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This study characterizes the ability of novel oncolytic rhab-
doviruses (Maraba MG1) to boost natural killer (NK) cell
activity. Our results demonstrate that MG1 activates NK
cells via direct infection and maturation of conventional
dendritic cells. Using NK depletion and conventional den-
dritic cells ablation studies in vivo, we established that both
are required for MG1 efficacy. We further explored the effi-
cacy of attenuated MG1 (nonreplicating MG1-UV?™" and
single-cycle replicating MG1-Gless) and demonstrated
that these viruses activate conventional dendritic cells,
although to a lesser extent than live MG1. This translates
to equivalent abilities to remove tumor metastases only at
the highest viral doses of attenuated MG1. In tandem, we
characterized the antitumor ability of NK cells following
preoperative administration of live and attenuated MG1.
Our results demonstrates that a similar level of NK acti-
vation and reduction in postoperative tumor metastases
was achieved with equivalent high viral doses concluding
that viral replication is important, but not necessary for
NK activation. Biochemical characterization of a panel of
UV-inactivated MG1 (2-120 minutes) revealed that intact
viral particle and target cell recognition are essential for NK
cell-mediated antitumor responses. These findings pro-
vide mechanistic insight and preclinical rationale for safe
perioperative virotherapy to effectively reduce metastatic
disease following cancer surgery.
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INTRODUCTION
Oncolytic virus (OV) therapeutics were originally designed
to selectively infect and replicate in tumors, with the primary

objective of directly lysing cancer cells.'* It is becoming increas-
ingly clear, however, that OV infection results in a profound
inflammatory reaction systemically and within the tumor, initi-
ating both innate and adaptive antitumor immune responses.**
Innate immune responses have the dual role of mediating cytotox-
icity directly against OV-infected tumors, while simultaneously
initiating downstream adaptive antitumor immune response.””
Among the innate immune cells that mediate this response, natu-
ral killer (NK) cells are a key cellular component.**

Numerous studies have clearly implicated the antitumor ability
of NK cells in response to OV therapy.''* One of the first reports to
support this was the work of Diaz et al.”® in which depletion experi-
ments were performed to demonstrate that B16 melanoma tumor
regression was achieved in a CD8-T- and NK cell-dependent man-
ner following vesicular stomatitis virus (VSV) intratumoral injec-
tion. Supporting these findings, oncolytic reovirus treatment of
prostate cancer produced an antitumor CD8-T cell response along
with prominent NK cell infiltration.'*"” Miller et al.' also observed
that intratumoral therapy with oncolytic herpes simplex virus for
B16 melanoma was abrogated in syngeneic models lacking NK and
T-cell subsets. Recently, Rintoul et al.' demonstrated that intrave-
nous (i.v.) delivery of parapoxvirus ovis induced profound NK cell
activation and subsequent tumor cell lysis. Taken collectively, these
findings from various tumor models treated with oncolytic VSV,
reovirus, herpes simplex virus, and parapoxvirus ovis highlight the
relevance of NK cells as mediators of antitumor efficacy.

To further demonstrate that antitumor innate immunity is a
critical factor for OV-mediated efficacy, a single replication cycle
VSV vector constructed by Galivo et al.** was found to achieve
equal therapeutic efficacy and identical NK cell responses com-
pared to a fully replication competent VSV vector. In another
study, a replication-deficient Sindbis virus was used to treat
SCID mice (T- and B-cell deficient, NK cells intact) bearing ES2
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ovarian carcinoma xenografts.?! Thus, the ability of OV to proceed
through multiple rounds of viral replication or any replication, at
least in the models studied, appears to be unnecessary.

NK cells play a central role in the eradication of micrometa-
static disease following surgical resection of the primary tumor.”
Despite many documented studies of postoperative NK cell dys-
function and its link to metastatic spread, very few have attempted
to reverse it to improve cancer outcomes.”*? In animal studies,
we established that perioperative OV rescues surgery-induced NK
cell dysfunction and attenuation of lung metastases.”? In human
cancer patients, preoperative oncolytic vaccinia virus administra-
tion markedly increases NK cell activity.” While these data are
encouraging, the perioperative use of live OV is in preclinical and
early stages of clinical investigation and pose theoretical viremia-
associated safety concerns.

Maraba virus belongs to the vesiculoviruses group of the
Rhabodoviridae family and is antigenically closely related to
VSV.# Genetically modified and tumor-targeted Maraba virus,
MG1 (mutations in M protein L123W and G protein Q242R), has
been established as a superior OV compared to VSV.** MG1 had a
100-fold greater maximum tolerable dose than wild-type Maraba
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Nonreplicating MG1 as Preoperative Cancer Therapy

in vivo and resulted in durable cures when administered in synge-
neic and xenograft models.*

The immune response to Maraba MG1 infection is an essen-
tial factor that will determine its efficacy as OV therapy in cancer
clinical trials. The current study characterizes the innate immune
response to MG1 administration and the first novel use of MG1,
single replication cycle MG1 (MG1-Gless), and replication-
incompetent UV-inactivated MG1 (MG1-UV?>™") as safe periop-
erative immune therapy in the preclinical setting.

