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Abstract
Although adoptive T-cell therapy has shown clinical success, efficacy is limited by low levels of
T-cell trafficking to, and survival in, the immunosuppressive environment of an established tumor.
Oncolytic virotherapy has recently emerged as a promising approach to induce both direct tumor
cell killing and local proinflammatory environments within tumors. However, inefficient systemic
delivery of oncolytic viruses remains a barrier to use of these agents against metastatic disease that
is not directly accessible to the end of a needle. Here we show that the ability of antigen-specific T
cells to circulate freely, and to localize to tumors, can be exploited to achieve the systemic
delivery of replication-competent, oncolytic vesicular stomatitis virus (VSV). Thus, VSV loaded
onto OT-I T cells, specific for the SIINFEKL epitope of the ovalbumin antigen, was efficiently
delivered to established B16ova tumors in the lungs of fully immune-competent C57Bl/6 mice
leading to significant increases in therapy compared to the use of virus, or T cells, alone. Although
OT-I T-cell-mediated delivery of VSV led to viral replication within tumors and direct viral
oncolysis, therapy was also dependent upon an intact host immune system. Moreover, VSV
loading onto the T cells increased both T-cell activation in vitro and T-cell trafficking in vivo. The
combination of adoptive T-cell transfer of antigen-specific T cells, along with oncolytic
virotherapy, can, therefore, increase the therapeutic utility of both approaches through multiple
mechanisms and should be of direct translational value.
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Introduction
Oncolytic virotherapy, based upon the observed ability of several different viruses, either
unmodified or genetically engineered, to replicate preferentially in tumor, as opposed to
normal, cells has emerged as a promising novel strategy for cancer therapy.1–3 However, a
major barrier to the widespread use of these viral agents to treat metastatic disease remains
the inability to deliver them in a truly systemic manner to established tumors which are not
directly accessible to direct injection.4,5 This stems, in part at least, from virus
neutralization, nonspecific adhesion of the virus particles to multiple host cell types and
from active sequestration of particles.4,6–9 A further problem is the inability to localize
viruses specifically to tumors and to promote their extravasation from the circulation.10

In this latter respect, extensive preclinical and clinical studies have shown that tumors are
often infiltrated with T cells with specificity for antigens expressed by the tumor cells
themselves.11–14 These antigen-specific T cells can be recovered from tumors, expanded in
vitro and adoptively transferred back to the patient where there is convincing evidence that
they traffic, at least to some degree, to tumors expressing the cognate antigen.12,14

Exploiting this adoptive T-cell transfer has been used successfully as an antitumor therapy
with increasingly encouraging results, based upon the intrinsic ability of the T cells to
recognize and kill tumor directly.12,14,15

We, and others, hypothesized that it might be possible to exploit the natural tumor homing
ability of antigen-specific T cells to increase the tumor localization of intravenously (i.v.)
injected viral particles.16–23 Moreover, by associating virus with such T cells it may also be
possible to ameliorate some the problems of virus neutralization, sequestration and
nonspecific adhesion.5 Indeed, we and others have shown that antigen-specific T cells can
be used very effectively, in both immune-competent and immune-deficient mice, to
chaperone virus particles to tumors, to induce their local release at the tumor site and to
promote increased therapy over and above the therapy induced by the cytolytic activity of
the T cells alone.16–23

In addition to T cells, several other types of cells have been used as carriers of genes/viruses
to protect the virus from the multiple neutralizing and sequestering antiviral systems which
the host normally uses to remove unwanted viral infections.24–27 It is now clear that
although the type of carrier and virus can differ it is possible to use cells to chaperone
therapeutic viral particles to sites of tumor growth, either on,21,23 or inside16,17,24 the cells,
and to generate potent antitumor therapy even in the presence of a fully intact immune
system.

We recently showed that it is possible to use T cells with specificity for an antigen expressed
only by the tumor cells to deliver replication-incompetent retroviral particles to tumors.21,23

This approach utilized the observation that retroviral particles will nonspecifically adhere to
the surface of many different cells6 and that these adhered viruses can then be released from
the cell surface for productive infection of neighboring cells.21,23,28 Moreover, virus release
is promoted within the protease rich environment of an established tumor. 21,23 When the
retrovirus encoded either a suicide gene,21 or a chemokine,23 significant antitumor therapy
was achieved over and above that possible with the virus or T cells alone. In addition,
loading the retroviral particles onto antigen-specific T cells conferred a significant degree of
immune privilege by protecting virus from complement and antibody neutralization.21

Having shown significant therapy with the release of replication-incompetent retroviral
vectors from the surface of antigen-specific T cells, we reasoned that the release of
replication-competent viruses may be more beneficial owing to their potential for increased
spread through the tumor.1,3,29 Since we have shown that intratumoral injection of vesicular
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stomatitis virus (VSV) not only induces oncolysis of the local tumor30–32 but also primes
antitumor CD8+ T-cell responses,33 here we have combined adoptive T-cell therapy with
VSV oncolytic virotherapy to treat a murine model of metastatic melanoma. As a murine
model of adoptive T-cell therapy, we used OT-I CD8+ T cells that express a transgenic T-
cell receptor specific for the SIINFEKL epitope of the ovalbumin protein presented in the
context of the H-2Kb major histocompatibility complex (MHC) class I molecule expressed
by B16ova tumor cells.21,34 We also used VSV-δ51, in which the methionine 51 of the
matrix protein is deleted. This virus can no longer block the nuclear export of interferon
(IFN)-encoding mRNAs. Therefore, VSV-δ51 enhances the expression of antiviral IFNs in
normal cells, which prevents viral replication and spread; however, many cancer cells
remain insensitive to the effects of IFN-α and -β, making the virus highly tumor specific for
replication and oncolysis.31,35 We show here that adoptive transfer of OT-I cells preloaded
with VSV-δ51 was significantly better than T-cell therapy, or i.v. virus therapy alone,
against B16ova tumors growing in C57Bl/6 mice. We could not detect appreciable
replication of VSV within the OT-I cells but adherent virus was released and effectively
infected, replicated in and killed tumor cells following coculture of loaded T cells with
B16ova cells. In addition, VSV loading on OT-I cells activated the T cells in vitro (both in
terms of direct killing activity and cytokine release) and increased their trafficking to
B16ova tumors in vivo. Finally, an intact immune system was necessary for maximal
therapeutic effects and mice cured of tumor through this combination of adoptive T-cell
therapy and oncolytic virotherapy were protected long term against tumor challenge. Thus,
although the preparation of antigen-specific T cells from patients can be time consuming and
requires considerable expertise, simple loading of these cells with oncolytic virus could
provide a next step in enhancing the efficacy of adoptive T-cell therapy for the treatment of
metastatic disease.

