma, low-grade non-Hodgkin’s lymphoma,
AML, and ALL [20–22]. Second, numerous reports show
that transplanted autografts contain minimal residual disease (MRD) in a variety of patients with cancer [23–39].
The level of MRD, detected by flow cytometry, immunohistochemistry, and molecular methods, directly correlated
with risk of disease relapse and death. Whereas these lines
of evidence show a strong correlation, direct proof of
contaminated autografts through tracing studies are most
compelling. Thus, the third line of evidence comes from gene
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marking studies [40–42]. In these clinical studies, autologous HSPCs were genetically tagged and then transplanted.
Relapsed disease was evaluated for the tag. In a variety of
leukemias and cancers, the posttransplant relapsed disease
contained the pretransplant tag. Together, these lines of
evidence support the premise that contaminating cells within
the autologous transplant graft can be the origin of relapsed
disease after transplant.

4. Purging Strategies
Considering the high rates of refractory and relapsed in
patients with hematological malignancies and evidence of
contaminating cancer cells in autologous HCT grafts, it
is possible that graft purging of contaminating cells may
improve posttransplant disease-free and overall survival. Ideally, a safe and eﬀective purging strategy should specifically
target the contaminating malignant clone and spare normal
HSPC needed for reconstitution of immunity, erythropoieis,
and platelets.
Several purging strategies have been attempted to selectively target malignant cells from autologous HCT grafts.
One strategy is to treat the autologous graft after collection
but prior to transplant back into the patient. A number of
these ex vivo purging techniques have been tested such as:
(i) chemotherapy with antiproliferative drugs such mafosfamide and 4-hydroperoxycyclophosphamide (4HC, active metabolite of cyclophosphamide) [43, 44];
(ii) CD34+ stem/progenitor cell enrichment using immunomagnetic selection [45];
(iii) immunotoxins or hybrid cytotoxic proteins designed
to selectively kill cancer cells such as heregulin (HRG)
Pseudomonas exotoxin (PE) 40 [46];
(iv) immunomagnetic removal of tumor cells when the
tumor cells express a unique antigen [47];
(v) monoclonal antibodies such as alemtuzumab (antiCD52) and rituximab (anti-CD20) [48];
(vi) photodynamic purging by rhodamine [49].
Unfortunately most of these ex vivo purging techniques
also impaired normal hematopoietic stem and progenitor
(HSPC) function and therefore have not translated to routine
clinical practice for autologous HCT [50]. Purging strategies
utilizing cytotoxic chemotherapy can be nonselective to
cancer cells, and HSPC can be susceptible to the cytotoxic
drugs [43, 44]. Immunomagnetic selection based on one
cell surface marker (i.e., CD34) can enrich for normal
HSPC; however, this selection process is never 100%, and the
positive fraction may contain contaminating cancer cells
[45, 47]. Moreover, discriminating normal from malignant
HSPC can be diﬃcult when using just cell surface markers
because the two populations are sometimes indistinguishable
by immunophenotyping. Given similarities in immunophenotype, immunotoxins may target both malignant and
normal HSPC, leading to impaired normal hematopoiesis
and posttransplant hematopoietic reconstitution [46, 48].
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Ideally, ex vivo purging is selective for the cancer cells yet
spares normal HSPC. Moreover, the ideal purging technique
should be applied quickly (within minutes-to-hours) so that
the transplant process is not delayed and any modifications
to standard transplantation protocols are minimized. Cell
viability is a time-dependent variable, and the quicker the
manipulation the higher cell viability for transplant. In the
postthaw setting, cell viability can diminish within hours,
thus purging techniques applied to thawed products should
be especially time sensitive in order to provide patients with
the highest cell viability for transplant.

