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Triple-negative breast cancer (TNBC) is an aggressive sub-
type of breast cancer with high recurrence rate and poor
prognosis. Here, we describe a novel, chimeric orthopoxvirus
(CF33) that efficiently kills TNBC. Cytotoxicity was assayed
in vitro in four TNBC cell lines. Viral replication was exam-
ined through standard plaque assay. Two orthotopic TNBC
xenograft models were generated in athymic nude mice
and were injected with CF33 intratumorally. CF33 was effec-
tive in vitro with potent cytotoxicity and efficient intracel-
lular replication observed in TNBC lines with phosphatidyli-
nositol 3-kinase (PI3K)/Akt pathway mutations that resulted
in endogenous phospho-Akt (p-Akt) activity (BT549,
Hs578T, and MDA-MB-468). Relative resistance to CF33
by wild-type PI3K/Akt pathway cell line MDA-MB-231 was
overcome using higher MOI. The virus was effective in vivo
with significant tumor size reduction in both xenograft
models. Mechanistically, CF33 appears to share similar prop-
erties to vaccinia virus with respect to Akt-mediated and
low-pH-mediated viral entry. In summary, CF33 demon-
strated potent antitumoral effect in vitro and in vivo,
with the most potent effect predicted by the presence of
endogenous Akt activity in the TNBC cell line. Further
investigation of its mechanism of action as well as genetic
modifications to enhance its natural viral tropism are war-
ranted for preclinical development.
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INTRODUCTION
Triple-negative breast cancer (TNBC) continues to remain a treat-
ment challenge in the field of oncology, given its poor prognosis
and higher recurrence rates compared to receptor-positive disease.1

Because TNBC by definition lacks estrogen receptor (ER), progester-
one receptor (PR), and human epidermal growth factor receptor 2
(HER2) expression, the mainstay of adjuvant therapy is systemic
cytotoxic chemotherapy.2

Although efforts to define new molecular targets for TNBC treat-
ment continue, recent US Food and Drug Administration (FDA)
approval of the first oncolytic virus for use in man has led to
renewed interest in developing viral therapies for many types of
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cancer.3 Oncolytic viruses exploit a number of methods to natu-
rally target and infect tumor cells, including cell surface receptor
mimicry or utilization of aberrantly upregulated signaling path-
ways to infect the target cell. Once viral infection occurs, the target
cell is destroyed by either direct oncolysis or by the host’s own im-
mune system directed against the tumor cells by the inciting viral
infection.4

Here, we present data on a novel chimeric orthopoxvirus developed
in our laboratory that demonstrates effective antitumor properties
both in vitro and in vivo in TNBC models. We also investigate
the mechanism of action of this novel virus and how its efficacy
may be related to intrinsic properties of the TNBC cell lines
themselves.
RESULTS
Chimeric Orthopoxvirus CF33 Effectively Kills TNBC In Vitro

CF33 demonstrates both time- and dose-dependent cytotoxicity
against four different TNBC cell lines. In the BT549, Hs578T, and
MDA-MB-468 cell lines, CF33 killed over 80% of cancer cells at
day 6 of treatment with an MOI of 1 (Figures 1A–1C). The last cell
line MDA-MB-231 demonstrated relative resistance, requiring an
MOI of 10 to achieve comparable effect (Figure 1D).
CF33 Replication in TNBC Lines Correlates with Cytotoxicity

Viral replication was studied by observing CF33 replication
(MOI 0.01) in all four cell lines over 72 hr. Viral replication was effi-
cient in BT549, Hs578T, and MDA-MB-468, with peak replication
occurring in the 48- to 72-hr range (Figure 2). CF33 did not replicate
well in MDA-MB-231, suggesting that its relatively poor cytotoxicity
may be related to ineffective replication within or inefficient entry
into the cell.
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Figure 1. Time- and Dose-Dependent Cytotoxicity of

CF33 in Four Triple-Negative Breast Cancer Lines

(A–D) Hs578T (A; LD50 MOI 0.058; SD 0.032), BT549

(B; LD50 MOI 0.069; SD 0.033), and MDA-MB-468 (C;

