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Allogeneic stem cell transplant-derived T cells have the poten-
tial to seek and eliminate sites of residual cancer that escaped
primary therapy. Oncolytic myxoma virus (MYXV) exhibits
potent anti-cancer efficacy against human cancers like multiple
myeloma (MM) and can arm transplant-derived T cells to
become more effective cancer killers in vitro and in an immu-
nodeficient xenotransplant murine model. Here, we tested
ex vivo MYXV virotherapy against residual murine MM in
immunocompetent mice using an allogeneic mouse-mouse
model. In contrast to all humanMM cell lines previously tested,
the murine MM cell line tested here was highly resistant to
direct MYXV infection and oncolysis in vitro. Despite this
in vitro resistance, we found that ex vivo MYXV-armed alloge-
neic bone marrow (BM) transplantation dramatically ablated
pre-seeded residual MM in vivo. Unexpectedly, we show that
both neutrophils and activated T cells from the donor function
as virus-armed carrier cells, and MYXV-preloaded cells
enhanced MM killing. Our results demonstrate a novel thera-
peutic paradigm for residual cancer, in which multiple classes
of allotransplant leukocytes can be armed by MYXV ex vivo
to enhance the graft-versus-tumor effects.

INTRODUCTION
Current therapeutic regimens for many blood cancers involve high-
dose myeloablative therapy, followed by transplantation of hemato-
poietic stem cells (HSCs) to reconstitute the patient’s normal immune
functions.1–5 Despite aggressive and ever-evolving therapeutics,
relapse rates for many of these cancers remain high, largely because
of residual disease that escapes myeloablative treatment.6,7 Trans-
plantation of HSCs from mobilized peripheral blood mononuclear
cells (PBMCs) or bone marrow (BM) following a conditioning
regimen can either be accomplished by an autologous graft, where
the patient donates BM or stem cells prior to chemotherapy or radio-
therapy, or as an allogeneic graft, in which a human leukocyte antigen
(HLA)-matched donor provides the HSCs that will repopulate the
recipient immune system.8 Allotransplantation carries the added
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benefit of a graft-versus-tumor (GVT) response, where T cells from
the donor transplant can traffic to and recognize foreign cancer cells
in situ and kill the disseminated disease that escaped traditional treat-
ment.9,10 This added GVT benefit, however, is accompanied by the
significant risk of alloreactive T cells recognizing normal host tissues
in the same fashion, leading to graft-versus-host disease (GVHD),11 a
cause of significant morbidity and mortality. Thus, therapeutic strate-
gies that accentuate the GVT response of an allotransplant, although
rendering them safer for GVHD, would open new treatment options
to eliminate residual cancer cells after myeloablative therapy.

Myxoma virus (MYXV) is an oncolytic poxvirus that is tightly host
restricted to rabbits in nature.12 Importantly, MYXV has the capacity
to target and kill many types of human cancer cells.13,14 In fact,
MYXV can directly infect and kill human multiple myeloma (MM)
cell lines as well as primary patient bone marrow samples contami-
nated with MM. Notably, MYXV selectively deletes MM cells from
PBMCs or BM from patients ex vivo without harming CD34+

HSCs because normal stem cells are incapable of binding
MYXV.15–19 The fate of MYXV-infected humanMM cells is a rapidly
induced apoptosis that is triggered through activation of the extrinsic
caspase-8 pathway.20 Previous studies investigating MYXV purging
of human MM engrafted into irradiated NOD/Scid/IL2Rg�/�

(NSG) mice demonstrated that ex vivo pre-treatment of an allo-
HSC transplant with MYXV maintains GVT effects in vivo without
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Figure 1. Myxoma Virus Infection of MOPC315.BM Cells

(A) vMyx-M135KO-GFP (MOI of 10) infection of rabbit epithelial (RK13) and T cells (RL-5), mouse pancreatic cancer cells (Pan02), andmouseMOPC315.BMDsRed cells was

compared in a time course. (B) MOPC315.BMLuc cells were assayed for surface virus binding comparingmock (blue histogram) with cells incubatedwith vMyx-Venus/M093

virus (yellow histogram). (C and Ci) Flow cytometric analysis of MOPC315.BMDsRed cells mock-treated or infected with vMyx-M135KO-GFP at MOI of 10 with or without cell

stimulation with PMA and ionomycin. (Ci) Shown is the mean ± SEM of at least three independent experiments.
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altering the engraftment of normal humanHSCs into the recipients.15

In addition to this, ex vivo virotherapy with MYXV also completely
eliminated acute GVHD in this xenotransplanted mouse model by
suppressing the subsequent expansion and infiltration of alloreactive
human T lymphocytes into normal recipient tissues.16 Recently, it was
shown that normal human T cells can bind MYXV and can then co-
traffic with these cells, but the virus infection is launched only after
T cell activation.21 Importantly, activated and/or infected T cells
can subsequently donate the oncolytic MYXV to human MM cells
via cell-cell contact.21