5. Oncolytic Virotherapy for
Hematological Malignancies
Oncolytic viruses may meet criteria as ideal purging
agents for hematological malignancies. Specifically, certain
oncolytic viruses selectively target malignant hematopoietic
cells such as multiple myeloma and leukemia cells while sparing normal HSPCs [51]. This capacity to purge autologous
HCT grafts makes oncolytic viruses particular attractive for
potential use in the clinical transplant setting (Figure 1). A
few oncolytic viruses have already been translated into the
clinic (Table 1).
One potential purging agent is coxsackievirus A21
(CVA21) based on its ability to selectively target hematological malignant cells [52]. CVA21, a common enterovirus,
exhibited a potent cytostatic and cytocidal eﬀect against
three MM cell lines with reduced cytotoxicity against normal
human peripheral blood mononuclear cells (PBMCs) [53].
CVA21 specificity is believed to be related to expression
of intercellular adhesion molecule-1 (ICAM-1) and decay
accelerating factor (DAF) on the surface of target cells. While
the immunocompromised status of MM patients receiving
chemotherapy poses a concern for the use of virotherapy, it
may be in these patients that CVA21 virotherapy will have
the most successful outcome due to the lack of antiviral
immunity. Disseminated CVA21 infection can be controlled by antiviral compounds, such as pleconaril [54] or
immunoglobulin [55]. CVA21 has already been administered
to end-stage melanoma patients without adverse eﬀects [56],
and further human trials are currently underway to evaluate
safety.
Another potential oncolytic virus for the treatment of
hematological malignancies is reovirus [57]. Reovirus is a
double-stranded RNA virus that is replication competent
and preferentially infects cells with hyperactivated signaling,
for example, in the Ras pathway. When reovirus was used
to ex vivo purge MM cells from admixtures of apheresis
products, purging was incomplete: only 50% of the MM cells
were eﬀectively purged. Also, reovirus was unable to purge
follicular lymphoma and Burkitt’s lymphoma cells [58]. A
major advantage with reovirus is that it does not aﬀect normal HSPCs. Therefore, reovirus may have potential in certain
hematological malignancies, but it remains to be defined
how clinically eﬀective the virus is at eliminating each type
of cancer.
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Figure 1: Proposed treatment schema of oncolytic virotherapy for patients with hematological malignancies undergoing high-dose
chemotherapy and autologous HCT.

Vesicular stomatitis virus (VSV) is another virus with
oncolytic potential [59]. This negative strand RNA virus
lacks toxicity for HSPCs in culture and has oncolytic activity
against AML cell lines. Moreover, VSV can purge MM from
mobilized PBSC CD34+ cells [60].
The Edmonston-B vaccine strain of measles virus (MVEdm) also has reported oncolytic activity against MM. Using
six clinical MM samples and a transplant model into immunodeficient mice, this measles virus successfully purged
myeloma cells [61]. The intrinsic tumor selective cytotoxicity
is an attractive feature of this agent. They also noted that
administration of MV-Edm into MV-susceptible transgenic
mice expressing the human CD46 receptor resulted in infection of macrophages in spleen, lymph nodes, and peritoneal
cavity [62]. To enhance virus specificity, they generated an
anti-CD38 scFv and demonstrated that display of scFv redirected virus binding and entry into CD38 receptor positive
cells that were devoid of natural measles receptors [63].
The MV-Edm virus is currently in a phase I clinical study
for recurrent or refractory MM where it is administered
systemically via intravenous route along with cyclophosphamide chemotherapy (http://www.ClinicalTrials.gov ID
NCT00450814) [64]. In this trial, the investigators are
using the MV-NIS Edmonston lineage which was genetically
engineered to express the human sodium iodide symporter
(NIS). Insertion of the NIS protein into MV enables pharmacokinetic monitoring of the virus by means of radioactive
iodine (123 I) administration. Cells infected with MV-NIS will
show increased uptake of the radioactive iodine, and this
uptake can be serially tracked in real time. The patient’s

Table 1: Oncolytic viruses for the treatment of hematological
malignancies.
Virus
Disease targets
Reovirus
MM, NHL, CLL
Myxoma virus
AML, MM
Measles virus

MM

Vaccinia virus

MM

Clinical studies
In development
In development
Ongoing
(NCT00450814)
Case report

References
[57]
[51]
[64]
[76]

MM: multiple myeloma; NHL: non-Hodgkin’s lymphoma; CLL: chronic
lymphocytic leukemia; AML: acute myeloid leukemia.

