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Breast cancer is the second leading cause of cancer-related
deaths in women in the United States. The triple-negative
breast cancer (TNBC) subtype associates with higher rates of
relapse, shorter overall survival, and aggressive metastatic dis-
ease. Hormone therapy is ineffective against TNBC, leaving pa-
tients with limited therapeutic options. Mammalian orthoreo-
virus (reovirus) preferentially infects and kills transformed
cells, and a genetically engineered reassortant reovirus infects
and kills TNBC cells more efficiently than prototypical strains.
Reovirus oncolytic efficacy is further augmented by combina-
tion with topoisomerase inhibitors, including the frontline
chemotherapeutic doxorubicin. However, long-term doxoru-
bicin use correlates with toxicity to healthy tissues. Here, we
conjugated doxorubicin to reovirus (reo-dox) to control drug
delivery and enhance reovirus-mediated oncolysis. Our data
indicate that conjugation does not impair viral biology and en-
hances reovirus oncolytic capacity in TNBC cells. Reo-dox
infection promotes innate immune activation, and crosslinked
doxorubicin retains DNA-damaging properties within infected
cells. Importantly, reovirus and reo-dox significantly reduce
primary TNBC tumor burden in vivo, with greater reduction
in metastatic burden after reo-dox inoculation. Together, these
data demonstrate that crosslinking chemotherapeutic agents to
oncolytic viruses facilitates functional drug delivery to cells tar-
geted by the virus, making it a viable approach for combination
therapy against TNBC.
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INTRODUCTION
Breast cancer is most prevalent among new cancer diagnoses and the
second leading cause of cancer-related deaths in women in the United
States.1 Breast cancer subtypes are categorized according to the sur-
face expression of three receptor proteins: estrogen receptor (ER),
progesterone receptor (PR), and human epidermal growth factor re-
ceptor 2 (HER2). The triple-negative breast cancer (TNBC) subtype
characteristically lacks expression of ER, PR, and HER2. TNBC ac-
counts for approximately 12% of breast tumors,2,3 and among meta-
static breast cancers, TNBC exhibits higher rates of relapse and
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shorter overall survival compared to other subtypes of breast
cancer.4,5

Treatment of TNBCs is largely limited to chemotherapy, radiation
therapy, and surgery. Hormone therapies, which have been effica-
cious in the treatment of other types of breast cancer, are inadequate
in TNBC due to the lack of the hormone therapy targets, ER, PR, and
HER2.6,7 TNBCs are initially more sensitive to chemotherapy
compared to other breast cancer subtypes, but patients with residual
disease after neoadjuvant chemotherapy and surgery suffer higher
rates of mortality.4,5 Thus, there is great need for efficacious, targeted
therapies to improve therapeutic outcomes in TNBC.

The concept that viral infection can correlate with decreased tumor
burden has existed nearly as long as knowledge about viruses.8 Recent
developments in genetic engineering of viruses has allowed the devel-
opment of oncolytic viruses with increased recognition of receptors
overexpressed in tumor tissue9,10 and viruses that encode or package
suicide or pro-apoptotic genes or agents for delivery to cancer
cells.11,12 Viruses can also be manipulated to upregulate antigen pre-
sentation and T cell antitumor response.13,14 Despite ongoing efforts,
talimogene laherparepvec (T-Vec, OncoVEXGM-CSF, Imlygic), an
attenuated and genetically engineered herpes simplex virus (HSV)
that overexpresses granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF), is the only oncolytic virus that has been approved
for clinical use in the United States and Europe (ClinicalTrials.gov:
NCT00769704).15–18

Mammalian orthoreovirus (reovirus) is a nonenveloped, segmented
double-stranded RNA (dsRNA) virus.19 Most humans are infected
with reovirus during childhood, but infection rarely causes disease.20

Reovirus preferentially replicates in transformed cells, making it an
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attractive oncolytic agent.21 Tropism to cancer cells is linked to many
factors, including overexpression of the proteinaceous virus receptor
junctional adhesion molecule A (JAM-A),22,23 dysregulated Ras
signaling,24 downregulated dsRNA-dependent protein kinase R
(PKR),25 and increased expression of cathepsins.26–28 A laboratory-
adapted reovirus is in clinical trials to test its efficacy against several
cancers,29–32 but its efficacy against TNBC has not been extensively
investigated.

We previously generated a reassortant reovirus (henceforward
referred to as reovirus) with enhanced infectivity and cytotoxic prop-
erties in TNBC cells.33 The oncolytic properties of reovirus in TNBC
are enhanced when combined with topoisomerase inhibitors topote-
can, etoposide, and doxorubicin (dox).33 Dox is a topoisomerase II in-
hibitor that is a frontline chemotherapeutic for many cancers. Dox in-
tercalates with DNA, inhibiting topoisomerase II binding with DNA
and strand religation.34 Dox is a potent anticancer agent, but its
clinical use is limited by severe systemic toxicity and association
with cardiomyopathy, especially during long-term treatment.6,35,36

Improving the specificity of cytotoxic agents to cancer cells can in-
crease their efficacy and improve quality of care for patients.37

In this study, we show that dox conjugation to reovirus (reo-dox) en-
hances cytotoxicity to TNBC cells without impairing reovirus biology.
We demonstrate that infection with reo-dox elicits an innate immune
response to the virus and promotes DNA damage resulting in activa-
tion of the double-strand break response pathway, indicative of dox
bioactivity. Additionally, in a murine TNBC model, reo-dox dramat-
ically reduced primary tumor and metastatic burden compared to
dox-treated animals. Together, our data indicate that crosslinking
small molecules to oncolytic reovirus can serve as a platform for effi-
cacious, targeted delivery of drugs and oncolytic virus to infected cells,
limiting the progression of aggressive metastatic breast cancer.

RESULTS
Doxorubicin Conjugation to Reovirus Enhances Cytotoxicity in

TNBC Cells

We previously identified that infecting TNBC cells with a genetically
engineered reovirus in the presence of doxorubicin (dox) yields addi-
tive cytotoxicity.33 Dox is an effective chemotherapy for the treatment
of TNBC,6 but toxicity to healthy cells and tissues limits its clinical
utility.35,36 Conjugation of small molecule fluorescent dyes to reovirus
to generate fluorescently-labeled viral particles has little impact on vi-
rus biology or cargo function.38–40 To minimize off-tumor effects of
dox and selectively deliver the drug to virus-infected cells, we conju-
gated dox to reovirus (reo-dox) using the heterobifunctional covalent
crosslinker succinimidyl 4-(n-maleimidomethyl)cyclohexane-1-
carboxylate (SMCC; Figure 1A). To determine the concentration of
dox crosslinked to reovirus, we measured dox absorbance at
480 nm by ultraviolet-visible spectroscopy (Figure 1B; Table S1).
On average, 5.01 � 10�15 mmol of dox are present on one reovirus
particle. Dox concentration positively correlates with mmol of dox
per reovirus particle with an r2 value of 0.9917 (Figure 1B) and nega-
tively correlates with viral titer with an r2 value of 0.6589 (Figure 1C),
indicating that higher concentrations of crosslinked dox dampen
reovirus infectivity. These data indicate that dox can be successfully
conjugated to reovirus using SMCC with minimal impact on the
infective properties of the virus.

To determine the cytotoxic properties of reo-dox in TNBC cells, we
pretreated MDA-MB-231 and MDA-MB-436 cells (both of the
mesenchymal stem-like [MSL] cellular subtype41) with vehicle
(DMSO) or increasing concentrations of dox and infected with
mock, reovirus, or reo-dox at an MOI of 100 PFU/cell (Figure 1D).
In MDA-MB-231 cells, reo-dox (red) significantly reduced viability
by day 3 post infection compared to reovirus alone (orange) and
reovirus infection after 0.1 mM dox pretreatment (violet; Figure 1E).
Reo-dox also impaired cell viability with faster kinetics than virus
alone or virus infection after 0.1 mM dox. In MDA-MB-436 cells,
reovirus infection alone induced mild cytotoxicity, and pretreatment
with 0.1 or 1.0 mM dox followed by reovirus infection enhanced viral
cytotoxicity. Infection with reo-dox reduced MDA-MB-436 cell
viability to similar levels as reovirus infection of dox-pretreated cells
and significantly reduced viability compared to cells treated with dox
alone or reovirus infection alone (Figures 1D and 1E). These data
indicate that infection of TNBC cells with reo-dox yields greater cyto-
toxicity than virus alone.