Although animal experiments investigating ex vivo virotherapy with
MYXV against MM have previously been performed using human
HSCs and myeloma samples xenografted into highly immunodefi-
cient NSG mice, we next investigated a classical allogeneic mouse-
to-mouse model. Thus, we tested the potential for ex vivo MYXV vi-
rotherapy to eliminate pre-seeded residual disease in an immuno-
competent murine model of MM by exploiting tagged murine
MOPC315.BM cells.22,23 MOPC315.BM cells are a murine plasmacy-
toma cell line that can engraft into syngeneic immunocompetent
BALB/c mice and cause a progressive disease highly recapitulative
of human MM, including BM invasion, osteolysis, and paralysis.22,23

We report that, in stark contrast to all humanMM tested, this murine
MOPC315.BM cell line is resistant to direct infection with MYXV
because of a defect in virus binding to these cells. Despite this
32 Molecular Therapy: Oncolytics Vol. 4 March 2017
in vitro resistance to free virus, ex vivo MYXV virotherapy of a donor
murine C57BL/6 allograft, after transplantation into BALB/c mice
bearing pre-seeded MOPC315.BM, nearly completely ablated the
residual myeloma burden in the recipients. Unexpectedly, when indi-
vidual cell classes in the donor BM allotransplant were tested for the
ability to kill target MM in a virus-dependent fashion, both activated
T cells and neutrophils within the C57BL/6 allotransplant were able
to induce MYXV-enhanced cell killing of MOPC315.BM. Taken
together, our experiments demonstrate that both neutrophils and
activated T cells in BM transplant samples have the therapeutic po-
tential to act as carrier cells after ex vivo oncolytic virotherapy with
MYXV for allotransplantation to target and eliminate residual cancer.

RESULTS
Mouse MOPC315.BM Cells Are Highly Resistant to Direct

Infection with MYXV

To characterize the MOPC315.BM model of immunocompetent mu-
rine MM, we first tested the cultured MM cells to determine whether,
like human MM, they were permissive to MYXV infection (Figure 1).
MOPC315.BM cells tagged with DsRed were compared in parallel
with three control cell lines known to be permissive for MYXV infec-
tion: RK13 and RL5 are permissive rabbit epithelial and T cell
lines, respectively,24 and Pan02 is a murine pancreatic cancer cell
line that is fully permissive for MYXV.25 Cells were infected
with vMyx-M135KO-GFP at a multiplicity of infection (MOI) of 10
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focus-forming units (ffu)/cell. vMyx-M135KO-GFP is a leading clin-
ical candidate construct that is nonpathogenic to rabbits but exhibits
improved oncolytic potential against human cancer cells,13,26 and
that expresses GFP as a reporter gene under a synthetic early or late
viral promoter. Infection was monitored over the course of 48 hr (Fig-
ure 1A). In this experiment, control RK13, RL5, and Pan02 cells all
accumulated GFP expression over time, indicating that viral gene
expression is progressing. Strikingly, MOPC315.BM DsRed cells ex-
hibited no detectable GFP expression whatsoever, suggesting that
infection was either aborted or prevented at some early stage.

To assess at which stage of infection MOPC315.BM cells were
blocked, we next tested whether MYXV virions could bind to the
cell surface of MOPC315.BM cells. The cell binding assays were per-
formed with a MYXV construct that incorporates the Venus fluores-
cent protein fused to a virion component, vMyx-M093/Venus.27

MOPC315.BM cells were either mock treated with PBS or incubated
with vMyx-M093/Venus at an MOI of 20 at 4�C for 1 hr. Unbound
virus was washed twice with PBS + 5% fetal bovine serum (FBS).
Flow cytometry was used to assess Venus-tagged virus binding (Fig-
ure 1B). Mock-treated cells (blue histogram) were compared with
those labeled with virus (yellow histogram). No change in fluores-
cence was detected between the mock- and virus-treated cells, indi-
cating that the failure of MYXV to infect MOPC315.BM cells in
culture is because of the inability of the virus particles to bind to these
cells.

For some target cell lines, the susceptibility to MYXV oncolysis is
dependent on cell stimulation.21,28 To test whether MOPC315.BM
might display a stimulation-dependent permissiveness, we either
mock-treated or infected MOPC315.BM cells with vMyx-M135KO-
GFP with or without stimulation with phorbol 12-myristate13-ace-
tate (PMA) and ionomycin. After 48 hr, the levels of virus infection
were determined using flow cytometry (Figures 1C and 1Ci). In the
absence of stimulation, infection resulted in a minimal increase in
GFP signal (mean ± SE: 2.144% ± 0.205%), and stimulation of
MOPC315.BM cells did not increase the GFP signal (mean ± SE:
1.500% ± 0.200%). This indicates that mouse MOPC315.BM cells,
unlike human MM cells, are highly resistant to direct infection by
free MYXV in culture. Although for most oncolytic models this
in vitro resistance would preclude further testing of MYXV against
this cancer type in vivo, it was previously shown that virus-infected
and/or -activated human T cells can transmit MYXV to target cancer
cells in a cell-cell contact fashion.21 Thus, this MOPC315.BM model
of residual cancer can specifically query the direct effects of ex vivo
MYXV virotherapy on GVT efficiency following an allotransplant,
using an oncolytic virus that cannot directly infect or kill the target
cancer cells via free virus.

