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Abstract
To protect viral particles from neutralization, sequestration, nonspecific adhesion, and
mislocalization following systemic delivery, we have previously exploited the natural tumor-homing
properties of antigen-specific CD8+ T cells. Thus, OT-I T cells, preloaded in vitro with the oncolytic
vesicular stomatitis virus (VSV), can deliver virus to established B16ova tumors to generate
significantly better therapy than that achievable with OT-I T cells, or systemically delivered VSV,
alone. Here, we demonstrate that preconditioning immune-competent mice with Treg depletion and
interleukin-2 (IL-2), before adoptive T-cell therapy with OT-I T cells loaded with VSV, leads to
further highly significant increases in antitumor therapy. Therapy was associated with antitumor
immune memory, but with no detectable toxicities associated with IL-2, Treg depletion, or systemic
dissemination of the oncolytic virus. Efficacy was contributed by multiple factors, including
improved persistence of T cells; enhanced delivery of VSV to tumors; increased persistence of OT-
I cells in vivo resulting from tumor oncolysis; and activation of NK cells, which acquire potent
antitumor and proviral activities. By controlling the levels of virus loaded onto the OT-I cells,
adoptive therapy was still effective in mice preimmune to the virus, indicating that therapy with virus-
loaded T cells may be useful even in virus-immune patients. Taken together, our data show that it is
possible to combine adoptive T-cell therapy, with biological therapy (Treg depletion+IL-2), and VSV
virotherapy, to treat established tumors under conditions where none of the individual modalities
alone is successful.
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INTRODUCTION
To protect viral vectors from the hazards of exposure to the circulation,1–8 we,9,10 and others,
4,11–14 have proposed the use of cells to chaperone viral vectors into tumors. Melanomas are
often infiltrated with T cells with specificity for tumor antigens,15–18 which can be expanded
in vitro and adoptively transferred back to the patient where they traffic, at least to some degree,
to tumors and directly kill tumor cells.16,18,19 Therefore, we have exploited the natural tumor-
homing ability of antigen-specific T cells to carry replication-defective retroviral vectors
encoding suicide9,20 or chemokine10 genes to target established tumors.21 As a murine model
of adoptive T-cell therapy, we have used OT-I CD8+ T cells. These cells express a transgenic
T-cell receptor specific for the SIINFEKL epitope of the ovalbumin protein which is presented
in the context of the H-2 kb major histocompatibility complex class I molecule expressed by
B16ova tumor cells.9,22 We went on to show that OT-I T cells could deliver a replication-
competent, oncolytic virus to B16ova tumors on the basis that, at least in theory, only low
levels of viral delivery would be required to initiate spreading infections to cover the tumor
comprehensively.2,23,24 In these studies, we used vesicular stomatitis virus (VSV), a negative
strand RNA Rhabdovirus, which replicates in the cytoplasm and is highly lytic.25,26 VSV
infection of normal cells induces a potent type I interferon (IFN) response (IFN-α/β), which
blocks viral replication and extinguishes the infection. However, many tumor cells have defects
in their IFN response and are nonresponsive to exogenous IFN;25,27 hence, VSV infection
induces little, or no IFN response, allowing free ranging spread, infection, and lysis of tumors.
28–30 We showed that OT-I cells can deliver VSV to established B16ova tumors to achieve
significantly better therapy than that achievable with OT-I T cells, or systemically delivered
VSV alone.31 In addition, VSV loaded onto naive T cells could purge lymphoid organs of
metastatic disease through viral release and oncolysis of metastatic B16 cells.32

Biological therapies which provide cytokine support for adoptively transferred T cells, as well
lymphodepletion regimens which allow for their selective expansion, have shown great
promise in both preclinical and clinical settings.17,18,33 Although interleukin-2 (IL-2) has been
developed to support adoptive T-cell therapy, it is also associated with endothelial cell injury
leading to vascular leak syndrome,34,35 mediated in part by effector lymphocytes36,37 which
bind, and lyse, endothelial cells.38,39 On the basis of the hypothesis that IL-2-induced vascular
leak syndrome would enhance access of systemically delivered viruses into tumors, we
demonstrated that nontoxic doses of IL-2 led to improved localization of intravenously
delivered VSV to subcutaneous tumors.40 Moreover, depletion of regulatory T cells (Treg)
before IL-2 significantly enhanced tumor regressions.40 Therapy was mediated by “hyper-
activated” NK/LAK cells, which induced vascular leak syndrome, had direct antitumor
activity, and conditioned the tumor to facilitate increased viral replication, spread, and
oncolysis.40

Here, we test the hypothesis that preconditioning with Treg depletion and IL-2 (ref. 40) will
also enhance adoptive T-cell therapy using OT-I T cells loaded with VSV.31 The rationale for
this is based on the proposal that (i) Treg depletion enhances adoptive T-cell therapy;17,18,33

(ii) IL-2 can support adoptive T-cell therapy, although dose-related toxicity can be severely
limiting;34–37 (iii) the moderate vascular leak syndrome induced by this low-dose, nontoxic
IL-2 (ref. 40) may enhance accumulation of T cells into the tumor, along with improved virus
delivery;40 (iv) NK cell activation induced by Treg depletion/IL-2 may enhance efficacy
through both direct NK-mediated antitumor effects, as well as by enhancing replication and
spread of OT-I-released VSV through B16ova tumors.40
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RESULTS
Treg depletion+IL-2 enhances therapy of antigen-specific cells preloaded with VSV