Dox Conjugation Does Not Affect Reovirus Replication Kinetics

To evaluate the effect of dox conjugation on reovirus biology, we eval-
uated reo-dox attachment, infectivity, and replication in TNBC cells.
Reovirus cell attachment is mediated by a strength-adhesion mecha-
nism in which the viral attachment fiber s1 binds cell-surface carbo-
hydrate and proteinaceous receptor JAM-A or NgR1.22,42 To investi-
gate whether dox conjugation altered the ability of reovirus to attach
to TNBC cells, we pretreated MDA-MB-231 and MDA-MB-436 cells
with vehicle (DMSO) or dox, adsorbed with mock, reovirus, or reo-
dox at an MOI of 1 � 105 particles/cell at 4�C, and assessed for cell
surface reovirus by flow cytometry using indirect immunofluores-
cence with reovirus-specific antiserum (Figures 2A and S1A). In
both cell lines, cell-surface reovirus and the percent of cells with virus
were similar in cells adsorbed with reovirus alone, reovirus pretreated
with dox, or reo-dox. Interestingly, 3–4 times more reovirus bound to
MDA-MB-436 cells than MDA-MB-231 cells. This is likely due to
different levels of cell-surface JAM-A. These data indicate that dox
conjugation to reovirus does not affect the ability of reovirus to attach
to TNBC cells.

To test whether dox conjugation to reovirus impacted reovirus infec-
tivity, we pretreated MDA-MB-231 cells and MDA-MB-436 cells
with vehicle (DMSO), dox, or the cysteine protease inhibitor E64-d,
which blocks reovirus cell entry by preventing proteolytic processing
of virions during endocytosis.43 Cells were infected with mock,
reovirus, or reo-dox at an MOI of 100 PFU/cell, and assessed for
infectivity after 18 h by indirect immunofluorescence using
reovirus-specific antiserum (Figure 2B). Similar to previous observa-
tions,33 1.0 mM dox pretreatment of MDA-MB-231 cells slightly
enhanced reovirus infectivity, whereas 1.0 mM dox pretreatment of
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Figure 1. Doxorubicin Conjugation to Reovirus Enhances Viral Cytotoxicity in TNBC Cells

(A) Chemistry of doxorubicin conjugation to reovirus. The lone primary amine of doxorubicin reacts with the succinimide functional group of succinimidyl 4-(n-mal-

eimidomethyl) cyclohexane-1-carboxylate (SMCC) to form SMCC-dox. Cysteine residues on viral capsid proteins (R1) react with the maleimide functional group of SMCC-

dox, yielding a final crosslinked product or doxorubicin bound to reovirus (reo-dox). (B and C) UV-vis spectroscopy was performed on reo-dox preparations (Table S1). (B)

Doxorubicin concentration was correlated with the amount of drug per reovirus particle and (C) viral titer. r2 values are presented for six independently labeled reo-dox

preparations. (D and E) TNBC cells were pretreated with vehicle (DMSO) or doxorubicin. Cells were infectedwithmock, reovirus, or reo-dox at anMOI of 100 PFU/cell. (D) Cell

viability wasmeasured over 3 days post infection. (E) Cell viability at 3 dpi from (D). Data represent the mean of four independent experiments. Error bars, SEM. *p% 0.05; **p

% 0.01; ***p % 0.001; ****p % 0.0001 by one-way ANOVA for reo-dox compared to all conditions.
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MDA-MB-436 cells slightly decreased reovirus infectivity. Reo-dox
infectivity was slightly higher or similar to virus alone or virus
following dox pretreatment in both MDA-MB-231 and MDA-MB-
436 cells (Figure 2B). These data indicate that reo-dox can efficiently
infect TNBC cells and that crosslinking dox to virus has negligible ef-
fects on infectivity.

To determine whether crosslinking dox to reovirus alters viral repli-
cation in TNBC cells, we pretreated MDA-MB-231 and MDA-MB-
436 cells with vehicle (DMSO) or 1.0 mM dox, infected with mock,
reovirus, or reo-dox at an MOI of 100 PFU/cell, and assessed for viral
replication by qPCR over a 2 day time course of infection (Figure 2C).
In parallel, cells were adsorbed with mock, reovirus, or reo-dox at an
MOI of 10 PFU/cell and assessed for replication by plaque assay on
L929 mouse fibroblasts over a 3 day time course of infection (Figures
2D and S1B). Reo-dox replicated to similar levels with similar kinetics
as reovirus alone or in in the context of dox-pretreated cells. Viral
558 Molecular Therapy: Oncolytics Vol. 18 September 2020
RNA levels in MDA-MB-436 cells were 10-fold higher over the first
day of infection than in MDA-MB-231 cells (Figure 2C). Viral yield
was similar in cells infected with reo-dox compared to cells infected
with reovirus alone (Figure 2D). Peak titers reached 108 PFU/mL
by 2 days post infection (dpi) in MDA-MB-436 cells and 3 dpi in
MDA-MB-231 cells (Figure S1B), corroborating the finding that
MDA-MB-436 cells support faster replication kinetics. These data
indicate that infection of MDA-MB-436 cells is more efficient than
MDA-MB-231 cells correlating with differences in attachment.
Further, dox conjugation to reovirus does not alter virus attachment
and infection kinetics compared to reovirus alone.

Dox Conjugation to Reovirus Does Not Alter Innate Immune

Response to Virus Infection

Reovirus infection of MDA-MB-231 cells induces interferon lambda
1 (IFNL1) transcription and cytokine production with no transcrip-
tion of IFNB1.33 To investigate the IFN response to reo-dox infection



Figure 2. Reo-dox Has Similar Attachment,

Infectivity, and Replication Kinetics as Reovirus,

But Enhanced Cytotoxicity in TNBC Cells

Results for MDA-MB-231 cells are displayed on left and

MDA-MB-436 cells are displayed on right for all panels.

(A) TNBC cells were pretreated with vehicle (DMSO) or

doxorubicin and adsorbed with mock, reovirus, or reo-

dox at an MOI of 1� 105 particles/cell for 1 h at 4�C. Cells
were assessed for cell surface reovirus by flow cytometry

using indirect immunofluorescence. (B) TNBC cells were

pretreated with vehicle (DMSO), E64-d, or doxorubicin

and infected with mock, reovirus, or reo-dox at an MOI of

100 PFU/cell for 18 h. Infectivity was assessed by indirect

immunofluorescence. (C) TNBC cells were pretreated

with vehicle (DMSO) or doxorubicin and infected with

mock, reovirus, or reo-dox, and qPCR was performed to

assess mRNA levels of reovirus S1 gene. Dashed line

represents background baseline levels observed inmock.