LD50 MOI 0.129; SD 0.073) all demonstrate effective

cytotoxicity at low MOI, whereas MDA-MB-231 (D; LD50

MOI 5.585; SD 1.747) required one log higher MOI to

achieve similar effect. LD50 (at 96 hr), median lethal dose.
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Endogenous Phospho-Akt Activity in TNBC Corresponds to

CF33 Cytotoxicity and Growth Curve Patterns

Untreated TNBC cell lysates were evaluated for endogenous phos-
pho-Akt (p-Akt) activity, given that three of four cell lines harbor
known mutations in the Akt/phosphatase and tensin homolog
(PTEN) pathway. Analysis by western blot showed a low basal level
of endogenous p-Akt activity in Hs578T, BT549, and MDA-MB-
468, which all have mutations in PIK3R1 and PTEN genes, respec-
tively (Figure 3A, left). MDA-MB-231 did not demonstrate baseline
p-Akt activity and does not have a known mutation in the Akt/PTEN
signaling pathway. Treatment with CF33 only slightly increased
p-Akt activity in MDA-MB-231 after 24 hr (Figure 3A, right). In
fact, closer examination of the signaling patterns over 24 hr revealed
CF33 treatment induced preferential cell signaling via p-extracellular-
signal-regulated kinase (ERK) rather than p-Akt in MDA-MB-231.
By contrast, MDA-MB-468 demonstrated gradual increase in p-Akt
signal strength over 24-hr viral treatment with abolishment of its
endogenous p-ERK signaling (Figure 3B).

CF33 Entry IsMore Efficient in TNBC Lineswith Endogenous Akt

Activity

In order to assess viral entry in the different TNBCs, CF33wasmodified
to express the luciferase gene (33-(SE)Fluc2) under control of the
vaccinia virus synthetic early promoter (SE) such that luciferase activity
following viral infection could act as a surrogate to quantify the relative
amounts of virus entering the cells. As vaccinia virus infection has been
demonstrated in the literature to be enhanced by low pH, buffers
with pH ranging from 3 to 7 were used following viral adsorption at
4�C. 33-(SE)Fluc2 entry was stimulated by pH in the 4 or 5 range for
all four TNBC cell lines. However, at neutral pH 7, 33-(SE)Fluc2 entry
was more efficient in TNBC cell lines with endogenous p-Akt activity
Mole
(BT549, Hs578T, and MDA-MB-468) compared
to the cell line without endogenous p-Akt activity
(MDA-MB-231; Figure 4). Viral entry appears to
correlate with the data on CF33 cytotoxicity and
intracellular replication within these cell lines.

Akt Inhibitor LY294002 Most Effectively

Blocks 33-(SE)Fluc2 Entry in the Akt-PTEN

Wild-Type Cell Line MDA-MB-231

Because 33-(SE)Fluc2 entry appears to correlate
with p-Akt status, viral entry was measured in
the presence of the Akt pathway inhibitor
LY294002 (blocks phosphatidylinositol 3-kinase
[PI3K]) at 0, 25, and 50 mM. Compared to untreated controls, all cell
lines demonstrated reduction in 33-(SE)Fluc2 entry with LY294002.
At 50 mM, MDA-MB-231 (wild-type for Akt/PTEN pathway muta-
tion) demonstrated the largest reduction (86%) in 33-(SE)Fluc2 entry
compared to untreated control. Other cell lines with Akt/PTEN
pathway mutations exhibited decreased sensitivity to viral entry inhi-
bition by LY294002 treatment (Figure 5).