RESULTS

The in vivo efficacy of MG1 in the B16lacZ tumor
model is not dependent on viral oncolysis

Since MG1 has been documented as an efficacious OV in
the CT26 subcutaneous and ES2 ovarian tumor models, we
wanted to simultaneously evaluate the importance of oncoly-
sis and immune-mediated cytolysis of MGI1 in the C57Bl/6
mouse strain using a syngeneic Bl6lacZ melanoma lung
model. First, we demonstrated that MG1 can lyse tumor cells
in vitro, as measured by cell viability assays (Alamar Blue)
(Figure 1a) and cytopathic effect (Supplementary Figure Sla)
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Figure 1 The in vivo efficacy of MG1 in the B16lacZ tumor model is not dependent on viral oncolysis. (a) B16lacZ cells were in vitro infected
with indicated virus at different MOI. Forty-eight hours postinjection, cell viability was assessed by Alamar Blue. (b) B16lacZ cells were injected i.v.
into B6 mice via tail vein at day 0. Virus treatment was given at day 1, 3, and 8. At day 14, lung metastases were stained and quantified. (c) Indicated
virus treatment was administered at 1 day before B16lacZ tumor cell inoculation. Lung metastases were quantified at 3 days post-tumor injection.
Data are representative of three similar experiments with n = 5-6/group (*P < 0.05; ***P < 0.001; ns, not significant).
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Figure 2 Activation of NK cell function by MG1 plays a significant role in the reduction of B16lacZ lung metastases. (a—e) B6 mice were treated
with MG1 i.v. or PBS and sacrificed at 5 days after virus treatment. Spleens were isolated and assessed as follows: (a) photographs, (b) weight,
(c) total number of lymphocytes, (d) total number of NK cells (TCR3/CD122*), and (e) total number of DC (CD11c*). (f-h) B6 mice were treated
with MG1 (1 x 108 PFU) i.v or PBS and sacrificed at 1, 3, and 5 days after virus treatment. Spleens were harvested to assess NK cell (f) CD69 expression,
(g) interferon-y, (h) Granzyme B secretion, and (i) NK cytotoxicity ("P < 0.05; "*P < 0.01; *""P < 0.001 comparing treatment to PBS controls; the data
are displayed as the mean percent (+SD) of chromium release from triplicate wells for the indicated E:T ratios). (j) B6 mice were treated with MG1 i.v.
or PBS at day —1. At day 0, all mice received 3 x10° B16lacZ tumor cell inoculation via tail vein. NK cells were depleted using anti-NK1.1 i.v. at days
—4, -1, and +1. Mice were sacrificed at 3 days post—cell injection and the number of lung tumor metastases was quantified. Data are representative
of three similar experiments with n = 4-6/group (*P < 0.05; ***P < 0.001, ns, not significant).
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at various multiplicity of infection (MOI). Predictably, infec-
tion with UV-inactivated MG1 (MG1-UV?2™i?) at a MOI of 10
did not result in any detectable viral plaques (Supplementary
Figure S1b), cytopathic effect (Supplementary Figure Sla,c),
or in the expression of GFP transgene (Supplementary Figure
Slc), thereby confirming inactivation of viral particles. UV
inactivation for <2 minutes resulted in plaque formation (data
not shown). Next, we tested for the in vivo efficacy of MG1. In a
therapeutic treatment model, three doses of MG1 significantly
reduced lung metastases (Figure 1b). Similarly, 1 prophylactic
dose of MGI1 given 1 day prior to tumor injection effectively
reduced lung tumor metastases at day 3 (Figure 1c). To fur-
ther elucidate whether viral replication was critical for the in
vivo efficacy, treatment with MG1-UV?™" was administered.
Quantification of lung surface metastases in both models indi-
cates that MG1-UV?™" can significantly reduce lung metas-
tases to equivalent levels as live MG1 (Figure 1b,c). In order
to address whether MG1 is directly targeting lung tumors,
we performed western blot (protein), quantitative reverse
transcription-PCR (RNA) (data not shown), and immunohis-
tochemistry (MGI antigen) analyses to detect virus in the lungs
of tumor-bearing and tumor-naive mice and found no protein
and genome in the lungs of MG1-treated mice (Supplementary

Nonreplicating MG1 as Preoperative Cancer Therapy

Figure S1d,e). These data suggest that the in vivo efficacy of
MG1 in the Bl6lacZ tumor model is attributable to immune-
mediated cytolysis and does not depend on viral oncolysis.