Data are shown as fold change normalized to a house-

keeping gene. (D) TNBC cells were adsorbed with

reovirus or reo-dox at an MOI of 10 PFU/cell over a 3 day

time course. Viral titers were assessed by plaque assay

on L929 mouse fibroblasts and viral yield was calculated

as fold increase in titer compared to day 0. Data represent

the means of three (A) or four (B–D) independent experi-

ments. Error bars, SEM.
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in TNBC cells, we treated MDA-MB-231 (Figure 3A) and MDA-MB-
436 (Figure 3B) cells with vehicle (DMSO) or 1.0 mMdox and infected
with mock, reovirus, or reo-dox at an MOI of 100 PFU/cell for 0–48 h
and assessed IFNL1, IFNB1, and IFNG mRNA levels by qPCR. In
MDA-MB-231 cells, there was no detectable IFNB1, but IFNL1
RNA levels were 100-fold higher by 8 h post infection (hpi) under
all conditions with reovirus, peaking at 24 hpi, compared to unin-
fected cells. Reovirus infection following dox pretreatment (teal) re-
sulted in slightly greater IFNL1 RNA levels. Dox treatment alone
induced IFNL1 transcription by 48 hpi, consistent with previous find-
ings.33 Dox treatment alone or followed by reovirus induced elevated
IFNG RNA levels by 12 hpi, peaking by 48 hpi. Reovirus infection
following dox pretreatment yielded 10-fold greater IFNG RNA levels
than dox treatment alone by 48 hpi. Reo-dox infection yielded
increased IFNG RNA levels by 24 hpi, peaking at 48 hpi, though to
a lesser extent than free dox alone or with reovirus infection. In
MDA-MB-436 cells, IFNL1 and IFNB1 RNA were detected under
all conditions with reovirus as early as 8 hpi. Whereas IFNB1 RNA
remained at similar levels throughout the times tested, IFNL1 RNA
Molecular The
levels increased and peaked at 24 hpi. Dox treat-
ment alone induced transcription of IFNL1 and
IFNB1 RNA by 24 h post treatment, peaking by
48 hpi. Interestingly, IFNL1, but not IFNB1,
RNA levels increased over time with vehicle
treatment. IFNG RNA was detected following
dox treatment in the presence or absence of
reovirus and in reo-dox infected cells. IFNG
RNA was 10-fold higher in cells infected with
reovirus after dox treatment compared to vehicle-treated cells at
0 hpi, with levels increasing over the course of the infection. In
MDA-MB-436 cells infected in the absence of dox, little IFNG RNA
was detected. The lower levels of IFNG after reo-dox infection in
both cell lines likely reflects a delay in dox delivery to infected cells
compared to the addition of dox directly to cells and suggest that a
lower concentration of dox is delivered on a per-cell basis (Table S1).

To determine whether transcriptional upregulation of IFNL1, IFNB1,
and IFNG results in increased secreted IFN proteins, supernatants
from MDA-MB-231 and MDA-MB-436 cells pretreated with vehicle
(DMSO) or dox and infected with mock, reovirus, or reo-dox were as-
sessed for IFN-l, IFN-b, and IFN-g by ELISA (Figures 3C and 3D). In
MDA-MB-231 cells, IFN-l was only detected after infection with
reovirus, reovirus following dox pretreatment, or reo-dox (Figure 3C).
Following reo-dox infection, IFN-l was detected by12 hpi, peaking at
24 hpi. In cells infected with reovirus after dox pretreatment, IFN-l
was not detected until 24 hpi with levels increasing at 48 hpi. IFN-
l levels were greater in cells infected in the presence of dox (following
rapy: Oncolytics Vol. 18 September 2020 559
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Figure 3. Reo-Dox Induces Type-III IFN in TNBC Cells

(A) MDA-MB-231 and (B) MDA-MB-436 cells were pretreated with vehicle (DMSO) or doxorubicin and infectedwithmock, reovirus, or reo-dox. RNAwas isolated from cells at

times shown and qPCR was performed to assess mRNA levels of IFNL1, IFNB1, and IFNG. Data are shown as fold change to DMSO mock at 0 h for four independent

experiments. Error bars, SEM. Levels of IFN-l, IFN-b (MDA-MB-436 only), and IFN-g in cell supernatants were detected by ELISA in (C) MDA-MB-231 and (D) MDA-MB-436

cells. Data are shown as pg/mL of IFN for four independent experiments. Error bars, SEM. *p% 0.05; **p% 0.01; ***p% 0.001; ****p% 0.0001 by two-way ANOVA. Open

ended brackets indicate multiple comparisons to one condition, doubled-sided brackets indicate comparison between two conditions only.
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pretreatment or conjugated to reovirus) than reovirus alone. IFNB1
RNA was not detected, so we did not test for secreted IFN-b levels
in these cells. In MDA-MB-436 cells, reovirus infection induced
560 Molecular Therapy: Oncolytics Vol. 18 September 2020
robust IFN-l and IFN-b secretion, with detectable levels at 12 hpi
and increasing through the course of infection (Figure 3D). Levels
of detected IFNlwere 5–10� those of IFN-b. IFN-l and IFN-b levels



Figure 4. Reo-Dox Activates DNA Damage Response Pathways and Modulates Innate Immune Activity in TNBC Cells

(A and C) MDA-MB-231 and (B and D)MDA-MB-436 cells were treated with vehicle (DMSO) or doxorubicin and infectedwith reovirus or reo-dox at anMOI of 100 PFU/cell. (A

and B) Whole cell lysates for 0, 1, and 2 dpi were resolved by SDS-PAGE and immunoblotted with antibodies specific for phosphorylated and total STAT1, STAT2, STAT3,

ATM, p53, H2AX, reovirus, and GAPDH. Residues recognized by phosphorylation-specific antibodies are shown in parentheses. Blots are representative of three inde-

pendent experiments. (C and D) Quantitative densitometry was performed on all phosphorylated and total proteins. Data represent means of three independent experiments

normalized to respective mock day 0 values. Error bars, SEM. *p % 0.05; **p % 0.01 by two-way ANOVA. * above gH2AX day 1 bar graphs in (C) indicate comparisons

between reovirus plus dox or reo-dox and DMSO mock on the same day.
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were greater in infected cells in the presence of dox than virus alone.
Although IFNL1 RNA was detected by 24 and 48 h after treatment
with vehicle and dox in the absence of virus, secreted cytokine was
not detected in DMSO-treated cells, and low levels of IFN-l were de-
tected in dox-treated cells.

In both MDA-MB-231 and MDA-MB-436 cells, all conditions pro-
moted low levels of IFN-g throughout the experiment despite changes
in RNA levels. IFN-g levels in MDA-MB-436 cells were about 10�
those observed inMDA-MB-231 cells (Figures 3C and 3D). Together,
these data suggest a context-dependent innate immune response to
reovirus infection. In both MDA-MB-231 and MDA-MB-436 cells,
infection resulted in robust type III IFNproductionwith some additive
enhancement conferred by the presence of dox, whether in soluble or
crosslinked form. Interestingly, IFN-l and -b have minimal to no
direct effect on TNBC cell viability, despite substantial activation of
signaling pathways responsive to the cytokines (Figure S2).33

To determine whether MDA-MB-231 and MDA-MB-436 cells
respond to IFN in the context of dox treatment and reovirus infection,
we pretreated cells with vehicle (DMSO) or dox, infected with mock,
reovirus, or reo-dox at an MOI of 100 PFU/cell, and assessed the acti-
vation status of STAT1 and STAT2 by immunoblot over a 2-day time
course of infection (Figures 4 and S3). In MDA-MB-231, phospho-
STAT1 (p-STAT1) levels were slightly elevated in cells treated with
dox in the absence of reovirus, and reovirus infection in the presence
or absence of dox decreased p-STAT1 levels. Infection of MDA-MB-
231 cells with reo-dox induced robust levels of p-STAT1 and
p-STAT2 at 1 dpi. In MDA-MB-436 cells, p-STAT1 levels were
consistently high with the exception of a small increase in p-STAT1
Molecular Therapy: Oncolytics Vol. 18 September 2020 561
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levels 1 day following dox treatment in the absence of reovirus and
reovirus infection leading to decreased p-STAT1 levels at 2 dpi. Infec-
tion in the presence or absence of dox had little effect on p-STAT2
levels, with no p-STAT2 detected at 2 dpi. Infection of MDA-MB-
436 cells with reo-dox did not significantly increase p-STAT1 or
p-STAT2 levels as observed in MDA-MB-231 cells.

Activated STAT3 is associated with epithelial-to-mesenchymal tran-
sition, survival, and proliferation, and is constitutively activated in
40% of breast cancers.44 While interleukin-6 (IL-6) is the primary
agonist for STAT3 activation, type I and type III IFN can activate
STAT3. In MDA-MB-231 and MDA-MB-436 cells, p-STAT3 levels
decreased in the presence of dox alone, and reovirus alone or com-
bined with soluble or conjugated dox decreased p-STAT3 to a greater
degree than drug alone. These data indicate that while dox dampens
the activation of STAT3, reovirus infection potently inhibits the acti-
vation of this protein.