Intratumoral Injection of CF33 Effectively Reduces Tumor Size in

the MDA-MB-468 Xenografts while Inhibiting Tumor Growth in

the MDA-MB-231 Xenografts

In order to determine the effect of CF33 in vivo, two xenograft models
were created by implanting MDA-MB-468 and MDA-MB-231 cells
into the mammary fat pads of athymic nude mice. Tumors in the
MDA-MB-468 group were treated with either PBS or CF33 (103 pla-
que forming units [PFU] or 104 PFU per tumor). Because MDA-MB-
231 demonstrated the most resistance to CF33 treatment in vitro,
these tumors were treated with either PBS or CF33 at 105 PFU per tu-
mor. MDA-MB-468 xenografts exhibited significant reduction in tu-
mor size at post-treatment day 15 in both treatment groups, and this
effect was sustained 5 weeks after injection (Figure 6). There was no
significant systemic toxicity as determined by body weight measure-
ments following viral injection. MDA-MB-231 xenografts treated
with CF33 demonstrated significant inhibition in tumor growth start-
ing at post-injection day 7 compared to control (Figure 7). There was
marked weight loss in one mouse that was shown to have intraperito-
neal disease at time of necropsy, likely due to inadvertent intraperito-
neal injection during tumor implantation. This mouse was excluded
from the final analysis. There were no other mice with signs of sys-
temic toxicity from the viral treatment, although one mouse was
noted to have cutaneous pox lesion on its hind paw.
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Figure 2. CF33 Replication in Triple-Negative Breast Cancer Cell Lines

Correlates with In Vitro Cytotoxicity Results

CF33 replicates effectively in BT549, Hs578T, andMDA-MB-468 cell lines, whereas

viral replication was relatively poor in MDA-MB-231. All growth curves performed at

MOI 0.01. Data are presented as means ± SD of the means.
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Viral Biodistribution of CF33 in the MDA-MB-468 Xenograft

Model at One and Six Weeks Post-treatment Demonstrates

Natural Viral Tropism for Tumor Tissue

One and six weeks following treatment of the tumors with 104 PFU of
CF33, three mice from each group were sacrificed to determine the
viral distribution in tumor and various organs. Viral titers of infected
tumor tissue exhibit at least three log higher titer of CF33 compared to
healthy organs (Figure 8), demonstrating the natural tropism of the
unmodified virus for tumor cells. At six weeks post-injection, a reduc-
tion in viral titer is observed across all organs, which likely represents
some degree of viral clearance from the body. However, viral titer in
tumor tissue remains high in tumor tissue even at six weeks post-
treatment.

Infection of CF33 in Orthotopic Xenograft Model Confirmed by

Immunofluorescent Imaging

One week after CF33 injection, immunofluorescent detection of poly-
clonal antibody against vaccinia virus proteins demonstrates viral
infection of MDA-MB-468 tumor tissue treated with CF33 compared
to control (Figure S1).

DISCUSSION
Our data show that CF33 was effective in vitro against several
different TNBC cell lines. Sensitivity to infection by CF33 with
subsequent intracellular growth and cytotoxicity was predicted by
the level of endogenous p-Akt activity secondary to presence of
PI3K/Akt pathway mutation in the TNBC lines. CF33 was also effec-
tive in vivo, demonstrating significant reductions in tumor size in two
different TNBC xenograft models when delivered via intratumoral
injection.

Genetic sequencing demonstrates that CF33 is closely related to
vaccinia virus (VACV), although full genomic comparison of CF33
to its parental viruses has not been performed due to lack of complete
genetic sequences for several parental strains. Many of CF33’s prop-
erties with respect to cellular entry mechanism are consistent with
what we know about VACV and other orthopoxviruses. Two modes
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of cellular entry have been described for VACV, and cellular entry of
VACV has been shown to vary depending on the viral strain and the
target cell type.7 The first mode is direct membrane fusion mediated
by proteins on the viral envelope. These proteins interact with host
cell receptors, leading to fusion of the viral envelope with the plasma
membrane of the host cell and release of virus into the cytoplasm.8

The second is a pH-dependent endosomal process. Townsley and col-
leagues have previously shown that VACV entry and productive
infection of the target cell is accelerated by a brief exposure to low
pH.9 CF33 also demonstrated similar behavior, with viral entry occur-
ringmaximally at pH 4 or 5. They suggest that VACV’s ability to enter
the cell in different ways contributes to the virus’ wide host range.