We modeled clinically suboptimal adoptive T-cell therapy with OT-I T cells by transferring
levels of OT-I T cells that are noncurative for established B16ova tumors9,10,31,41 (Figure 1a,
b). Consistent with our previous findings,31 adoptive transfer of OT-I T cells, preloaded with
VSV (MOI 1) (OT-I(VSV)), generated significantly enhanced therapy compared to either the
same dose of OT-I, or systemically administered VSV, alone (P < 0.01) (Figure 1a, b).
Preconditioning with Treg depletion and IL-2 (ref. 40) (Figure 1a) (PC-61/IL-2/OT-I(VSV))
significantly improved efficacy of adoptive transfer of VSV-loaded OT-I T cells (P < 0.001)
such that, in the experiment of Figure 1b, 100% of treated mice were cured. Treatment of mice
with IgG/IL-2 or PC-61/PBS generated no significant therapy over OT-I alone, PC-61/IL-2/
PBS, or untreated controls40 (not shown). Consistent also with our previous observations,
although using a dose of VSV 1 log lower than reported in those studies,40 preconditioning
with Treg depletion and IL-2 also significantly enhanced cell-free delivery of VSV (IL-2/
PC-61/VSV) compared to VSV therapy alone (P < 0.02) or the PC-61/IL-2 regimen alone (P
< 0.001) (Figure 1b). Over several experiments, OT-I associated delivery of 1 × 106 pfu of
VSV, by 1 × 106 OT-I cells, was consistently significantly more effective than intravenous
delivery of 107 pfu cell-free VSV with preconditioning with Treg depletion and IL-2 (Figure
1b). In addition, Treg depletion+IL-2 also significantly improved therapy with OT-I T cells
alone (Figure 1b). In separate experiments, adoptive therapy with OT-I(VSV) was never
significantly improved by either Control IgG/IL-2, or by PC-61/PBS, preconditioning (not
shown), indicating that both Treg depletion and IL-2 are required for these therapeutic effects.

Treg depletion+IL-2 enhances antitumor memory following OT-I(VSV) therapy
Whereas only a proportion of the long-term survivors from Figure 1b treated with OT-I(VSV)
or PC-61/IL-2/VSV rejected a rechallenge with B16ova, 100% (seven of seven) of long-term
survivors treated with PC-61/IL-2/OT-I(VSV) were protected (Figure 1c). None of the five
naive mice challenged with the same cells survived long term in this experiment.

Treg depletion+IL-2 enhances persistence of CD8+ T cells in tumors
Although IL-2 alone did not significantly enhance levels of OT-I T-cell accumulation/
persistence in the tumors, compared to mice treated with phosphate-buffered saline (PBS),
Treg depletion induced about a twofold increase in levels of OT-I in subcutaneous (S.C.) B16ova
tumors (Figure 2a). PC-61+IL-2 further enhanced OT-I levels by about fourfold over control
levels (Figure 2a). Consistent with increased intratumoral levels of OT-I cell carriers (Figure
2a), the levels of VSV recovered from S.C. B16ova tumors were significantly enhanced by up
to two logs, over two separate experiments, in mice preconditioned with Treg depletion and
IL-2 compared to any other treatment (P < 0.001) (Figure 2b).

We also observed highly significant increases in levels of endogenous CD8+ T cells within
B16ova tumors following Treg depletion+IL-2 treatment compared to PBS-treated mice (P <
0.005) (Figure 2c). Unlike the accumulation of adoptively transferred OT-I, IL-2 alone
increased levels of endogenous CD8+ T cells in B16ova tumors (Figure 2c). Similar to results
of Figure 2a, predepletion of Treg also significantly increased endogenous CD8+ T cells in
B16ova tumors (Figure 2c).

Treg depletion+IL-2 induces persistence of adoptively transferred OT-I cells
Consistent with the concept that lymphodepletion can enhance efficacy of adoptive T-cell
therapy at least in part through depletion of Treg,17,33 we observed that mice preconditioned
with Treg depletion+IL-2 before adoptive transfer of OT-I(VSV) cells consistently became
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reconstituted with OT-I T cells. Thus, only about 1% of all CD8+ T cells from nontumor-
bearing mice treated with OT-I cells were double positive for the Vα2 and Vβ5 T-cell receptor
chains which are expressed by the adoptively transferred OT-I T cells (Figure 3a); in contrast,
between 15–25% of all CD8+ T cells from mice cured of B16ova tumors with PC-61/IL-2/
OT-I(VSV) were Vα2+ve, Vβ5+ve, CD8+ (Figure 3a) (P < 0.001 relative to all other groups
in Figure 3a). These data are consistent with these cells being derived from the adoptively
transferred Vα2+ve, Vβ5+ve, CD8+ OT-I cells. Interestingly, adoptive transfer of OT-I(VSV)
cells in the absence of Treg depletion and IL-2 treatment also led to partial reconstitution of
long-term survivor mice, to levels of about 10% of all CD8+ T cells being OT-I-derived (Figure
3a) (P < 0.05 with respect to mice treated with OT-I alone). Long-term reconstitution with ova-
reactive T cells following PC-61/IL-2/OT-I(VSV) therapy was confirmed by the observation
of very high levels of reactivity to the class I major histocompatibility complex–restricted
SIINFEKL epitope of OVA in splenocytes over 60 days following adoptive transfer, as
evidenced by IFN-γ release upon in vitro stimulation (Figure 3b). Consistent with the FACS
data of Figure 3a, splenocytes from one of the mice treated with OT-I(VSV) also contained
ova-specific T cells (Figure 3b). However, splenocytes from mice which had received OT-I T
cells alone (no tumor), or which had been treated with PC-61+IL-2 and received no OT-I,
contained background levels of SIINFEKL-reactive T cells (Figure 3b).