normal thyroid function is protected by coadministration of
a normal thyroid hormone, triiodothyronine (T3).
Live attenuated measles virus (MV) has potent oncolytic
activity against MM tumor xenografts. The virus is tumor
selective and preferentially targets cells that express high
levels of CD46 receptors [65]. A vaccine strain of MV causes
regression of large established human lymphoma xenografts
in immunodeficient mice. MV is a negative-strand RNA
virus, and, interestingly, the presence of anti-MV antibodies
does not compromise the oncolytic eﬀect of MV [66].
Adachi et al. reported a midkine promoter based conditionally replicative adenovirus (Ad) for the treatment of
pediatric solid tumors and bone marrow tumor purging. A
conditionally replicative Ad in which the expression of E1 is
controlled by the MK promoter achieved high levels of viral
replication in neuroblastoma or Ewing’s sarcoma cells and
induced tumor cell killing. No damage to CD34+ cells was
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seen, even after three hours of infection at 1000 MOI [67].
Adenovirus serotype 5 (Ad5) and other low-seroprevalence
adenoviruses may have utility as oncolytic agents against
MM and other hematological malignancies [68].
Tumor-specific double-deleted Vaccinia virus has also
been tested in multiple myeloma [69]. Esfandyari et al. were
the first to document permissiveness of lymphoma cells to
oncolytic herpes viruses and introduced ELK as a suitable
factor for predicting tumor susceptibility to novel anticancer
agents [70].
Oncolytic rat parvovirus, H-1PV, may be a potential
candidate for the treatment of some non-Hodgkin’s B-cell
lymphomas, including those resistant to apoptosis induction
by rituximab. H-1PV eﬃciently killed through necrosis while
sparing normal B lymphocytes [71].
Recently, we showed that myxoma virus (MYXV) has the
capacity to selectively target primary human leukemia cells
while spare normal HSPCs [51]. Poxviruses such as MYXV
can bind and initiate entry into most mammalian cells but
then discriminates permissive versus nonpermissive cells by
virtue of the cell signaling circuitry of the infected cell. We
have shown that upregulated AKT signaling, either as constitutive phosphorylation or induced by virus infection [72],
regulates MYXV permissiveness in a wide variety of human
solid tumor cell lines [73]. Considering the complexity and
heterogeneity of cancer cells, this pathway is likely not the
only mechanism for cancer cell specificity and there may
be other mechanisms to explain the virus’ discrimination
between leukemia cells and normal HSPC. For example,
when normal macrophages are infected with MYXV, the cells
rapidly coinduce two antiviral cytokines (tumor necrosis
factor and type I interferon) by a RIG-I-dependent signaling
mechanism, which then aborts MYXV infection in normal
somatic cells in a paracrine-like manner [74]. Thus, it could
be that normal HSPCs are competent for this synergy,
whereas malignant HSPCs, such as AML cells, are defective in
some aspect of the tumor necrosis factor/interferon pathway.
The mechanism for selective killing of cancer is still being
studied, but two important factors include (1) most human
cancer cells lack type I IFN and TNF synergy responses [75]
and (2) most cancer cells have excessive levels of activated
Akt, which facilitates MYXV replication [73].

6. Clinical Translation of Oncolytic Viruses as
Purging Agents for HCT
For successful clinical translation, there are some unique
requirements for oncolytic virotherapy in the setting of
purging cancer cells prior to HCT. First, the OV must spare
normal HSPCs. Second, the purging strategy should be simple and quick, especially when using cryopreserved stem cell
products. After thawing autologous cryopreserved HSPC,
cell viability decreases quickly (within minutes to an hour);
thus any postthaw intervention must be quickly performed
to ensure transplant of an adequate number of viable HSPC.
Finally, the oncolytic virus must show limited to no infection
of recipient somatic cells or tissues considering that all
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transplant recipients are highly immunocompromised after
high-dose chemotherapy and autologous HCT.
In addition to showing preclinical safety and eﬃcacy,
the translation of oncolytic virotherapy for hematological
malignancies will also require the ability to massively scale up
manufacture of clinical grade virus under good manufacturing process (GMP) conditions. This process will necessitate
facilities with expertise in virus production.
Currently, there are no clinical studies of oncolytic
viruses as purging agents prior to autologous HCT. However,
if a virus system can be optimized to meet minimum clinical
criteria, then oncolytic virotherapy would have major impact
in how we treat patients with blood cancers. Already, promising experimental progress indicates that early phase clinical
studies of oncolytic viruses as purging agents for HCT are
imminently approaching.
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[6] R. Itzykson, S. Thépot, V. Eclache et al., “Prognostic significance of monosomal karyotype in higher risk myelodysplastic
syndrome treated with azacitidine,” Leukemia, vol. 25, no. 7,
pp. 1207–1209, 2011.
[7] J. S. Welch, P. Westervelt, L. Ding et al., “Use of whole-genome
sequencing to diagnose a cryptic fusion oncogene,” Journal of
the American Medical Association, vol. 305, no. 15, pp. 1577–
1584, 2011.
[8] M. H. G. P. Raaijmakers, S. Mukherjee, S. Guo et al., “Bone
progenitor dysfunction induces myelodysplasia and secondary
leukaemia,” Nature, vol. 464, no. 7290, pp. 852–857, 2010.
[9] G. J. Madlambayan, A. M. Meacham, K. Hosaka et al., “Leukemia regression by vascular disruption and antiangiogenic
therapy,” Blood, vol. 116, no. 9, pp. 1539–1547, 2010.
[10] R. C. Sanders Jr., W. B. Slayton, C. R. Cogle, R. C. Fisher, and E.
W. Scott, “Stem cell research,” Paediatric Respiratory Reviews,
vol. 7, no. 2, pp. 135–140, 2006.