Activation of NK cell function by MG1 plays a
significant role in the reduction of B16lacZ lung
metastases

Given the ability of UV-inactivated MGl to attenuate lung metas-
tases, we assessed the effect on the immune system at various time
points post-MGI1 infection. Spleens isolated from B6 mice showed
splenomegaly and increased weight at 5 days post-MGI1 i.v. injec-
tion (Figure 2a,b). The splenomegaly was caused by an expan-
sion in the absolute number of splenic lymphocytes (Figure 2c),
including a significant increase in innate immune cells (Figure 2d:
NK cells and Figure 2e: dendritic cells (DCs)) compared to other
immune populations (Supplementary Figure S2a). We rea-
soned that innate immune cells likely play a significant role in
mediating the observed efficacy of MG1 and therefore assessed
NK cell functionality. MG1 administration resulted in an imme-
diate and intense activation of spleen NK cells, as evidenced by
significantly increased NK cell expression of CD69 (Figure 2f),
interferon-y, (Figure 2g), and Granzyme B (Figure 2h) at days 1,
3, and 5 postinfection. Since tumor metastases were observed in
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Figure 3 Virus replication is important, but not necessary for NK cell activation and attenuation of B16lacZ lung metastases. PBS or
indicated virus was injected i.v. into B6 mice. Twenty-four hours post-virus injection, spleens were harvested to assess (a) NK cell CD69 expression,
(b) interferon-y, (c) Granzyme B secretion via flow cytometry, and (d) ex vivo NK cytotoxicity ("P < 0.01; **P = 0.05 comparing treatment to PBS con-
trols; the data are displayed as the mean percent (+SD) of chromium release from triplicate wells for the indicated E:T ratios). (e) B6 mice treated with
PBS or indicated virus at day —1. At day O, all mice received B16lacZ tumor cell inoculation. Mice were sacrificed at 3 days post-cell injection and the
number of lung tumor metastases was quantified. Data are representative of three similar experiments with n = 4-6/group (*P < 0.05; **P < 0.01;
***P < 0.001; ns, not significant).
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the lung, we examined lung lymphocytes and similarly observed
an expansion in the numbers of lung NK cell and DC popula-
tions (Supplementary Figure S2b,c) and activation of lung NK
cell functionality (Supplementary Figure S2c) in MG1-treated
mice. In an ex vivo cytotoxicity assay, splenic NK cells from MG1-
infected mice demonstrated dramatically enhanced YAC-1 tumor
target killing compared to controls (Figure 2i). In addition, NK
cytotoxicity against Bl6lacZ and 4T1 tumor targets mirrored
YAC-1 killing assay results (Supplementary Figure S2d). Lastly,
to determine if NK cells play a mediating role in tumor metas-
tases removal following MG1 infection, the prophylactic model
was repeated following depletion of NK cells using o-NK1.1. In
NK-depleted mice, we observed a complete abrogation of the
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antitumor effect of MG1, demonstrating a mediating role for
NK cells in the removal of metastases following MG1 infection
(Figure 2j).

Virus replication is important, but not necessary for
NK cell activation and attenuation of B16lacZ lung
metastases

To better understand the requirements for NK cell activation by
MGI, we screened three variants of MG1: live MG1, MGI1-Gless
(single-cycle replication virus, Supplementary Figure S3, see
Supplementary Methods), and MG1-UV*™" (replication-incom-
petent virus). All three MG1 variants stimulated NK cells (Figure
3a-d), but live MG1 resulted in the highest NK activation and
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Figure 4 Viral particle structure, cellular recognition, viral proteins, and viral genomic RNA are retained in minimally UV-inactivated virus
(MG1-Uv2miny_ Electron Microscopy analysis of (a) purified virus and (b) 1x10°¢ B16lacZ cells infected with virus (500 MOI). Scale bar: 1 cm = value
indicated on EM figure; EC, extracellular space; IC, intracellular space. Western blot analysis of viral proteins from (c) 1x10°¢ PFU purified virus prepa-
rations and (d) 2x10° B16lacZ infected with indicated virus (3 MOI). Cells were harvested at 18 hours postinjection; anti-rhabdovirus and GAPDH
antibodies were used. Quantitative reverse transcription—PCR analysis of extracted genomic RNA from (e) purified virus preparations and (f) B16lacZ

cells infected with virus at 6, 12, and 24 hours postinjection.
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cytotoxicity, followed closely by MG1-Gless. While MG1-UV?min
exhibited significantly less amounts of NK function compared to
its replicating counterparts (Figure 3a-d), it effectively attenuated
in vivo Bl6lacZ lung metastases to near identical levels (Figure
3e). In summary, these data show that viral replication does
indeed play a role in NK cell activation (higher NK activation with
live MG1), but a nonreplicating OV can reduce lung metastases as
effectively as its live counterpart.

Viral particle structure, cellular association, viral
proteins, and viral genomic RNA are retained in
minimally UV-inactivated virus (MG1-UV?2min)

Given previous findings showing live virus, that can transcribe
and translate its genome, was required for the antitumor effects of
oncolytic VSV, our result showing efficacy with UV-inactivated
MG1 was unexpected. One explanation for this discrepancy is the
duration of virus exposure to UV.*! We, therefore, assessed a panel

