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Abstract
Purpose—The goals of this study were (a) to investigate whether preconditioning of immuno-
competent mice with PC-61-mediated regulatory T-cell (Treg) depletion and interleukin-2 (IL-2)
would enhance systemic delivery of reovirus into subcutaneous tumors and (b) to test whether
cyclophosphamide (CPA), which is clinically approved, could mimic PC-61 for modification of
Treg activity for translation into the next generation of clinical trials for intravenous delivery of
reovirus.

Experimental Design—C57Bl/6mice bearing subcutaneous B16 tumors were treated with CPA
or PC-61followed by 10 injections of low-dose IL-2. Mice were then treated with intravenous
reovirus. Virus localization to tumor and other organs was measured along with tumor growth and
systemic toxicity.

Results—Preconditioning with PC-61and IL-2 enhanced localization of intravenous oncolytic
reovirus to tumors with significantly increased antitumor therapy compared with controls (P <
0.01). However, with the maximal achievable dose of reovirus, Treg modification + IL-2 was also
associated with systemic toxicity. CPA (100 mg/kg) did not deplete, but did functionally inhibit,
Treg. CPA also mimicked PC-61, in combination with IL-2, by inducing “hyperactivated” NK
cells. Consistent with this, preconditioning with CPA + IL-2 enhanced therapy of intravenously
delivered, intermediate-dose reovirus to a level indistinguishable from that induced by PC-61 +
IL-2, without any detectable toxicity.
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Conclusion—With careful reference to ongoing clinical trials with dose escalation of reovirus
alone and in combinationwith CPA, we propose that future clinical trials of CPA + IL-2 + reovirus
will allow for both improved levels of virus delivery and increased antitumor efficacy.

Replication-competent oncolytic viral vectors require, at least in theory, only low levels of
seeding to initiate spreading infections to cover the tumor comprehensively (1,2). In this
respect, reoviruses (respiratory enteric orphan) are double-stranded RNA viruses isolated
from the respiratory and gastrointestinal tracts of humans but not linked to disease (3–5).
They do, however, cause fatal infections in neonatal and SCID NOD mice (5,6),
emphasizing the importance of an intact immune system as a component determining
oncolytic specificity. Use of reovirus as a tumor selective oncolytic agent was proposed
based on findings that an activated Ras pathway in tumor cells prevents PKR from aborting
infection leading to lytic viral replication in tumors (but not in normal cells; refs. 3,7,8).
Consistent with this, efficacy of reovirus as an antitumor agent has been shown in both
immunocompetent and immunodeficient models (9–12).

We recently completed a phase I clinical trial of intravenous oncolytic reovirus (Dearing
type 3) in heavily pretreated patients with advanced cancers. Reovirus was safely
administered by intravenous injection at doses up to 3 × 1010 TCID50 for 5 days every 4
weeks without evidence of severe toxicities (13,14). Encouragingly, both viral localization
to and replication in metastatic tumor deposits was confirmed in several patients and
antitumor activity was seen by radiologic and tumor marker evaluation. Neutralizing
antibodies (NAb) were detected in all patients, which peaked at 4 weeks (13). We concluded
that reovirus is a safe agent that warrants further evaluation in phase II studies. However, it
is also clear that any additional interventions, which could enhance the delivery of reovirus
into metastatic tumors, could add significantly to the therapeutic value of this approach.

Translational Relevance

We have completed a phase I trial of systemic delivery of oncolytic reovirus to treat
patients with advanced cancer and have initiated a second trial using CPA in combination
with reovirus. From these and other trials, it is clear that additional interventions, which
could enhance the delivery of reovirus into metastatic tumors, could add significantly to
the therapeutic value of this approach. The studies described in this article will allow us
to proceed with carefully controlled dose escalation studies using a combination of CPA
+ IL-2 + reovirus to achieve both improved levels of virus delivery and increased
antitumor efficacy.

In this respect, we recently hypothesized that the vascular leak syndrome (15,16) associated
with systemic treatment with interleukin-2 (IL-2; refs. 17–19) would enhance access of
systemically delivered viruses into tumors. Indeed, treatment with nontoxic doses of IL-2
allowed for improved localization of intravenously delivered vesicular stomatitis virus
(VSV) to subcutaneous tumors (20). Moreover, depletion of regulatory T cells (Treg) before
IL-2 significantly enhanced VSV-mediated tumor regressions (20). Therapy was mediated
by a population of NK/LAK cells, which become “hyperactivated” through IL-2-mediated
expansion combined with loss of Treg-mediated suppression in vivo. These hyperactivated
NK/LAK cells enhanced virus localization to the tumor site through induction of vascular
leak syndrome, had direct antitumor activity, and conditioned the tumor to facilitate
increased viral replication, spread, and oncolysis (20).