Crosslinking Dox to Reovirus Does Not Affect the DNA

Damaging Properties of Dox

To determine whether the DNA-damaging properties of dox remain
intact when conjugated to reovirus, we treated MDA-MB-231 and
MDA-MB-436 cells with vehicle (DMSO) or dox, infected with
mock, reovirus, or reo-dox at an MOI of 100 PFU/cell, and analyzed
for DNA damage by single-cell electrophoresis comet assay (Figure 5).
In both cells, dox treatment, reovirus infection after dox pretreatment,
and reo-dox infection resulted in greater DNA fragmentation than
mock or reovirus infection alone by 2 dpi. Unconjugated dox-induced
DNA damage was greater in MDA-MB-231 cells (Figure 5A) than in
MDA-MB-436 cells (Figure 5C), corroborating cell viability data
(Figure 1D).

H2A histone family member X (H2AX) is phosphorylated (gH2AX)
by ataxia telangiectasia mutated (ATM) in response to DNA double-
strand breaks.45,46 ATM and p53 are phosphorylated as part of the
response to double-strand breaks.47,48 To assess whether dox-induced
DNA damage promotes activation of the double-strand break
response, we assessed the activation levels of ATM, p53, and H2AX
in MDA-MB-231 and MDA-MB-436 cells in the presence or absence
of dox and reovirus or reo-dox infection (Figure 4). MDA-MB-436
cells do not express full-length p53 due to a nonsense frameshift mu-
tation at position E204 in p53.49 Reovirus infection alone did not
induce activation of ATM, but gH2AX levels in MDA-MB-436 cells
were elevated by 1 and 2 dpi. Treatment with dox alone, infection of
dox-treated cells, and reo-dox infection led to robust increase of levels
of p-ATM, p-p53, and gH2AX inMDA-MB-231 cells and p-ATM and
gH2AX in MDA-MB-436 cells. Reovirus infection dampened dox-
Figure 5. Reo-Dox Infection of TNBC Cells Induces DNA Double-Strand Break

(A and B) MDA-MB-231 and (C and D) MDA-MB-436 cells were pretreated with vehicle (

PFU/cell. DNA double-strand break damage was assessed by single cell electrophores

DAPI staining. (A and C) Comet tail length was measured for imaged cells. Data represe

lineswithin violins. ****p% 0.0001 compared tomock and reovirus by one-way ANOVA fo

2 dpi. Scale bar, 200 mm. Inset highlights boxed cells. Data are representative of two in
induced H2AX phosphorylation in MDA-MB-231 cells, but dox-
induced gH2AX levels increased after reovirus infection of MDA-
MB-436 cells, suggesting some cell-specific effects by reovirus on
H2AX phosphorylation. DNA damage response was enhanced by
reo-dox infection, though to a lesser extent as exogenous dox treat-
ment, correlating with less DNA fragmentation observed by comet
assay. The lower levels of DNA damage response activity detected bio-
chemically in MDA-MB-436 cells correlate with higher basal ATM
phosphorylation (Figure 4), lower levels of measured DNA fragmenta-
tion (Figure 5), and less cytotoxic effects of dox in these cells (Figures
1C and 1D). Together, these data indicate that reovirus does not inter-
fere with dox-induced DNA damage response, and crosslinking dox to
reovirus does not impair the pharmacological properties of dox.

Reovirus and Reo-Dox Reduce 4T1 Murine Tumors and

Metastases In Vivo

The 4T1murine mammary carcinoma cell line is a widely used TNBC
model.50–53 To determine whether the 4T1 cell line is a viable model
for reovirus and reo-dox oncolysis, we infected cells pretreated in the
absence or presence of dox with mock, reovirus, or reo-dox at
increasing MOIs and assessed infectivity (Figure 6A). At all MOIs
tested, reo-dox and reovirus infectivity were similar and infection af-
ter dox pretreatment enhanced reovirus infectivity to varying degrees
depending on the MOI, mimicking the effect observed in MDA-MB-
231 cells (Figure 2B).33 To assess the impact of reovirus infection on
cell viability, we treated 4T1 cells with DMSO or dox, or infected with
mock or increasingMOIs of reovirus or reo-dox, and cell viability was
measured over a 6 day time course of infection (Figure 6B). At all
MOIs tested, reovirus and reo-dox infection negatively affected cell
viability in a dose-dependent manner, with reo-dox impairing cell
viability with faster kinetics than reovirus alone. Infection with reo-
dox at MOIs of 50 and 100 PFU/cell resulted in similar cell viability
levels as 10 mM dox treatment alone at day 6. Together, these data
indicate that reovirus and reo-dox can efficiently infect and impair
cell viability of 4T1 cells in vitro and that 4T1 cells are sensitive to dox.

To assess the ability of reovirus and reo-dox to impair TNBC tumor
growth and metastasis in vivo, we challenged female BALB/c mice
with 5 � 104 4T1 cells subcutaneously in the hind flank and admin-
istered PBS, 54.4 mg/mL dox, or 5 � 108 PFU reovirus or reo-dox in-
tratumorally on days 10 and 14 post tumor challenge (Figure 6C).
Mouse weight (Figure 6D) and primary tumor area (Figure 6E)
were assessed through 21 days post tumor challenge. Treatments
had minimal effect on mouse weight. Animals treated with dox
(pink) or inoculated with reovirus (teal) had a greater reduction in
weight from day 10 to 14 compared to PBS (black) or reo-dox (violet),
possibly indicating lower toxicity of the initial dose (Figure 6D).
s

DMSO) or doxorubicin and infected with mock, reovirus, or reo-dox at an MOI of 100

is (comet assay) on 0 and 2 dpi. Chromatin was visualized by epifluorescence using

nted as violin plots. Median and upper and lower quartiles are presented as dotted

r reo-dox compared to all conditions. (B and D) Representative images of comets on

dependent experiments.
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Figure 6. Reo-Dox and Reovirus Infect and Kill 4T1 Cells In Vitro and In Vivo, and Reduce 4T1 Cell Metastatic Potential to the Lungs

(A) 4T1 cells were pretreated with vehicle (DMSO) or doxorubicin and infected with mock, reovirus, or reo-dox. Infectivity was assessed after 20 h by indirect immunoflu-

orescence using reovirus-specific antiserum. (B) 4T1 cells were treated with vehicle (DMSO) or doxorubicin, or they were infected with reovirus or reo-dox at increasing MOIs.

Cell viability was assessed at times shown (left) and day 6 alone for statistical analysis (right). (A and B) Data represent mean of four independent experiments. Error bars, SEM.

*p% 0.05; **p% 0.01; ***p% 0.001; ****p% 0.0001 by one-way ANOVA. * above bar graphs in (B) indicate comparisons between reovirus and reo-dox at the sameMOI. (C)

Female, 8-week-old BALB/c mice were challenged with 5 � 104 4T1 cells via subcutaneous injection in the hind flank. At day 10 and 14 post challenge (arrows in D and E),

mice were treated with PBS, 54.4 mg/mL doxorubicin, or 5 � 108 PFU of reovirus or reo-dox. The experimental endpoint was 21 days post tumor challenge. (D) Percent

change in weight of mice was calculated as the weight on day of measurement normalized to weight at day 5. (E) Tumor area was measured at days indicated by data points.

**p < 0.01, reovirus and reo-dox compared to PBS by two-way ANOVA. (C–E) n = 5 mice per treatment group. Error bars, SEM.
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Intratumoral delivery of reovirus and reo-dox significantly impaired
tumor growth, with tumors being �60% smaller compared to PBS
treatment and �50% smaller than dox treatment by endpoint (Fig-
ure 6E). These data indicate that intratumoral reovirus and reo-dox
can limit tumor growth at the primary site.