NK cells from PC-61+IL-2 treated mice enhance virus spread through intact, excised tumors
We established an in vitro model to test for antitumor activity of immune cells generated in
vivo by treatment with PC-61+IL-2. Typically, in vitro–activated OT-I T cells, cocultured with
target B16ova cells in vitro, secrete large amounts of IFN-γ (>1,000 pg/ml/106 OT-I/48 hours).
However, when these in vitro–activated OT-I cells were cocultured with 15-day established
B16ova tumors freshly explanted directly from C57Bl/6 mice, they secreted negligible levels
of IFN-γ. (Figure 4a, lane 1), irrespective of whether the T cells were preloaded with VSV
(Figure 4a, lane 3). Next, we investigated the effects of adding in splenocytes from mice treated
in different ways on these OT-I/B16ova tumor explant cultures. When splenocytes were added
to these cocultures from mice treated with PBS, IL-2, or PC-61 alone, no IFN-γ was detected
(Figure 4a, lanes 4–6). In contrast, when splenocytes from mice treated with PC-61+IL-2 were
cocultured with explanted B16ova tumors, IFN-γ was readily detected at high levels,
irrespective of the presence (Figure 4a, lanes 7 and 9), or absence (Figure 4a, lane 8), of added
OT-I cells. This antitumor activity disappeared when the splenocyte cultures came from mice
previously depleted of NK cells (Figure 4a, lane 10). Thus NK cells in mice treated with PC-61
+IL-2 secrete high levels of IFN-γ when cocultured with intact B16ova tumors under assay
conditions where the tumor explants heavily suppress activated T cells (OT-I).

In the same assay, coculture of freshly explanted B16ova tumors with in vitro–activated OT-
I cells, preloaded with VSV, led to significantly increased virus replication within the tumors
(Figure 4b, lane 2) compared to that generated by simple coculture with cell-free virus (Figure
4b, lane 7) over three separate experiments (P < 0.002) (Figure 4b). Addition of splenocytes
from IL-2 treated (Figure 4b, lane 4), but not PC-61-treated (Figure 4b, lane 3), mice could
increase virus replication within the explanted B16ova tumors by a small, but significant extent
(P < 0.05) (Figure 4b, lanes 2 and 4). However, addition of splenocytes from PC-61
+IL-2;treated mice (Figure 4b, lane 6) greatly potentiated replication of OT-I-delivered VSV
within explanted B16ova tumors compared to that seen in B16ova tumors cocultured with
splenocytes from either IL-2-treated (P < 0.01) or PBS-treated mice (P < 0.001) (Figure 4b,
lanes 2 and 4). Splenocytes from mice depleted of NK cells (Figure 4b, lane 5) no longer
increased viral replication in explanted B16ova tumors over that seen with OT-I(VSV) alone
(Figure 4b, lane 2). Therefore, both activated OT-I cells (Figure 4b, lane 2) and NK cells from
mice treated with PC-61+IL-2 (Figure 4b, lanes 5 and 6) promote replication of VSV within
tumor explants. Consistent with these data suggesting a role for host-derived NK cells in
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mediating potential antitumor effects, the curative effects of PC-61/IL-2/OT-I(VSV) treatment
were completely lost in NK-depleted mice (Figure 4c).

Low MOI of virus loading evades neutralizing antibody responses
Finally, we tested the efficacy of T-cell mediated delivery in virus-immune hosts when high
levels of anti-VSV NAb were present. In contrast to Figure 1b, antitumor therapy was
completely lost in virus-immune mice treated with PC-61/IL-2/OT-I(VSV) in which virus was
loaded onto the T cells at an MOI of either 10 or 1 (Figure 5a). In fact, therapy was significantly
reduced compared to that with the same dose of PC-61/IL-2/OT-I T cells alone (Figure 5a),
suggesting that preexisting viral immunity led to inactivation of any T cells upon which virus
was exposed to circulating NAb. However, adoptive transfer of OT-I T cells preloaded with
VSV at the lowest MOI of 0.1 was still able to generate significant antitumor therapy, despite
the presence of high levels of antiviral immunity (Figure 5a). These data suggested that OT-I
T cells may protect VSV particles from neutralization by NAb if they are present at a low
enough threshold on the cells. To test this hypothesis, B16ova tumor cells were cocultured in
vitro with OT-I cells preloaded with VSV in the presence or absence of NAb serum. Cell-free
VSV infection of B16ova in vitro was completely neutralized by anti-VSV serum as assessed
by transfer of GFP expression to gp100+ve B16ova tumor cells (Figure 5b–d). As reported
previously,31 OT-I cells preloaded with VSV can release virus for productive infection of
cocultured B16ova tumor cells (Figure 5e, f). Consistent with the in vivo results of Figure 5a,
preincubation with neutralizing anti-VSV serum of OT-I cells loaded with VSV at a low MOI
(0.1) did not significantly reduce transduction of B16ova tumor cells (Figure 5g, i). In contrast,
preincubation with neutralizing anti-VSV serum of OT-I cells loaded with VSV at a higher
MOI (10) completely abolished transduction of B16ova tumor cells (Figure 5h, i).