In those studies (20), we used PC-61, an antibody specific for CD25, a component of the
high-affinity IL-2 receptor, to deplete Treg (21–23) before treatment with IL-2. Although
PC-61 effectively depletes CD25hi Treg (21,22), it also targets other CD25+ cells, such as
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activated T cells, which might themselves be positive effectors of tumor regression (22).
Moreover, it has been proven difficult to develop effective reagents that can be used in
patients to selectively deplete Treg. In this respect, ONTAK, an IL-2-diphteria toxin
conjugate approved for human use, which would supposedly target CD25, was unable to
deplete Treg in melanoma patients (24). However, several groups have shown that, at
relatively low doses, cyclophosphamide (CPA) can enhance immune responses against
tumors through selective, transient depletion of Treg (22,25–32). There are several
additional advantages of developing CPA in the context of systemic delivery of oncolytic
viruses. There exists extensive experience with the drug in cancer patients (26) and CPA can
both suppress local immune mechanisms that inhibit viral replication in tumors and control
primary and anamnestic antiviral NAb responses (33–40). In this latter respect, we have
shown that iterative injections of CPA and reovirus once every 6 days depressed, but did not
ablate, levels of NAb (33). Thus, virus was still able to access tumors when delivered
systemically, but the residual NAb levels protected normal tissues from toxicity resulting
from subsequent systemic distribution of virus originating from ongoing replication in the
tumor (33). This is of particular relevance to our clinical trials using intravenously delivered
reovirus given the high levels of both preexisting and treatment-induced anti-reovirus
antibodies observed in patients (13). As a result of these preclinical studies (33), clinical
trials incorporating increasing doses of CPA along with intravenous reovirus are now under
way. Finally, with particular importance to our proposed use of a combination of Treg
depletion and IL-2 treatment to enhance viral delivery, IL-2 and CPA have been combined
safely in patients (41,42).

Therefore, the goals of this current study were (a) to investigate whether preconditioning of
an immunocompetent host with Treg depletion and IL-2 would enhance the delivery of
systemically delivered reovirus into metastatic tumors in a similar way to that observed with
VSV (20) and (b), if so, to test whether CPA could be developed as a clinically approved
reagent to mimic PC-61 for the depletion or phenotypic modification of Treg to allow for
translation of these preclinical regimens into the next generation of phase I clinical trials for
improved intravenous delivery of reovirus.

Materials and Methods
Cells and virus

Murine B16 melanoma cells (H2-Kb; ref. 43) were grown in DMEM (Life Technologies)
supplemented with 10% (v/v) FCS (Life Technologies) and L-glutamine (Life Technologies).
All cell lines were monitored routinely and found to be free of Mycoplasma infection.

Reovirus used in these studies is a wild-type reovirus type 3 (Dearing strain). Virus stock
titers were measured by standard plaque assays of serially diluted samples on L929 cells.

Treg depletion and IL-2 treatment
The regimen of Treg depletion and IL-2 treatment was described by us previously (20).
Briefly, for Treg depletion, 0.5 mg PC-61 antibody (Monoclonal Antibody Core Facility,
Mayo Clinic) per mouse was given intraperitoneally as described (20,21). Fluorescence-
activated cell sorting analysis of spleens and lymph nodes confirmed depletion of CD4+,
FoxP3+, and CD25+ cells. The control for PC-61 treatment was intraperitoneal injection of
IgG control (ChromPure Rat IgG; Jackson ImmunoResearch). For mice treated with Treg
depletion and IL-2, 24 h following the PC-61 antibody treatment, mice were injected
intraperitoneally with recombinant human IL-2 at a dose of 75,000 units/injection
(Proleukin; Novartis) three times a day for 3 days. On the fourth day, a single further
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injection of IL-2 was given. The control for IL-2 treatment was intraperitoneal injections of
100 µL PBS.

For studies using CPA in place of PC-61, mice were administered a single intraperitoneal
injection of CPA at 100 mg/kg 24 h before the IL-2 treatments.

Virus titration from tumor and organs
Tumor and organs recovered from mice were harvested and weighed and, within 2 h of
removal from the mouse, were lysed by three cycles of freezing/thawing. Virus was
recovered from the lysates and titers were determined on L929 cells and expressed as
TCID50 of reovirus/mg tissue.

Splenocyte preparation and antigen presentation
Splenocytes enriched in lymphocytes were prepared from spleens from treated/vaccinated
animals by standard techniques (44). Freshly purified splenocyte populations were washed
in PBS and 250,000 cells per well were incubated with target tumor cells (YAC or B16)
typically at ratios of 100:1, 10:1, or 1:1. Then, 48 to 72 h later, cell free supernatants were
tested for IFN-γ by ELISA (BD Pharmingen).