Results
OT-I T cells are not productively infected by VSV-δ51

Even at a multiplicity of infection (MOI) of 100, only a maximum of 4% of OT-I T cells
exposed to VSV-δ51 were infected 48 h after exposure to virus (Figure 1a). In contrast, an
MOI of 1 was sufficient to infect >80% of B16 tumor cells at 24 h after exposure to virus
(Figure 1b). A time course of transduction of the normal T cells, compared to B16 tumor
cells, as assessed by green fluorescent protein (GFP) expression, indicated a low peak of
transduction of OT-I T cells at about 12 h after exposure to VSV-δ51, which rapidly
declined, suggesting an abortive viral infection and lack of spread. This was in sharp
contrast to the kinetics of infection of the tumor cells (MOI 1), where the cells were
transduced and initiated a rapidly spreading infection in culture (approaching 100% of cells
expressing GFP by 48 h after exposure to virus) (Figure 1c). Similarly, although robust de
novo expression of the VSV surface glycoprotein (VSV-G) glycoprotein was readily
detectable following infection of B16, or other tumor cell lines, in vitro, no VSV-G
expression was detected in OT-I T cells exposed to VSV-δ51 (Figure 1d). These data
suggest that although VSV-δ51 enters both T cells and tumor cells (GFP expression) viral
infection and spread is aborted in the normal cells but proceeds efficiently in the tumor cells
(de novo VSV-G synthesis).

Consistent with a lack of replication of VSV-δ51 in OT-I T cells, no significant cytotoxicity
was observed following exposure of the T cells to VSV-δ51 even at remarkably high MOI
(Figure 2a). In fact, we observed a small, but consistent increase in the number of OT-I
treated with VSV-δ51 compared to unloaded T cells. In contrast, VSV-δ51 was potently
cytotoxic to tumor cell lines as expected (Figure 2b). Similarly, although infection of B16
tumor cells with VSV-δ51 led to increases of 3–4 logs in virus yield (over the input virus) as
little as 24 h following exposure to virus, virus released into the supernatant from OT-I cells
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did not exceed the amount of input virus (Figure 2c). Interestingly, however, virus could be
detected consistently in the supernatants of OT-I exposed to VSV-δ51 at significant levels
through 72 h after exposure (Figure 2c). These observations suggested that either OT-I T
cells are supporting very low levels of virus replication or that input virus may initially
adhere to the cell surface and then dissociate with time. Consistent with this hypothesis,
electron microscopy showed that 24 h after exposure to virus B16 cells were producing
plentiful levels of newly synthesized viral particles budding off at all parts of the cell surface
(Figures 2d and e); in contrast, OT-I T cells exposed to VSV-δ51 did not show evidence of
productive infection since cells were not covered with large amounts of newly budding
particles at the surface (Figure 2f) as was the case for B16 cells (Figure 2d); however,
localized clusters of bullet-shaped viral particles were still seen at the surface of OT-I cells
at higher magnifications (Figure 2f), which may represent either cell-adherent virus from the
input stock or low levels of newly generated virus.

Taken together, these data suggest that although VSV-δ51 does not replicate efficiently, or
at all, in OT-I T cells, virus adhered to the cell surface may be retained for several hours
before dissociating and becoming available, potentially, for infection of additional cell
types.

VSV-δ51 adhered to/released from OT-I T cells can be released to infect tumor cells in vitro
When VSV-δ51-loaded OT-I T cells were cocultured with B16 tumor cells, even at low T-
cell:tumor cell ratios, the tumor cells in these cocultures (CD8– cells) became selectively
transduced to high levels as assessed by GFP expression from the VSV-δ51 (Figure 3a). In
addition, extensive cytotoxicity was induced in B16 cells cocultured with OT-I loaded with
VSV-δ51, to levels similar to that produced by cell-free infection with VSV-δ51 (data not
shown). Infection of B16 tumor cells was still observed (although less efficiently) if the
VSV-δ51-loaded OT-I were separated from the tumor cells by a transwell membrane
indicating that tumor cell infection is, at least in part, through the release of virus from the
OT-I cells (Figure 3b). Consistent with the results of Figure 2c, incubation of OT-I T cells
with VSV-δ51 did not significantly amplify the levels of input virus over time whereas
incubation of virus with B16 tumor cells induced a 2–3 log increase in virus produced from
the cultures relative to the initial inoculum dose (Figure 3c). However, when virus-loaded
OT-I T cells were cocultured with B16 tumor cells, significant levels of virus were produced
over and above the levels of input virus, indicating high levels of virus replication in the B16
tumor cells (Figure 3c). Taken together, these data indicate that virus adhered to, or
produced from, the OT-I T cells can be released and lead to productive, oncolytic infection
of tumor cells brought into close association with the T cells.

