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Integrating the biological characteristics of oncolytic
viruses and immune cells can optimize therapeutic
benefits of cell-based delivery
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Despite significant advances in the development of tumor-
selective agents, strategies for effective delivery of these
agents across biological barriers to cells within the tumor
microenvironment has been limiting. One tactical approach
to overcoming biological barriers is to use cells as delivery
vehicles, and a variety of different cell types have been
investigated with a range of agents. In addition to transport-
ing agents with targeted delivery, cells can also produce their
own tumoricidal effect, conceal a payload from an immune
response, amplify a selective agent at the target site and
facilitate an antitumor immune response. We have reported a
therapeutic combination consisting of cytokine induced killer
cells and an oncolytic vaccinia virus with many of these
features that led to therapeutic synergy in animal models of
human cancer. The synergy was due to the interaction of
the two agents to enhance the antitumor benefits of each

individual component. As both of these agents display broad
tumor-targeting potential and possess unique tumor killing
mechanisms, together they were able to recognize and
destroy a far greater number of malignant cells within the
heterogeneous tumor than either agent alone. Effective
cancer therapy will require recognition and elimination of
the root of the disease, the cancer stem cell, and the
combination of CIK cells and oncolytic vaccinia viruses has
this potential. To create effective tumor-selective agents the
viruses are modified to take advantage of the unique biology
of the cancer cell. Similarly, if we are to develop targeted
therapies that are sufficiently multifaceted to eliminate cancer
cells at all stages of disease, we should integrate the virus
into the unique biology of the cell delivery vehicle.
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Similar to chemotherapies, development of biological
therapies, such as oncolytic viruses, is based on targeting
the unique biology of cancer cells to achieve an effective
therapeutic index against malignant versus normal
cells. By necessity, measurement of therapeutic indices
are performed in cell culture. The delivery tools that
effectively transport agents to the tumor target in living
subjects are absent from these stages of development. It
is not surprising, therefore, that despite the development
of extremely potent anticancer drugs and biological
therapies, their designs lack mechanisms for crossing
biological barriers and for directed delivery to malignant
cells in vivo. Selective delivery of a therapeutic agent to a
target cell can enhance the therapeutic index in vivo due
to selective accumulation of the agent within the tumor.
This can both effectively reduce exposure of normal
tissues to toxic agents and achieve a higher effective
concentration at the tumor site.

Delivery strategies can be passive and depend on
leaky vasculature and an increased blood pool, or they

can incorporate active targeting of specific aspects of
malignant cells and/or the microenvironment of the
tumor. The objective is that systemically delivered
therapies accumulate at the tumor site. Active delivery
can be based on molecular recognition of tumor markers
or antigens that are accessible to blood flow (for example,
peptides and antibodies directed against tumor-specific
endothelial cells). In the case of oncolytic viruses, these
molecules can be used to alter the tropism of viral agents
such that they recognize receptors expressed on tumor
cells or tumor endothelium.1–5 Similarly nanoparticles
that are coated with these domains or ligands accumu-
late in the tumor.6,7 Blending an active targeting
mechanism with a biologically active delivery vehicle,
for example an immune cell, could increase the beneficial
effect. Such approaches rely on cell types that are
recruited by, or naturally traffic to, the tumor micro-
environment, and these act as carrier vehicles to
deliver a therapeutic agent or payload to the tumor.8,9

Tumor-targeting cells that have been used for such
directed therapy include hematopoietic or immune
cells, or precursor or stem cells. As these cells have their
own biology that can be modified and exploited for
improved therapies, understanding and utilizing the
biology of the vehicle will be essential for optimizing
these approaches.
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Among the variety of strategies for utilizing cell-based
carriers, the most basic approach uses cell types with no
intrinsic tumor trafficking ability. These cells are used to
either express a transgene within a tumor, or as a
concealment mechanism to improve delivery of a viral
(or similarly antigenic) agent, in attempts to circumvent
an antiviral immune response (usually incorporating a
passive delivery approach). Cells can also improve
microdistribution after direct delivery to a tumor by
moving within the tumor environment away from the
initial sites of injection, so giving the therapy an
improved biodistribution.10 In a more complex approach,
cells that are known to traffic to tumors are used as
targeting vehicles to actively carry a viral agent or a
transgene to the tumor, in essence hijacking the traffick-
ing ability of the cell. In some examples of this approach,
the cell itself has therapeutic potential resulting in
additive antitumor effects between the carrier and the
passenger.11 Finally, in the most complex scenario, a
tumor-targeting, cell-based therapeutic will be used as a
carrier vehicle in conjunction with a therapeutic passen-
ger. The combination may have additive effects or the
biology of the targeting system and the payload can be
integrated leading to synergistic tumor-killing.