Nonreplicating MG1 as Preoperative Cancer Therapy

of MGl viruses that were UV inactivated at increasing time inter-
vals ranging from 2 minutes (minimum to abrogate plaque forma-
tion) to 120 minutes. First, we used electron microscopy (EM) to
visualize virus morphology. EM examination of purified live MG1
revealed individual bullet-shaped virus particles characteristic of
rhabdoviruses (Figure 4a). After 2 minutes of UV, the virus parti-
cles closely resemble live MG1, without significant morphological
changes (Figure 4a). During longer periods of irradiation (5-120
minutes), progressively greater proportions of viruses were aggre-
gated and exhibited severe structural change. EM examination
of Bl6lacZ target cells infected with live MGI revealed invagi-
nated cellular membranes, surface vesicle formation containing
virus, and intracellular virus enclosed in vesicles (Figure 4b).
MG1-UV?™ir_infected cells demonstrated invagination of cellu-
lar membranes with viruses located within these forming coated
pits, but no intracellular virus was observed. Infection of cells with
UV-inactivated MG1 for longer time intervals did not reveal any
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Figure 5 A nonreplicating, minimally UV-inactivated MG1 (MG1-UV2™i) js capable of activating NK cells and attenuates lung metasta-
ses. PBS or indicated virus was injected i.v. into B6 mice. Twenty-four hours post-virus injection, spleens were harvested to assess (a) NK cell CD69
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all mice received B16lacZ tumor cell inoculation. All mice were sacrificed at 3 days post—cell injection and the number of lung tumor metastases was
quantified. (d) B6 mice were treated with MGT1 i.v. or PBS at day —1. At day 0, all mice received 3 x 10° B16lacZ tumor cell inoculation via tail vein.
NK cells were depleted using anti-NK1.1 i.v. or control IgG at days —4, -1 and +1. **P < 0.001; ***P = 0.05.
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membrane invagination, vesicle formation, or intracellular virus. P, and M viral proteins for live MG1 only (Figure 4d). In parallel,
Next, we used western blot to assess viral proteins. Strong inten-  of the UV-inactivated viruses, only MG1-UV?™" resulted in both
sity bands corresponding to G, N, and M rhabdoviral proteins  naked and cell-associated viral genomic RNA above the limit of
were only detected for live MG1. MG1-UV?™™ resulted in weaker  detection by quantitative reverse transcription-PCR (Figure 4e,f).
bands, while MG1-UV®™" had a weak N protein band only. No  Taken together, these data suggest that MG1-UV exposure for 2
recognizable proteins were observed following exposure beyond  minutes results in a nonreplicating virus that retains virus particle
5 minutes (Figure 4c). For target cells infected with MG1, we  shape, integrity of viral proteins, and both naked and cell-associ-
observed the presence of intense bands corresponding to G, N,  ated viral genomic RNA that permits target cell association.
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A nonreplicating, minimally UV-inactivated MG1 virus
is capable of activating NK cells and attenuates lung
metastases

Given that live MG1 does not replicate in Bl6lacZ lung tumors
in vivo, and that nonreplicating MG1-UV?>™" most closely resem-
bles live MG1, we predicted that MG1-UV*™" would induce
the greatest amount of NK cell activity and be the best candi-
date to attenuate Bl6lacZ lung metastases within this panel of
UV-inactivated viruses. As expected, MG1-UV>™" most effec-
tively activated NK cells as demonstrated by CD69 expression
(Figure 5a) and cytotoxicity (Figure 5b). Notably, MG1-UV?min
and MGI1-UV®™=, but not the other variants, reduced lung metas-
tases (Figure 5c). We implicated the mediating role of NK cells in
the efficacy of MG1-UV>™» by NK cell depletion using o-NK1.1
and observed a reduction in the ability of MG1-UV?™™® to clear
lung metastases (Figure 5d). Taken together, this nonreplicating
virus inactivated by minimal UV exposure is capable of inducing
NK cell antitumor immunity.