Akt, otherwise known as protein kinase B, is a serine/threonine kinase
that plays a central role in the regulation of growth and survival pro-
cesses in normal cells. When growth factors and cytokines bind to
their respective receptor tyrosine kinases and G-protein-coupled re-
ceptors, PI3K is activated. PI3K converts phosphatidylinositol-4,5-
bisphosphate (PIP2) into phosphatidylinositol-3,4,5-trisphosphate
(PIP3), which serves as a docking station for lipid-binding domains,
such as the pleckstrin homology of Akt. When this occurs, Akt is
phosphorylated at the Thr308 and Ser473 positions, activating its
downstream effectors that are central to promoting cellular prolifer-
ation and inhibiting apoptosis.8,10

Previous studies have documented a variety of viruses that capitalize
on the PI3K/Akt pathway to enter target cells, including influenza vi-
rus, hepatitis C virus (HCV), herpes simplex virus-1 (HSV-1), and
avian leucosis virus (ALK).11–14 It is hypothesized that cellular entry
via endocytosis is a common mechanism among many viruses
because it helps evade host immune detection longer, promoting
the viral life cycle.8 In the case of VACV, viral infection has also
been shown to activate the Akt pathway. Izmailyan and colleagues15

report that integrin beta-1 co-localizes with VACV on the target cell
membrane prior to viral entry and that this interaction activates
PI3K/Akt signaling.

The endogenous p-Akt status may also be related to sensitivity to viral
infection. Wang and colleagues have shown that permissiveness to
infection with myxoma virus, which is a member of the poxvirus
family, correlated with the presence of endogenous p-Akt activity
in cancer cells, not necessarily with cancer origin or cell type.16

CF33 demonstrated a similar pattern in the TNBC lines we tested.
Viral entry was more efficient in cell lines with endogenous p-Akt ac-
tivity (Hs578T, BT549, and MDA-MB-468) than in the cell line
without baseline p- Akt activity (MDA-MB-231). High rates of viral
entry correlated with increased intracellular replication and better
cytotoxicity in our in vitro studies.

The presence of endogenous p-Akt signals in these cell lines corre-
sponded with known mutations in the PI3K/Akt pathway. Mutations
in this pathway are frequently encountered in human cancers, ac-
counting for 3%–5% of mutations observed.10,17,18 PI3K/Akt pathway
mutations occur at a higher rate in breast cancer, with PIK3CA



Figure 3. Western Blots of Triple-Negative Breast

Cancer Cells before and after Treatment with CF33

Reveal Differences in Basal Endogenous p-Akt

Activity as well as Inducible p-Akt Activity

(A) BT549, Hs578T, and MDA-MB-468 cell lines demon-

strate low-level basal endogenous p-Akt activity in serum-

free media (SF media), whereas MDA-MB-231 does not.

Treatment with CF33 over 24 hr (right) appears to slightly

induce p-Akt activity in MDA-MB-231. Endogenous p-Akt

activity correlates with known mutations in the Akt/PTEN

signaling pathways—BT549 (PTEN), Hs578T (PIK3R1),

and MDA-MB-468 (PTEN). MDA-MB-231 does not have

an Akt/PTEN mutation. Adjusted fold change is shown.