6
[11] J. L. McKenzie, K. Takenaka, O. I. Gan, M. Doedens, and J.
E. Dick, “Low rhodamine 123 retention identifies long-term
human hematopoietic stem cells within the Lin-CD34+CD38population,” Blood, vol. 109, no. 2, pp. 543–545, 2007.
[12] F. Goodrum, C. T. Jordan, S. S. Terhune, K. High, and T.
Shenk, “Diﬀerential outcomes of human cytomegalovirus
infection in primitive hematopoietic cell subpopulations,”
Blood, vol. 104, no. 3, pp. 687–695, 2004.
[13] W. Matsui, C. A. Huﬀ, Q. Wang et al., “Characterization of
clonogenic multiple myeloma cells,” Blood, vol. 103, no. 6, pp.
2332–2336, 2004.
[14] D. Perrotti, C. Jamieson, J. Goldman, and T. Skorski, “Chronic
myeloid leukemia: mechanisms of blastic transformation,”
Journal of Clinical Investigation, vol. 120, no. 7, pp. 2254–2264,
2010.
[15] American Cancer Society, Cancer Facts & Figures, The Society,
Atlanta, Ga, USA, 2011.
[16] A. K. Stewart and R. Fonseca, “Prognostic and therapeutic significance of myeloma genetics and gene expression profiling,”
Journal of Clinical Oncology, vol. 23, no. 26, pp. 6339–6344,
2005.
[17] S. V. Rajkumar, E. Blood, D. Vesole, R. Fonseca, and P. R.
Greipp, “Phase III clinical trial of thalidomide plus dexamethasone compared with dexamethasone alone in newly diagnosed multiple myeloma: a clinical trial coordinated by the
eastern cooperative oncology group,” Journal of Clinical
Oncology, vol. 24, no. 3, pp. 431–436, 2006.
[18] S. V. Rajkumar, S. Jacobus, N. S. Callander et al., “Lenalidomide plus high-dose dexamethasone versus lenalidomide
plus low-dose dexamethasone as initial therapy for newly
diagnosed multiple myeloma: an open-label randomised
controlled trial,” The Lancet Oncology, vol. 11, no. 1, pp. 29–
37, 2010.
[19] B. Barlogie, M. Attal, J. Crowley et al., “Long-term followup of autotransplantation trials for multiple myeloma: update
of protocols conducted by the intergroupe francophone
du myelome, southwest oncology group, and university of
arkansas for medical sciences,” Journal of Clinical Oncology,
vol. 28, no. 7, pp. 1209–1214, 2010.
[20] G. Gahrton, H. Svensson, B. Björkstrand et al., “Syngeneic
transplantation in multiple myeloma—a case-matched comparison with autologous and allogeneic transplantation,” Bone
Marrow Transplantation, vol. 24, no. 7, pp. 741–745, 1999.
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Attempts at developing oncolytic viruses have been primarily based on rational design. However, this approach has been met with
limited success. An alternative approach employs directed evolution as a means of producing highly selective and potent anticancer
viruses. In this method, diverse viruses are grown under conditions that maximize diversity and then passaged under conditions
meant to mimic those encountered in the human cancer microenvironment. Viruses which evolve to thrive under this selective
pressure are isolated and tested to identify those with increased potency (i.e., ability to replicate and spread) and/or an increased
therapeutic window (i.e., diﬀerentiated replication and spread on tumor versus normal cells), both of which have potential value
but the latter of which defines an oncolytic virus. Using ColoAd1, an oncolytic virus derived by this approach as a prototype,
we highlight the benefits of directed evolution, discuss methods to “arm” these novel viruses, and introduce techniques for their
genetic modulation and control.