MG1 activates NK cell function through conventional
DCs

As the interaction between OV and immune cells is critically
important for the eradication of tumors, we further character-
ized the interplay between NK cells and MG1. Vaccinia virus has
been shown to interact directly with NK cells through Toll-like
receptor-2.% Firstly, we infected purified NK cells with MG1. No
GFP expression was detected following infection (MOI of 3, 24
hours postinfection, data not shown), suggesting that MG1 can-
not directly infect NK cells. Further, we did not detect increased
CD69 expression upon MG1 infection of NK cells (data not
shown). As MGI is a single stranded RNA virus, we reasoned
that it would require other non-NK cell expressing Toll-like
receptors for interaction with immune cells and hypothesized
that conventional DC (cDC) might mediate MG1 recognition
and uptake. Many reports have shown cDC-mediated activation
of NK cells.**** To address this, we cocultured purified NK cells
and bone marrow-derived DCs (>90% cDC, data not shown) in
the presence or absence of MG1 infection and measured NK cell
cytotoxicity. We observed that MG1-infected NK-DC cocultures
displayed the highest amount of target cell lysis, while no cyto-
toxicity was observed for NK cells or cDC cultured alone in the
presence or absence of MG1 (Figure 6a). These data suggest that
MGI activates NK cells indirectly through ¢cDC. We also con-
firmed that cDC can be directly infected and activated by MG1
by observing intracellular GFP expression and surface CD80/86
expression following incubation with MG1-GFP (MOI of 3). In
parallel, we assessed ¢cDC infection and activation by attenu-
ated virus and detected no GFP and reduced CD80/86 expres-
sion by MG1-UV?™in, while ¢cDC infection with MG1-Gless virus
revealed GFP expression, but weaker CD80/86 expression com-
pared to live MG1 (Figure 6b,c). We, therefore, hypothesized
that attenuated MG1 would be less effective at activating NK cells
and attenuating metastatic disease when given at lower doses.
To address this question, we conducted a dose-response study
of MG1 and attenuated MG1 with quantification of lung metas-
tases as the functional readout. We previously observed that at
1x10® PFU, MG1 and attenuated MG1 have similar efficacy in
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reduction of lung metastases (Figure 3e). However, at all lower
doses studied (1 x 10°7 PFU), MG1 demonstrated better efficacy
than attenuated MG1 (Figure 6d). These results suggest that at a
high viral dose, attenuated virus can activate cDC to a sufficient
degree to provide maximal NK cytotoxicity and mediate removal
of tumor metastases. However, at lower viral doses, replicating
virus has better efficacy than its attenuated counterpart. Further,
we carried out EM examination of cDC infected with MG1 and
MG1-UV? ¥ cDC infected with MG1-UV?™» demonstrated viral
association with invaginated cellular membrane and coated pit
formation, but no intracellular viruses were observed as com-
pared to live MGI infection of cDC (Figure 6e). Lastly, to study
the specific in vivo role of cDC in the immune response to MG1,
we obtained CD11c-diphtheria toxin receptor (DTR) transgenic
(Tg) mice that allows for the inducible and specific ablation of
cDC with a single dose of DT.** We observed that NK cell cyto-
toxicity was significantly reduced following MG1 administration
in DT-injected DTR-CD11c Tg mice compared to control mice
(Figure 6f). Thus, these findings show that MG1 interacts with
NK cells primarily through cDC and that attenuated MG1 can
achieve similar levels of NK activation and clinical efficacy to live
replicating virus if administered at higher doses.

Reduction in postoperative lung metastases through
NK cell stimulation using UV-inactivated MG1

In an effort to develop a perioperative OV with a safer, nonin-
fectious in vivo profile, we assessed the ability of MG1-Gless
and MG1-UV?™® to reduce postoperative metastases. Using the
Bl6lacZ surgical stress model, we determined that periopera-
tive live MG1, MGI1-Gless, and MG1-UV?™ all attenuate the
formation of metastatic disease following surgery (abdominal
nephrectomy). At 3 days postsurgery, a striking decrease in tumor
metastases was observed compared to surgery alone (Figure 7a).
Next, we assessed NK cell function in the setting of periopera-
tive OV administration. A dramatic recovery in NK cell cytotox-
icity was observed following surgery for all three MG1 variants
(Figure 7b). These findings were corroborated by reproducing
the same results in a highly aggressive 4T1 spontaneous model
of lung tumor metastases. At 14 days post-tumor implantation,
a complete resection of the primary tumor along with abdomi-
nal nephrectomy (surgical stress) was performed. At 28 days, a
significant decrease in lung metastases was observed in surgically
stressed mice pretreated with all three variants of MG1 compared
to surgery alone as shown by photographs and H&E stains of
lung tissue (Figure 7c), lung weights (Figure 7d), and number of
tumor nodules (Figure 7e). Moreover, we conducted a survival
experiment in the Bl6lacZ lung metastasis model. Perioperative
MGI and MGI1-UV?™in treatment significantly improved overall
survival compared to the surgery alone group (Figure 7f). These
data establish that perioperative administration of a nonreplicat-
ing OV (MG1-UV?™") is an effective therapeutic strategy.

DISCUSSION

Currently, the important role of innate immune cell activation has
been reported for several OV therapies. The goal of our research
was to determine how NK cells are involved in the therapeutic
efficacy of MGl in the well-established Bl6lacZ lung metastasis
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model. In addition, we explored a novel and clinically relevant
therapeutic setting for OV therapy and sought to characterize a
safe, attenuated version of MGl that could stimulate NK cells and
reduce metastases when administered in the perioperative period.
We showed that the absence of NK cells prevented the antitumor
response by MGI1 and that attenuated MG1 (MG1-Gless and
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MGI1-UV?min) resulted in significant and equivalent levels of
tumor cell killing compared to live MG1 at high viral doses. These
data suggest that immune-mediated tumor clearance plays a sig-
nificant role in MG1 OV therapy. Prior to this manuscript, the
exact mechanism by which MG1 stimulates the immune sys-
tem was not characterized. Direct infection of cDC with MG1
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Preoperative administration of the live or attenuated MG1 results in NK cell activation via cDC, thereby preventing surgery-induced dysfunction and
removal of tumor cell emboli and micrometastases in the postoperative period.

showed both ¢cDC infection and maturation (Figure 6b,c). Results
from the in vitro NK-DC coculture assay and in vivo ablation of
cDC in CD11c-DTR Tg mice suggest that MG1 activates cDCs
directly, which in turn prime NK cells (Figure 6a,f). The induc-
tion of NK cell responses by ¢cDC following MG1 administra-
tion likely depends on the production of type I interferon and
other proinflammatory cytokines***” (Figure 8). Importantly, we
observed that attenuated MG1 activates cDC, but with a lower
level CD80/86 expression and this corresponds to a reduced effi-
cacy against lung metastases at lower doses compared to live MG1
(Figure 6¢,d). These results suggest that at high viral doses, atten-
uated viruses can provide maximal NK cytotoxicity and medi-
ate removal of tumor metastases. In our mice models, we have
determined that 1x 10® PFU of attenuated MG1 performs as well
as live MG1, however the optimal human perioperative dose of
attenuated MGI to elicit maximal NK cell-mediated removal of
metastases remains to be investigated in future clinical trials.