(B) Examination of signaling patterns at different time

points over 24 hr shows CF33 preferentially induces

signaling in the p-ERK pathway in MDA-MB-231 line,

whereas viral treatment induces p-Akt signaling in

MDA-MB-468.
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mutations most common (30%).19 Similarly, TNBC also demon-
strates higher rates of PI3K mutations than other human cancers
but also carries more frequent PTEN mutations than receptor-posi-
tive breast cancer.20 BT549 and MDA-MB-468 both have mutations
in the PTEN gene.21 Under normal cellular conditions, PI3K converts
PIP2 to PIP3, which then goes on to phosphorylate Akt.22 PTEN re-
verses the action of PI3K, converting PIP3 back to PIP2, such that
mutations in PTEN result in constitutively active p-Akt. Hs578T
has a mutation in PIK3R1,23,24 the gene that encodes the regulatory
Mole
p85a subunit of the PI3K heterodimer. When
PI3K is activated, the inhibitory action of p85a
is relieved, allowing the p110 catalytic subunit
to activate PIP3.25,26 Thus, mutations in
PIK3R1 result in loss of that inhibitory signal
and constitutive activation of PIP3 and Akt.
MDA-MB-231 has no known mutation in the
PI3K/Akt pathway. If the PI3K/Akt pathway is
activated during some viral infections and facil-
itates viral replication, it is conceivable that mu-
tations in this pathway that result in constitutive
p-Akt activity make these cell lines more suscep-
tible to infection with certain viruses. Taken
together, these data suggest that endogenous
p-Akt can serve as a potential biomarker to pre-
dict sensitivity to CF33 treatment. The in vitro
data support this concept and predicted the
cell lines most sensitive to CF33 treatment,
with relative resistance of the wild-type PI3K/
Akt line MDA-MB-231 overcome by increasing
theMOI delivered in vitro. This suggests that the
Akt-mediated mode of entry is not the only way
CF33 infects cells. This hypothesis was also sup-
ported by the in vivo data, as CF33 was effective
in varying degrees in both MDA-MB-468 and
MDA-MB-231 xenograft models based on the
p-Akt status. Whereas CF33 was capable of actually reducing tumor
size in theMDA-MB-468 xenografts, the virus was only able to inhibit
tumor growth in the MDA-MB-231 model, even at higher intratu-
moral dose. Previous work on another oncolytic vaccinia virus
GLV-1h68 also showed MDA-MB-231 xenografts to be difficult to
treat, with poor or non-response even with high doses delivered.27

In summary, CF33 is a novel chimeric orthopoxvirus that shows
promise as an oncolytic agent against TNBC in our initial study of
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Figure 4. Viral Entry of 33-(SE)Fluc2 Is Markedly Higher in Triple-Negative

Breast Cancer Cell Lines with Endogenous p-Akt Activity (BT549, Hs578T,

andMDA-MB-468) Than in the Line without p-Akt Activity (MDA-MB-231) at

Neutral pH

In accordance with previously reported literature of vaccinia virus, viral entry was

stimulated by low pH conditions (peak entry pH 4 or 5).
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its mechanism and effectiveness. It is cytotoxic against several
different TNBCs, with the endogenous p-Akt level of the cell lines
predicting sensitivity to CF33 infection. CF33 was also effective in
two different TNBC xenograft models when administered intratu-
morally, demonstrating a natural tropism for tumor cells without sig-
nificant systemic toxicity at the dosages tested. Further experiments to
elucidate its effectiveness against other cancer types, its mechanism of
action, and genetic modification to enhance its specificity against tu-
mor cells are needed.

MATERIALS AND METHODS
Cell Culture and Cell Lines

Human TNBC cell lines MDA-MB-231 (kindly provided by
Dr. Sangkil Nam, City of Hope), MDA-MB-468 (kindly provided
by Dr. John Yim, City of Hope), BT549 (Dr. Yim), and Hs578T
(Dr. Yim) were cultured in RPMI 1640 (Corning, Corning, NY)
supplemented with 10% fetal bovine serum (FBS) and 1% anti-
biotic-antimycotic solution. All TNBC lines were tested and verified
as authentic by Genetica Cell Line Testing (Burlington, NC). African
green monkey kidney fibroblasts (CV-1) were obtained from
American Type Culture Collection (ATCC) (Manassas, VA) and
cultured in DMEM (Corning, Corning, NY) supplemented with
10% FBS and 1% antibiotic-antimycotic solution. All media and
supplements were purchased from Corning (Corning, NY). All cells
were grown at 37�C in a 5% CO2-humidified incubator.

Viruses

Cowpox virus strain Brighton; raccoonpox virus strain Herman;
rabbitpox virus strain Utrecht; and VACV strains WR, IHD,
Elstree, CL, Lederle-Chorioallantoic, and AS were purchased from
ATCC. All orthopoxvirus strains were grown and titrated in CV-1
cells.