VSV loading augments T-cell function and activity in vitro
Exposure to VSV-δ51 induced large amounts of both IFN-α (Figure 4a) and IFN-β (data not
shown), characteristic of a typical antiviral response to infection of normal cells with VSV.
Even though 3-day activated OT-I T cells were already highly activated (grown for 3 days in
interleukin (IL)-2 and SIINFEKL antigen), OT-I T cells exposed to VSV-δ51 showed
significant further increased expression of T-cell activation markers such as CD44 and
CD25 (Figures 4b and c). In vitro studies suggested that VSV-δ51 loading may also enhance
the survival of OT-I T cells in culture, as evidenced by modest increases in expression of T-
cell survival factors such as BCL-2 (data not shown).

This increased activation also translated into increased effector function both at the level of
direct cytolysis of antigen-expressing B16ova target cells (Figure 4d) and increased
expression of IFN-γ over and above that of already activated T cells (Figure 4e). Thus, as
expected, OT-I cells grown for short periods of time with B16ova targets induced
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significantly more killing than with antigen-negative B16 cells (Figure 4d). However, if the
OT-I cells were preloaded with VSV-δ51, highly significantly increased killing of B16ova
targets was observed relative to that produced by unloaded OT-I, even in the short time
periods of this assay as necessitated by the need to exclude any cytotoxicity induced by
VSV-mediated tumor cell killing (Figure 4d). In addition, when 3-day activated OT-I cells
were grown for a further 24 h in the absence of their cognate-activating antigen (supplied as
SIINFEKL peptide in the culture medium), exposure to VSV-δ51 induced even greater
levels of intracellular IFN-γ expression compared to OT-I grown without SIINFEKL or
VSV-δ51 (Figure 4e). Taken together, these data show that loading of OT-I T cells with
VSV-δ51 significantly enhances markers of T-cell activation and effector function,
suggesting that they may be more efficient at clearing tumor cells in vivo.

Combination of adoptive T-cell therapy with oncolytic virotherapy in vivo
These data were consistent with our hypothesis that it may be possible to use adoptive
transfer of antigen-specific T cells to carry oncolytic virus to the site of established tumor
growth. To investigate whether such an approach would have therapeutic efficacy in vivo,
mice bearing 6-day-established, lung metastases of B16ova were treated with subtherapeutic
levels of adoptive T-cell therapy, or i.v. oncolytic virotherapy, alone, which we have
previously shown to be completely therapeutically ineffective and equivalent to phosphate-
buffered saline (PBS) treatment alone in both C57Bl/6 and nude mice. Alternatively, mice
were treated with a combination in which OT-I T cells were loaded with VSV-δ51. Highly
significant increases in survival were observed in mice treated with OT-I(VSV) compared to
any of the other groups (P = 0.002 compared to OT-I or to VSV alone) (Figure 5a). These
therapeutic effects were heavily dependent upon the dose of OT-I(VSV) used, as adoptive
transfer of one log fewer VSV-δ51-loaded T cells gave no therapeutic benefit over OT-I
alone (not shown). Moreover, 100% of the long-term survivors from this treatment were
protected against a rechallenge with a dose of B16ova tumor cells which is lethal to naive
mice (data not shown), indicating that the combination of adoptive T-cell-, and oncolytic
virotherapy is sufficient to activate antitumor T-cell memory responses (Figure 5a).

To understand the mechanisms of this therapy, lungs recovered from mice treated 24 h
previously with OT-I(VSV) T cells consistently contained 1–2 logs higher levels of VSV-
δ51 if they contained preseeded lung tumors, compared to lungs from mice with no tumor
(Figure 5b). In addition, virus could still be recovered at high levels 48 h after adoptive T-
cell transfer only in lungs of tumor-bearing mice (Figure 5b). We also examined the
distribution of VSV-δ51 following T-cell-mediated delivery. Of the organs examined
(spleen, brain, liver, kidney, heart, blood, bone marrow), VSV could only be recovered 24 h
following adoptive T-cell transfer from two of three spleens of nontumor-bearing mice
(mean titer of 7 × 102 PFU). VSV was also recovered from spleens of three of three tumor-
bearing mice at a higher mean titer (mean titer of 9 × 103 PFU). We have shown that
B16ova tumors seed in the spleen of C57Bl/6 mice using PCR (data not shown and Qiao et
al., submitted); therefore, we believe that the increased spleen titers of OT-I-delivered VSV-
δ51 are due to viral replication in these splenic tumors that provide a substrate for VSV
replication delivered from the OT-I T cells. Interestingly, VSV-δ51 was also detected at
titers of less than 103 PFU in the heart and blood of one of three animals with preseeded
tumors. We are currently investigating whether these titers also represent replication from
tumors seeded in these organs.

When the same experiment was performed with simple i.v. injection of (cell-free) VSV-δ51
virus, there were no significant differences in the amounts of virus that could be recovered
from the lungs of tumor-bearing, or tumor-free mice (data not shown), virus could only be
recovered from the lungs of one of three tumor-bearing mice and the level of virus in any of
these lungs was significantly lower than those obtained following OT-I-mediated delivery of
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VSV-δ51 to tumor-bearing lungs (data not shown). These data indicate that B16ova tumors
provide an effective substrate for viral replication following OT-I-mediated delivery of
VSV-δ51 and that the amount of virus that can access these tumors is significantly higher
using T-cell-mediated delivery compared to simple i.v. injection. Finally, the therapeutic
effects of adoptive transfer of OT-I(VSV) against B16ova tumors (as seen in Figure 5a)
were completely lost when adoptive transfer was used to treat B16 target tumors, which do
not express the cognate antigen for the T cells (Figure 5c). These data show that tumor
antigen-specific virus delivery is achieved using OT-I T cells to carry VSV-δ51.