The activation of NK cells by MG1 clearly requires viral capsid
integrity and cellular recognition given that MG1 virus UV inac-
tivated for >5 minutes lost structural integrity, was unable to asso-
ciate with the cell membrane, and was completely ineffective at
activating NK cells or clearing metastases (Figure 4). The retention
of virus particle structure in MG1-UV?™" and its ability to invoke
cell membrane invagination and association suggests that its virus
capsid proteins are likely intact, immunogenic, and recognized
by target cells. The detection of MG1-UV?™" by a-rhabdovirus
antibody further supports its intact immunogenicity. Current
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research is focused on purifying immunogenic MG1 proteins and
RNA to test as perioperative therapy.

In the perioperative setting, we previously reported that surgi-
cal stress promotes the formation of metastatic disease second-
ary to profound suppression of NK cells.’® Further, our groups
has demonstrated that OV administration immediately prior to
cancer surgery can reverse surgery-induced NK suppression and
abrogate the prometastatic effect of surgery.”? However, these
promising results were met with apprehension associated with the
use of a live virus immediately prior to surgery in cancer patients.
In particular, concerns were raised about the potential for an
overwhelming postoperative systemic inflammatory response,
the risk of spread to members of the operating room team, and
risk of meningitis with epidural analgesia. These safety concerns
present real barriers to the development of perioperative OV. Of
note that Adair et al.” recently published on the perioperative
use of live reovirus prior to surgery in colorectal cancer patients.
However, OV infusion was administered 6-28 days prior to sur-
gery. We previously determined that NK dysfunction follows
immediately postsurgery and OV must be administered as close
as possible to this susceptive period in order to boost the innate
immune system and prevent micrometastases.”> We demonstrated
for the first time, a dramatic reduction in Bl6lacZ and 4T1 lung
tumor metastases following perioperative administration of live
and attenuated MG1 compared to surgery alone and a signifi-
cant survival benefit in mice treated with preoperative MG1 and
MGI1-UV?min (Figure 7f). In addition, we observed recovery of
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NK cytotoxicity in perioperative OV-treated groups (Figure 7b).
We favor the perioperative use of MG1-UV?™® over a Gless virus.
From a safety standpoint, the perioperative immune boosting
use of a permanently noninfectious UV-inactivated virus (MG1-
UV?min) is infinitely safer than a Gless virus (which contains only
one attenuating point mutation) that can revert back to wild-type
virus with potential toxicity. Moreover, there are many obstacles
encountered when manufacturing a Gless virus, as a G protein-
producing cell line is required to rescue the virus. In conclusion,
we have characterized attenuated forms of the OV, Maraba MG1
that can be safely delivered in the immediate preoperative period
to prevent the formation of metastatic disease. When used in
combination with surgery, this cancer therapy has the potential to
impact countless cancer patients who undergo surgical resection
of their solid tumor every year.

MATERIALS AND METHODS

Cell lines. B16F10-LacZ melanoma cell line was obtained from Dr K.
Graham (London Regional Cancer Program, Ontario, Canada) and main-
tained in complete Dulbecco’s modified Eagles medium and grown at
37 °C and 5% CO,. Cells were resuspended in Dulbeccos modified Eagles
medium without serum for i.v. injection through the lateral tail vein. Cells
(3x10°) at >95% viability were injected in a 0.1 ml volume per mouse. 4T1
mammary carcinoma and YAC-1 cell lines were purchased from American
Type Cell Culture (ATCC) and maintained in complete Roswell Park
Memorial Institutes Media (RPMI). All cell lines were verified to be myco-
plasma free and show appropriate microscopic morphology at time of use.

Viruses. Maraba MG1 was prepared and titered as previously described.”
Inactivation of virus was performed on MGI1 preparations at a concen-
tration of 1x10° PFU/ml in phosphate-buffered saline (PBS) using UVC
irradiation in the Spectrolinker XL-1000 UV crosslinker (Spectronics,
Westbury, NY) at 120 mJ/cm? for 2 minutes, 5 minutes, 30 minutes, 1 hour
and 2 hours, respectively. Confirmation of virus inactivation was measured
by plaque assay prior to use.

Mice. Female 6- to 8-week-old C57BL/6 (B6) and BALB/c mice were
purchased from Charles Rivers Labs (St Constant, Canada). CD11¢-DTR
transgenic mice were bred in the Central Animal Facility at McMaster
University. Animals were housed in pathogen-free conditions and all
studies performed were in accordance with institutional guidelines at the
Animal Care Veterinary Service facility of the University of Ottawa and
McMaster University.