1. Introduction
As our understanding of cancer increases, the complex
nature of this disease which often involves multiple mutations, overlapping signaling pathways, and the ability to
adapt and develop resistance to various therapeutics becomes
more evident [1–3]. Such a complex disease necessitates
equally complex therapies—such as oncolytic viruses [4].
By definition, these viruses infect and selectively replicate in
tumor cells resulting in eventual cell lysis. This replication
and lysis serves to eradicate the target tumor cells while
amplifying the therapeutic in a tumor-dependent fashion, all
the while sparing neighboring normal cells. Unfortunately,
the promise of oncolytic viruses as agents that selectively
find and kill tumor cells has not been fully realized [5–
8]. This fact may be due in part to some prejudices taken
by researchers in their pursuit of oncolytic viruses. For
example, the majority of oncolytic viruses currently studied
are Ad5 based primarily, because Ad5 has been widely
characterized and methods for its genetic manipulation are
well established, making it the practical starting point for
most studies. However, there is no clear rationale why Ad5
would make a superior oncolytic virus as opposed to other

Ad serotypes or other viral classes. Additionally, the genetic
manipulation of today’s viruses in an attempt to increase
selectivity and or potency may be misguided due to our
limited knowledge of the underlying causes and nature of
cancer. Therefore, the plasticity and complexity of tumors
may hinder the rational design of oncolytic viruses [9].
In an attempt to circumvent these issues, researchers are
beginning to explore the use of directed evolution as a way to
harness the power of natural selection and to derive desirable
properties without concern for the mechanism(s) responsible for these properties [10–12]. Directed evolution is not a
foreign concept in the field of virology and has been utilized
as a way to modulate viral vectors and enhance gene delivery.
Such experiments focus primarily on enhancing infectivity
or modulating tropism by changes to the viral coat [13, 14].
For oncolytic viruses, the goal is obviously diﬀerent, namely
to drive the viruses to evolve for optimal proliferation in the
tumor environment. Normally, viruses infect normal cells.
For Adenoviruses, this is via an oral or nasal route of entry
and involves the epithelial lining of the nose, throat, and/or
gut resulting in a respiratory and/or gastrointestinal infection
(Figure 1(a)). As a cancer therapy, the objective is to develop
viruses that selectively infect a vastly diﬀerent set of cells,
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namely, transformed epithelial cells and tumor associated
endothelium located in distinct locations throughout the
body, most of which are not normally seen during the typical
Adenovirus infection. Researchers are therefore asking a
oncolytic virus to eﬃciently and selectively kill cells to which
they would never normally be exposed (Figure 1(b)). The
necessary biological alterations needed to reach this goal
are complex, but unlike evolution in nature which takes an
extended period of time for adaptations resulting in new and
desirable traits to accumulate, directed evolution can quickly
lead to the rise of novel “species”. Importantly, directed
evolution is dependent on 2 factors both of which are
completely within the investigator’s control, namely, the need
for (1)) a diverse starting pool and (2)) selective pressure
designed to favor a specific outcome. To maximize starting
diversity, the researcher has a myriad of options ranging from
a single mutated serotype to entire viral classes. Additionally,
the ability of viruses to undergo recombination under certain
conditions can increase this starting diversity. Similarly,
the directed outcome (increased tumor proliferation) is
determined by the selective pressure set by the experimental
setup and can be modulated in a number of ways including
the source of the tumor cells and growth conditions.