Reverse transcription-PCR
Splenocytes were recovered as described above and RNA was prepared with the Qiagen
RNA extraction kit. Total cellular RNA (1 µg) was reverse transcribed in a 20 µL volume
using oligo(dT) as a primer. A cDNA equivalent of 1 ng RNA was amplified by PCR for the
matrix metalloproteinase-2 (MMP-2) gene using the MMP-2 primer pair purchased from
R&D Systems.

Virus replication in explanted tumors
C57Bl/6 mice were seeded with subcutaneous B16 tumors. Ten to 15 days later, established
tumors were excised and, without being dissociated, placed intact into wells of a 24-well
tissue culture plate in DMEM.

Separately, splenocytes were recovered from C57Bl/6 mice, which had been treated as
described in the text (with combinations of PC-61/ CPA/IL-2). Splenocytes (107) were then
added to the wells containing explanted B16 tumors along with reovirus at 108 TCID50/well.
Forty-eight hours later, tumors were recovered from the wells, dissociated, and subjected to
three rounds of freeze/thaw treatment. Virus titers from these freeze/thaw lysates were
determined as described above.

Antibody titration from mouse serum
Preheated mouse antiserum was mixed with an equal volume of reovirus (predetermined as
killing 80% of target L929 cells) and incubated at 37°C for 2 h to allow antibody to bind to
virus. The virus/antibody mix was transferred to L929 monolayers and cell survival was
assayed at 48 h by MTT assay. The neutralizing titer is the highest dilution of serum that
blocks the killing of L929 cells.

Flow cytometry
For analysis of phenotype, organs/tumors were recovered from mice and dissociated in vitro
to achieve single-cell suspensions. Cells (1 × 106) were washed in PBS containing 0.1%
bovine serum albumin (wash buffer), resuspended in 50 µL wash buffer, and exposed to
directly conjugated primary antibodies for 30 min at 4°C. Cells were then washed and
resuspended in 500 µL PBS containing 4% formaldehyde. Cells were analyzed by flow
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cytometry and data were analyzed using CellQuest software (BD Biosciences). Anti-CD8β
FITC, anti-CD4 FITC, anti-NK1.1 PE, and their respective isotype controls where purchased
from BD Pharmingen. Treg cells were analyzed using anti-CD4, anti-CD25, and anti-
FOXP3 antibodies from E-Bioscience.

Assay for Treg activity in splenocyte populations
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 MHC class
I, H2-Kb (45). Preparation of activated OT-I cells was as described previously (46). Briefly,
naive OT-I cells were isolated from spleen and lymph nodes. RBCs were lysed by 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% fetal bovine serum in the presence of 1 µg/mL SIINFEKL peptide, 50 µmol/L β-
mercaptoethanol, 1% penicillin/streptomycin, and 50/mL IU recombinant IL-2. Three days
after activation, cells were harvested and purified through centrifugation in Lympholyte-M
density gradient (Cedarlane). OT-I cells (106), activated with SIINFEKL + IL-2, were then
cocultured with 107 splenocytes harvested as described above from mice treated as
described in the text. Forty-eight hours later, cell-free supernatants were tested for IFN-γ by
ELISA (BD Pharmingen).

In vivo studies
All procedures were approved by the Mayo Foundation Institutional Animal Care and Use
Committee. C57Bl/6 mice were age and sex matched for individual experiments and were
purchased from The Jackson Laboratory at ages 6 to 8 weeks. To establish subcutaneous
tumors, 2 × 105 B16 cells were injected subcutaneously (100 µL) into the flank region.
Animals were examined daily until the tumor became palpable, and the diameter, in two
dimensions, was measured thrice weekly using calipers. Animals were killed when tumor
size was ~1.0 × 1.0 cm in two perpendicular directions. Mice were euthanized based on the
double criteria of both active progression in measurable size over several days and reaching
a diameter of 1.0 cm. This is based on our histologic experience that tumors that have
progressively increased in size to a final size of 1.0 cm diameter represent actively growing
tumor rather than predominantly necrotic tumor destruction. To establish systemic
metastatic disease, C57Bl/6 mice were injected intravenously with 2 × 105 B16ova cells to
form lung metastases. At the first sign of any distress mice were killed.

NK cell depletion
Anti-asialo-GM1 from Cedarlane was purchased and resuspended in 1 mL. Twenty-five
microliters (~0.75 mg/mouse) were injected intraperitoneally once at the times indicated in
the text. Mice treated with isotype received the same protein concentration of rabbit IgG
(Jackson ImmunoResearch). NK depletion was verified by spleen NK1.1 flow cytometry
analysis.