VSV loading enhances T-cell trafficking
We hypothesized that the combination of the increased T-cell activation induced by the
VSV-δ51 loading of the T cells (Figure 4) coupled with initiation of intratumoral viral
oncolysis (Figure 5) would establish a proinflammatory environment at the tumor site which
might enhance trafficking to the tumor not only of adoptively transferred OT-I T cells but
also of endogenous immune effectors.33,36 Previously, we have observed that levels of
trafficking of OT-I T cells to antigen-positive (and antigen-negative) tumors were initially
very low (upto 24 h postadoptive transfer) but that antigen-specific T cells accumulated over
time only in antigen-positive tumors (72–96 h).37 Consistent with these findings, within 24 h
of adoptive transfer only small numbers of OT-I T cells (CD8+, Vα-2+) over background
were detected within B16ova tumors (Figure 6a). However, more OT-I T cells were
consistently detected in the B16ova tumor if those T cells had previously been exposed to
VSV-δ51 in vitro (Figure 6a). We also observed very significant increased levels of
accumulation of OT-I T cells in tumors at longer periods postadoptive transfer if the OT-I
cells had initially been loaded with VSV-δ51 compared to unloaded OT-I T cells (P = 0.01;
Figure 6b). Intratumoral accumulation at these later time points most likely reflects
increased T-cell survival and proliferation of the adoptively transferred T cells, rather than
initial homing efficiencies21,33,37—effects that may be associated with the local
environment induced by the ‘hyperactivated’ OT-I cells which are expressing high levels of
IFN-α/β and -γ.

Increased tumor trafficking in the short term (24 h) following adoptive T-cell transfer could
be explained, at least in part, by the observation that in vitro loading with VSV-δ51 induced
higher levels of expression of CCR5, the receptor for CCL5, which has been shown to
promote the ability of activated CD8+ effector T cells to infiltrate tumors38 (Figure 6c).
However, we did not observe any changes in the levels of CD62L, downregulation of which
would also contribute to keeping adoptively transferred T cells out of the lymph nodes and
allow for increased tumor homing (data not shown).

OT-I(VSV) adoptive T-cell therapy activates potent endogenous antitumor T-cell responses
Previously, we have shown that activation of endogenous T cells against tumor-associated
antigens is enhanced by the establishment of a proinflammatory environment at the tumor
site by the initiation of intratumoral viral oncolysis.33 In addition, the high levels of
increased effector functions induced by VSV-δ51 loading of OT-I in vitro (increased levels
of IFN-α/β, IFN-γ and cytotoxic T lymphocytes (CTL) activity) suggested that intratumoral
localization of these ‘hyperactivated’ T cells would further contribute to a proinflammatory
environment that activates an endogenous antitumor immune response. To test whether such
effects are important in the therapy seen in Figure 5a, we repeated the experiments of Figure
5a in nude mice. We deliberately selected the maximal dose of OT-I T cells that would not
give therapy in either immunocompetent C57Bl/6, or nude, mice to be able to observe
additive therapeutic benefits from the carriage of VSV by the T cells. Because the minimal
therapeutic dose of OT-I that achieves 50% tumor cures of B16ova is about one log higher
in C57Bl/6 mice than in nude mice (5 × 105 OT-I), we selected the dose of 2 × 105 OT-I
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cells which, from our previous studies, shows no efficacy in the nude mouse model.
Whereas significant OT-I-mediated delivery of VSV-δ51 in C57Bl/6 immune-competent
mice led to very significant increased survival of tumor-bearing mice (Figure 5a), the
therapy was completely lost in nude mice lacking T cells (Figure 6d). This result indicates
that the host-derived T cells that are activated against tumor by local oncolysis,33 and
provide long-term immune memory (Figure 5a), are also critical for the efficacy of direct
OT-I(VSV) T-cell-mediated antitumor therapy. Therefore, antitumor therapy induced by
OT-I-mediated carriage of VSV (Figure 5a) is clearly not solely due to direct intratumoral
virus delivery, replication and oncolysis but also requires multiple interacting factors
derived from the host to contribute to tumor clearance.

Discussion
We show here that the tumor homing, and direct tumor cell killing, associated with adoptive
transfer of antigen-specific CD8+ T cells13 can be successfully combined with the direct
tumor oncolysis1,3,29 and immune stimulation33 associated with oncolytic virotherapy. Our
data show that loading VSV-δ51 onto T cells enhances the efficiency of the virotherapy
component of the combined therapy by allowing delivery of the virus to systemic tumors at
levels that cannot be reached by simple i.v. injection of cell-free virus. However, in addition,
it is also clear that virus loading on the T cells enhances the efficacy of the adoptive T-cell
therapy component by increasing the effectiveness of the T cells themselves in terms of
increased killing activity, effector cytokine production and tumor trafficking. Therefore, the
combination of adoptive T-cell therapy with oncolytic virotherapy represents a truly
symbiotic relationship in terms of generating improved therapy compared to either approach
alone.