Oncolytic agents based on a wide range of viruses
have been developed and tested as cancer therapies (for
review see SH Thorne et al.12 and KA Parato et al.13).
Among the different viruses that have been studied,
vaccinia virus strains have a number of characteristics
that contribute to their enhanced potential as oncolytic
agents; vaccinia viruses demonstrate rapid spread,
potent cytolytic ability, a broad range of host cell tropism,
a large capacity for genetic payload and a high degree of
specificity for tumor targets produced through selective
deletion of viral genes.14,15 These agents also display
some degree of systemic delivery potential to the tumor,
primarily due to their evolved ability to travel relatively
undetected within the blood. However, because they
possess the ability to infect a broad range of cell types,
only a small amount of virus delivered intravenously
will infect the tumor, with the majority undergoing non-
permissive or abortive infections of non-tumor tissue.
Therefore, despite the promising results of vaccina virus-
based cancer therapies,14–18 it appears that for effective
treatment of cancers it will be necessary to both improve

methods of delivery and use of vaccinia in therapeutic
combinations.

Given the complexity of combined biological therapies
and the requirement that delivery methods be evaluated
in living animals, effective development of these
approaches requires methods of study that refine animal
models of cancer and accelerate their analyses. The tools
being developed in the field of molecular imaging
have addressed this previously unmet need and have
enhanced the discovery and development of novel
therapies for cancer.19,20 These imaging methods utilize
molecular probes to label the cancer cell, the delivery
vehicle and/or the therapeutic agent such that their
numbers and location can be determined in the animal
over time.21 Such imaging tools offer the power of
repeated measures without killing the animal yielding
improved data while offering a significant savings in the
numbers of animals required and cost of the study.20,22,23

Among the molecular imaging methods described to
date, in vivo bioluminescence imaging 19,22 has emerged
as one of the most versatile and sensitive methods for in
vivo studies of biology and therapeutic responses in
animal models. As such bioluminescence imaging has
been used to advance our understanding of a number of
chemotherapeutic agents24,25 and biological therapies26,27

for cancer and other diseases.28

The combination of cytokine induced killer (CIK) cells
as the carrier vehicle and oncolytic vaccinia virus as its
biological payload fall into the category of cell-based
combination therapies that may offer additive or
synergistic therapeutic benefits.21 CIK cells have been
shown to display impressive tumor-trafficking potential
following systemic delivery in pre-clinical models,29 with
the majority of the cells detected in the tumor by 72 h
after intravenous delivery (Figure 1). These cells were
developed as a tumorical population of immune cells
that have characteristics of both T cells and natural killer
(NK) cells.31 Although these cells display cytolytic ability
in correlative cell culture assays and in vivo within the
tumor micro-environment, large numbers of CIK cells
are typically required to achieve efficient tumor clear-
ance—effector to target ratios of 10 or 20 to 1.30 Oncolytic
vaccinia viruses have been developed as highly lytic
agents with good tumor selectivity, but they are limited
in their biodistribution.

Figure 1 Mouse splenocytes were expanded and treated with cytokines, as described,30 for enrichment of cytokine induced killer (CIK) cells.
These cells were labeled by retroviral transduction using a retroviral vector containing the luciferase gene (pGL4 from Promega Corp,
Madison, WI, USA) and delivered intravenously to a mouse (BALB/c) carrying a subcutaneous mammary carcinoma cell line (4T1; arrows)
implanted on the back of the animal 10 days earlier. Subsequent trafficking patterns of the CIK cells were followed by bioluminescence
imaging (BLI) following delivery of luciferin, using an IVIS100 system (Xenogen Products from Caliper Life Sciences, Alameda, CA, USA).
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Both CIK cells and oncolytic vaccinia virus strains
have displayed encouraging results in Phase I clinical
testing;17,32 however, the described limitations of each
therapy suggested that the combination may offer
complementary effects that would enhance the overall
therapeutic outcome. We initially proposed that by
utilizing CIK cells as a carrier vehicle to deliver oncolytic
vaccinia to the tumor we may be able to overcome the
deficiencies of each therapy as a single agent (inefficient
tumor delivery of vaccinia strains and limited tumor cell
killing of CIK cells), while retaining their benefits. To
investigate this possibility it was necessary to determine
if the tumor-selective vaccinia viruses would replicate in
CIK cells and if so would the virus interfere with the
trafficking and tumoricidal properties of the CIK cells.