2. ColoAd1
Human Adenovirus is comprised of 56 serotypes which
are subdivided into groups A–G. These serotypes diﬀer
in a number of ways (e.g., pathology, hemagglutination
properties, and cellular receptors used for entry) which help
to distinguish them from one another and determine their
group aﬃliation. Despite the diversity of human adenovirus,
the majority of all oncolytic viruses are Ad5-based leaving
the other serotypes and their oncolytic potential untapped.
One way to explore these alternative serotypes is via “directed
evolution”. In this approach, Ad serotypes, representing
the diﬀerent Ad subgroups, are pooled and passaged at a
high multiplicity of infection on human tumor cell lines
representative of the target indication. This process invites
recombination and creates selective pressure that gives rise
to highly potent viral variants.
When this approach was applied to the colon cancer
cell line, HT29, the result was ColoAd1, the first non-Ad5based and first directed-evolution-derived oncolytic virus
[10]. Chromatographic and sequence analysis revealed that
ColoAd1 was Ad11p, a group B virus, with a nearly complete
E3 region deletion, a smaller deletion in the E4 region, and
a chimeric Ad3/Ad11p E2B region [10, 15]. In vitro studies
showed ColoAd1 to be 2-3 logs more potent than either of
its parent serotypes (Ad11p and Ad3), the standard Ad5,
or the most clinically advanced oncolytic Ad, ONYX-015
[10, 16] Importantly, this increase in potency on cancer
cells did not translate to increased potency on normal
cells resulting in a therapeutic window that is 3-4 logs
greater than Ad5 or Onyx-015. These in vitro results were
supported by in vivo studies in a colon cancer liver seeding
xenograft model and ex vivo on tumor tissue isolates from
colon cancer patients. Parallel studies identified CD46 as
a cellular attachment receptor for Ad11p, the parent virus
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of ColoAd1 [17, 18]. Interestingly, immunohistochemical
studies staining for CD46 expression on excised colon cancer
material, normal liver tissue and normal colon tissue revealed
that strong CD46 staining was consistently seen in colon
cancer tissue but was absent or weak in normal colon and
liver tissue [10]. This suggests that CD46 expression may
be a contributing factor to the observed tumor selectivity
of ColoAd1. Importantly, CD46 overexpression has been
described for a number of diﬀerent cancer indications [19,
20], supporting the therapeutic value of this oncolytic virus.
Theoretically, CD46 screening of tumor tissue could help
guide physicians to identify which patients should be treated
with this agent.

3. Manipulation and Control of Novel Viruses
Oncolytic viruses can and have been used to deliver exogenous genetic material, giving them much needed flexibility
and complexity as a cancer treatment and augmenting their
potential as viable cancer therapies [21]. The ability to
engineer the genome of a replicating virus to carry foreign
material is referred to as “arming”. This strategy has been
used in a variety of ways to alter viral selectivity, potency,
safety, and utility [22, 23].
Like nonreplicating viruses, early armed oncolytic viruses
controlled expression of foreign genes by using an exogenous
constitutive or conditional promoter. This approach allowed
for high levels of expression and, in the case of conditional
promoters, some level of specificity. As the field advanced,
researchers demonstrated that expression of exogenous genes
could be achieved by using the endogenous expression
machinery of the virus itself [24–26]. This latter method
proved to have some advantages, the first being that it
decreased the size of the foreign DNA that could be inserted
into the viral genome. This outcome was beneficial given
that viruses have genomic size constraints that greatly eﬀect
packaging eﬃciency. The second advantage of utilizing
endogenous expression machinery is that depending on
the endogenous promoter used, the timing and level of
expression of the foreign gene could be controlled [24–
26]. This not only allowed for eﬃcient expression of the
exogenous gene but could be used as an added measure of
safety. Because the level of expression could be modulated
depending on the endogenous promoter used, researchers
and clinicians could have greater control over the levels
of the armed therapeutic/exogenous gene. Furthermore, by
utilizing an endogenous late promoter, it is possible to
limit the expression of the gene to late in the viral cycle
which, presumably, for an oncolytic virus would never be
reached in a nonpermissive cell (normal cell) and, therefore,
confine expression only to target cancer cells. Importantly,
an armed therapeutic virus can express multiple genes [27]
that potentially increase the therapeutic benefit of the virus
and/or enable the treating physician with the opportunity to
track the virus location (e.g., via imaging [28]) and viability
(e.g., through the expression of a protein that can be detected
in the blood or is secreted from the treated patient), as a
means to better understand when additional treatments are
warranted.
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Ad infection via normal oral/nasal route
of entry resulting in respiratory and
gastrointestinal tract infections

Normal microenvironment for
the viral infection in a healthy host

Cell types

normal epithelial lining

Sites—nose, throat, lungs, and gut

(a) What we have—natural viruses that infect normal cells in the context of their natural infection pathway