Development and Selection of Chimeric Orthopoxvirus

To generate a pool of chimeric orthopoxviruses, CV-1 cells were co-
infected with cowpox virus strain Brighton; raccoonpox virus strain
26 Molecular Therapy: Oncolytics Vol. 9 June 2018
Herman; rabbitpox virus strain Utrecht; and VACV strains WR,
IHD, Elstree, CL, Lederle-Chorioallantoic, and AS. Cells were har-
vested three days after infection. One hundred chimeric orthopoxvi-
rus plaques were picked from CV-1 cells infected with the chimeric
orthopoxvirus pool. These 100 plaques were further plaque purified
two more times in CV-1 cells to yield 100 clonally purified individual
chimeric virus isolates, which, together with the parental viruses, were
subjected to high-throughput screening against the NCI-60 cell lines.
Isolate CF33 demonstrated the most potent tumoricidal properties
against the NCI-60 cell lines and was chosen for this study given
that it performed comparably or better than its parental strains
against the TNBC lines in the NCI-60 panel at low screening MOI
(Figure S2).

Generation of Luciferase-Expressing CF33 (33-(SE)FLuc2)

To construct thymidine kinase (TK) shuttle vector, the left and right
flanking sequences of the TK gene of CF33 chimeric orthopoxvirus
were PCR amplified from CF33 genomic DNA using Q5 High-Fidel-
ity 2X Master Mix (New England Biolabs, Ipswich, MA) and the
following primers: 50- GCGCATATGATCTATGGATTACCATG
GATGACAACTC-30 and 50- CGTTTAACTCGTCTAATTAATTC
TGTAC-30 (left flank) and 50- CAGGTAAAAGTACAGAATTAAT
TAGACGAGTTAAACGAGC TCGTCGACGGATCCGCTAGCG
GCCGCGGAGGTAATGATATGTATCAATCGGTGTGTAG-30

and 50- GCGGAATTCGTAATTACTTAGTAAATCCGCCGTAC
TAGG-30 (right flank). The two fragments were joined together using
the method of gene splicing by overlapping extension.5 The resulting
fragment was digested with Nde I and EcoR I and cloned into the
same-cut plasmid pGPT to yield p33NC-TK. The flanking sequences
of TK in the shuttle vector were confirmed by sequencing. p33NC-TK
contains the left and right flanking sequences of TK separated by SacI,
SalI, BamHI, NheI, and NotI and Escherichia coli guanine phosphor-
ibosyltransferase (gpt) gene driven by the vaccinia virus (VACV)
early promoter p7.5E as a transient dominant selectable marker.

The hNIS expression cassette with the VACV SE was PCR-amplified
using Q5 High-Fidelity 2X Master Mix (New England Biolabs, Ips-
wich, MA) and the following primers: 50- GCGAAGCTTGAGCT
CAAAAATTGAAAAACTAGCGTCTTTTTTTGCTCGAAGTCGA
CCACCATGGAGGCCGTGGAG-30 and 50- GCGGATCCATAAA
AATTAATTAATCAGAGGTTTGTCTCCTGCTGGTCTCG-30.
The PCR fragment was digested with SacI and BamHI and cloned
into the same-cut plasmid p33NC-TK to yield p33NCTK-SE-hNIS.
To generate a shuttle vector containing the firefly luciferase expres-
sion cassette with the VACV SE promoter, the firefly luciferase
cDNA was PCR amplified from the plasmid pCDNA3.1(+)/Luc2 =
tdT (a gift from Christopher Contag, Addgene plasmid #32904) using
Q5 High-Fidelity 2X Master Mix (New England Biolabs, Ipswich,
MA) and the following primers: 50- GCGGTCGACCACCATGGAA
GATGCCAAAAACATTAAGAA GGGCCCAGC-30 and 50-GCGG
GATCCATAAAAATTAATTAATCACACGGCGAT CTTGCCGC
CCTTCTTGGCCTTAATGAG-30. The PCR fragment was digested
with SalI and BamH I and cloned into the same-cut p33NCTK-
SE-hNIS replacing hNIS to yield p33NCTK-SE-Fluc2. The firefly



Figure 5. 33-(SE)Fluc2 IsMost Effectively Blocked by Akt Inhibitor LY294002

in the Akt/PTEN Wild-Type Cell Line MDA-MB-231 (86% Luminescence

Reduction at 50 mM LY294002)

Cell lines with Akt/PTEN mutations demonstrated reduced sensitivity to LY294002

(Hs578T, 77% luminescence reduction; BT549, 69% luminescence reduction;

MDA-MB-468, 69% luminescence reduction). Data are presented as means ± SD

of the means.