DISCUSSION
Here, we show that preconditioning of a fully immune-competent host with a regimen of Treg
depletion and low, nontoxic, dose, IL-2 (ref. 40) leads to a highly significant increase in
antitumor therapy using adoptive transfer of OT-I(VSV) cells compared to OT-I alone, OT-I
(VSV), or OT-I cell therapy combined with Treg depletion+IL-2 (Figure 1b). Indeed, using
levels of OT-I which alone have no significant therapy compared to PBS, 100% of treated mice
were cured of established B16ova tumors by combining T-cell therapy with PC-61+IL-2
biological therapy and with VSV virotherapy (Figure 1b). Moreover, all of the cured mice
developed effective antitumor immune memory (Figure 1c). Importantly, mice treated with
PC-61+IL-2, along with OT-I (not loaded with VSV), survived significantly longer than mice
treated with OT-I alone (Figure 1b). Therefore, efficacy of adoptive T-cell therapy is itself
enhanced by Treg depletion+IL-2 and this contributes a significant component to the therapy
seen in Figure 1b when adoptively transferred T cells are additionally loaded with oncolytic
VSV.

PC-61+IL-2 treatment led to a fourfold increase in the levels of adoptively transferred OT-I T
cells in subcutaneous tumors (Figure 2a). Interestingly, Treg depletion alone also significantly
increased OT-I accumulation/persistence, perhaps mimicking lymphodepletion regimens in
which Treg suppression of activated T-cell activity is removed.33 Increased persistence of OT-
I induced by PC-61+IL-2 correlated well with increased levels of VSV recovered from B16ova
tumors following adoptive transfer of OT-I(VSV) (Figure 2b). These intratumoral virus levels
were also probably enhanced as a result of the activation of NK cells in vivo by PC-61/IL-2,
which promote viral spread through the tumor (see following text and Figure 4b). Therefore,
it seems likely that a significant component of the therapy is due to both better viral delivery
to S.C. B16ova tumors and better intratumoral viral replication, spread, and oncolysis.
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Treg depletion+IL-2 also significantly increased levels of endogenous CD8+ T cells infiltrating
S.C. B16ova tumors (Figure 2c). Both IL-2 alone and Treg depletion alone also caused significant
increases in CD8+ T-cell infiltration. Thus, IL-2-mediated expansion of endogenous CD8+ T
cells, along with removal of Tregmediated suppression of their activity, may combine in
vivo to enhance infiltration of endogenous T cells into tumors. Depletion studies are underway
to determine the therapeutic role of these tumor-infiltrating CD8+ T cells.

The data of Figure 3a, b indicate that preconditioning with Treg depletion+IL-2, along with T
cell–mediated delivery of VSV, generated long-term reconstitution of C57Bl/6 mice with the
adoptively transferred T cells. Thus, up to 25% of all CD8+ T cells in the spleens of long-term
tumor survivors expressed the Vα2 and Vβ5 T-cell receptor chains as expressed by the
adoptively transferred OT-I T cells (Figure 3a). We have shown previously that VSV-mediated
killing of B16ova tumors in situ generates a proinflammatory environment that both reverses
the immunosuppressive environment of the tumor42 and leads to the release, and subsequent
cross-presentation, of tumor-associated antigens, including OVA.42 We hypothesize that
enhanced presentation of OVA by activated APC leads to persistent activation/proliferation of
the adoptively transferred OT-I T cells, as well as their subsequent differentiation into a pool
of memory cells, as reflected by the persistence of OT-I even in the absence of Treg depletion
(Figure 3a). However, the long-term persistence of OT-I cells in mice treated with PC-61/IL-2
and OT-I(VSV) was significantly further enhanced(Figure 3a), presumably due to the
decreased suppression of T-cell activity, and expansion, induced by additional Treg depletion
(Figure 3a). It seems probable, therefore, that the continued persistence of these cells in vivo
contribute significantly both to the therapeutic clearance of B16ova tumors (Figure 1b) and to
the long-term immune protection observed in tumor survivors (Figure 1c).