Statistics
Survival data from the animal studies were analyzed using the log-rank test (47), and the
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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Results
Treg depletion + IL-2 enhances systemic delivery of reovirus

Preconditioning of C57Bl/6 mice with Treg depletion and IL-2 (Fig. 1A) significantly
enhanced the localization of intravenously delivered reovirus to subcutaneous, established
B16 tumors (Fig. 1B). Tumor sections from mice treated with CPA/IL-2/reovirus or PC-61/
IL-2/reovirus reproducibly contained areas of extensive destruction of tumor architecture
associated with virus infection. These necrotic areas were sometimes near blood vessels but
were by no means exclusively perivascular. Overall, our histologic analyses were never
convincingly able to associate CPA/IL-2 treatment solely with foci of increased vascular
leak from these studies. Prior depletion of NK cells from mice treated with PC-61 + IL-2 +
reovirus reduced levels of intratumoral reovirus to those in the absence of Treg depletion
and IL-2 treatment (Table 1). These findings are consistent with our previous observations
in which preconditioning with Treg depletion + IL-2 led to increased localization of
intravenously delivered VSV to tumors, effects that were also dependent on an intact NK
cell compartment (20).

However, in addition to high levels of reovirus reaching and replicating in subcutaneous
B16 tumors, we were unable to monitor antitumor therapy in these experiments using the
maximum achievable dose of reovirus (3.75 × 109 TCID50) because of high levels of
toxicity (Fig. 2A). Some toxicity was associated with high-dose reovirus alone, which was
accentuated in the presence of IL-2, but was universally observed in all mice treated with
virus in combination with PC-61 + IL-2 (Fig. 2A). Toxicities manifested as shortness of
breath, shivering, and inactivity (Fig. 2A) as well as severe necrosis of the tails, which
resulted in spontaneous tail loss in 3 of 8 animals treated with PC-61/IL-2/reovirus (Fig.
2B). Despite having previously observed cardiac toxicity associated with intravenous
delivery of reovirus (32), no virus was detected in the hearts of any of the treated mice (data
not shown). However, reovirus was detected in the lungs following intravenous delivery
(Fig. 2C) but at levels considerably lower than in tumors (Fig. 1B and Fig. 2C). There were
no significant differences in titers in lungs recovered from mice treated with reovirus + IL-2
alone, PBS alone, PC-61 alone, or PC-61 + IL-2 (Fig. 2C). Therefore, the increased toxicity
in mice preconditioned with Treg depletion + IL-2 cannot be explained by increased virus
localization to heart or lung.

CPA induces a “hyperactivated” NK cell phenotype
We investigated whether it would be possible to develop a preconditioning regimen with
CPA, which would mimic that of the PC-61 antibody, for testing in clinical trials. Therefore,
we screened for surrogate markers of a phenotype corresponding to that of “hyperactivated”
NK cells, which are important for enhancing viral replication in and spread through
established B16 tumors (20). Splenocytes from mice treated with CPA at 150 mg/kg, a dose
that we have used previously to modulate anti-reovirus NAb levels in vivo (33), neither
expressed MMP-2 by reverse transcription-PCR nor secreted IFN-γ on coculture with B16
targets in vitro (data not shown). However, splenocytes from mice treated with CPA at 100
mg/kg and IL-2 expressed MMP-2 at levels very similar to those induced by PC-61 + IL-2
(Fig. 3B and C). MMP-2 induction was dependent on NK cells in the splenocyte
populations, as prior depletion of NK cells abolished its expression (Fig. 3B). In addition,
treatment with CPA before IL-2 was critical, as CPA administration after the 10 injections
of IL-2 failed to generate NK cells expressing MMP-2 (Fig. 3B). Similarly, NK cells from
mice treated with CPA (100 mg/kg) + IL-2 secreted significant amounts of IFN-γ on
coculture with B16 targets in vitro (Fig. 3D), similar to NK cells induced by PC-61 + IL-2
treatment, a phenotype that was central to promoting enhanced systemic delivery of VSV to
tumors in vivo (20).
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Finally, and as observed previously for VSV (19), splenocytes from PC-61/IL-2-treated
mice significantly enhanced the replication of reovirus through intact B16 tumor explants
compared with reovirus replication supported by splenocytes from mice treated with PC-61
alone (data not shown), PBS, or IL-2 alone (Table 2). Although viral titers were not as high,
splenocytes from CPA/IL-2-treated mice also strongly enhanced viral replication in B16
explants significantly over controls (Fig. 3D).

Therefore, preconditioning with CPA + IL-2 induces “hyper-activation” of NK cells, which
includes expression of MMP-2, antitumor activity, and promotion of viral replication/spread
through intact tumors.