To determine the extent of viral antigen and DNA damage in the pri-
mary tumors, reovirus antigen and gH2AX levels were assessed by
immunohistochemistry (IHC; Figures 7 and S4). Reovirus antigen
staining was detected only in tumors infected with reovirus or reo-
dox, with viral antigen detected in 7.5% (reovirus) and 5.6% (reo-
dox) of cells in the tumor (Figure 7A). gH2AX staining was only
slightly elevated in reo-dox-infected tumors, with 1.5–2 times more
gH2AX-positive cells than any other condition (Figure 7B). To deter-
mine the levels of viral replication at primary and metastatic (lung)
tumor sites, we assessed viral titers by plaque assay (Figures 7C and
7D). Viral titers were similar at the primary tumor site for animals
inoculated with reovirus or reo-dox (Figure 7C), reflecting that
observed by IHC staining (Figure 7A). To determine whether virus
and 4T1 cells were present in the lungs, a site of TNBC metastasis,
we assessed viral titers (Figure 7D) and 4T1 cell numbers (Figure 7E)
at this site. The number of 4T1 cells in the lungs was determined by
clonogenic assay using 6-thioguanine selection (Figure 7E).52,54 In the
lungs, reovirus levels were approximately 3 times greater in mice that
received reo-dox than those inoculated with reovirus. In PBS-treated
mice, a median of 1.85 � 105 4T1 cells was present in the lungs, and
dox treatment did not significantly impact the number of 4T1 cells.
Although not statistically significant, infection with reovirus reduced
564 Molecular Therapy: Oncolytics Vol. 18 September 2020
the median number of 4T1 cells per lung by �80%–85%, and infec-
tion with reo-dox reduced the median number of 4T1 cells per lung
by �95%. Together, these data indicate that reovirus and reo-dox
replicate to a similar extent within the primary tumor and that reo-
dox can promote DNA damage in the primary tumor site. Further,
reovirus and reo-dox replicate at the metastatic site. These data also
suggest that reovirus and reo-dox limit the metastatic potential of
TNBC cells in vivo. The results of work presented here show that
crosslinking dox to reovirus is a viable alternative for the codelivery
of oncolytic virus and anti-neoplastic drugs to tumor sites, with po-
tential benefits at primary and metastatic tumor sites.

DISCUSSION
Reovirus is a prime platform for the development of enhanced onco-
lytic virotherapies. Reovirus preferentially infects and replicates in tu-
mor cells,21 can be delivered via intratumoral and intravenous admin-
istration,19 and can be combined with genotoxic and immunogenic
agents that enhance oncolysis.32,33,55–60 A lab-adapted serotype 3
reovirus is in phase I–III clinical trials (ClinicalTrials.gov identifier
NCT01656538),18 though success has been limited and evaluation
of reovirus as an oncolytic in breast cancers is minimal.29–32 For
this study, we used a genetically engineered reassortant reovirus
(r2Reovirus), which more efficiently infects and promotes greater
cytotoxic effects in TNBC cells compared to prototypical strains,
including the reovirus that is currently in clinical trials.33 In TNBC
cells, topoisomerase inhibitors augment reovirus infectivity, cytotox-
icity, and innate immune activation.33 In this study, we show that
conjugation of doxorubicin (dox) to oncolytic reovirus (reo-dox)

http://ClinicalTrials.gov


Figure 7. Reovirus Antigen and gH2AX Are Detected in 4T1 Tumors Infected with Reo-Dox

Primary tumor tissues were assessed for (A) reovirus antigen and (B) gH2AX levels by indirect immunohistochemistry. (A and B) Inset images enlarged from representative

whole tissue scans in Figure S4. Scale bars, 100 mm. Percent of cells in whole tissue scans positive for reovirus antigen and gH2AX presented on right. Bar graphs represent

mean of representative tissue from each mouse. n = 5. Error bars, SEM (C) Titers for reovirus or reo-dox present in primary tumor tissue and (D) lungs were assessed by

plaque assay on L929 mouse fibroblasts. (E) Total number of metastatic 4T1 cells in lungs were counted. (C–E) n = 5. Error bars, SEM.
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using a heterobifunctional covalent crosslinker allows delivery of
bioactive dox to cells, promoting enhanced cytotoxicity through the
effects of the drug and the virus.

We estimate that reo-dox carries an average of 3,000 molecules of dox
per viral particle (Table S1). Crosslinking fluorescent molecules to
reovirus using succinimidyl esters preferentially labels reovirus outer
capsid structural proteins l2, m1, s1, and s3.38 Crystal structures of
reovirus structural proteins m1 and s3 and reovirus virions suggest
the presence of multiple solvent-exposed cysteine residues,61 indi-
cating that the estimation of dox molecules per virion is biologically
feasible. Here we show that dox conjugation on reovirus has minimal
effects on virus biology.

Reo-dox attaches to cells to similar levels compared to unlabeled
reovirus, suggesting that dox conjugation does not hinder reovirus
attachment fiber s1 binding to cell surface carbohydrate or protein-
aceous receptor JAM-A.22,23,62,63 Based on the s1 crystal structure, a
single cysteine residue is hidden within the monomeric tertiary struc-
ture,64 suggesting that dox is unlikely to be crosslinked to s1.
Although we did not observe a difference in overall levels of reo-
dox attached to cells compared to unlabeled reovirus, we observed
a small reduction in the percentage of cells with attached reo-dox
compared to unlabeled virus (Figure S1). It is possible that this is
the result of SMCC-dox causing some aggregation of viral particles,
resulting in similar number of viral particles attached to cells, but
fewer cells with virus. Reovirus attachment to MDA-MB-436 cells
was 3–5� that observed in MDA-MB-231 cells, likely due to higher
cell surface levels of JAM-A.

Reo-dox efficiently infects and replicates in TNBC cells. Paralleling that
observed by attachment, reovirus infectsMDA-MB-436 cellsmore effi-
ciently than MDA-MB-231 cells. Pretreatment of MDA-MB-231 cells
with 1 mM dox slightly increases infectivity, similar to previous obser-
vations.33 Intriguingly, pretreatment of MDA-MB-436 cells with
1 mMdox slightly reduced infectivity despiteMDA-MB-436 cells being
Molecular Therapy: Oncolytics Vol. 18 September 2020 565
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less sensitive to the cytotoxic effects of dox. It is not known how exog-
enous dox effects these alterations to reovirus infectivity. In contrast to
pretreatment of cellswithdox, reovirus infectivity afterdox crosslinking
is largely unaffected. Reo-dox likely delivers dox to cells after attach-
ment and endocytic uptake, whereas exogenous dox can affect cells
before virus attachment, endocytic uptake, and transport of the virus.
Thus, the effects of dox on reovirus infectivity likely impact a post-
attachment step in the virus replication cycle. Reo-dox also exhibits
similar replication kinetics as unlabeled virus in MDA-MB-231 cells
and MDA-MB-436 cells. Viral RNA levels and viral yield of unlabeled
reovirus and reo-dox are greater in MDA-MB-436 cells than MDA-
MB-231 cells at 1 dpi, indicating that MDA-MB-436 cells are more
permissive to reovirus infection than MDA-MB-231 cells.

Conjugation of dox to reovirus does not significantly impact virus
biology, but reo-dox elicits more robust cytotoxicity with faster kinetics
than unlabeled reovirus in MDA-MB-231 and MDA-MB-436 cells.
While exogenous 1 mM dox with and without reovirus impairs cell
viability to slightly greater levels than reo-dox in MDA-MB-231 cells,
reo-dox performs as well as exogenous dox with and without virus in
MDA-MB-436 cells (Figure 1D). The differences observed between
combination and conjugation treatment in MDA-MB-231 cells are
likely due to the lower effective dose of dox delivered via conjugation
and that only cells initially infected with reo-dox receive the drug,
with progeny unlabeled virus being responsible for subsequent cytotox-
icity.While reo-dox likely delivers a lower effective dose of the drug per
cell, the delivery is also controlled and contained to only those cells tak-
ing up virus. Moreover, there is likely a proportion of cells that take up
virions that do not result in productive infection but still receive the
drug.