Experimental metastasis models

Therapeutic treatment model. BL6F10-LacZ cells (3 x 10°) were injected i.v.
into B6 mice. Mice were then treated intravenously with three doses of
1x10* PFU MGI in 100 pl of PBS on days 1, 3, and 8, or control treated
with 100 pl PBS. At 14 days after cell injection, mice were euthanized
and lungs were harvested and stained with X-gal (Bioshop, Burlington,
Canada) as described previously.** The total number of lung surface vis-
ible metastases was determined on all five lobes using a stereomicroscope
(Leica Microsystems, Concord, Canada).

Prophylactic treatment model. Mice were i.v. treated with single dose
of 1x10® PFU MGI1 or MG1-UV or MG1-Gless in 100 pl PBS at 1 day
before 3 x10° BI6F10-LacZ cells were injected intravenously into B6 mice,
mice were sacrificed at 3 days after tumor cells injection and lungs were
harvested and processed as mentioned above.

Surgery and experimental metastasis model. The surgery and experi-
mental metastasis model was conducted as previously described.? Briefly,
mice received an i.v. challenge of 3 x 10° B16lacZ cells to establish pulmo-
nary metastases. Surgery (abdominal nephrectomy) commenced 2 hours
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following tumor inoculation. Animals were euthanized at 3 days following
tumor inoculation and their lungs were stained and total number of surface
visible metastases was determined on all lung lobes as described above. For
survival studies and rescue of tumor cell clearance assays, 1x10° PFU of
MGI or MG1-Gless or UV-inactivated MG1 virus was injected into mice
24 hours and 3 x 10° Bl6lacZ cell 2 hours, respectively, before surgery.

Surgery and spontaneous metastasis model. The surgery and spontane-
ous metastasis model was conducted as previously described.?? Briefly,
1x10° 4T1 breast tumor cells in 50 yul of sterile PBS were injected ortho-
topically into the mammary fat pad of BALB/c mice at day 0. At 14 days
post—tumor cell implantation, a complete resection of the mammary pri-
mary tumor along with abdominal nephrectomy was performed.

Viability assays. The Bl6lacZ cell line was seeded into 96-well plates
(1x10* cells/well). The next day, cells were infected with the indicated
viruses at various MOIs (0.01-1 PFU/cell). Following a 48-hour incuba-
tion, Alamar Blue (Resazurin sodium salt; Sigma-Aldrich, St Louis, MO)
was added to a final concentration of 20 pg/ml. After a 6-hour incubation,
the absorbance was read at a wavelength of 573 nm.

Antibodies and flow cytometry analysis. To analyze splenic and lung
lymphocyte populations, organs were removed from mice and placed into
extraction buffer (cRPMI containing Collagenase IV; Sigma). red blood
cells from spleens were lysed using ammonium chloride-potassium chlo-
ride lysis buffer. Lung lymphocytes were further isolated using Percoll gra-
dient (Sigma, Mississauga, Canada). The following monoclonal antibodies
(mADbs) were used: anti-TCRp (H57-597), anti-CD122 (TM-betal), anti-
CD69 (H1.2F3), and anti-CD11c (N418) were purchased from eBiosci-
ence. Isotype controls were purchased from BD Biosciences (Mississauga,
Canada). Spleen and lung NK cell interferon-y and Granzyme B secre-
tion were examined following a 60-minute GolgiPlug (BD Bioscience)
incubation using: anti-TCRB (H57-597), anti-CD122 (TM-betal),
anti-Granzyme B (16G6), and anti-interferon-y (XMG1.2), all from BD
Bioscience. Flow cytometry acquisitions were performed on a CyAN-ADP
using Summit software (Beckman Coulter, Mississauga, Canada). Data
were analyzed with Kaluza software (Beckman Coulter).

NK cell depletion in experimental metastasis model. NK cells were
depleted using an optimized dose and schedule of a-NKI.1 antibody
(PK136) or isotype matched control (BD Bioscience). Briefly, 200 ug were
injected intraperitoneally on days —4, —1, and +1 as previously described."
Blélacz cells (3x10°) were i.v. injected into B6 mice at day 0 and 1x10°
PFU MGI virus was given i.v. at day —1. The lung tumor burden was quan-
tified at 3 days post-tumor cell injection. NK cell depletion was confirmed
at day 0 (prior to start of cell injection).

Ex vivo NK cell cytotoxicity assay. The chromium release assay was per-
formed as previously described.* Briefly, splenocytes were isolated from
treated and control mice at indicated time. Pooled and DX5* sorted NK
cells were resuspended at a concentration of 1.5x10° cells/ml and then
mixed with chromium-labeled target cells (YAC-1), which were resus-
pended at a concentration of 3 x 10* cells/ml at different E:T (50:1 and/or
25:1, 12:1, 6:1, and 3:1). For rescue of NK cell impairment assays, 1x 10°
PFU MG1 or MG1-Gless or UV-inactivated MG1 were injected into mice
1 day before surgery. For assessment of NK cell killing ability of CD11c-
DTR mice, DT or PBS were intraperitoneally injected 1 day prior to 1 x 10°
PFU MGTI i.v. injection. Cytotoxicity assay was assessed 2 days following
virus injection. NK-DC coculture cytotoxicity assays were performed 24
hours following coculture of isolated NK cells or in vitro cultured bone
marrow—derived DCs that were uninfected or infected with MG1 at an
MOI of 3 for 1 hour, then washed three times.