Our initial hypothesis underpinning these studies was that OT-I T cells could serve as
effective carriers of VSV-δ51 to the tumor site and, following intratumoral T-cell
localization, virus would be released to establish a spreading, productive infection of the
B16ova tumor cells leading to viral oncolysis and tumor cures. This arose from our previous
studies where we showed that activated T cells can carry retroviral particles to tumors
through a process of cell surface adhesion of the viral particles.21–23 Here, we have
extended that work by replacing the replication-defective retrovirus by oncolytic,
replication-competent VSV-δ51.35 Our initial rationale for this change was that an oncolytic,
replication-competent virus released at the tumor site in vivo would spread more efficiently
through the tumor, and generate higher levels of tumor cell killing than a replication-
defective retrovirus encoding a suicide gene.29 We postulated that VSV-δ51 would not
replicate well in OT-I cells due to the intact type I IFN response of these cells, which was
confirmed by our in vitro studies (Figure 1–Figure 3). This approach differs from that used
by others where viruses such as adenovirus,16 measles,18 vaccinia virus17 or VSV-δ51
itself24 have been loaded into cells which are themselves fully permissive for viral
replication. In the time that it takes the cell carriers to circulate and localize to tumors, the
virus can undergo a replicative cycle leading to high levels of virus release at the tumor site.
However, we investigated whether VSV-δ51 would adhere to the cell surface of OT-I T
cells in the same way that retroviral particles do21 and, if so, whether it would be released
and become available for infection of more permissive tumor cells into which it would be
brought in contact with by the trafficking of the T cells in vivo. Both our in vitro (Figure 2)
and in vivo (Figure 5) studies confirm that OT-I T-cell carriers can release sufficient VSV-
δ51 to initiate spreading viral infections of tumor cells. We cannot exclude that the source of
this released virus is in fact very low levels of de novo synthesized VSV particles released
by the OT-I, as opposed to cell surface-adhered virus that is released upon the T cells
reaching the tumor. However, our in vitro studies clearly show that if OT-I cells do make
new virus it is at very low levels. Therefore, we have shown that OT-I T cells can act as
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effective cell carriers for oncolytic VSV-δ51 particles and that these cells allow significantly
higher levels of virus delivery to metastatic tumors in a fully immune-competent host than is
achievable by simple i.v. injection of cell-free virus. The importance of virus delivery and
replication to the overall therapeutic effects is underscored by the observation that heat-
inactivated VSV-δ51, which does not replicate in tumor cells, loaded onto OT-I was
ineffective at stimulating tumor cures in the experiments of Figure 5. Therefore, carriage of
VSV-δ51 directly to tumors by the OT-I cells forms a major part of the success of this
combined therapy.

While we confirmed that the VSV-δ51 released from OT-I cells can eradicate many more
tumor cells than the retroviral vector we used in our previous studies,21 we also gained an
additional unexpected advantage over the use of retroviral particles in that VSV-δ51 induced
very significant increased activation of the OT-I T cells. Our data show that simple loading
of OT-I with VSV-δ51 induced expression of proinflammatory cytokines associated with
both an antiviral response (IFN-α/β) and T-cell effector functions (IFN-γ). This was
accompanied by increased cytolytic function and phenotypic changes associated with better
trafficking to tumors and T-cell activation. It seems probable that the increased activation
status of these T cells plays a significant role in the enhanced therapy of the OT-I(VSV)
treatment group compared to the OT-I treatment alone through multiple pathways including
increased trafficking of the T cells to the tumor site (Figure 5), higher levels of direct tumor
cell killing by the T cells (Figure 4), enhanced indirect tumor cell killing through cytokine
production (Figure 4) and through priming of antitumor host immune responses that are
critical for the overall efficacy of the therapy (Figure 6), consistent with our previous studies
demonstrating that CD8+ T cells mediate effective antitumor therapy following direct
intratumoral injection of VSV into B16 tumors.33

Studies are currently underway in our laboratory to define the molecular mechanisms by
which VSV-δ51 activates the OT-I T cells. For example, VSV-G can bind to Toll-like
receptors, some of which are expressed by T cells, and that this can lead directly to cell
activation.39 In addition, however, we also believe that some of the VSV-δ51 enters the OT-
I cell since such induction of the IFN-α/β response (Figure 4) is typical of a cellular antiviral
response upon cell infection. We are currently investigating the link between this ongoing
antiviral response and the induction of increased T-cell activation (CTL activity and IFN-γ)
as a further explanation of the ability of VSV-δ51 to activate T-cell function.

Taken together, our data demonstrate that the loading of antigen-specific T cells with VSV-
δ51 leads to enhanced antitumor therapy, compared to T-cell therapy or virotherapy alone.
Moreover, we have identified multiple mechanisms for these effects in which the adoptive
T-cell therapy augments the efficiency of systemic virotherapy and by which the virus
significantly augments the potency of the T cells. Thus, we have shown that T cells
chaperone significant levels of virus into tumors leading to productive viral infection
replication and oncolysis. In addition to direct tumor cell killing, oncolysis also generates a
proinflammatory environment that helps to reverse the immunosuppressive environment of
the tumor.33,36 In addition, our data show that viral loading activates the T cells and
enhances their ability to traffic to tumors, to kill tumor cells once there and to secrete
proinflammatory cytokines that further activate host immune responses against the tumor.
Finally, our in vivo data show that all of these factors contribute to the generation of host-
derived T-cell responses that are responsible for both ongoing tumor clearance and for the
generation of long-term antitumor immune memory. It is highly likely that all of these
mechanisms play an important role in generating the significant tumor therapy associated
with this combination adoptive T cell and virotherapy, and studies are underway in our
laboratory to dissect the roles of each component using mice genetically deficient in various
aspects of the antiviral response and T-cell-mediated antitumor effector mechanisms.
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Overall, our results support a model in which VSV-mediated tumor cell oncolysis is critical
to initiate the priming of antitumor host immunity. The results of Figure 6d clearly suggest
that it is this immunity that is central to the overall therapeutic efficacy of this approach
rather than direct viral oncolysis. Nonetheless, viral oncolysis is still essential to initiate
tumor cell killing and the subsequent immune priming that results in tumor clearance.