Virus infection can induce potent innate immune responses, and dox
conjugation to reovirus does not hinder the TNBC response to virus
infection. Reovirus and reo-dox infection of MDA-MB-231 cells up-
regulate transcription of IFNL1 but not IFNB1 (Figure 3A).33 In
MDA-MB-436 cells, reovirus and reo-dox infection induce transcrip-
tion of both IFNL1 and IFNB1 (Figure 3B), but only IFN-l is secreted
at high levels by both TNBC cell lines (Figures 3C and 3D). Little is
known about the role of type III-IFN on TNBC cell biology. Treat-
ment of MDA-MB-231 and MDA-MB-436 cells with recombinant
IFN-b or IFN-l results in robust STAT1 and STAT2 activation
with little effect on cellular proliferation (Figure S2),33 suggesting
that both cell lines express the cognate receptors for type-I and -III
IFNs. Gut mucosal epithelial cells depend on type-III IFN to protect
against viral pathogens.65,66 An antiviral role for IFN-l has been
described in other tissues and cell lineages including human placental
trophoblast protection against Zika virus67 and in vitro human cervi-
cal epithelial cell resistance to dengue virus.68 IFN-l in murine mam-
mary epithelial cells recruits CD4+ T cells to the tumor microenviron-
ment.69 TNBC cells secrete high levels of IFN-l in response to
reovirus alone and when combined with topoisomerase inhibitors.33

As such, it is possible that increased IFN-l secretion by reo-dox-in-
fected TNBC cells promotes a more favorable environment for re-
cruiting immune modulatory cells to the site of infection.
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Despite the upregulated levels of IFNL1 and secreted IFN-l, only reo-
dox infection of MDA-MB-231 cells robustly activated STAT1 and
STAT2 (Figure 4). It is possible that reovirus infection of MDA-
MB-231 cells in the presence of topoisomerase inhibitors can favor
STAT1 and STAT2 activation. We previously observed that pretreat-
ment of MDA-MB-231 cells with the topoisomerase I inhibitor top-
otecan followed by reovirus infection induces a similar STAT1 and
STAT2 activation phenotype.33 Delivery of dox after reo-dox attach-
ment may afford an optimal timing for cells to mount robust innate
immune and DNA damage responses. MDA-MB-436 cells exhibit
basal activation of STAT1, STAT2, and STAT3. This activity may
be related toMDA-MB-436 cells having higher basal levels of secreted
IFN-g than MDA-MB-231 cells (Figure 3). IFN-g primarily signals
through STAT1 but can also activate other STAT proteins.70 Despite
robust secretion of IFN-l after reovirus infection, STAT activity de-
creases by 2 dpi.

One critical question was whether crosslinking dox to reovirus affects
the pharmacological properties of the drug. We show that cells in-
fected with reo-dox exhibit clear evidence of DNA damage and
response, with the number of cells harboring DNA double-strand
breaks increasing by 2 dpi to comparable levels as dox treatment (Fig-
ure 5). Reo-dox also induces robust levels of gH2AX and activated
ATM in both cell lines, as well as phosphorylated p53 in MDA-
MB-231 cells (Figure 4). While the mechanism by which dox is
released from the viral particle remains unclear, we hypothesize
that proteolytic processing during endocytosis of the virus results in
dox being released from the viral particle. It is possible that extracel-
lular proteases secreted by some TNBC that can interact with the vi-
rus71 may facilitate removal of SMCC-dox from viral particles before
endocytic uptake. While SMCC forms an uncleavable thioether
bond,72 SMCC and dox bind through succinimidyl ester chemistry
yielding an amide bond. As such, dox may undergo cleavage by am-
idases or other amide-targeting enzymes delivered to late endosomes,
restoring the primary amine of dox and releasing it from viral protein
or peptides to interact with nuclear DNA.73–75

This study is the first to evaluate the effects of this particular reassor-
tant reovirus and reo-dox in an in vivomodel of TNBC. Reovirus and
reo-dox significantly reduce tumor area compared to PBS control and
greatly enhance tumor reduction compared to dox treatment (Fig-
ure 6). Viral antigen staining and assessment of viral titers of tumors
indicate that viable virus is present in primary tumors over a week af-
ter inoculation (Figure 7). Replicating virus at the tumor site likely
contributes to virus-mediated tumor regression. Shrinking primary
tumors are accompanied by diminished levels of metastasized 4T1
cells in the lungs with both reovirus alone and reo-dox. Reo-dox inoc-
ulation results in greater reduction in metastatic 4T1 cells and up to
3� more actively replicating virus in lung tissue than reovirus alone
(Figure 7D). Metastatic TNBC PDXmodels can exhibit elevated tran-
scription of oxidative phosphorylation metabolism (OXPHOS) genes
compared to primary tumors.76 Inhibition of OXPHOS significantly
reduces micrometastatic seeding of lungs in MDA-MB-231 and
4T1 in vivo models, indicating a dependence on the shift from
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glycolytic to OXPHOS metabolism for TNBC cell metastasis.76 It is
possible that reovirus infection disrupts mitochondrial membrane
potential, interfering with mitochondrial enzymes involved in elec-
tron transport chain and limiting metastatic potential. Interestingly,
cancer cells shifted toward OXPHOS metabolism exhibit increased
sensitivity to antineoplastic agents like dox.77,78 As such, cells with
greater metastatic potential due to a metabolic shift to OXPHOS
may be more susceptible to cytotoxic effects of reo-dox. It remains
to be seen whether the reduced metastatic burden in the lungs is pri-
marily due to enhanced 4T1 cell death in primary tumors or oncolytic
activity in the metastatic site. Alternatively, an antiviral immune
response like that elicited in vitro in human cell lines may potentiate
anti-tumor responses in the tumor microenvironment in mice inoc-
ulated with reo-dox.

In this study, we have shown that crosslinking dox to reovirus is a
viable alternative to deliver chemotherapeutic agents in combination
with oncolytic viruses. This approach mitigates off-target effects of
small molecule therapeutics by selectively delivering the drug to cells
and tissues targeted by the oncolytic virus. Drug-virus conjugation
also enhances the anti-neoplastic effects of chemotherapeutic agents
and oncolytic viruses by simultaneously delivering both agents to
the same cell. This study presents evidence that reovirus conjugated
with a genotoxic drug is a promising advancement in metastatic
TNBC therapy.
MATERIALS AND METHODS
Cells, Virus, and Antibodies

MDA-MB-231 cells (gift from Jennifer Pietenpol, Vanderbilt Univer-
sity) andMDA-MB-436 cells (ATCCHTB-130)were grown inDulbec-
co’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS; Life Technologies) and 100 U per mL penicillin
and streptomycin (Life Technologies). Spinner-adapted L929 cells
(Terry Dermody, University of Pittsburgh) were grown in Joklik’s
modified minimal essential medium (MEM) with 5% FBS, 2 mM L-
glutamine (Life Technologies), penicillin and streptomycin, and
0.25 mg per mL amphotericin B (Life Technologies). 4T1 cells (gift
from Periasamy Selvaraj, Emory University) were grown in DMEM
supplemented with 10% FBS, 100 U per mL penicillin and strepto-
mycin, 5 mM L-glutamine, and 5 mM HEPES buffer (Life
Technologies).

Working stocks of reassortant reovirus were prepared by plaque pu-
rification and passage in L929 cells.79 Purified virions were prepared
using second-passage L929 cell lysate stocks. Virus was purified from
infected cell lysates by Vertrel XF (TMC Industries) extraction and
CsCl gradient centrifugation.80 The band corresponding to the den-
sity of reovirus particles (1.36 g/cm3) was collected and dialyzed
exhaustively against virion storage buffer (150 mM NaCl, 15 mM
MgCl 2, 10 mM Tris-HCl [pH 7.4]). The reovirus particle concentra-
tion was determined from the equivalence of 1 unit of optical density
at 260 nm to 2.1 � 1012 particles.81 Viral titers were determined by
plaque assay using L929 cells.82
Reovirus polyclonal rabbit antiserum raised against reovirus strains
T1L and T3D was purified83 and cross-adsorbed for MDA-MB-231
or 4T1 cells. Secondary IRDye 680 and 800 antibodies (Li-Cor Biosci-
ences) and goat anti-rabbit A488 (Life Technologies) were used.