CPA and IL-2 increase NK cells and modify Treg function
Interestingly, treatment with CPA alone significantly expanded NK cell numbers in lymph
nodes compared with PBS-treated mice (P < 0.02) and to similar levels induced by IL-2
alone (Fig. 4A). PC-61 treatment increased NK cell numbers significantly over PBS
treatment (P < 0.05) but less than with IL-2 or CPA alone (Fig. 4A). Both CPA + IL-2 and
PC-61 + IL-2 increased NK cell numbers significantly over PBS treatment (P < 0.05) to
similar levels, although these numbers were less than that induced by either CPA or IL-2
alone (Fig. 4A). However, there was a highly significant disparity between the activity of
PC-61 and CPA on the numbers of Treg in the lymph nodes of treated mice (Fig. 4B).
Whereas PC-61 effectively depleted the lymph nodes of CD4+;FOXP3+;CD25+ Treg, CPA
did not (Fig. 4B). Although treatment with IL-2 following PC-61 did not rescue these Treg
populations (Fig. 4B), IL-2 treatment following CPA led to significantly increased levels of
CD4+;FOXP3+;CD25+ Treg numbers—to levels similar to those observed with IL-2
treatment alone (Fig. 4B). Despite not mediating depletion of Treg in vivo, treatment with
CPA closely mimicked treatment with PC-61 in terms of removing Treg-mediated
suppression of activated T cells in vitro. Thus, activated OT-I T cells cocultured with
splenocytes from mice treated with either PC-61 or CPA secrete significantly more IFN-γ on
stimulation with their cognate antigen than when cultured with splenocytes from PBS-
treated mice (Fig. 4C). Splenocytes from mice treated with CPA + IL-2 also have
significantly less suppressive effect on OT-I T cell function than splenocytes containing
Treg (PBS-treated mice; P < 0.01) and, in fact, have significantly less suppressive effect
than splenocytes from mice depleted of Treg by PC-61 and treated with IL-2 (P < 0.05; Fig.
4D).

CPA + IL-2 enhances the antitumor therapy of systemically delivered reovirus
Because of the systemic toxicity observed with the maximum achievable dose of reovirus
(3.75 × 109 TCID50; Fig. 1), to test therapeutic efficacy of CPA + IL-2 + reovirus, we
reduced the viral dose to 1 × 108 TCID50 per injection. Under these conditions, we observed
equivalent therapy of subcutaneous B16 tumors using either PC-61 + IL-2 or CPA + IL-2 at
levels that were significantly better than any of the control treatments (P < 0.01; Fig. 5A).
None of the mice treated with the preconditioning regimens and intravenous reovirus
developed any of the toxicities observed using high-dose reovirus in Fig. 1. Despite the lack
of observable toxicity, reovirus was, however, recovered from both the lungs and the hearts
of mice treated with CPA + IL-2 + reovirus (Fig. 5B and C). This is in contrast to mice
treated with PC-61 + IL-2 + reovirus where virus was recovered only from the lungs and not
from the hearts (Fig. 5B and C). Therefore, preconditioning with CPA + IL-2 can enhance
the therapy produced by systemic delivery of intravenously delivered reovirus to a level
indistinguishable from that induced by PC-61 + IL-2.

Previously, we showed that a higher dose of CPA (150 mg/kg) can modulate levels of NAb
against reovirus to allow for repeat administration of the virus (33). Therefore, although we
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do not believe that NAb to reovirus has any inhibitory role in the therapeutic effects seen in
the virus-naive C57Bl/6 mice in Fig. 5A, we tested their serum for levels of NAb. As
expected, serum from mice treated with reovirus alone contained high levels of neutralizing
activity against reovirus but not VSV (data not shown; Fig. 5D). Pretreatment with either
IL-2 or PC-61 showed a trend toward increasing the level of neutralizing activity in the
serum, although these values were very variable (Fig. 5D). Pretreatment with CPA before
reovirus administration reduced this neutralizing activity significantly (P < 0.01), which was
maintained with the combination of CPA + IL-2 (Fig. 5D). Combination of Treg depletion
by PC-61 + IL-2 maintained levels of neutralization at those observed in mice treated with
reovirus alone (Fig. 5D). Therefore, use of CPA in combination with IL-2 + reovirus not
only enhances antitumor therapy (Fig. 5A) but also modulates levels of anti-reovirus
antibody.

Discussion
Here, we show that PC-61 + IL-2 enhanced intratumoral localization of systemically
delivered reovirus by 2 to 3 logs compared with mice treated with PBS/reovirus alone (Fig.
1). One of our initial hypotheses was that IL-2-induced vascular leakage at the tumor site
would increase the ability of systemically delivered virus to localize into established tumors.
Conversely, however, others have shown that enhanced vascular leakage can increase the
access of antiviral immune effectors and neutralizing agents into the tumor, which
subsequently act to inhibit oncolytic virus replication and efficacy (48). In this respect, we
have shown previously that PC-61 + IL-2 treatment induces a population of
“hyperactivated” NK cells with potent antitumor activity and that express high levels of
MMP-2, which are critical in enhancing VSV replication in and spread through established
B16 tumors (19). In these current studies, increased reovirus localization to subcutaneous
B16 tumors was equally dependent on NK cells (Table 1). We believe, therefore, that the
increased vascular leakage induced by IL-2 is beneficial to the outcome of the virotherapy
because of the added value provided by the infiltrating “hyperactivated” NK cells, which are
themselves induced by the IL-2 treatment. Under other circumstances, where vascular
leakage is not necessarily accompanied by activation of antitumor effectors, therapeutic
outcome may, therefore, be very different.