Western blotting. Bl6lacZ cells (2x10°) were infected with MGI1 or
UV-inactivated MG1 at an MOI of 3. Eighteen hours following, cells were
washed with PBS for three times and lysed. For in vivo MG1 infection of
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control or tumor-bearing lung, 1x10® PFU of MG1 were iv. injected into
B6 mice at day —1; mice received i.v. 3 x 10° Bl6lacZ cells at day 0; and total
protein was extracted from lung tissues at day +1. Protein concentrations of
cell lysates were measured using the BCA protein assay (Thermo Scientific,
Burlington, Canada). Naked virus (1x10° PFU) was also used directly in
the western blot. Protein samples were separated by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (Bio-Rad, Mississauga, Canada) and
transferred to polyvinylidene difluoride membranes. Blots were probed with
anti-rhabdovirus antibody recognizing the viral proteins. Immunoreactive
proteins were detected by enhanced chemiluminescence. Blots were probed
with an anti-GAPDH antibody (Sigma) to confirm equal protein loading.

Quantitative reverse transcription—-PCR. Total RNA was extracted
from either virus-infected cells or lung tissue using RNeasy Mini Kit
(Qiagen, Toronto, Canada) or straight virus using the QIAamp Viral RNA
Mini Kit (Qiagen), following the manufacturer’s suggested protocols.
Quantitative reverse transcription-PCR of Maraba MGl genome was
performed using the Tagman One-Step RT-PCR Master Mix kit (Applied
Biosystems, Alameda, CA) with the following primers: Maraba-
forward: 5'-GGTGATGGGCAGACTATGAAA-3’; Maraba-reverse: 5-CCT
AAGGCCAAGAAACAAAAGAG-3’; Maraba-probe: 5-/56-FAM/CCTC
GATCA/ZEN/AGAGTGTTTGAACCCTGT/3IABKFQ/-3’;Mouse-Gapdh-
forward: 5-GTGGAGTCATACTGGAACATGTAG-3"; Mouse-Gapdh-
reverse: 5'-AATGGTGAAGGTCGGTGTG-3"; Mouse-Gapdh-probe: 5”-/5/
HEX/TGCAAATGG/ZEN/CAGCCCTGGTG/3IABKFQ/-3".

Hematoxylin & eosin staining. In 4T1 spontaneous metastasis experi-
ments, mouse lungs were harvested and fixed in 10% neutral buffered
formalin for 24 hours. All tissues were paraffin embedded and sectioned
at the Department of Pathology and Laboratory Medicine, University of
Ottawa. H&E staining was also performed at the same histology facility as
the respective embedding and sectioning.

Electron microscopy

Negative staining of straight MG1 virus. Twenty microliters of 1x 10°
PFU/ml virus in PBS was prepared. EM forceps were used to remove a pre-
made carbon-coated copper EM grid from storage Petri dish and flat was
placed on the surface of the agar well. A 10 pl pipette was used to place one
drop of suspension onto EM grid. The grid was air-dried for ~3-5 minutes
and then one drop of 2% phosphotungstic acid stain was placed on the
grid. Grid was allowed to dry ~30 seconds and removed from agar and
placed on corresponding filter paper in small Petri dish. Grid was screened
under the Hitachi H7100 Transmission Electron Microscope.

For synchronized infection. B16F10-LacZ cells or bone marrow-derived
DCs (1 x10°) were incubated in 500 pl 10% fetal calf serum Dulbeccos mod-
ified Eagles medium and MGl virus at a MOI of 500 for 20 minutes at 4 °C.
This permitted viral binding to the cell surface. The cells were then incubated
for 20 minutes at 37 °C, followed by a wash in 1 ml of PBS. Then cells were
fixed in 2.5% cacodylate buffered glutaraldehyde for a minimum of 2 hours.
Cells were centrifuged and the pellet resuspended in sodium cacodylate buf-
fer, pH 7.2, and through subsequent pelleting and resuspension, postfixed in
2% osmium tetroxide for 2 hours, rinsed in water, and dehydrated through
graded ethanol up to absolute. A final dehydration in pure acetone was fol-
lowed by three changes in Spurr’s resin, and a final embedding at 65 °C.
Thin (80nm) sections were cut using a Leica Ultracut R ultramicrotome and
stained with uranyl acetate and lead citrate. Grids were screened on a Hitachi
7100 Transmission EM and the images digitally captured.

SUPPLEMENTARY MATERIAL

Figure S1. /n vitro and in vivo infection of MG1 and confirmation of
UV inactivated MG1.

Figure S2. Analysis of spleen and lung immune cell populations
following MGT1 i.v. administration.

Figure $3. MG1-Cless: a single cycle replication virus.

Materials and Methods
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