Doxorubicin Conjugation to Reovirus

10 mM doxorubicin was diluted to 7.5 mM in PBS. Doxorubicin was
mixed with 3.7 mg/mL succinimidyl 4-(N-maleimidomethyl)cyclo-
hexane-1-carboxylate (SMCC) in a 10:1 ratio and incubated at
room temperature for 30 min. Doxorubicin and SMCC solution
was dialyzed against cold PBS for 1 h at 4�C. Desalted SMCC-doxo-
rubicin solution was measured for doxorubicin concentration by UV-
vis spectroscopy on a Nanodrop Nd-8000 (Thermo Fisher Scientific).
Absorbance at 480 nm (A480) was assessed and compared to a doxo-
rubicin gradient standard curve. 3 � 1012 particles of reovirus were
diluted in PBS up to 100 mL and combined with 400 mL of 500 mM
SMCC-dox. Reovirus plus SMCC-dox solution was incubated for
30 min at room temperature with agitation on a tube revolver
(Thermo Fisher Scientific) on reciprocating setting. The solution
was dialyzed exhaustively against cold PBS overnight at 4�C.

Cell Viability Assay

To determine the effect of reo-dox on cell viability, we pretreated
MDA-MB-231 and MDA-MB-436 cells with increasing concentra-
tions of doxorubicin for 1 h at 37�C. Reovirus or reo-dox was added
to cells at an MOI of 100 PFU/cell, and incubated in the presence of
doxorubicin for 0–3 days. 4T1 cells were treated with vehicle (DMSO)
or 10 mMdoxorubicin or infected with reovirus or reo-dox at MOIs of
10, 50, and 100 PFU/cell for 0–3 days. Presto Blue (Invitrogen) was
added at each time point for 30 min at 37�C and fluorescence
(540 nm excitation/590 nm emission) was measured with a Synergy
HT or Synergy H1 plate reader (Biotek).

Flow Cytometric Analysis of Cell-Surface Reovirus

MDA-MB-231 and MDA-MB-436 cells were treated with vehicle or
1 mMdoxorubicin for 30 min at 37�C and then 4�C for 30 min. Media
was removed and cells were adsorbed with reovirus or reo-dox at an
MOI of 1� 105 particles/cell in OMEM (GIBCO) for 1 h at 4�C. Cells
werewashedwith PBS, detachedwithCellstripper (Cellgro) for 10min
at 37�C, quenched and washed with PBS containing 2% FBS. Surface
reovirus antigen was stained using reovirus-specific antiserum and
Alexa Fluor 488 secondary antibody (A488, Thermo Fisher Scientific).
Cells were fixed in 1% EM-grade paraformaldehyde (Electron Micro-
scopy Sciences). Mean fluorescence intensity (MFI) and percent
reovirus-positive cells were assessed using a CytoFLEX flow cytometer
(Beckman Coulter) and quantified using FlowJo software.

Reovirus Infectivity Assay

Reo-dox infectivity was assessed by indirect immunofluorescence
assay. MDA-MB-231, MDA-MB-436, and 4T1 cells were pretreated
with vehicle (DMSO), 2.0 mM or 0.2 mM doxorubicin, or 8 mM E64-
d for 1 h at 37�C. Reovirus or reo-doxwas added to cells and incubated
for 18 h at 37�C. Cells were fixed with ice-cold methanol for at least
30 min. Methanol was removed and cells were washed twice with
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PBS andblockedwith PBS containing 1%BSA for 15min at room tem-
perature. Cells were stained with reovirus-specific polyclonal anti-
serum (1:2,000) for 1 h at room temperature, washed twice with
PBS, stained with A488 (1:1,000) for 1 h at room temperature, stained
with 0.5 ng/mL 4'6'-diamidino-2-phenylindole (DAPI) for 5 min at
room temperature, and washed twice with PBS. Immunofluorescence
was detected using a Lionheart FX Automated Microscope (Biotek)
with a 4�-PLFL phase objective (NA 0.13), and percent infectivity
was determined (reovirus-positive cells/DAPI-positive cells) using
Gen5 software (Biotek).

Reovirus Replication Assay

MDA-MB-231 andMDA-MB-436 cells were adsorbedwith reovirus or
reo-dox at an MOI of 10 PFU/cell in OMEM (GIBCO) for 1 h at room
temperature, washed with PBS, and incubated for 0–3 days with com-
plete media at 37�C. Cells were freeze-thawed three times and viral ti-
ters were determined by plaque assay using L929 cells. Viral yields were
calculated by dividing viral titers by the viral titer from day 0.

qPCR Assessment of Type-I and -III Interferon Transcript Levels

MDA-MB-231 and MDA-MB-436 cells were treated with DMSO or
2 mM doxorubicin for 1 h at 37�C, infected with mock, reovirus, or
reo-dox at an MOI of 100 PFU/cell, and incubated for 0, 8, 12, 24,
and 48 h. RNA was isolated using a QIAGEN RNeasy kit with on-col-
umn DNase digestion. cDNAs were generated using 500 ng of
RNA and random primers with the High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific) in a SimpliAmp
Thermal Cycler (Thermo Fisher Scientific). cDNA was diluted 1:5 in
nuclease-free water and qPCR reactions were performed inMicroAmp
Fast Optical 96-Well Reaction Plates (Applied Biosystems) using Pri-
metime qPCR assays (IDT) for IFNB1 (GenBank: NM_002176),
IFNL1 (GenBank: NM_172140), HPRT1 (GenBank: NM_000194),
and a custom assay for the reovirus S1 gene segment (Probe: 50-/56-
FAM/TCAATGCTG/ZEN/TCGAACCACGAGTTGA/3IABkFQ/-30;
Primer 1: 50-CGAGTCAGGTCACGCAATTA-30; Primer 2: 50-
GGATGTTCGTCCAGTGAGATTAG-30) using a 7500 Fast Real-
Time PCR System (Applied Biosystems) and accompanying software
to analyze qPCR data.

IFN ELISA

MDA-MB-231and MDA-MB-436 cells were treated with DMSO or
2 mM doxorubicin for 1 h at 37�C, infected with mock, reovirus, or
reo-dox at an MOI of 100 PFU/cell, and incubated for 0, 8, 12, 24,
and 48 h. Cell supernatants were collected and levels of IFN-l or
IFN-b were determined with the Human IFN-l 1/3 and Human
IFN-b DuoSet ELISA kits (R&D Systems). Plates were read on a Syn-
ergy HT or Synergy H1 plate reader (Biotek) using 450 nm for sample
detection and 540 nm for wavelength correction.

Immunoblotting for DNA Damage Response and Innate Immune

Molecules

MDA-MB-231 or MDA-MB-436 cells were treated with DMSO or
2 mM doxorubicin for 1 h at 37�C, infected with mock, reovirus, or
reo-dox at an MOI of 100 PFU/cell, and incubated for 0–2 days at
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37�C. To assess the ability of IFNs to stimulate immune signaling,
we treated MDA-MB-436 cells with 10 and 100 ng/mL of IFN-l or
100 and 1,000 IU/mL IFN-b for 1 h at 37�C. Whole cell lysates were
prepared using radioimmunoprecipitation assay (RIPA) buffer
(20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1% NP-
40, 0.1% sodiumdodecyl sulfate, 0.1% sodiumdeoxycholate) and fresh
Protease Inhibitor Cocktail (P8340, Sigma-Aldrich), Phosphatase In-
hibitor Cocktail 2 (P5726, Sigma-Aldrich), 1 mM sodium vanadate,
and 1 mM phenylmethylsulfonyl fluoride (PMSF) and protein con-
centration was determined using the DC protein assay (Bio-Rad).
Whole cell lysates were resolved by SDS-PAGE in 4%–20% gradient
Mini-PROTEAN TGX gels (Bio-Rad) and transferred to 0.2 mm
pore size nitrocellulosemembranes (Bio-Rad).Membranes were incu-
bated for 1 h in blocking buffer (Tris-buffered saline [TBS] with 5%
powdered milk), incubated with primary antibodies specific for phos-
pho-ATM (S1981, clone 10H11.E12, #4526), -p53(S15, #9284),
-H2AX (S139, #2577), -STAT1 (Y701, clone D4A7 #7649), -STAT2
(Y690, cloneD3P2P, #88410), -STAT3 (Y705, cloneD3A7, #9145), to-
tal ATM (cloneD2E2, #2873), p53 (clone 1C12, #2524), STAT1 (clone
D3A7, #9145), STAT2 (clone D9J7L, #72604), STAT3 (clone 124H6,
#9139), and GAPDH (clone GA1R, MA5-15738), and reovirus poly-
clonal antiserum overnight at 4�C. Antibodies are from Cell Signaling
Technology except for GAPDH (Thermo Fisher Scientific). Mem-
branes werewashedwith TBS-T (TBSwith 0.1%Tween 20), incubated
with secondary antibodies conjugated to IRDye 680 or IRDye 800, and
imaged using a Li-Cor Odyssey CLx and processed in ImageStudio
(LI-COR Biosciences).