Ex Vivo MYXV Virotherapy of an Allograft Increases Survival and

Reduces Pre-existing Residual Myeloma Burden

Despite the observed resistance to MYXV infection in vitro, we next
sought to determine whether carrier cells in murine BM could ferry
MYXV to the site of tumor burden and facilitate elimination of low
levels of pre-existing residual myeloma disease, and thus test directly
whetherMYXV could enhance GVT. The in vivo experimental design
is outlined in Figure 2A. In brief, 1 � 105 MOPC315.BM DsRed cells
were delivered intravenously to BALB/c mice to establish minimal
systemic disease; then 1 week later, mice were either administered
no transplant (n = 20: cohort I), an allotransplant of 2 � 106 cells
of whole C57BL/6 BM (n = 20: cohort II), or 2 � 106 cells of
C57BL/6 BM pre-treated ex vivo for 1 hr with vMyx-135KO-GFP
prior to infusion (n = 19: cohort III). When the recipients reached
endpoint criteria as described in the Materials and Methods, or after
6 weeks, they were euthanized, necropsy was performed to assess
levels of metastasis, and spleen and BM were harvested for quantita-
tive analysis of CD138+ DsRed+ myeloma burden. Over the course of
the experiment, 30% of control cohort I (no transplant) recipients
reached endpoint criteria because of progressive myeloma disease.
Survival of animals in the study is shown in Figure 2B (p = 0.035,
no transplant versus C57BL/6 BM; p = 0.001, C57BL/6 BM versus
C57BL/6 BM + MYXV; p = 0.120 [not significant (N.S.)], no trans-
plant versus C57BL/6 BM + MYXV according to the log rank test).
Animals receiving uninfected C57BL/6 BM, however, demonstrated
a marked increase in morbidity (60% of the animals) over the course
of the study, likely because of both progressing MM disease as well as
allograft-induced GVHD. However, treatment with the equivalent al-
lotransplant, which was pre-incubated for 1 hr ex vivo with MYXV
prior to infusion, exhibited reduced morbidity, with only 10.5% of
the animals in the study succumbing during the 6-week study.
Myeloma burden of animals in the study was next assessed in the
spleen (Figure 2C) and BM (Figure 2D) by flow cytometry. A slight
reduction of myeloma burden was observed in the spleen when
we compared the mean ± SEM of no-transplant controls (1.661% ±

0.999%) with animals receiving C57BL/6 BM alone 0.389% ±

0.223% (p = 0.228, N.S.). However, in BM, the myeloma burden
was essentially unchanged (no transplant versus C57BL/6 BM:
1.123% ± 0.402% versus 2.038% ± 0.575%; p = 0.121, N.S.). However,
ex vivo MYXV treatment of the allotransplant resulted in a consistent
reduction in myeloma burden at the 6-week sacrifice point, and the
majority of the animals manifested no myeloma burden as defined
by the limits of FACS detection (e.g., 17/19 in spleen, 0.037% ±

0.010%, p = 0.121 for no transplant versus C57BL/6 BM + MYXV,
p = 0.132 for C57BL/6 BM versus C57BL/6 BM + MYXV; 16/19 in
BM 0.068% ± 0.017%, p = 0.018 for no transplant versus C57BL/6
BM + MYXV, p = 0.003 for C57BL/6 BM versus C57BL/6 BM +
MYXV). Animals were scored as “disease-free” if they exhibited less
than 0.1% DsRed+, CD138+ myeloma burden and had no detectable
metastasis (Table 1). The in vivo data demonstrated that MYXV
ex vivo treatment of an allotransplant greatly enhanced GVT against
pre-seeded myeloma, which results in an improved clinical outcome
and dramatically reduced myeloma burden despite the observed
in vitro resistance of this MM line to direct oncolysis by free virus.

Allotransplant Neutrophils Can Function as Novel Carrier

Effector Cells for MYXV against Residual Myeloma

Our in vivo experiments demonstrated that donor C57BL/6 BM con-
tains cells whose anti-myeloma effects are enhanced by the ex vivo
Molecular Therapy: Oncolytics Vol. 4 March 2017 33
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Figure 2. Ex Vivo MYXV Virotherapy of an Allogeneic BM Transplant against Residual MOPC315.BM Myeloma Burden

(A) The experimental workflow is outlined. (B) Survival of animals was monitored following establishment of residual MOPC315.BM DsRed burden and treating with either no

transplant (n = 20), untreated BM transplant from C57BL/6 mice (n = 20), or BM transplant from C57BL/6 mice pre-treated ex vivo with vMyx-135KO-EGFP for 1 hr at MOI of

10 (n = 19). (C and D) Myeloma burden was measured in the spleen (C) or BM (D) of the studied animals using flow cytometry to quantify percentage of total cells that are