However, using the maximum achievable dose of intravenously delivered reovirus,
preconditioning with Treg depletion and IL-2 generated severe toxicities (Fig. 2). We did
not recover any reovirus from the hearts of these mice despite cardiac-associated toxicities
with systemically delivered reovirus in our previous studies (33). Because there were no
significant differences in titers in lungs from mice treated with reovirus: +IL-2 alone, PBS
alone, PC-61 alone, or PC-61 + IL-2 (Fig. 2C), the dramatic increased toxicity seen in mice
preconditioned with Treg depletion + IL-2 cannot be explained by increased virus
localization to heart or lung. The most dramatic toxicity we observed was severe swelling of
the tails, which was pronounced in all 8 mice treated with PC-61 + IL-2 + reovirus. This
culminated in spontaneous detachment of tails in 3 of 8 of these animals (Fig. 2B). A similar
toxicity, “black foot syndrome,” has been reported previously in SCID or SCID/NOD mice
treated with reovirus intratumorally (49–51). This syndrome involved necrosis of feet, tails,
distal legs, and ears several weeks after injection of reovirus intratumorally (48). This
pathogenesis was due to venous vasculitis secondary to reovirus infection, along with
reovirus-induced myocarditis and heart failure (49,51), and developed typically weeks or
months after the reovirus therapy (49,50). In our studies, a variant of black foot syndrome
appeared much more rapidly, within 2 weeks of the reovirus therapy. The very high levels of
virus we recovered from B16 tumors in Fig. 1A would be consistent with the tumor acting as
a source for further dissemination of virus, which perhaps gains greater access to systemic
tissues (such as the vasculature in the tail) as a result of Treg depletion + IL-2
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preconditioning. More extensive toxicology studies are under way to understand the basis of
these toxicities.

We reasoned that, if it were possible to mimic the biological effects of the PC-61 antibody
with CPA, we would be able to develop novel clinical trials for enhanced systemic delivery
of reovirus to metastatic tumors as a follow-up of our previous trials (13). Using screening
for surrogate markers of the “hyperactivated” NK cell phenotype induced by PC-61 + IL-2
(20), we observed that a relatively low dose of CPA (100 mg/kg) could be combined with
IL-2 to generate NK cells, which express elevated levels of MMP-2 (Fig. 3B and C), acquire
antitumor activity (IFN-γ secretion on coculture with B16 targets; Fig. 3D), and enhance
virus replication through an intact, excised B16 tumor in vitro (Table 2). We also showed
that this dose of CPA + IL-2 expands NK cell numbers in vivo to similar levels to that
produced by PC-61 + IL-2 (Fig. 4A). In contrast, whereas PC-61 clearly depletes Treg cells
in vivo very efficiently, CPA does not (Fig. 4B). In fact, combination of CPA + IL-2 actually
increased the numbers of Treg (Fig. 4B) compared with the extensive depletion seen with
PC-61 + IL-2. However, CPA did induce a functional inhibition of Treg suppressive
activity, which was similar, if not slightly more marked, than that induced by PC-61 in
combination with IL-2 (Fig. 4C).

These data suggested that a low dose of CPA + IL-2 can mimic the functional effects of
PC-61 + IL-2 in vivo. Consistent with this, preconditioning with CPA + IL-2 enhanced the
therapy produced by systemic delivery of intermediate-dose reovirus to a level
indistinguishable from that induced by PC-61 + IL-2 (Fig. 5A). Using this lower dose than
that which is maximally achievable (Fig. 1), we observed highly significant antitumor
therapy without any associated toxicity. Importantly, for future clinical translation, despite
our findings that virus was recovered from both lung and heart tissues following CPA/IL-2 +
reovirus, there was no overt toxicity in any of the treated mice. More extensive histologic
and toxicologic studies will be required to investigate whether additional toxicities are
induced at the cellular/tissue/organ level.