We observed that vaccinia strains are capable of
infecting CIK cells, but replicate with unusual kinetics,
demonstrating a prolonged eclipse period (48 h) during
which the virus lies dormant within the cells.21 During
this time, we were unable to detect changes in the
cytolytic behavior, cell surface marker expression,
cytokine production or tumor trafficking potential of
the CIK cells. Essentially, the function of the CIK cells is
unaffected by the viral infection during this eclipse
period, allowing efficient delivery of the virus directly to
the tumor (even intraperitoneal tumors could be targeted
following intravenous delivery of the agent21). Further-
more, the CIK cells do not display viral antigens at the
cell surface during this eclipse phase, meaning that
delivery can be achieved even in the face of an antiviral
immune response. After the eclipse phase, however, the
virus performs a limited replication, resulting in lysis of
the infected CIK cells and release of multiple infectious
viral particles into the tumor microenvironment leading
to an amplification of the therapeutic agent within the
tumor—one aspect of therapeutic synergy.

The fact that the majority of CIK cells delivered into
the blood stream end up within the tumor by 48–72 h
after treatment means that a much greater amount of the
viral dose will ultimately be released directly within
the tumor compared to intravenous delivery of the
oncolytic vaccinia as a single agent. This results in
greater on-target delivery and less off-target toxicities
improving the tumor selectivity. The subsequent rapid
replication and spread of the virus within the tumor
results in even small amounts of virus initially delivered
to the tumor, producing a dramatic antitumor effect.

For many oncolytic viruses the replication, and not
infection per se, is tumor selective. Therefore, when
oncolytic viruses are delivered as a single agent through
the blood stream, they will initially infect the first cells
they come in contact with. Even with more selective and
targeted viruses, they will only be able to infect the first
cells within the tumor that they come into contact with
(that is, cells close to or exposed to the tumor
vasculature). Although subsequent spread into the bulk
of the tumor can then be achieved, viral infection is
normally prematurely compromised by the inability of
the virus to spread beyond physical barriers within the
complex tumor microenvironment, such as areas of
necrotic tissue, or areas of extracellular matrix. Viral
spread may be further contained by an antiviral immune
response.

Limited infections are demonstrated by histology21 and
by viral gene expression (as measured by bioluminescence

imaging) that correlates closely with overall numbers of
viral particles within the tumor. Since optical imaging is
surface weighted, as the virus moves through susceptible
tissues infecting surrounding cancer cells the signal from
viral reporter gene expression (bioluminescence) drops
off relative to numbers of particles (Figure 2). This
discordance may also represent compartmentalization of
virus in acellular regions of the tumor, that is, entrap-
ment of virus within necrotic pockets of destroyed tumor
tissue, physically separated from the remainder of the
tumor by extracellular matrix. This highlights the
importance of being able to biodistribute the virus
efficiently throughout the entire tumor tissue to obtain
maximum benefits. A number of groups have described
means of increasing the therapeutic benefit of oncolytic
viruses through combination with collagenase or
through expression of genes able to degrade the
extracellular matrix;33,34 however, this still fails to over-
come the inability of viruses to actively traffic to or
within tumors. It appears that the use of cells capable of
actively extravascating from the blood supply and
moving within the tumor microenvironment, so deliver-
ing their viral passengers at locations throughout the
tumor, results in even greater viral penetration within the
tumor and increased therapeutic benefit.

Delivery of oncolytic viruses as single agents through
the blood stream (where possible), leads to an initial
infection of cells in or around the tumor endothelium,
and this has been found to lead to subsequent vascular
collapse, cutting the blood supply to the tumor.35,36 This
suggests that some cell-free virus would be beneficial. It
is likely that the CIK-vaccinia dual biotherapy will also
achieve this effect due to the delivery of free virus in
conjunction with infected and uninfected CIK cells.
Under the protocol that we used, we found that at the
time of inoculation the combination therapy contains
about 20% infected and 80% uninfected CIK cells, and
also significant amounts of free, or cell-associated virus.
Thus, some CIK cells will remain within the tumor as