The data from Figure 4a indicate that a population of NK cells, generated in mice treated with
PC-61+IL-2, secrete high levels of IFN-γ when cocultured with intact B16ova tumors (Figure
4a, lane 8)—even though these tumor explants heavily suppress the ability of in vitro–activated
T cells (OT-I) to secrete IFN-γ under the same assay conditions (Figure 4a, lane 1). This
elevated NK cell activity may contribute to therapy in at least two ways. First, we have
previously shown that PC-61/IL-2 treatment increases the infiltration of tumors with NK cells,
40 and our current data suggest that these NK cells will have direct antitumor activity within
infiltrated tumors. Second, it may be that expression of IFN-γ. in situ from NK cells will help
to rescue effector functions of the OT-I T cells, which are suppressed by immunosuppressive
tumors, and we are currently investigating this possibility. Moreover, the data from Figure 4b
indicate that both activated OT-I cells (Figure 4b, lane 2) and NK cells generated in mice treated
with PC-61+IL-2 (Figure 4b, lanes 5 and 6) promote the replication of VSV within intact tumor
explants over that seen with cell-free virus (Figure 4b, lane 7). These findings are consistent
with our finding that NK cells from PC-61+IL-2-treated mice secrete factors, such as Matrix
Metalloproteinase-2, which disrupt tumor architecture and promote the replication of VSV,
and its spread through intact B16 tumors.40 The importance of these NK-associated functions
to overall therapy is underscored by the in vivo data showing that depletion of NK cells before
PC-61/IL-2 conditioning abolished the therapy induced by OT-I(VSV) adoptive T-cell therapy
(Figure 4c).

After a single administration of T cells carrying VSV, it is likely that NAb to the virus will be
induced, which might inhibit the efficacy of subsequent doses of T cell–delivered VSV. Here,
we demonstrate that VSV can be protected by the T cell from neutralizing serum both in
vitro (Figure 5b–i) and in vivo (Figure 5a), but only if the virus is loaded at a level below a
certain threshold concentration. We have previously confirmed that, under the loading
conditions used here, <5% of OT-I T cells become infected with VSV and that there is no
productive infection of the OT-I T cells as judged by release of viral progeny or de novo
synthesis of new viral proteins.31 We have also speculated that VSV loaded onto the T cell
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becomes available for infection of tumor cells following dissociation from the surface of the
cell once it has arrived at the tumor site.31,32 It may be, therefore, that virus is shielded from
NAb by components of the T-cell surface, and that the binding sites that afford this protection
can be saturated by high levels of virus—at which point NAb have access to the virus and
neutralize both the virus and the carrier T cell. Consistent with this hypothesis, therapy with
OT-I(VSV) at an MOI of 10 or 1 was significantly reduced compared to therapy with the same
dose of PC-61/IL-2/OT-I T cells alone (Figure 5a), suggesting that preexisting viral immunity
led to inactivation of the T cells upon which virus was exposed to circulating NAb. Although
the MOI of virus loading onto OT-I is determined at the level of plaque-forming units in
vitro, this is almost certainly an underrepresentation of the true level of viral particles/antigen
present on the surface of loaded cells. Electron microscopy studies in our laboratory suggest
that virus clumping may sequester multiple replication-competent particles within a single
plaque-forming unit; in addition, we are investigating what levels of defective viral particles
are present in our stocks of VSV. Therefore, the actual number of viral particles loaded on the
T-cell surface, which triggers immune recognition in our studies, is probably significantly
higher than the apparent level of between MOI 0.1 and 1.0. Studies to understand the
mechanisms by which the T cell can protect the virus from a hostile neutralizing environment
are ongoing. Nonetheless, these results indicate that adoptive T-cell therapy with virus-loaded
T cells may be useful for repeated administrations even in patients who either have preexisting
immunity to the virus or develop immunity following the first dose(s) of adoptive therapy.

In summary, we describe here a protocol that includes biological, cellular, and virological
therapies. Significantly, although we observed tumor cures in 100% of mice in some
experiments, we did not observe any toxicities associated with either IL-2, Treg depletion or
systemic dissemination of the oncolytic virus. The fact that OT-I carrying low levels of virus
can still be therapeutic, even in virus-immune mice (Figure 5a), suggests that direct viral
oncolysis of target B16ova tumors is just one component, albeit critically important, of the
overall therapeutic effects (Figure 1b, c and Figure 5a). Therefore, we hypothesize that
therapeutic efficacy of the PC-61/IL-2/OT-I(VSV) regimen is contributed by multiple factors,
including improved persistence of both OT-I and endogenous T cells in the tumor; enhanced
delivery of VSV to tumors; cross presentation of tumor-derived antigens as a result of viral
oncolysis leading to persistence of OT-I cells; and the activation of additional host factors,
including NK cells, which acquire potent antitumor and proviral activities. For clinical
translation it will be important to define effective reagents which can be used in humans to
achieve the multiple separate effects that are important for therapy in this model. However,
increasing experience with lymphodepleting regimens in conjunction with adoptive T-cell
transfer,17,33 chemotherapeutic modulation of Treg,43 cytokine therapies to better support
adoptively transferred T cells,44,45 and virotherapies23 suggest that such translation will soon
be possible.

MATERIALS AND METHODS
Cells and viruses

Murine B16ova melanoma cells (H2-Kb) were derived from B16 cells by transduction with a
cDNA encoding the chicken ovalbumin gene.46 Cell lines were grown in Dulbecco’s modified
Eagle’s minimal essential medium (Life Technologies, Gaithersburg, MD) supplemented with
10% (vol/vol) fetal calf serum (Life Technologies) and L-glutamine (Life Technologies) and
were free of Mycoplasma infection.