CD138+, DsRed+MOPC315.BMDsRed cells. Significance in survival and tumor burden were determined using the log rank test and the Student t test, respectively. p < 0.05

is deemed significant. N.S., not significant.
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MYXV treatment. To identify potential virus carrier cells within
C57BL/6 BM that might contribute to the elimination of residual
MM, whole donor C57BL/6 BM was first cleared by RBC lysis and
then infected with MYXV for 12 hr and subjected to analysis by
flow cytometry to identify any MYXV-permissive cells (Figure 3).
In total BM, virus-derived GFP was readily detectable in a subset of
cells, indicating that subsets of MYXV-sensitive cells existed within
the BM (Figure 3A). By using discriminatory cell surface markers,
we identified and analyzed T cells, B cells, and granulocytes for the
capacity to initiate vMyx-M135KO-GFP infection (GFP+) using
flow cytometry. The mean ± SE are shown in Figure 3F (8.037% ±

0.919% T cells, 2.625% ± 0.435% B cells, 65.190% ± 8.387% granulo-
cytes).The percentage of total GFP+ cells (MYXV-infected cells) and
the corresponding distribution along each subpopulation is shown in
Figure 3G (3.333% ± 0.467% T cells, 2.333% ± 0.906% B cells,
67.670% ± 22.000% granulocytes). Previous work has identified acti-
vated human T cells as effector and carrier cells forMYXV against hu-
man MM, because these cells were permissive for MYXV in a stimu-
lation-dependent manner.21 Unstimulated murine T cells, when
analyzed as a subset of the BM population, revealed only an average
of 8.0% of total CD3+ cells as being GFP+ following infection (Fig-
ure 3B), and these T cells comprised only �3.3% of the total number
34 Molecular Therapy: Oncolytics Vol. 4 March 2017
of GFP+ cells (Figure 3G). Isolated murine CD3+ T cells also demon-
strated a small increase of GFP, to 11.8% in infectivity when activated
with PMA and ionomycin (Figure 3C), in stark contrast to the much
higher levels of virus infection for activated human T cells.21 Murine
B cells also displayed similar low levels of GFP+ signal, with an
average of 9.55% of B cells becoming GFP+ (Figure 3F), which ac-
counted for 2.3% of the total GFP+ cells in the infection (Figure 3G).
Surprisingly, granulocytes from theMYXV-infected murine BM pop-
ulation were found to be readily susceptible for MYXV infection:
65.2% of granulocytes were GFP+ (Figure 3F), accounting for 67.7%
of the total GFP+ cells in the murine BM (Figure 3G).

MYXV Arms Stimulated BM-Derived Neutrophils to More

Effectively Kill MOPC315.BM Cells

To investigate effector roles of BM-derived cell subpopulations
capable of harboring MYXV replication in the GVT response, we
performed co-cultures of MOPC315.BM cells and either primary
C57BL/6 BM or isolated C57BL/6 BM-derived T cells or neutrophils
in the presence or absence of MYXV and with or without cell
stimulation. From whole primary C57BL/6 BM, CD3+ T cells or
neutrophils were isolated and then either mock treated or infected
with MYXV at MOI of 10, washed, and then mixed with target



Table 1. Fraction and Percentages of Animals in the Allograft Experiments

per Treatment Cohort Scored as Disease-free, as Designated by Myeloma

Burden in Spleen and BM <0.1% and No Metastases upon Necropsy

Treatment Cohort Disease-Free/Total (n) Percentage (%)

No transplant 5/20 25

C57BL/6 BM 3/20 15

C57BL/6 BM+MYXV 13/19 68.4
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MOPC 315.BM cells in the presence or absence of PMA/ionomycin
stimulation. Cell viability (Figure S2) and apoptosis (Figure 4) were
then measured in the target MM cells by flow cytometry. The isolated
whole C57BL/6 BM was capable of inducing apoptosis in target
MOPC315.BM myeloma cells only following PMA/ionomycin stim-
ulation, but this killing was greatly enhanced in the presence of
MYXV (Figures 4A and 4Ai) (mean ± SE of unstimulated cells:
3.388% ± 0.969% mock versus 3.902% ± 0.809% MYXV, p = 0.598
[N.S.]; mean ± SE of stimulated cells: 4.825% ± 1.222% mock versus
20.01% ± 4.084% MYXV, p = 0.018). Likewise, stimulation and
MYXV infection also induced MM cell death compared with stimu-
lated and mock-treated cells (Figures S2A and S2Ai) (mean ± SE of
unstimulated cells: 10.360% ± 1.641% mock versus 11.250% ±