Comet Assay

Protocol adapted from Olive and Banáth.84 MDA-MB-231 and MDA-
MB-436 cells were pretreated with vehicle (DMSO) or 2 mM doxoru-
bicin for 1 h at 37�C. Without changing media, cells were infected
with mock, reovirus, or reo-dox at an MOI of 100 PFU/cell in an equal
volume of media for 1 h at 37�C. At 0 and 2 days post infection, trypsin
was added and cellswere diluted to 2� 104 cells/mL in coldPBS. 1% low
melting point agarose (Lonza) in pure water was added to each cell so-
lution in a 3:1 ratio. Agarose-cell solution was dispensed on a glass mi-
croscope slide, and a glass coverslip was placed on top of the agarose so-
lution. Slides were allowed to gel at 4�C for 10 min, coverslips were
removed, and slides were incubated for 10 min at 4�C. Slides were ar-
ranged in single layers in 150mmculture dishes, lysis buffer (2% sarko-
syl, 0.5 M Na2 EDTA, 0.5 mg/mL proteinase K) were added to each
slide, and slideswere incubated for 18h at 37�C.Gelswerewashed three
times for 20 min with 1� TBE (tris-HCl, borate, EDTA) at room tem-
perature. Slides were electrophoresed in TBE for 25 min at 0.6 V/cm
(12 V on a Bio-Rad Wide Mini-Sub Cell GT gel rig), then washed
with water before submerging in 1:10,000 DAPI in water for 20 min
with occasional rocking. Slides were washed with water and imaged
on an epifluorescent microscope. Cells were scored with the Comet
Score software.

In Vivo 4T1 Model

Female BALB/c mice, 6–8 weeks of age, were purchased from Jackson
Laboratories and were maintained in accordance with IACUC
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approved institutional guidelines and protocols. Mice were housed in
static racks with Micro-Isolator housing with individual water and
food supplies. 4T1 breast cancer cells were inoculated subcutaneously
on the hind flank with 5 � 104 cells in 100 mL of PBS. Mice were
monitored for tumor growth and weight loss and were euthanized
if tumors became ulcerated or reached >2 cm2 or lost 25% of their
initial weight following IACUC protocols. Doxorubicin was delivered
intratumorally at a concentration of 0.14 mg/kg in 50 mL of PBS, and
reovirus or reo-dox was delivered intratumorally at a concentration of
5� 108 PFU in 50 mL of PBS once tumors reached 7 mm in diameter.
After inoculation, mice were housed in Animal Biocontainment Level
2 (ABSL2) rooms and handled following the Division of Animal Re-
sources (DAR) guidelines based on the Biosafety in Microbiological
and Biomedical Laboratories (BMBL) 5th edition guidelines.

Immunohistochemistry on 4T1 Tissue Samples

Tissue samples were fixed in 10% formalin for 24 h. Formalin was
aspirated from samples and tissues were stored in 70% ethanol until
processed for paraffin embedding and slide mounting (Emory Cancer
Tissue and Pathology Shared Resource Core). Mounted tumor tissues
were stained for gH2AX (Cell Signaling, S139, clone 20E3 #9781) at
1:480 and reovirus using polyclonal antibody crossadsorbed in L929
mouse fibroblasts and 4T1 murine mammary adenocarcinoma cells.
Reovirus antibody was used at 1:8,000. Stained tissues were scanned
using an Olympus Nanozoomer whole-slide scanner (Emory Cancer
Tissue and Pathology Shared Resource Core). Images were analyzed
using QuPath software85 with the following scripts:

Reovirus polyclonal antibody detection was run on manually selected
whole tissues:

setImageType(‘BRIGHTFIELD_H_DAB’);

setColorDeconvolutionStains(‘{”Name”: “H-DAB default,” “Stain 1”:
“Hematoxylin,” “Values 1”: “0.65111 0.70119 0.29049 “, “Stain 2”:
“DAB,” “Values 2”: “0.26917 0.56824 0.77759 “, “Background”: ”
255 255 255 “}');

runPlugin(‘qupath.imagej.detect.nuclei.PositiveCellDetection’, ‘{”de-
tectionImageBrightfield”: “Hematoxylin OD,” “requestedPixelSize-
Microns”: 0.5, “backgroundRadiusMicrons”: 8.0, “medianRadiusMi-
crons”: 0.0, “sigmaMicrons”: 1.5, “minAreaMicrons”: 2.0,
“maxAreaMicrons”: 400.0, “threshold”: 0.1, “maxBackground”: 2.0,
“watershedPostProcess”: true, “excludeDAB”: false, “cellExpansion-
Microns”: 5.0, “includeNuclei”: true, “smoothBoundaries”: true,
“makeMeasurements”: true, “thresholdCompartment”: “Cell: DAB
OD mean,” “thresholdPositive1”: 0.2, “thresholdPositive2”: 0.4,
“thresholdPositive3”: 0.6, “singleThreshold”: false}’);

gH2AX

setImageType(‘BRIGHTFIELD_H_DAB’);

setColorDeconvolutionStains(‘{”Name”: “H-DAB default,” “Stain 1”:
“Hematoxylin,” “Values 1”: “0.65111 0.70119 0.29049 “, “Stain 2”:
“DAB,” “Values 2”: “0.26917 0.56824 0.77759 “, “Background”: ” 255
255 255 “}');

runPlugin(‘qupath.imagej.detect.tissue.SimpleTissueDetection20,
‘{”threshold”: 212, “requestedPixelSizeMicrons”: 5.0, “minAreaMi-
crons”: 10000.0, “maxHoleAreaMicrons”: 1000000.0, “darkBack-
ground”: false, “smoothImage”: true, “medianCleanup”: true,
“dilateBoundaries”: false, “smoothCoordinates”: true, “excludeOn-
Boundary”: false, “singleAnnotation”: true}’);

selectAnnotations();

runPlugin(‘qupath.imagej.detect.nuclei.PositiveCellDetection’, ‘{”de-
tectionImageBrightfield”: “Hematoxylin OD,” “requestedPixelSize-
Microns”: 0.5, “backgroundRadiusMicrons”: 8.0, “medianRadiusMi-
crons”: 0.0, “sigmaMicrons”: 2.0, “minAreaMicrons”: 2.0,
“maxAreaMicrons”: 400.0, “threshold”: 0.1, “maxBackground”: 2.0,
“watershedPostProcess”: true, “excludeDAB”: false, “cellExpansion-
Microns”: 5.0, “includeNuclei”: true, “smoothBoundaries”: true,
“makeMeasurements”: true, “thresholdCompartment”: “Nucleus:
DAB OD mean,” “thresholdPositive1”: 0.3, “thresholdPositive2”:
0.4, “thresholdPositive3”: 0.5, “singleThreshold”: false}’);

Clonogenic Assay for Metastatic 4T1 Cells in Lungs

Mice were euthanized on day 21 post tumor challenge. Lungs were di-
gested and processed to a single cell suspension using collagenase type
IV (Sigma-Aldrich) for 3 h at 37�C with constant motion. Homoge-
nates were strained using a 70 mm cell strainer. Cells were washed
and suspended in DMEMwith 10% FBS (Hyclone) containing 6-thio-
guanine (Sigma-Aldrich). Serial dilutions were made and cultures were
grown in a 6-well plate at 37�Cwith 5%CO2 until the first well reached
confluence. Cell counts were obtained using a hemocytometer.

Statistical Analysis

Mean values for triplicate and quadruplicate experiments were
compared using one or two-way analysis of variance (ANOVA)
with Dunnett’s or Tukey’s multiple-comparisons test (Graph Pad
Prism). p values of < 0.05 were considered statistically significant.
For clarity, comparisons lacking statistical significance are not
annotated.
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