A major issue for the systemic delivery of oncolytic viruses is the ability to deliver in the
presence of preexisting, neutralizing antibody-mediated immunity. Most patients will
initially have no preexisting immunity to VSV but following the first treatment with virus
such immunity might be expected to develop rapidly. In separate studies, we have shown
that VSV particles loaded onto (murine) CD8+ T cells exhibit a ‘threshold of immunological
visibility’ (Qiao et al., submitted). Thus, if the viral particles are loaded at high MOI (>10)
on the T cells, delivery and antitumor therapy is inhibited in preimmune mice and naive
mice are very effectively immunized against VSV following T-cell (VSV) administration. In
contrast, if the viral particles are loaded at low MOI (<1) onto the T cells, antitumor therapy
is not inhibited and the loaded T cells are not effective at raising anti-VSV immunity in
naive mice. These results suggest that repeat administrations of VSV-loaded T-cell therapy
may be possible in patients in which the level of viral loading is optimized to balance
effective therapy with minimal immune stimulation/neutralization by the T-cell carriers.

From a clinical perspective, we have used the B16ova/OT-I model in these studies as a
model of adoptive T-cell therapy. It is clear that this is an idealized model, especially from
the point of view of the transgenic source of the T cells, and the excellent specificity of the
OT-I T cells for their target antigen. Indeed, the recovery, expansion and adoptive transfer of
T cells with widely varying tumor affinities, and specificities, from patients remains a
procedure that is limited to a few centers with great expertise in the area.13,14 Nonetheless,
protocols using adoptive transfer have shown great promise in the treatment of malignant
melanoma,12,14 and novel technologies are being developed to expand these treatments both
using T cells with more specific and better antigen specificities and into other tumor types.
14,40 The addition of a simple preincubation step with an oncolytic virus, such as VSV-δ51,
would be clinically simple and, from the data reported here, would recruit the advantages of
oncolytic virotherapy, as well as improved T-cell therapy, to an already potentially
therapeutic treatment. Further studies on the systemic distribution/toxicity of VSV-δ51
following adoptive T-cell transfer are needed, although our data are encouraging that T-cell-
associated virus does not cause overt toxicities.

In summary, we have shown that adoptive T-cell therapy can be combined with oncolytic
virotherapy, in a manner in which both individual modalities significantly enhance the
efficacy of the other, to generate highly significant therapeutic benefits over either alone.
Despite the technical difficulties associated with the isolation, expansion and use of antigen-
specific T cells for cancer immunotherapy, simple preincubation of oncolytic virus with
these cells offers potential for improved adoptive T-cell therapies, as well as provides a
potential outlet for the use of oncolytic virotherapy in a truly systemic context.

Materials and methods
Cells and viruses

B16 cells are murine melanoma cells described previously. 21,41 B16ova (H-2Kb) were
derived from B16 cells stably transduced by a cDNA encoding the chicken ovalbumin gene.
41 HT1080 cells are human fibrosarcoma (ATCC CCL-121). The cells were cultured with
Dulbecco’s modified Eagle’s minimal essential medium (Life Technologies, Rockville, MD,
USA) supplemented with 10% fetal calf serum (Life Technologies). B16ova cells were
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cultured in the presence of G418 (5 mg ml−1) as described previously.41 All cell lines were
monitored routinely and found to be free of Mycoplasma infection.

VSV-δ51 (VSV) is a recombinant VSV with the deletion of methionine residue at position
51 of the viral matrix protein, with the GFP gene inserted between G and L sequences as
previously described.31 Viruses were grown on Vero cell monolayers. Supernatants
containing progeny virus were harvested, concentrated and purified by sucrose gradient
centrifugation. Viruses were titrated by standard plaque assays of serially diluted samples on
BHK cells, and aliquot viruses were stored at −80 °C as described in Diaz et al.33

Mice
Athymic nu/nu mice and C57Bl/6 mice were purchased from the Jackson Laboratory (Bar
Harbor, ME, USA) at 6–8 weeks of age. The OT-I mouse strain was on a C57Bl background
(H-2Kb) and expressed a transgenic T-cell receptor Vα2 specific for the SIINFEKL peptide
of ovalbumin in the context of MHC class I, H2-Kb.34

Preparation of activated OT-I cells
Preparation of activated OT-I cells was as described previously.21 Briefly, naive OT-I cells
were isolated from spleen and lymph nodes. Red blood cells were lysed by ACK buffer
(0.15 M NH4Cl, 1.0 mM KHCO3, 0.1 mM EDTA, pH 7.2–7.4), and the dissociated single cell
suspension was grown in Iscove’s modified Dulbecco’s medium plus 5% fetal bovine serum
in the presence of 1 µg ml−1 SIINFEKL peptide, 50 µM β-mercaptoethanol, 1% Pen/Strep
and 50 IU rIL-2 ml−1. Cells were harvested and purified through the centrifugation in
lympholyte-M density gradient (Cedarlane, Burlington, NC, USA), 3 days after activation.
The cells were used for in vivo injection or for in vitro assays. These populations consisted
typically of >98% CD8+ T cells, of which >90% of the cells expressed the Vα2 chain of the
transgenic OT-I T-cell receptor.

In vitro loading of OT-I T cells with VSV
Activated OT-I T cells were infected by VSV at the relevant MOI for 3 h at 37 °C. Virus-
loaded OT-I cells were washed 3 × in PBS at 4 °C and used for in vivo transfer or plated in
culture for in vitro assays at the times indicated.

Viral transfer assay in vitro
Activated OT-I cells were loaded as described above. After 3 h, OT-I T cells were cultured
with B16, or other types of tumor, cells at ratios indicated. At the times indicated, culture
supernatants were harvested and centrifuged to discard cell debris for viral titration. In
parallel, viral-loaded OT-I or infected tumor cells, or unloaded OT-I cocultured with tumor
cells, were incubated as controls of viral transfer, vector expression and replication in the
tumor cells.