1.330% MYXV, p = 0.737 [N.S.]; mean ± SE of stimulated cells:
8.980% ± 1.587% mock versus 16.730% ± 2.530% MYXV, p =
0.044). No changes in the levels of apoptosis of MOPC315.BM
myeloma cells were observed upon incubation with isolated
C57BL/6 BM-derived CD3+ T cells that were either mock- or
MYXV-treated and with or without PMA/ionomycin stimulation
(Figure 4B, one representative experiment), but the stimulation of
the donor T cells with anti-CD3/CD28 Dynabeads resulted in more
target cell death than stimulation with PMA/ionomycin (Figures 4C
and 4Ci; apoptosis of MM, mean ± SE of unstimulated cells:
2.810% ± 1.348% mock versus 5.310% ± 1.262% MYXV, p = 0.023;
mean ± SE of stimulated cells: 3.807% ± 1.512% mock versus
8.577% ± 1.370% MYXV, p = 0.152 [N.S.]) (Figures S2C and S2Ci;
MM cell death, mean ± SE of unstimulated cells: 1.603% ± 0.440%
mock versus 1.743% ± 0.591% MYXV, p = 0.463 [N.S.]; mean ± SE
of stimulated cells: 4.987% ± 0.0.843% mock versus 6.787% ±

0.494% MYXV, p = 0.298 [N.S.]). However, the BM cell fraction re-
maining after T cell removal (depleted fraction) still contained
considerable capacity to induce cell death in the target MM cells in
the presence of MYXV and cell stimulation (Figures 4D and 4Di;
apoptosis of MM, mean ± SE of unstimulated cells: 5.973% ±

2.652% mock versus 4.703% ± 2.071% MYXV, p = 0.177 [N.S.];
mean ± SE of stimulated cells: 11.330% ± 4.501% mock versus
28.490% ± 4.902% MYXV, p = 0.095 [N.S.]) (Figures S2D and
S2Di; MM cell death, mean ± SE of unstimulated cells: 11.770% ±

2.789% mock versus 13.690% ± 0.624% MYXV, p = 0.571 [N.S.];
mean ± SE of stimulated cells: 5.887% ± 0.918% mock versus
18.680% ± 4.844% MYXV, p = 0.152 [N.S.]). Because we had identi-
fied neutrophils as uniquely permissive for MYXV infection, we then
tested the ability of purified neutrophils to kill MOPC315.BM cells
(Figures 4E and 4Ei; apoptosis of MM, mean ± SE of unstimulated
cells: 0.762% ± 0.238% mock versus 1.792% ± 0.604% MYXV, p =
0.185 [N.S.]; mean ± SE of stimulated cells: 11.670% ± 3.493%
mock versus 29.500% ± 4.932% MYXV, p = 0.012) (Figures S2E
and S2Ei; MM cell death, mean ± SE of unstimulated cells:
5.842% ± 1.415% mock versus 6.875% ± 2.044% MYXV, p = 0.649
[N.S.]; mean ± SE of stimulated cells: 3.354% ± 0.684% mock versus
7.740% ± 1.109%MYXV, p = 0.043). Unstimulated neutrophils (with
or withoutMYXV) were essentially unable to induceMMcell death in
MOPC315.BM cells, and PMA/ionomycin stimulation alone medi-
ated only a small increase in apoptotic MM cells. However, in the
presence of stimulation with PMA/ionomycin and MYXV, isolated
neutrophils potently induced cell death in the target MOPC315.BM
cells, and this MM killing capacity was essentially absent in the
neutrophil-depleted BM fraction (Figures 4F and 4Fi; apoptosis of
MM, mean ± SE of unstimulated cells: 0.653% ± 0.122% mock versus
1.483% ± 0.735% MYXV, p = 0.852 [N.S.]; mean ± SE of stimulated
cells: 0.925% ± 0.202% mock versus 0.355% ± 0.242% MYXV, p =
0.176 [N.S.]) (Figures S2F and S2Fi; MM cell death, mean ± SE of un-
stimulated cells: 8.523% ± 1.086% mock versus 18.040% ± 5.763%
MYXV, p = 0.389 [N.S.]; mean ± SE of stimulated cells: 12.730% ±

3.308% mock versus 13.550% ± 4.520% MYXV, p = 0.809 [N.S.]).

DISCUSSION
MYXV exhibits potent oncolytic potential against many human can-
cers, including MM, both in vitro and in vivo.15 Work to date on
MYXV-mediated oncolysis of human MM has well characterized
its ability to infect and kill human MM via a rapid induction of cas-
pase-8-mediated apoptosis.20 In stark contrast to this MYXV sensi-
tivity of human MM, we show here that the murine MM cell line
MOPC315.BM is uniquely resistant to infection by free MYXV
because of its inability to bind MYXV virions, indicating that these
cells are highly resistant to direct virus oncolysis, at least as assessed
in vitro. In previous reports investigatingMYXV oncolysis of primary
human acute myeloid leukemia (AML) cells, cell surface binding by
virus was shown to be a major determinant of therapeutic benefit
when preventing tumor engraftment into irradiated NSG mice.28

However, here we demonstrate that ex vivo virotherapy with
MYXV arms cells within a donor allotransplant resulting in a dra-
matic positive enhancement of GVT in a model where the pre-seeded
residual target tumor cell is highly resistant to direct infection by free
virus. This represents a dramatic paradigm shift in oncolytic virother-
apy, because cancer cells that are nonpermissive to the test virus
in vitro were previously considered to be poor therapeutic candidates
for that same virus in vivo. Instead, when tumor-homing leukocytes
are loaded with virus ex vivo, even “virus-resistant” cancers can
become susceptible to oncolytic virotherapy.

