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Abstract Human triple negative breast cancer (TNBC) is
an aggressive disease, associated with a high rate of
recurrence and metastasis. Current therapeutics for TNBC
are limited, highly toxic and show inconsistent efficacy due
to a high degree of intra-tumoral and inter-tumoral
heterogeneity. Oncolytic viruses (OVs) are an emerging
treatment option for cancers. Several OVs are currently
under investigation in preclinical and clinical settings.
Here, we examine the oncolytic potential of two tana-
poxvirus (TPV) recombinants expressing mouse monocyte
chemoattractant protein (mMCP)-1 [also known as
mCCL2] and mouse interleukin (mIL)-2, in human TNBC,
in vitro and in vivo. Both wild-type (wt) TPV and TPV
recombinants demonstrated efficient replicability in human
TNBC cells and killed cancer cell efficiently in a dose-
dependent manner in vitro. TPV/A66R/mCCL2 and TPV/
A66R/mIL-2 expressing mCCL2 and mIL-2, respectively,
suppressed the growth of MDA-MB-231 tumor xenografts
in nude mice significantly, as compared to the mock-in-
jected tumors. Histological analysis of tumors showed
areas of viable tumor cells, necrotic foci and immune cell
accumulation in virus-treated tumors. Moreover, TPV/
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A66R/mIL-2-treated tumors showed a deep infiltration of
mononuclear immune cells into the tumor capsule and
focal cell death in tumors. In conclusion, TPV recombi-
nants expressing mCCL2 and mIL-2 showed a significant
therapeutic effect in MDA-MB-231 tumor xenografts, in
nude mice through induction of potent antitumor immune
responses. Considering the oncolytic potency of armed
oncolytic TPV recombinants expressing mCCL2 and mIL-
2 in an experimental nude mouse model, these viruses
merit further investigation as alternative treatment options
for human breast cancer.
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Introduction

Breast cancer (BC) is one of the leading causes of cancer-
related mortality among women in the USA [1]. Molecular
heterogeneity among BC subtypes and severe toxicity
associated with the standard chemotherapy and radiother-
apy are some of the major hurdles in optimizing the
treatment strategy for BC [2—-4]. Triple negative breast
cancer (TNBC), a subtype of BC is associated with poor
prognosis owing to its aggressive nature and early metas-
tasis [5]. Hormone-based therapies are ineffective against
TNBC due to the absence of estrogen and progesterone
receptors on these cells [6]. Chemotherapy is still a stan-
dard treatment used for TNBC, but there is a high rate of
recurrence among these patients due to subsequent devel-
opment of chemo-resistance [7]. Limited treatment options
and lack of common therapeutic targets in TNBC have
created a dire need for newer treatment options [7].
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Replication competent oncolytic viruses (OVs) can kill
cancer cells directly through postinfection cell lysis and
concomitantly target them indirectly through activation of
comprehensive anticancer immunity. Oncolytic herpes
virus (T-VEC), expressing human granulocyte monocyte
colony-stimulating factor is the first OV approved by the
Food and Drug Administration (FDA) for human mela-
noma treatment in the USA [8]. Several OVs, including
oncolytic poxviruses in clinical trials for the treatment of
breast and other cancer types have shown promising results
[9, 10]. An inherent advantage with poxviruses is that
cancer cells are more permissive to poxviruses due to
defective antiviral innate immune response pathways,
unlike the non-transformed cells which respond quickly to
poxvirus infection and impede viral replication [11].

Tanapoxvirus (TPV) is classified in the family Poxviri-
dae and is a member of genus Yatapoxvirus. TPV is a
suitable OV candidate as most humans do not have a
preexisting immunity, since it is geographically restricted
to equatorial Africa and does not show a cross-reactivity
with other poxviruses, including vaccinia virus [12, 13]. In
the absence of antivirus immunological tolerance, oncoly-
tic TPV is a useful addition to a large bank of antigenically
distinct OVs that can be used in a serial manner to avoid a
potential loss of therapeutic efficacy of OVs [12]. TPV also
scores well for safety and ease of use, as it causes a mild,
self-limiting febrile illness in humans, does not spread from
individual to individual, and has a large viral genome
(around 145 kb) that can carry multiple therapeutic trans-
genes [12, 14]. Our laboratory has reported earlier the
therapeutic efficacy of TPV in treating human colorectal
cancer and melanoma in a nude mouse model [15, 16].