VSV-GFP was generated by cloning the cDNA for GFP into the plasmid pVSV-XN2, as
described in ref. 28. VSV-GFP is referred to as VSV. Monoclonal VSV was obtained by plaque
purification on BHK-21 cells. Concentration and purification were performed by sucrose
gradient centrifugation. Titers were measured by standard plaque assays on BHK-21 cells.28
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Preparation of activated OT-I cells
The OT-I mouse strain is on a C57BL background (H-2Kb) and expresses a transgenic T-cell
receptor Vα2 specific for the SIINFEKL peptide of ovalbumin in the context of major
histocompatibility complex class I, H2-Kb.22 Preparation of activated OT-I cells was done as
described previously.9 Briefly, naive OT-I cells were isolated from spleen and lymph nodes.
Red blood cells were lysed using ACK buffer (0.15 mol/l NH4Cl, 1.0 mmol/l KHCO3, 0.1
mmol/l EDTA, pH 7.2–7.4), and the dissociated single-cell suspension was grown in Iscove’s
modified Dulbecco’s medium plus 5% FBS in the presence of 1 µg/ml SIINFEKL peptide, 50
µmol/l β-mercaptoethanol, 1% Pen/Strep, and 50 IU rIL-2/ml. Three days after activation, cells
were harvested and purified through centrifugation in Lympholyte-M density gradient
(Cedarlane). 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.

Loading of OT-I cells with VSV
OT-I cells were pelleted and incubated with VSV in 100 µl for 4 hours at 4 °C. Cells were
washed three times in ice-cold PBS and either plated in tissue culture or used directly for in
vivo adoptive transfer.

Treg depletion and IL-2 treatment
The regimen of Treg depletion and IL-2 treatment was described by us previously.40 Briefly,
for Treg depletion, 0.5 mg of PC-61 antibody (Monoclonal Antibody Core Facility, Mayo
Clinic, Rochester, MN) per mouse was given intraperitoneally as described.40,47 FACS
analysis of spleens and lymph nodes confirmed depletion of CD4+, FoxP3+, CD25+ cells. The
control for PC-61 treatment was i.p. injection of IgG control (ChromPure Rat IgG, Jackson
ImmunoResearch, West Grove, PA). For mice treated with Treg depletion and IL-2, 24 hours
following the PC-61 Ab treatment, mice were injected intraperitoneally with rhIL-2 at a dose
of 75,000 U/injection (Proleukin, Novartis) three times a day for 3 days. On the fourth day, a
single further injection of IL-2 was given. The control for IL-2 treatment was i.p. injections of
100 µl of PBS.

Flow cytometry
For analysis of phenotype, organs/tumors were recovered from mice and dissociated in vitro
to achieve single-cell suspensions. 1 × 106 cells were washed in PBS containing 0.1 % bovine
serum albumin (wash buffer), resuspended in 50 µl of wash buffer, and exposed to directly
conjugated primary Abs for 30 min at 4 °C. Cells were then washed and resuspended in 500
µl of PBS containing 4% formaldehyde. Cells were analyzed by flow cytometry and data were
analyzed using CellQuest software (BD Biosciences, Franklin Lakes, NJ). Anti-CD8b PE, APC
and FITC, anti-Vα2 PE, anti-Vβ2 PE, and the isotype controls were purchased from BD
Pharmingen (San Diego, CA).

ELISA analysis for IFN-γ secretion
Splenocytes enriched in lymphocytes were prepared from spleens from treated/vaccinated
animals by standard techniques.48 Freshly purified splenocyte populations were washed in PBS
and 250,000 splenocytes were plated in 24-well plates and incubated at 37 °C with the indicated
peptides at 5 µg/ml in triplicate. Cell-free supernatants were collected after 48 hours and tested
by specific ELISA for IFN-γ (BD OptEIA IFN-γ; BD Biosciences). The synthetic, H-2Kb-
restricted ova SIINFEKL peptide was synthesized at the Mayo Foundation Core Facility.
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In vivo tracking of adoptively transferred T cells
Purified OT-I lymphocytes were adoptively transferred into mice. At the indicated times,
animals were euthanized, tumors were recovered and dissociated in vitro. Cells were washed
in PBS containing 0.1% bovine serum albumin (wash buffer) and resuspended in 500 µl PBS
containing 4% formaldehyde. Cells were analyzed by flow cytometry and data were analyzed
using CellQuest software (BD Biosciences).

Virus titration from tumor
Tumors recovered from mice were harvested, weighed, and lysed by three cycles of freeze/
thawing. Virus was recovered from the lysates and titers were determined on BHK-21 cells as
described earlier and expressed as pfu of VSV/mg tissue.

In vivo studies
All procedures were approved by the Mayo Foundation Institutional Animal Care and Use
Committee. C57Bl/6 mice were purchased from Jackson Laboratories at 6–8 weeks of age. To
establish subcutaneous tumors, 2 × 105 B16ova cells in 100 µl of PBS were injected into the
flank of mice. For adoptive transfer experiments, mice were intravenously administered OT-
I, or OT-I preloaded with VSV, typically at 2 × 105 cells in 100 µl. For survival studies, tumor
diameter in two dimensions was measured three times weekly using calipers and mice were
killed when tumor size was ~1.0 × 1.0 cm2 in two perpendicular directions.