Figure 2 Mice (BALB/c) bearing subcutaneous 4T1 tumors as in
Figure 1 were treated (day 0) via a single tail vein injection of
1�107 PFU of vaccinia strain Western Reserve carrying a mutation
in the thymidine kinase gene and expressing luciferase from the
pSE/L promoter. Animals (n¼ 4) were imaged at times after
treatment as before, and the bioluminescence signal produced
within the tumor at different times was determined by drawing a
region of interest over the tumor and measuring signal (using
Living Image software, Caliper Life Science). Additional mice were
killed at each time point and their tumors extracted, weighed
and the tissues homogenized. The number of infectious viral units
per gram of tumor was determined by plaque assay (n¼ 3 per
time point).
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tumoricidal cells many days after initial treatment (that
is, not destroyed by viral infection), and that some virus
will be likely to reach the tumor target as a single agent
and affect the endothelium. It is unlikely that significant
numbers of uninfected CIK cells will become infected
within the tumor as tumor cells are dramatically more
susceptible to oncolytic viral replication than the
CIK cells.

This mixed therapeutic effect is an important factor
that appears to help further enhance both the therapeutic
benefits and the complex and beneficial interactions
between the immune cell and the virus. With human
tumor cell lines, it has been shown that some are
naturally resistant to CIK cell-mediated killing. CIK cells
recognize their tumor targets through the interaction
between the CIK cell surface-expressed NKG2D receptor
and tumor cell-surface expressed NKG2D ligands.37

NKG2D ligands, such as MICA and MICB in humans,
are stress response ligands that are commonly upregu-
lated in tumor tissues due to the multitude of stresses
that are encountered within this environment (for
example, hypoxic or pH stress, limited nutrients or
increased build up of waste products), making tumor
cells natural targets of NK or NK-T cells.38,39 Although
about 80% of human tumor cells are recognized by the
NKG2D receptor, some tumors develop means to counter
this by downregulating NKG2D ligand expression on the
cell surface. However, viral infection is also a stress
condition and infection has been shown to increase
NKG2D ligand cell surface expression.40 Thus, the
oncolytic virus may enhance the activity of CIK cells.
We have demonstrated that vaccinia infection of at least
some tumor cells results in increased MICA or MICB
expression on the surface of the cell.21 As a result it
appears that free virus, delivered as part of the initial
inoculum, is capable of infecting tumors that are
naturally resistant to CIK cell-mediated killing. This
infection results in upregulation of MICA and MICB
expression on the surface of the tumor cells, so making
the previously resistant cells susceptible to recognition
by CIK cells. This has the consequence of increasing the
numbers of CIK cells infiltrating the tumor, so increasing
the delivery of oncolytic vaccinia, which further in-
creases MICA and MICB expression. In this way a
positive feedback loop can be created leading to
increased synergy.

We have also observed additional mechanisms of
synergy that involve immune activation. We demon-
strated that the combination of immunostimulatory
molecules released by the activated CIK cells and the
viral infection within the tumor releasing viral and
tumor antigens, as the tumor cells are lysed, results in an
increased activation of the host immune response
relative to either therapy alone (Thorne and Contag,
unpublished data). This leads to the creation of sig-
nificant numbers of CD4 and CD8 positive cells that are
found to be activated by relevant tumor antigens ex vivo.
It appears that the combination of immune cell and viral
infection within the tumor has the potential to vaccinate
the host in situ, so priming the host’s immune system to
help clear residual tumor cells, and create an immune
memory response that can help maintain the long-term
disease-free state that is observed in our studies.

Combination therapies may benefit from broad and
overlapping tumor recognition mechanisms as tumors

are heterogeneous with end stage disease often differing
from the initial transformed cells that may comprise the
‘root’ or foundation of disease. For this reason using
T-cell antigen recognition or monoclonal antibodies to
redirect therapeutic agents may be limited. That is, since
these approaches rely on the recognition of a single cell
surface receptor to distinguish target from non-target
cells, and the receptor may be expressed on only a subset
of tumor cells, or else it may easily be downregulated
under conditions of negative selection, there may be cells
that escape such narrowly directed therapies. Alterna-
tively, even widespread tumor targets may not be
accessible given the endothelial barrier of the tumor
vasculature, and so cannot be detected by intravenously
delivered therapies.