Previously, we have shown that a higher dose of CPA (150 mg/kg) can modulate levels of
NAb against reovirus to allow for repeat administration of the virus (33). Those levels of
CPA were not able to induce the “hyperactivated” NK cell phenotype induced by the lower
levels of the drug as used in these current studies (100 mg/kg). However, most of the
patients in our clinical trials will be immune to reovirus, and we observed increasing titers of
anti-reovirus NAb in patients treated with intravenous reovirus (13). Therefore, we also
examined the effects of this lower, NK-activating dose of CPA (100 mg/kg) on the
development of NAb. Encouragingly in this regard, CPA + IL-2 not only enhanced the
antitumor therapy induced by intravenous delivery of reovirus (Fig. 5A) but also
significantly modulated the levels of anti-reovirus antibody (Fig. 5D). Our experiments
using the higher dose of CPA (150 mg/kg) indicated that the most effective NAb-modulating
activity of CPA was to lower levels of NAb, without ablating them completely (32). This
allowed for further administrations of reovirus intravenously (with reduced NAb-mediated
virus neutralization) but also maintained sufficiently high levels of NAb to protect against
subsequent systemic dissemination of reovirus from tumors producing high levels of
replicating virus (33). We show here that the reduced concentration of CPA (100 mg/kg), in
combination with IL-2, can also lower, but not ablate, anti-reovirus NAb levels. This
suggests that these levels may also help to overcome neutralization in the serum of patients
with preexisting NAb, thereby enhancing systemic delivery while also continuing to provide
systemic protection against tumor-derived, replicating virus. This hypothesis is currently
being tested in mice that are preimmune to reovirus. As regards the final dose of CPA that
will be used clinically, our current phase I clinical trials of systemic reovirus in combination
with escalating doses of CPA will determine the levels of the drug that are safe in
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combination with the virus in patients. Correlative studies from these patients on toxicity,
levels of NAb, and virus localization will help to determine the human equivalent dose of
CPA that generates the most favorable in vivo conditions for systemic virus delivery as
determined from these current preclinical studies.

In summary, preconditioning of immunocompetent hosts with Treg depletion and IL-2
enhances the localization of intravenously delivered oncolytic reovirus to established
tumors, with associated increased antitumor therapy. We believe that these therapeutic
effects derived from the effects of IL-2 expanded activity enhanced (by Treg depletion) NK
activity, which promotes increased reovirus replication/spread/oncolysis within the tumor.
Moreover, CPA can mimic the functional effects of the PC-61 Treg depleting antibody,
when used at the appropriate dose, in combination with IL-2. However, the Treg-modulation
+ IL-2 can also be associated with increased virus-mediated toxicity. Therefore, with careful
reference to our previous (13) and ongoing clinical trials with systemic delivery of reovirus
alone and in combination with CPA, we propose that future clinical trials of CPA + IL-2 +
reovirus may allow improved levels of virus delivery to metastatic tumors in patients.
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Fig. 1.
Treg depletion + IL-2 enhances systemic delivery of reovirus to subcutaneous tumors. A,
C57Bl/6 mice were seeded with subcutaneous B16 tumors. Nine days later, mice received an
intraperitoneal injection of anti-CD25 antibody PC-61or a control IgG. Twenty-four hours
later, mice were injected intraperitoneally with PBS or with recombinant human IL-2 at a
dose of 75,000 units/injection three times a day for 3 d. On the fourth day, a single further
injection of IL-2 was given. Two hours after this last injection of IL-2/PBS, mice received
an intravenous injection of reovirus (3.75 × 109 TCID50) followed 24 hlater by a second
similar injection of virus. B, 72 h later, tumors were explanted and dissociated and viral
titers recovered from freeze/thaw lysates of tumors from mice treated as shown were
determined (3 mice per group).

Kottke et al. Page 13

Clin Cancer Res. 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



Fig. 2.
PC-61 + IL-2 + high-dose reovirus leads to severe toxicity. Mice treated as described in Fig.
1A and B (8 per group) were routinely monitored for signs of distress. In all groups that
received the high-dose reovirus, a proportion of mice developed toxicities, manifested as
shortness of breath, shivering, and inactivity, within 7 d of virus treatment. Generally, these
toxicities resolved within 24h, although several mice were euthanized to prevent further
distress. B, some mice also developed swelling of the tails along with sensitivity to touch
(1mouse treated with reovirus alone and all 8 mice treated with PC-61 + IL-2 + reovirus). In
3 of 8 of those animals treated with PC-61 + IL-2 + reovirus, this toxicity resulted in
spontaneous detachment of the tail. C, because of these systemic toxicities, mice from all
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groups were euthanized and viral titers recovered from the freeze/thaw lysates of lungs were
determined.
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Fig. 3.
Low-dose CPA can replace PC-61in enhancing IL-2-activated NK function. A, additional
groupswere added in the regimen of Fig.1A, inwhich a single intraperitoneal injection of
CPA at100 mg/kg was administered either in place of the PC-61antibody or 24h after the
final injection of IL-2. In addition, groups that received an injection of the NK cell depleting
asialo-GM-1antibody 24h before treatment with PC-61or CPA were also included. B, 48 h
following the final injection of IL-2, splenocytes from treated mice were recovered, cDNA
was prepared, and expression of the MMP-2 gene was analyzed by PCR. Equal loading of
RNA was shown using amplification of GAPDH. Representative of three mice per group
and of multiple repeat experiments. C, experiment of A and B was repeated with fewer
treatment groups. Five hundred thousand splenocytes from treated mice were recovered and
plated for 48 h in vitro. Supernatants were then assayed forMMP-2 by ELISA (R&D
Systems). D, splenocytes from the 3 mice per group in A and B above were also plated with
B16 target cells at an effector splenocytes:target ratio of10:1, and 48 h later, supernatants
were assayed for IFN-γ by ELISA.
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Fig. 4.
Low-dose CPA does not deplete Treg but inhibits their suppressive activity. C57Bl/6 mice
treated with intraperitoneal combinations of CPA, PC-61, and IL-2 as shown according to
the regimen of Fig. 3A (3 per group) were euthanized 48 h following the last injection of
IL-2. Lymph nodes were excised, dissociated, and analyzed for (A) NK or (B) Treg cells as a
percentage of all lymph node cells using flow cytometry. Individual bars in the histograms
represent the result from each independent mouse in the appropriate treatment group. C, 106