NK cell depletion
Anti-asialo-GM1 from Cedarlane was resuspended in 1 ml of PBS. Twenty-five microliters
(~0.75 mg/mouse) were injected intraperitoneally once at the time indicated in the text. Mice
treated with isotype received the same protein concentration of Rabbit IgG (Jackson
ImmunoResearch Laboratories). NK depletion was verified by spleen NK1.1 Flowcytometry
analysis (RDP-84; R&D Systems, Minneapolis, MN).

Statistics
Survival data from the animal studies were analyzed using the log rank test,49 and two-sample
unequal variance Student’s t-test analysis was applied for in vitro assays. Statistical
significance was determined at the level of P < 0.05.
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Figure 1. Treg depletion+IL-2 enhances tumor therapy using VSV-loaded OT-I T cells
(a) C57Bl/6 mice were seeded with S.C. B16ova tumors. Ten days later, mice received an
intraperitoneal injection of anti-CD25 antibody PC-61 or a control IgG. Twenty-four hours
later, mice were injected intraperitoneally with PBS or with rhIL-2 at a dose of 75,000 U/
injection three times a day for 3 days. On the fourth day, a single further injection of IL-2 was
given. Two and twenty-four hours after this last injection of IL-2/PBS, mice received an
intravenous injection of PBS; 107 pfu of VSV-GFP (VSV); 1 × 106 untreated OT-I (OT-I), 1
× 106 OT-I loaded with VSV at a MOI of 1 (OT-I(VSV)). The dose of 1 × 106 OT-I was selected
as this is known to be nontherapeutic in this B16ova model.31,41 (b) Survival of tumor-bearing
mice treated as shown (n = 7/group), and as described in a earlier, is shown with time following
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tumor seeding. Data are representative of three separate experiments. (c) Long-term survivors
cured of tumor by the treatments shown (long-term survivors, 1° challenge) were rechallenged
60 days following the initial tumor challenge with 5 × 105 B16ova tumor cells subcutaneously
along with a group of naive C57Bl/6 mice. All of the naive mice succumbed to tumor by day
35 after challenge. Numbers of mice surviving this rechallenge in each group are shown (long-
term survivors, rechallenge).
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Figure 2. Treg depletion+IL-2 increases T-cell persistence and virus delivery
(a) B16ova tumors were established subcutaneously in C57Bl/6 mice. Ten days later, following
the regimen described in Figure 1a, mice received either a control IgG or anti-CD25 antibody
PC-61; 1 day later this was followed by 10 i.p. injections of phosphate-buffered saline (PBS)
or of rhIL-2 at a dose of 75,000 U/injection; 24 hours after the last injection of PBS or IL-2,
mice received an intravenous injection of either PBS or of 106 OT-I cells. Tumors were
harvested 48 hours later, dissociated and analyzed by flow cytometry for OT-I T cells,
expressed as the percentage of cells 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 from
individual mice from groups of three mice/treatment and are representative of two separate
experiments. (b) The experiment of a was repeated with mice treated with PC-61 and/or IL-2
as shown; 24 hours after the last injection of IL-2/PBS, groups received an intravenous injection
of 106 OT-I loaded with VSV at an MOI of 1 (O(V)) or PBS (−). Forty-eight hours later, mice
were euthanized and viral titers recovered from the freeze thaw/lysates of the tumors. Viral
titers are the mean of two mice per group. Data shown are representative of two separate
experiments. (c) The experiment of a was repeated with mice (3/group) treated with PBS, IL-2
alone, PC-61 alone, or PC-61+IL-2. Seventy-two hours after the last injection of IL-2/PBS,
tumors were harvested, dissociated, and analyzed by flow cytometry for CD3+, CD8+ T cells.
Values are expressed as the percentage of cells from the tumors which labeled double positive
for both CD8 and CD3. Data are representative of two separate experiments.
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Figure 3. PC-61+IL-2 promotes reconstitution of mice with adoptively transferred OT-I
(a) C57Bl/6 mice were seeded with S.C. B16ova tumors. Ten days later, mice were treated as
described in Figure 1a with the combinations of PC-61 + IL-2 + 1 × 106 OT-I loaded with VSV
at an MOI of 1 (PC-61/IL-2/OT-I(VSV)); PC-61 + IL-2 + 107 pfu of cell-free VSV (PC-61/
IL-2/VSV); or with control IgG + PBS + 1 × 106 OT-I loaded with VSV at a MOI of 1 (OT-I
(VSV)). A further group was not seeded with tumor and received 1 × 106 OT-I cells (OT-I).
Splenocytes were recovered from these mice at least 14 days following adoptive transfer and
analyzed by FACS using antibodies which recognize the Vα and Vβ T-cell receptor chains
expressed by OT-I cells. CD8+ cells were gated and values shown represent the % of CD8+
T cells which were double positive for the OT-I T-cell receptor (TCR) chains. (b) Splenocytes
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from the mice described in a were recovered from treated mice and, in triplicates, 250,000
were pulsed with the synthetic, H-2Kb-restricted Ova SIINFEKL peptide. Supernatants were
assayed by ELISA for IFN-γ 48 hours later. Similar triplicates of splenocytes pulsed with an
irrelevant control peptide did not secrete IFN-γ above background levels (not shown).