Antibodies, reagents and flow cytometry
Anti-CD8b phycoerythrin (PE), Allophycocyanin (APC), and fluorescein isothiocyanate
(FITC), anti-CD44 PE, anti-CD25 PE, anti-CCR5 FITC, anti-Vα2 PE, anti-Bcl2 FITC, anti-
IFN-γ and the isotype controls were purchased from BD Pharmingen (San Diego, CA,
USA). ELISA Kit for mouse IFN-α was purchased from PBL Biomedical Laboratories
(Piscataway, NJ, USA). BD Cytofix/Cytoperm Kit was purchased from BD Pharmingen.
MTT Kit for cell proliferation was purchased from Roche Applied Science (Indianapolis,
IN, USA). The immunodominant SIINFEKL epitope of the ova antigen was synthesized at
the Mayo Molecular Biology Core Facility. For flow cytometry, fluorescence data were
collected on FACScan apparatus and analyzed using CellQuest software.
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Intracellular staining for Bcl2 or IFN-γ
OT-I or VSV-loaded OT-I cells were first stained by anti-CD8b PE antibody. Cells were
then permeabilized and washed, and then stained with anti-Bcl2 FITC or anti-IFN-γ APC
antibodies according to Cytofix/Cytoperm Kit instructions. Cells were analyzed by flow
cytometry as described above.

Chromium51 release assay
A total of 5 × 106 B16, or B16ova, targets were labeled with 100 µCi of Cr51 for 90 min at
37 °C, washed three times with media and resuspended at 5 × 105 cells per ml. Targets were
plated at 5 × 104 cells per well with effector cells (OT-I or OT-I(VSV)) at different ratios in
96-well U-bottom plates. Cocultures were incubated for 4 h at 37 °C in 5% CO2, as control
experiments had previously demonstrated that cytotoxicity to B16 or B16ova tumor cells as
a result of infection with VSV-δ51 is only significant after 6 h of virus incubation (not
shown); 35 µl of coculture supernatants were then collected and added to LumaPlates
(PerkinElmer, Shelton, CT, USA). Plates were allowed to dry at room temperature overnight
before reading. Percentage of lysis was determined as: % lysis = ((sample lysis–
spontaneous)/(maximum lysis–spontaneous)) × 100.

In vivo studies
All procedures were approved by the Mayo Foundation Institutional Animal Care and Use
Committee. Mice were age and sex matched. To establish subcutaneous tumors, 5 × 105

B16ova cells in 100 µl of PBS were injected into the flank of mice. To establish systemic
lung metastatic disease, C57Bl/6 mice or nude mice were injected i.v. with 3 × 105 B16ova
cells in 100 µl of PBS. Animals were randomly assigned to different groups before
treatments. Tumors were measured with a caliper three times weekly. Mice with metastatic
lung metastases were examined daily, and were killed at the first sign of any distress.

Statistics
Survival data from the animal studies were analyzed by the log-rank test, and two-sample
unequal variance Student’s t-test analysis was applied for in vitro assays and adoptively
transferred OT-I cell trafficking analysis. Statistical significance was determined at the level
of P<0.05.
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Figure 1.
Vesicular stomatitis virus (VSV)-δ51 infects OT-I T cells at very low efficiencies. (a, b)
Three-day-activated OT-I cells, or (b) B16 tumor cells were exposed to cell-free stocks of
VSV-δ51, which encodes a green fluorescent protein (GFP) reporter gene, at MOI of 1, 10
or 100 as shown. Cells were analyzed 24 or 48 h later for GFP expression. (c) Three-day-
activated OT-I, or B16 tumor, cells were exposed to cell-free stocks of VSV-δ51 at an MOI
of 1. Infected cultures were analyzed at time points shown using flow cytometry for viral-
derived GFP expression. The percentage of cells in each culture that were GFP+ are plotted
with time. (d) Three-day activated OT-I, or tumor, cells were exposed to cell-free stocks of
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VSV-δ51 at an MOI of 1. Cell lysates were prepared at the times indicated and probed for
expression of VSV-G or β-actin using western blotting.
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Figure 2.
Vesicular stomatitis virus (VSV)-δ51 replicates very poorly, if at all, in OT-I T cells. (a)
Three-day-activated OT-I cells were infected at MOI ranging from 0 (control) to 1000. Cell
proliferation was measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay and expressed as a percentage of the proliferation of unloaded OT-I
cells. Data shown are the average of six values ± s.d. (b) B16 tumor cells were infected at
MOI ranging from 0 (control) to 10. Cell proliferation was measured by MTT assay and
expressed as a percentage of the proliferation of uninfected cells. Data shown are the
average of six values ± s.d. (c) A total of 106 3-day-activated OT-I, or 104 B16 tumor, cells
were infected with VSV-δ51 at an MOI of 1 at t = 0 h. Every 24 h, cell-free supernatants
were removed and assayed for viral titers. (d–f) B16 (d, e), or 3-day activated OT-I tumor
(f), cells were infected with VSV-δ51 at an MOI of 1. After 24 h, cells were harvested,
washed 3 × in phosphate-buffered saline (PBS) at 4 °C and examined by electron
microscopy. Red arrows show sites of virus budding (all around the cell surface on B16 cells
(d), or virus clusters on OT-I cells (f).
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Figure 3.
Vesicular stomatitis virus (VSV)-δ51 is passed from OT-I T cells to tumor cells where it
replicates freely. (a) OT-I cells, or OT-I cells loaded by VSV at an MOI of 1 (OT-I(VSV)),
were cocultured with B16 cells at a ratio of 1:10. B16 cells were used in these experiments
instead of B16ova to avoid any confounding results from cytotoxicity of OT-I against
B16ova cells. After 24 h, cocultures were harvested and analyzed by flow cytometry for
expression of green fluorescent protein (GFP) and CD8. CD8–GFP+ cells indicate
expression of GFP from VSV-δ51 in B16, as opposed to OT-I, cells. (b) The experiment of
(a) above was repeated except that the B16 cells were plated in the bottom chamber of a
transwell plate and the OT-I, or OT-I(VSV), cells were plated in the top chamber (pore size
0.45 µm). After 24 h, the B16 cultures in the bottom chamber were harvested and analyzed
by flow cytometry for expression of GFP and CD8. (c) OT-I cells loaded by VSV at an MOI
of 1 were cultured alone (OT-I(VSV)) or were cocultured with B16 at a ratio of 1:20 (OT-
I(VSV)+B16). Simultaneously, B16 cells were infected with VSV-δ51 at an MOI of 1 (VSV
+B16) at t = 0 h. Every 24 h, cell-free supernatants were removed and assayed for viral
titers. Data shown are representative of five separate experiments.
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Figure 4.
Vesicular stomatitis virus (VSV)-δ51 loading activates OT-I. (a) A total of 1 × 106 OT-I, or
VSV-δ51-loaded OT1 (OT-I(VSV)), were plated in six-well plates. Culture supernatants
were harvested at 16 and 40 h postinfection (p.i.), and were assayed by enzyme-linked
immunosorbent assay (ELISA) for interferon (IFN)-α. (b, c) OT-I cells were loaded at an
MOI of 1 with VSV-δ51 or left unloaded. After 24 h, cells were analyzed by flow cytometry
for expression the T-cell activation markers CD44 (b) or CD25 (c) along with CD8. (d)
Three-day-activated OT-I, or OT-I cells loaded with VSV-δ51 (MOI 1) were used as
effectors against B16 or B16ova targets loaded with Cr51. OT-I cells (effectors) were
incubated for only short periods of time with their targets (B16 or B16ova) at the ratios
shown, supernatants were harvested and analyzed for Cr51 release. Levels of lysis were
relatively low in these assays because of the short period of time over which the assay
needed to be conducted to exclude tumor cell lysis as a result of infection by VSV-δ51
released from the loaded OT-I T cells. Thus, control experiments demonstrated that
cytotoxicity to B16 or B16ova tumor cells as a result of infection with VSV-δ51 is only
significant after 6 h of virus incubation (not shown). Data shown are representative of three
separate experiments; bars, s.d. *P<0.05 (VSV/OT1+B16 versus OT1+B16). (e) Three-day
activated OT-I cells were loaded at an MOI of 1 with VSV-δ51 or left unloaded. The OT-I
cells were grown for a further 24 h in the absence of added SIINFEKL peptide and were
analyzed by flow cytometry for intracellular expression of IFN-γ along with CD8.