The CIK-vaccinia dual biotherapy, however, has the
potential to recognize a wide variety of cell surface
markers on tumor cells and on tumor endothelial cells to
distinguish tumor and non-tumor tissues. The NKG2D
receptor on CIK cells recognizes a family of about 12
NKG2D ligands on tumor targets, and uses several
adhesion molecules to recognize the abnormal tumor
vasculature. The viral component of the dual biotherapy
is able to infect almost all known cell types, and so is not
limited by the expression of cell surface receptors. This
means that even if only a small subset of cells within the
tumor express an NKG2D ligand and are recognized by
the CIK cells, the subsequent release of infectious virus
from the CIK cell infiltrates within the tumor may result
in therapeutic targeting of the remaining tumor cells.

Many cancer therapies rely on targeting the products
of a single genetic lesion, often members of a signaling
pathway within the tumor cell (for example, tyrosine
kinase inhibitors) or rely on a single mechanism of tumor
cell killing to destroy tumor cells (most chemotherapeu-
tics rely on apoptosis as a killing mechanism). The
selective pressures of such therapies may lead to the
creation of alternative or redundant cell-signaling defects
or the loss of apoptotic potential, leading to the
outgrowth and escape of resistant tumor cells. The use
of combination therapies is a proven strategy in
chemotherapy, and similarly in biotherapies a simulta-
neous assault on a variety of tumor markers will produce
a greater therapeutic effect and perhaps eliminate a
sufficient number of tumor cells to enable immune
clearance of the remaining malignant cells.

In addition to the effects of selective pressure due to
directed therapies, tumors are naturally a heterogeneous
mix of cancer cells that display a range of different
properties such as different proliferation potential and
proliferation states that are likely due to the physiologi-
cal heterogeneity of the tumor microenvironment. The
emerging concept of the cancer stem cell, that there is a
cell type ultimately responsible for regenerating the
tumor following a treatment, and for tumor metastasis,
suggests that these cells are phenotypically distinct
from the rest of the tumor.41–43 To successfully destroy
the entire tumor, and any residual disease that serves as a
source of relapse, it will be imperative that such
therapies are developed which recognize and kill
all tumor cell subtypes, including the cancer stem cell.
To achieve this it is likely that multi-component, broadly
active combination therapies will be needed.

Although no dual biotherapy consisting of a carrier
cell and oncolytic virus passenger has yet been tested in
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the clinic, the fact that both CIK cells and oncolytic
vaccinia strains have undergone clinical testing with
positive results and little or no associated toxicities,
coupled with the highly encouraging pre-clinical data
using this dual biotherapy make this a strong candidate
for rapid clinical development.

The CIK-vaccinia dual biotherapy already relies on a
complex set of interactions between the CIK cell, the
oncolytic virus, the tumor and the host’s immune
response; however, in future developments a further
component or components may be added. For example,
either the CIK cells or virus could be engineered to
express therapeutic transgenes to further enhance tumor
cell killing. As with the rational selection of a suitable
carrier cell and viral agent though, an understanding of
how a transgene will interact with the biology of the
host, of the other components of the therapy and of the
cellular target will be vital to optimize the overall tumor
killing potential, and to prevent the risk of antagonistic
effects occurring between the different therapeutic
agents that would reduce the overall benefits. In this
way the therapeutic approach would be structured
like a ‘Russian Doll’ with multiple concentric layers of
therapeutic agents involved in consecutive steps in the
destruction of the tumor target.

However, with extra levels of complexity comes an
additional onus on exerting tight control over the
components of the system, both to improve efficacy
and to ensure absolute safety. For example, it is possible
that expression of a therapeutic transgene from a viral
payload, such as a vaccinia strain, may disrupt the
tumor-targeting potential of the CIK or related cell
carrier or else premature killing of the infected carrier
cell may result in limited ability for the viral payload to
replicate. For this reason, it would be beneficial to control
the transgene expression levels and timing. This might
be achieved by the use of tissue or tumor specific
promoters driving the transgene (so limiting transgene
expression to cells within the tumor),44 or else, the use of
inducible or repressible systems to control viral gene
expression may be incorporated.45 These have an
additional advantage that transgene expression may
subsequently be switched off if necessary to prevent
adverse events.

It, therefore, seems likely that the use of immune cell
carrier vehicles such as CIK cells to deliver oncolytic
virus strains to tumors has the potential to become a
major weapon in the fight against cancer. However, this
potential cannot be realized until we see clinical safety
and efficacy data with such a system. The CIK-vaccinia
dual biotherapy has the potential for rapid clinical
development and is an area of active investigation.
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