3-day activated OT-I cells were cocultured with 107 splenocytes harvested from mice treated
as shown according to the regimen of Fig. 3A. Forty-eight hours later, cell-free supernatants
were tested for IFN-γ by ELISA (BD Pharmingen). Activated OT-I secrete IFN-γ in
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response to coculture with their cognate antigen (SIINFEKL peptide); any increase in the
levels of secretion of IFN-γ therefore represents removal of a Treg-like activity in the
splenocyte populations used for coculture of the OT-I T cells (21).
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Fig. 5.
CPA-mediatedTreg modification, with IL-2 and lower-dose reovirus, is therapeutic against
established tumors. A, C57Bl/6 mice were seeded with subcutaneous B16 tumors. Nine days
later, mice received an intraperitoneal injection of either CPA (100 mg/kg) or anti-CD25
antibody PC-61or PBS. Twenty-four hours later, mice were injected intraperitoneally with
PBS or with recombinant human IL-2 at a dose of 75,000 units/injection three times a day
for 3 d. On the fourth day, a single further injection of IL-2 was given. Two hours after this
last injection of IL-2/PBS, mice received an intravenous injection of reovirus at a lower than
maximal achievable dose of 1 × 108 TCID50 followed 24h later by a second similar injection
of virus. Survival of mice (tumor <1.0 cm in any diameter) with time after tumor seeding is
shown (n = 7 per group).The median survival times of groups treated with reovirus alone
(median survival, 21d), CPA/IL-2 (23 d), PC-61/reovirus (22 d), or CPA/reovirus (21d)
were not significantly different from each other and none of these treatments generated any
long-term survivors. Median survival times of groups treated with IL-2/reovirus (25 d),
PC-61/IL-2/reovirus (24d ), or CPA/IL-2/reovirus (25 d) were significantly longer (P =
0.04) than these other groups. However, only treatment with PC-61/IL-2/reovirus or CPA/
IL-2/reovirus led to long-term survivors and both of these were significantly more
therapeutic than any other group. **, P < 0.01. B and C, viral titers in the freeze/thaw lysates
of lungs (B) orhearts (C) recovered 7 to10 d after the final viral injection frommice treated
as described in A were determined (3mice per treatment group). Individual bars in the
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histograms represent the result from each independent mouse in the appropriate treatment
group. D, serum recovered from the mice in B and C was assayed for neutralizing against
reovirus as described in Materials and Methods.
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Table 1

Reovirus localization to tumors is NK dependent

Treatment Reovirus titer
(TCID50/gm tumor)

Control IgG/PC-61/IL-2/Reo 9 × 106; 3 × 107; 3 × 107

αGM-1/PC-61/IL-2/Reo 2 × 104; 7 × 103

Reovirus alone 9 × 103; 4 × 103

NOTE: Experiment of A and B was repeated in three groups of mice, which were treated with PC-61 + IL-2 + reovirus (n = 3; in this case, with two

injections of 1 × 108 TCID50), PC-61 + IL-2 + reovirus with prior depletion of NK cells using the anti-asialo-GM-1 antibody (αGM-1; n = 2), or
reovirus alone (n = 2). Viral titers from freeze/thaw lysates of tumors from these mice are shown.
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Table 2

Cyclophosphamide mimics PC61 in enhancing viral spread through tumors

Splenocytes from
mice treated with

Reovirus titer recovered
from freeze/thawed lysate

(TCID50/g tumor)

PBS <1

IL-2 1.3

PC61/IL-2 1.1 × 105

CPA/IL-2 2.4 × 104

NOTE: 107 splenocytes recovered from mice treated as shown were cocultured with freshly explanted, intact B16 tumors in vitro as described in

Materials and Methods along with reovirus at 108 TCID50/well. Forty-eight hours later, virus titers from freeze/thaw lysates of the tumors were
determined as shown. Mean of two tumors per group. Forty-eight hours later, virus titers from freeze/thaw lysates of the tumors were determined as
shown. Mean of two tumors per group.
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