Allogeneic transplantation was exploited in this study, despite auto-
transplantation being the primary strategy for human MM patients,5

becausewepostulated that post-transplant activation ofMYXV-loaded
T cells would play amajor role in the therapeutic benefits against resid-
ual cancer. Indeed, we observed dramatically improved reductions in
residual disease burdens following allotransplantation with MYXV-
treated C57BL/6 BM, suggesting that ex vivo virotherapy treatment
Molecular Therapy: Oncolytics Vol. 4 March 2017 35
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Figure 3. Infection of BM-Derived Murine Neutrophils and T Cells by Myxoma Virus

To identify potential effector cells from the ex-vivo-treated transplant material, we infected BM from C57BL/6 mice with vMyx-M135KO-GFP at MOI of 10 for 12 hr, then

stained for various cell surface markers and analyzed with flow cytometry for GFP+ cells. (A) Corresponds to whole BM. (B) BM-derived T cells were analyzed by CD3 staining.

(C) Negatively selected BM-derived T cells were infected with vMyx-M135KO-GFP with or without stimulation with PMA/ionomycin and analyzed for GFP expression using

flow cytometry. (D and E) Within the infected BM, B cells were identified by B220/CD19 staining (D), and granulocytes were identified as CD11b+/Ly-6B.2+/Ly-6Ghi (E). (F and

G) Average percentage of cell populations that are GFP+ are graphed in (F) and percentages of the total GFP+ cells represented by different cell subtypes are graphed in (G);

the mean of three independent experiments is shown as the height of the bar, and error bars represent the SE. The p values were determined using the Student’s t test.

p < 0.05 was considered statistically significant.
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may be an effective way to enhance the GVT effects of an allotrans-
plant. Moreover, we believe these results demonstrate a capacity for
targeted, carrier-cell-mediated clearance of residual tumor burden
that has the potential to translate into treatment for any cancerous
malignancy for which an allotransplant is performed. Furthermore,
if ex vivoMYXVvirotherapy also alleviatesGVHD inhumans as exten-
sively as it does for human BM xenotransplantation into immunodefi-
cient mice,16 it may even broaden the spectrum of malignancies for
which an allotransplant can be performed and increase the allograft’s
effectiveness at eradicating residual disease in general. A hallmark of
this study is the ability of ex vivo MYXV virotherapy to reduce or
eliminate disease progression when the transplant is delivered, at a
time when the cancer burden is at the lowest possible level.

Human T cells have been recently investigated for carrier-cell-medi-
ated oncolysis of MMusingMYXV. Human T cells possess the capac-
ity to ferry and deliver MYXV to human MM, and MYXV has been
36 Molecular Therapy: Oncolytics Vol. 4 March 2017
shown to enhance T-cell-mediated killing of human MM via cell-
cell contact in an activation-dependent manner.21 Primary murine
T cells, in this study, did demonstrate some ability for MYXV-
enhanced cell killing of MOPC315.BM target cells, but not to the
same robust extent as observed for MYXV-armed human T cells.
Instead, the ability of MYXV-infected and/or -activated murine
T cells to kill target MM cells was relatively minor compared with
the dramatic levels of myeloma cell death induction mediated by
MYXV-infected and/or -activated BM-derived neutrophils. This
result was unexpected because T cells are believed to be the major ef-
fectors that mediate GVT following allo-transplantation. In addition
to T cells, alloreactive natural killer (NK) cells have also started to be
recognized as mediators of GVT.29

To our knowledge, although it is known that neutrophils are capable
of efficiently infiltrating tumor tissues, this is the first report to iden-
tify neutrophils as an effective virus-carrier cell population for



Figure 4. Apoptosis of MOPC315.BM Myeloma Cells Induced by Mock- or MYXV-Treated, Unstimulated, or Stimulated Murine Neutrophils and T Cells

TUNEL assay followed by flow cytometric analysis were performed on admixtures of MOPC315.BM DsRed cells with C57BL/6 BM, or C57BL/6 BM-derived lymphocyte

cells, at a ratio of 10:1 effector versus target cells, with or without cell stimulation, with or without vMyx-135KO-GFP. Co-culture of MOPC315.BM with whole BM (A and Ai),

negatively selected T cells (B, C, and Ci) or T-cell-depleted cell fraction (D and Di), negatively selected neutrophils (E and Ei), and neutrophil-depleted fraction (F and Fi).