Qiao et al. Page 18

Gene Ther. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
OT-I loaded with vesicular stomatitis virus (VSV)-δ51 treats metastatic B16ova tumors. (a)
A total of 3 × 105 B16ova cells were injected i.v. into C57Bl/6 mice (five mice per group).
After 6 days, mice were treated i.v. with 2 × 105 untreated OT-I (OT-I), 2 × 105 OT-I loaded
with VSV-δ51 at an MOI of 1 (VSV/OT1) or with 2 × 106 PFU of cell-free VSV-δ51
(VSV). Survival with time following tumor seeding is shown. **P = 0.002. Data are
representative of three separate experiments. Long-term survivors cured of their tumor
burden by treatment with OT-I(VSV) were rechallenged 107 days following the initial
tumor challenge with 5 × 105 B16ova tumor cells subcutaneously along with a group of
naive C57Bl/6 mice. Whereas all of the naive mice succumbed to tumor by day 28 after
challenge, all the long-term survivors remained tumor free. (b, c) C57Bl/6 mice were
injected i.v. with either 3 × 105 B16ova cells or with phosphate-buffered saline (PBS). After
2 weeks, mice were treated i.v. with 3 × 106 OT-I loaded with VSV-δ51 at an MOI of 1 (b)
or with 3 × 106 PFU of cell-free VSV-δ51 (VSV) (not shown). (c) The experiment of (a)
above was repeated except that C57Bl/6 mice (eight per group) were injected i.v. with B16,
instead of B16ova, tumor cells to seed tumors that do not express the cognate ova antigen
recognized by the adoptively transferred OT-I T cells.
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Figure 6.
OT-I(VSV) induces increased T-cell trafficking and primes host immunity. (a) B16ova
tumors were established subcutaneously in C57Bl/6 mice. After 10 days, mice were treated
i.v. with phosphate-buffered saline (PBS), 5 × 106 unloaded OT-I or 5 × 106 OT-I loaded
with vesicular stomatitis virus (VSV)-δ51 (MOI 1). Tumors were harvested 24 (a) or 96 h
(b) later, dissociated and analyzed by flow cytometry for OT-I T cells, expressed as the
percentage of the lymphocytes from the tumors which labeled double positive for both CD8
and the Vα2 T-cell receptor expressed by OT-I transgenic mice. Data shown are
representative of three experiments. (c) Three-day activated OT-I (green trace), or OT-I
loaded with VSV-δ51 (MOI 1) (pink trace), were analyzed by flow cytometry 24 h
following viral loading for expression of CCR5 (pink). Isotype control is the purple trace.
(d) A total of 3 × 105 B16ova cells were injected i.v. into nude mice (eight per group). After
6 days, mice were treated i.v. with 2 × 105 untreated OT-I (OT-I), 2 × 105 OT-I loaded with
VSV-δ51 at an MOI of 1 (VSV/OT1) or with 2 × 106 PFU of cell-free VSV-δ51 (VSV).
Survival with time following tumor seeding is shown. Data are representative of two
separate experiments.
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