Figure 6. Intratumoral Injection of CF33 in MDA-MB-468 Xenografts

Effectively Reduces Relative Tumor Size Compared to Control

Tumors were injected with PBS (control), 103 PFU per tumor, or 104 PFU per tumor.

Tumor size was measured approximately every three days, and treatment effect

was sustained five weeks post-injection. No significant systemic toxicity was noted

as measured by body weight post-treatment. Data are presented as means ± SD of

the means.
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luciferase cDNA in p33NCTK-SE-Fluc2 was confirmed by
sequencing. CV-1 cells were infected with CF33 at an MOI of 0.1
for 1 hr and then transfected with p33NCTK-SE-Fluc2 by use of
jetPRIME in vitro DNA and siRNA transfection reagent (Polyplus-
transfection, New York, NY). Two days post-infection, infected/
transfected cells were harvested and the recombinant viruses were
selected and plaque purified as described previously.6

Cytotoxicity Assays

Cells were seeded at 1,000 cells/well for MDA-MB-231, BT549, and
Hs578T and at 3,000 cells/well for MDA-MB-468 in 96-well plates
and incubated overnight. Cells were infected with 0.1, 1, and 10
MOI of each virus for MDA-MB-231 and with 0.01, 0.1, and 1
MOI for MDA-MB-468, BT549, and Hs578T. Cell viability was
measured in triplicate every 24 hr for one to six days using CellTiter
96 Aqueous One solution (Promega, Madison, WI) on a spectropho-
tometer (Tecan Spark 10M, Mannedorf, Switzerland) at 490 nm.

Viral Replication Assays

Viral replication in TNBC was quantified using standard plaque
assay. Cells were plated to confluence in 6-well plates in 2 mL growth
media and then infected with 0.01 MOI of each virus. Cells were har-
vested in triplicate for three consecutive days. CV-1 cells were
infected with serial dilutions of samples treated with CF33 in
24-well plates.

Western Blotting

TNBC cell lines were maintained in serum-free media overnight
(control) or treated with CF33 over 24 hr with cell harvests at 1-,
4-, 8-, and 24-hr intervals. Whole-cell extracts were fractionated by
SDS-PAGE and transferred to membrane using specified manufac-
turer’s instruction for the apparatus (Bio-Rad, Hercules, CA). Mem-
brane was incubated in 5% nonfat milk for 2 hr and then incubated
with antibodies against p-Akt (Ser473), total-Akt, phospho-ERK
(p-ERK; Thr 202/Tyr 204), total-ERK, and gapdh (all 1:1,000)
overnight at 4�C (antibodies from Cell Signaling Technologies).
After washing, membranes were developed with chemiluminescent
reagents according to manufacturer’s protocol (Bio-Rad).

Viral Entry Assays

Cells were plated at 5 � 104 cells in 24-well plates, and 33-(SE)Fluc2
at MOI 1 was adsorbed to cells for 1 hr at 4�C. Unattached virus was
removed by rinsing and then cells were treated with buffers at pH 3, 4,
5, 6, and 7 for 3 min at 37�C. After rinsing, cells were incubated in
growth media for 1 hr at 37�C and then harvested after adding
150 mL cell lysis reagent (Promega) for 30 min at room temperature.
Then, 20 mL of this lysate was mixed with 100 mL luciferase assay sub-
strate (Promega) and read on a spectrophotometer (Tecan) in a
96-well plate. 33-(SE)Fluc2 entry was also measured in the presence
of an Akt inhibitor, LY294002 (Sigma-Aldrich, St. Louis, MO)
following a similar protocol. Following treatment with buffer either
Molecular Therapy: Oncolytics Vol. 9 June 2018 27
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Figure 7. Intratumoral Injection of CF33 in MDA-MB-231 Xenografts

Effectively Reduces Relative Tumor Size Compared to Control

Tumors were injected with PBS (control) or 105 PFU per tumor. Tumor size was

measured approximately every three days, and treatment effect was sustained one

month post-injection. Data are presented as means ± SD of the means.