Stimulation for all panels was performed with PMA/ionomycin except (C) and (Ci), in which T cells were stimulated with anti-CD3/CD28 Dynabeads. Results shown are

representative of at least three independent experiments. The mean of at least three independent experiments is shown as the height of the bar, and error bars represent the

SE. The Student’s t test was used to determine the p values. p < 0.05 was considered statistically significant.
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oncolytic virotherapy. However, to establish the relevancy of these
new observations, the allogeneic murine model needs further investi-
gation in order to ascertain whether neutrophils loaded ex vivo with
virus can per se efficiently carry and deliver MYXV to directly target
MM cells, thereby increasing the GVT effects. Alternatively, neutro-
phils loaded with MYXV may play other potentially indirect roles,
for example, by interacting and activating natural killer (NK) cells
to increase GVT.30 This latter possibility is reasonable because there
is accumulating evidence showing that neutrophils can differentially
switch phenotypes and manifest distinct subpopulations under
different microenvironments. In this context, neutrophils can pro-
duce a large variety of cytokines and chemokines upon stimulation
that could contribute to the increased anti-cancer effects we observed
in this study. Moreover, neutrophils can also directly interact with
dendritic cells (DCs), macrophages, NK cells, T cells, and B cells, so
as to either potentiate or down-modulate both innate and adaptive
immunity (reviewed in Yang et al.31). Therefore, future in vivo and
in vitro studies will be needed to clarify the role of licensing NK cells
on virus-augmented GVT effects using a classical allogeneic murine
model. As well, the potential role of virus-loaded human neutrophils
toward GVT also merits investigation.

Many studies have revealed a dual role of neutrophils in cancer
biology.32,33 First, tumor-associated neutrophils (TANs), N2-type,
can promote malignancy by releasing growth-stimulating signals,
matrix-degrading proteases, as well as mediators of angiogenesis. In
this context, infiltration of TANs is associated with more aggressive
tumors, such as the case of pancreatic adenocarcinoma.34 Second,
high levels of N1- TANs are also associated with favorable prognosis
in patients with gastric cancer.35 The anti-tumor activity of neutro-
phils has been associated with the cytotoxic capacity of neutrophils,
which can create an immunological anti-metastatic barrier that pre-
vents the establishment and growth of metastatic cells.36 Therefore,
future studies will focus on determining the mechanism of the
anti-cancer activities of donor neutrophils loaded with MYXV.

In summary, our in vitro studies illuminate a new mechanism by
which both neutrophils and T cells can synergize with an oncolytic
virus to target and kill residual myeloma cells. However, future
in vivo studies will be needed in order to recapitulate the roles of
these two leukocyte classes identified by our in vitro results. Taken
together, the data presented here demonstrate that even highly “vi-
rus-resistant” residual cancer can be eliminated effectively in a novel,
transplant leukocyte-dependent carrier cell model. We propose this
provides potentially new therapeutic avenues to treat low levels of re-
sidual cancers in allotransplant patients following myeloablative
therapy.

MATERIALS AND METHODS
Cells and Viruses

vMyx-M135KO-GFP and vMyx-M093/Venus were described previ-
ously.26,27 vMyx-GFP-TdTomato was described previously.37 Stocks
of MYXV were grown on RK13 or BSC40 cells and purified by centri-
fugation on a sucrose cushion as previously described.38
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MOPC315.BM cells were obtained from the laboratory of one of the
authors (B.B.). Pan02 and RK13 cells were obtained from ATCC. RL5
cells were obtained from National Institutes of Health AIDS Research
and Reference Reagent Program. Cultures of MOPC315.BM-DsRed-
or -luciferase-expressing cells were performed as described previ-
ously22 with modifications as follows. In brief, cells were cultivated
in RPMI 1640 GlutaMAX (GIBCO, Thermo Fisher Scientific) media
supplemented with 20% heat-inactivated FBS (Atlanta Biologicals),
1X non-essential amino acids, 0.8 mg/ml geneticin (GIBCO, Thermo
Fisher Scientific), and 0.005% a-thioglycerol (Sigma-Aldrich). RK13
and Pan02 cells were cultured in DMEM (Hyclone, GE Healthcare
Life Sciences) supplemented with 10% heat-inactivated FBS,
292 mg/mL glutamine, 100 U/mL streptomycin, and 100 mg/mL peni-
cillin (GIBCO, Thermo Fisher Scientific). RL5 cells were cultured in
RPMI 1640 (GIBCO, Thermo Fisher Scientific) supplemented
with 10% heat-inactivated FBS (Atlanta Biologicals), 100 U/mL
streptomycin, and 100 mg/mL penicillin (GIBCO, Thermo Fisher
Scientific).

Viral infection was performed at multiplicity of infection (MOI) of 10
ffu/cell, except where indicated otherwise. For cells grown in mono-
layers, growth medium was removed and infection inoculum was
added in minimal volume of medium so as to cover the cells. For cells
grown in suspension, cells were counted and pelleted via centrifuga-
tion. Virus was diluted in sufficient media to result in 10% of desired
final volume, and cells were resuspended in virus inoculum. In all
cases, adsorption of virus was performed at 37�C for 1 hr; then fresh
media were added. Visualization of infection was performed by fluo-
rescence microscopy for GFP.

Animal Studies

All animal studies were approved by the University of Florida Insti-
tutional Animal Care and Use Committee (protocol 201405013) in
strict accordance with the Guide for the Care and Use of Laboratory
Animals of the NIH.