Ad intravenous/intratumoral administration

Abnormal microenvironment for
the viral infection in a cancer patient

Cancerous epithelial cells
Cell types
Tumor-associated
endothelial cells
2
1

1

Primary tumor
(e.g, colon)

2

Metastasis
(e.g, liver)

Sites

How do we re-evolve viruses to attack cancer cells and not normal cells?
(b) What we want—oncolytic viruses that attack tumor cells at their primary and associated sites of metastasis

Figure 1: Why we need directed evolution. (a) The starting point of all oncolytic viruses are naturally occurring viruses which infect normal
cells they encounter along their standard route of entry. (b) The goal is to develop oncolytic viruses which selectively infect and replicate in
cells they would never naturally encounter.

Arming is traditionally carried out by manipulating the
viral genome and usually calls for a well characterized system.
The novel viruses resulting from directed evolution will
make rational insertion of therapeutic moieties extremely

challenging, especially when one considers that they would
not want to negatively impact the replication capabilities
of these viruses which are critical to their clinical benefit.
Clearly, innovative approaches will need to be taken in order
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to manipulate viruses derived in this manner to ensure
that this does not occur. One such approach taken uses
a transposon-based method to “scan” a viral genome for
insertion sites which are compatible with the viral lifecycle
[29]. This approach makes it possible to arm these novel
viruses with exogenous genes expressed from a foreign
promoter or by the inclusion of a splice acceptor from an
endogenous promoter [30]. Although this method, like many
advances in the oncolytic field, was originally developed on
Adenoviruses, it can be extended to any number of viral
species whose genome can be cloned into a plasmid.
Given the potential to derive potent novel viruses from
the directed evolution approach, it is very important to keep
safety in mind. If these novel viruses are ever to advance as
therapeutics, having the ability to control their replication
in the treated patient is paramount. To this end, two
approaches were taken with ColoAd1. The first was to study
the eﬀect on ColoAd1 of two clinically approved antivirals,
ribovirin (RBV), and cidofovir (CDV), and the second
was to genetically introduce drug sensitivity to the virus by
inserting the HSV TK gene into the ColoAd1 genome using
the transposon method [31].
Although there are no approved anti-Ad treatments,
both RBV and CDV have been used to experimentally treat
Adenoviral infections [32–34]. From these studies, RBV was
found to be eﬀective on Group C Ads but less so on Group B
Ads [35, 36]. Not surprisingly, ColoAd1, being derived from
2 group B viruses was refractory to RBV treatment. CDV
has been shown to have better Anti-Ad activity than RBV
and when used to treat ColoAd1 was eﬀective at inhibiting
viral replication and spread on both tumor and normal cell
lines. Interestingly, ColoAd1 was more sensitive to CDV
treatment than either of its 2 parental strains, Ad11p or
Ad3 suggesting that this increased CDV sensitivity was an
outcome of the directed evolution process and not simply
an inherited trait [31]. An alternative approach to the use of
approved antivirals is the insertion of the HSV TK gene into
the viral genome to create sensitivity to the approved drug
ganciclovir (GCV) [37]. This approach, made possible by the
transposon method of arming was successful in inhibiting
ColoAd1 infection of both tumor and normal cells [29, 31].
The potential for using TK expression to track the virus also
makes this approach appealing [38]. From these studies, it
was demonstrated that ColoAd1 could be controlled through
outside intervention.
The value gleaned from the ColoAd1 experience goes
beyond a promising therapeutic, as it validates a new
approach for the oncolytic virus field. The directed evolution
method that resulted in ColoAd1 could be applied to
other cancer types and other viral families. By utilizing
this method, researchers are not longer limited to well
characterized systems. Moreover, the ease by which viruses
are molecularly manipulated need not be the deciding factor
for proceeding. Although Adenoviruses have been covered in
this paper, this approach is amendable to all viral families
and opens up the possibility of harnessing inherent and novel
oncolytic properties from a multitude of human viruses.
Unlike more deliberately designed approaches, directed
evolution capitalizes on the complexity of the tumor and can
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be directed towards an outcome that depends predominantly
on the selective pressure applied by the researcher. Similar
to Ad5-based oncolytic viruses, it is possible to arm these
novel viruses without interfering with their lifecycle, thus
unlocking the potential to modulate their characteristics or
utility. Because these viruses are potentially highly potent,
developing ways to control their replication should be a
priority.
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