Figure 8. Viral Biodistribution of CF33 in Various MDA-MB-468 Xenograft

Organs at One and Six Weeks Post-treatment

Unmodified CF33 (104 PFU per tumor dose) demonstrates natural tropism for tumor

tissue compared to normal tissues with viral titer at least three logs higher in har-

vested tumor than normal tissue viral titers. Organs from three mice harvested at

each time point are shown. * Indicates virus not detected. Limits of detection

for kidney and ovary are 1.9 � 102 PFU/g tissue and 5.4 � 103 PFU/g tissue,

respectively. Data are presented as means ± SD of the means.
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pH 4 or pH 7 for 3 min at 37�C, cells were washed and incubated with
growth media containing 0 mM, 25 mM, or 50 mM of LY294002 for
1 hr at 37�C. Luciferase assay was then completed as outlined above.

Orthotopic Xenograft Models

All animal studies were conducted under a City of Hope Institu-
tional Animal Care and Use Committee (IACUC)-approved proto-
col (IACUC no. 15003). Fifteen Hsd:athymic Nude-Foxn1nu female
nude mice (Envigo, Indianapolis, IN) were injected with 107 MDA-
MB-468 cells with 6 mg/mL Matrigel (Corning) in the second and
fourth mammary fat pads at 12 weeks of age. When the tumors
reached approximately 100–150 mm3 in size, mice were assigned
non-randomly to groups and tumors were injected intratumorally
with either PBS alone (n = 4), 103 PFU (n = 6), or 104 PFU
(n = 5) in 50 mL PBS. Sample size was selected based on expected
effect size. Animals were assigned to treatment groups based on
the average of their pre-treatment tumor sizes such that variance
of tumor size did not differ significantly between the groups prior
to viral injection. Tumor size was then measured every three days
for six weeks. Tumor volume was calculated according to V
(mm3) = (4/3) � (p) � (a/2)2 � (b/2), where a is the smallest diam-
eter and b is the largest diameter. No blinding was performed. Seven
days following intratumoral injection, two to three mice per group
were sacrificed such that tumor and organs (lung, heart, liver, kid-
ney, spleen, ovary, and brain) were snap frozen in liquid nitrogen
and used for further histopathological staining, immunohistochem-
ical staining, and viral plaque assays. A separate xenograft model
was also generated in another eight athymic nude mice by injecting
5 � 106 MDA-MB-231 cells into five locations (bilateral fourth
mammary fat pads, bilateral flank, and upper back). Each tumor
28 Molecular Therapy: Oncolytics Vol. 9 June 2018
was injected with either PBS (n = 4) or 105 PFU (n = 4) when
the average size of tumor was approximately 105 mm3 in both
groups without significant variance between groups. Tumor volume
was calculated in the same manner as the MDA-MB-468 model.

Imaging and Staining

H&E staining of tissue sections was performed per routine protocols
by our institutional pathology department. Tissue slides were stained
for immunofluorescence with the primary antibody against vaccinia
virus (ab35219) at 1:200 dilution (Abcam, Cambridge, MA). Slides
were incubated in Tris-EDTA buffer in 100�C water bath for
30 min, cooled, and then blocked with blocking solution (TSA) for
30 min. Primary antibody was incubated overnight at 4�C, serially
washed in Tween, and then incubated with the immunofluorescent
secondary antibody for 60 min at room temperature (Alexa Fluor
546; Thermo Fisher, Waltham, MA). Imaging was performed using
Life Technologies EVOS FL Auto imaging system (Life Technologies,
Carlsbad, CA).

Statistics

Data are presented as means ± SD of the means. Representative fig-
ures are presented for in vitro studies with at least two replicates of
the same experiment performed. Two-way ANOVA was used for
comparison between more than two groups with post hoc analysis,
including Bonferroni correction where applicable. Unpaired, two-
tailed Student’s t tests were used for comparison between two groups
for the in vivo portions of the study without replicates.

Data Availability

The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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