To establish low levels of residual murine MM, we sublethally irradi-
ated 6- to 8-week-old BALB/c mice (Charles River Laboratories) with
175 cGy total body radiation from a Cs137 source; then mice were
given 1 � 105 MOPC315.BM DsRed cells suspended in PBS via
tail-vein injection 24 hr later. BM transplants, derived from either
age-matched C57BL/6 mice or BALB/c mice were performed
1 week later. Animals either received no transplant, 2 � 106 cells of
whole BM, 2� 107 ffu of vMyx-M135KO-GFP alone, or 2� 106 cells
of whole BM, which had been treated ex vivo with vMyx-M135KO-
GFP for 1 hr at 37�C at MOI of 10. All material was suspended in
PBS and delivered by tail-vein injection. Prophylactic antibiotics
were included in the water for the animals over the duration of the
study to prevent secondary infection. Conditions for inclusion in lon-
gitudinal analysis required that the animal subjects survive at least to
day 14 post-tumor injection, otherwise they were excluded from anal-
ysis. Animals were sacrificed at either endpoint criteria (body score
of 2)39 or after 6 weeks. At the time of euthanasia, spleens and BM
were harvested for myeloma burden analyses.
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Assessment of Myeloma Burden

Spleens were disrupted into single-cell suspensions by flushing with
Hank’s balanced salt solution (HBSS) supplemented with 10% FBS
followed by grinding on a 40 mMnylon cell (Thermo Fisher Scientific)
strainer with a syringe plunger, and BMwas disrupted by vigorous pi-
petting with a serological pipette. Myeloma burden was assessed by
cell surface staining using anti-CD138-allophycocyanin (APC) anti-
body (Miltenyi Biotec) followed by flow cytometric analysis to assess
percentage of total cell population that is CD138+, DsRed+. FACS
data for myeloma burden were collected on a FACSCalibur flow cy-
tometer (BD Biosciences).

Co-cultures of Mouse C57BL/6 BM or C57BL/6 BM-Derived Cell

Subpopulations with Mouse MOPC315.BM Cell Line

BM was harvested from C57BL/6 mice and subjected to red blood
cells lysis using Pharm Lyse (BD Biosciences) according to the
manufacturer’s instructions and counted via Cellometer Auto 2000
(Nexelcom Bioscience). Cells were either mock treated (e.g.,
without adding the virus) or infected with vMyx-M135KO-GFP or
vMyx-GFP-TdTomato as described above. Infection was allowed to
progress for 12 hr, followed by analysis using flow cytometry.
BM-derived T cells were isolated via EasySep Mouse T Cell Enrich-
ment kit (STEMCELL Technologies). BM-derived neutrophils were
isolated using EasySep Mouse Neutrophil Enrichment kit
(STEMCELL Technologies). T cell-depleted BMwas performed using
an anti-CD3ε MicroBead Kit (Miltenyi Biotec). Neutrophil-depleted
BM was performed using an anti-Ly6G MicroBead Kit (Miltenyi
Biotec). BM and BM-derived effector cells were infected with
vMyx-M135KO-GFP as described above and mixed with target
MOPC315.BM DsRed cells after virus adsorption at an effector-to-
target cell ratio of 10:1. Cells were activated at the time of mixing
via treatment with 70 ng/mL PMA and 2 mM ionomycin (Sigma-
Aldrich) or anti-CD3/CD28 Dynabeads (Thermo Fisher Scientific).
The admixtures were incubated for 72 hr followed by analysis using
flow cytometry.

Flow Cytometry to Access the Expression of Surface Proteins

and to Quantify Levels of Apoptosis

FcR blocking was performed with FcR blocking reagent, mouse (Mil-
tenyi Biotec). Antibodies used were anti-Ly-6B.2-Alexa Fluor 700
(Bio-Rad), anti-CD11b-APC, anti-Ly-6G Pacific Blue, anti-CD3-
BV605, or anti-CD138-PerCP/Cy5.5 (BioLegend). Levels of apoptosis
were assessed by TUNEL staining using the in situ bromodeoxyuri-
dine (BrdU) DNA fragmentation kit (Abcam) followed by staining
with anti-BrdU-APC (eBioscience) and flow cytometric analysis. Iso-
type controls were used accordingly: Alexa Fluor 700 Rat IgG2a,
k (clone RTK2758), APC Rat IgG2a, k (clone RTK2758), APC Rat
IgG2b, k (clone RTK4530), BV605 Rat IgG2b, k (clone 17A2),
APC/Cy7 Rat IgG2c, k (clone RTK4174), Pacific Blue Rat IgG2a,
k (clone RTK2758), PerCP/Cy5.5 Rat IgG2b, k (clone RTK4530)
(BioLegend). AbCTM anti-Rat/Hamster Bead kit (Molecular Probes,
Thermo Fisher Scientific) was used for single-color compensation.
Flow cytometry data were collected on an LSRII flow cytometer
with BD FACSDiva software (BD Biosciences).
Statistical Analyses

Log rank test or the Student’s t test was used to determine differences
between different experimental groups. The reported values corre-
spond to themean ± SEM. A p value <0.05 was considered statistically
significant.
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