Splenocytes of all three mice treated with PC-61/IL-2/OT-I(VSV) were positive and are shown;
only the single mouse from the group treated with IgG/PBS/OT-I(VSV) which contained
SIINFEKL-reactive splenocytes is shown; none of the mice treated with PC-61/IL-2/VSV, or
with no tumor and OT-I alone, contained SIINFEKL-reactive splenocytes and representative
values are shown from one mouse per group.
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Figure 4. PC-61+IL-2 Generates antitumor effectors and promotes intratumoral viral replication
(a) C57Bl/6 mice were seeded with s.c B16ova tumors. Fifteen days later, established tumors
were excised and, without being dissociated, placed intact into wells of a 24-well tissue culture
plate in DMEM. 106 OT-I cells (OT-I) (Lane 1), PBS (Lane 2), or 106 OT-I loaded with VSV
at an MOI of 10 (O(V)) (lanes 3–7) were added to the wells containing explanted B16ova
tumors. Wells also received 107 splenocytes recovered from separate C57Bl/6 mice, which
had received an intraperitoneal injection of anti-CD25 antibody PC-61 (P) (lanes 6–10), or a
control IgG (lanes 4 and 5), followed by 10 injections of rhIL-2 (IL-2) at a dose of 75,000 U/
injection (lanes 5, 7–10). One group of mice, which was treated with PC-61+IL-2, also received
an injection of the NK cell–depleting asialo GM-1 antibody 24 hours before treatment with
PC-61 (lane 10). Forty-eight hours later, supernatants were removed from the wells containing
the explanted B16ova tumors and assayed by ELISA for IFN-γ. (b) In a similar experiment to
that described in a, explanted B16ova tumors were recovered from wells following coculture
with OT-I alone (lane 1), or with OT-I cells loaded with VSV and splenocytes from mice treated
with PBS (lane 2), PC-61 (lane 3), IL-2 (lane 4), or PC-61+IL-2 with (lane 5) or without (lane
6) prior NK cell depletion. The tumor explants were then dissociated and subjected to three
rounds of freeze–thaw treatment. Two explanted tumors were treated with 107 pfu of cell-free
VSV as a control for viral replication (VSV) without any added OT-I or splenocytes (lane 7).
Mean virus titers from these freeze–thaw lysates are shown as pfu/mg tumor (2/3 per group).
Representative of three separate experiments. (c) C57Bl/6 mice were seeded with S.C. B16ova
tumors. Nine days later, one group of mice received an injection of the NK cell–depleting asialo
GM-1 antibody (α-GM-1). Two other groups received a control IgG injection. Twenty-four
hours later mice received an intraperitoneal injection of anti-CD25 antibody PC-61 or a control
IgG. Twenty-four hours later, mice were injected intraperitoneally with PBS or with rhIL-2 at
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a dose of 75,000 U/injection three times a day for 3 days. On the fourth day, a single further
injection of IL-2 was given. Two and twenty-four hours after this last injection of IL-2/PBS,
mice received an intravenous injection of 1 × 106 untreated OT-I (OT-I) or 1 × 106 OT-I loaded
with VSV at a MOI of 1 (OT-I(VSV)). Survival of tumor-bearing mice treated as shown (n =
5/group).
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Figure 5. OT-I(VSV) are therapeutically effective in virus-immune mice at low MOI of virus
loading
(a) C57Bl/6 mice were vaccinated i.v. with 5 × 108 pfu VSV which induces high levels of both
anti-VSV neutralizing antibody and anti-VSV T cells.32 Twenty-one days later, these virus-
immune mice were seeded with S.C. B16ova tumors. Ten days later, all mice received an
intraperitoneal injection of anti-CD25 antibody PC-61 followed 24 hours later by i.p. injections
of rhIL-2 (75,000 U/injection) three times a day for 3 days. On the fourth day, a single further
injection of IL-2 was given. Two and twenty-four hours after this last injection of IL-2, mice
received an intravenous injection of PBS; or 107 pfu of VSV-GFP (VSV); or 1 × 106 untreated
OT-I (OT-I); or 1 × 106 OT-I loaded with VSV at an MOI of 0.1, 1, or 10 (OT-I(VSV) moi
0.1, 1, or 10). Survival with time following initial tumor seeding is shown. (b–i) 2 × 104 pfu
of VSV, 2 × 105 OT-I T cells, or 2 × 105 OT-I loaded with VSV at a MOI of 0.1 or 10 (OT-I
(VSV) moi 0.1 or 10) were incubated at 37 °C for 1 hour in the presence of 100 µl of mouse
control, or anti-VSV (neutralizing titer 1:2560), serum. Virus or cells were then added to 2 ×
105 B16ova cells plated 24 hours previously. After 12 hours, cultures were examined for GFP
expression by fluorescence microscopy (b–h) or by flow cytometry (i) for GFP and gp100, a
melanoma-specific antigen32 not expressed by OT-I T cells. In all samples, <0.1% of the total
cell populations analyzed were GFP+ve, gp100−ve, confirming our previous observation that
VSV-GFP infection of OT-I T cells is minimal.31 Therefore, fluorescence shown in b–h
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represents infection of B16ova target cells by VSV-GFP rather than infected OT-I. At later
time points after infection (>24 hours), B16ova cultures showed extensive cytotoxicity
associated with VSV oncolysis in cultures b, e, f, and g. Minimal VSV-associated cytotoxicity
was observed in cultures c, d, and h.
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