Deletion of the viral thymidine kinase (TK) gene to
enhance preferential replication of OVs in cancer cells that
have abundant pools of thymidine triphosphate (TTP), is a
commonly used strategy when designing OVs [17]. In this
study, we tested the oncolytic potential of TPV recombi-
nants with TK(66R) gene knocked out and expressing
mouse monocyte chemoattractant protein (mMCP-1/
mCCL2) and mouse interleukin (mIL)-2, in human TNBC.
The MCP-1, also known as CCL2, is a chemotactic factor
that recruits monocytes, T lymphocytes, natural killer (NK)
cells, dendritic cells and mast cells to the site of inflam-
mation [18-20]. CCL2 plays a pleiotropic role in the
immune response against cancer cells as it can invoke
antitumor immune response through activation of tumori-
cidal macrophages [21]. It also promotes tumor cell
growth, survival, invasion, metastasis, deleterious peri-tu-
moral inflammation and tumor angiogenesis [22]. CCL2
has been effective in treating human pancreatic cancer and
murine neuroblastoma [23, 24]. IL-2 is known as a growth
factor for T lymphocytes and NK cells that can also pro-
mote differentiation, growth and maturation of T cells and

@ Springer

activation of antitumor macrophages [25-27]. IL-2 has
played an important role in developing chimeric antigen
receptor (CAR) T cells [28]. In addition to interferon
(IFN)-o, IL-2 is the only cytokine approved for cancer
treatment in adults by the FDA [29].

We tested the therapeutic potency of TPV recombinants
in athymic nude mice that have a competent innate immune
system. Although athymic nude mice are deficient in
peripheral T cells, other immune cells such as macro-
phages, NK cells, granulocytes, B cells and dendritic cells
are immunologically competent [30]. Moreover, this is a
compensatory increase in the number of antitumor mac-
rophages and NK cells in athymic nude mice [30]. Among
the mononuclear cells present in nude mice, macrophages
seem to be predominant [31]. Both CCL2 and IL-2 are
known to play critical roles in activation of innate immune
responses through macrophages, NK cells, dendritic cells,
and mast cells. Herein, we used athymic nude mice to study
the therapeutic potential of TPV recombinants expressing
CCL2 and IL-2 which is a bona fide method to test the
innate immune responses induced by these virotherapeutics
and has been commonly used in studies assessing the
efficacy of cancer immunotherapeutics.

Our results indicate that TPV recombinants expressing
mCCL2 and mIL-2 were most effective in suppressing the
growth of MDA-MB-231 xenografts in nude mice. Histo-
logical analyses of tumors also support the notion that
mononuclear immune cell response against tumor played a
role in tumor egression, where TPV recombinant express-
ing mIL-2 showed a significant effect. Significantly higher
number of mononuclear cells was detected in the capsules
of TPV/A66R/mIL-2-treated tumors, compared to other
treatment groups.

Materials and methods
Cells, viruses and reagents

Owl monkey kidney (OMK) cells, human fetal lung
fibroblasts (WI-38), and human triple negative breast
cancer cell lines (MDA-MB231, MDA-MB157, MDA-
MB436) were purchased from American Type Culture
Collection (ATCC, Rockville, MD, USA). OMK and WI-
38 cells were cultured in an atmosphere of 5% CO, in
growth media consisting of Eagle’s minimum essential
medium (EMEM), supplemented with 10% fetal bovine
serum (FBS) (v/v%), 100 U/ml penicillin, and 100 pg/ml
streptomycin at 37 °C. MDA-MB231, MDA-MB157, and
MDA-MBA436 cells were cultured in Leibovitz’s (L-15)
growth medium, supplemented with 10% FBS (v/v%),
100 U/ml penicillin, and 100 pg/ml streptomycin at 37 °C
without CO,. L-15 was additionally supplemented with
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10 pg/ml insulin and 16 pg/ml glutathione for MDA-
MB436 cells. All cell lines were cultured in maintenance
medium following virus infection. The maintenance media
had lower FBS content [2% (v/v)] but was otherwise
identical to the growth medium. Wild-type (wt)-TPV
[Kenya] (a gift from late Dr. Joseph Esposito, Centers for
Disease Control, Atlanta, GA, USA) was used to generate a
panel of TPV recombinants. Generation of TPV/A66R,
TPV/A66R/mCCL2 and TPV/A66R/mIL-2 has been
described earlier [15, 32]. Expression of mIL-2 and mCCL2
transgenes was confirmed by western blot analysis and
ELISA assay, respectively, and TK gene deletion was
confirmed by PCR [15, 32].

Virus replication assay

All viruses were amplified in OMK cells and concentrated
to 100x using ultracentrifugation (type 45Ti rotor at
186,000xg for 90 min), and the titer of the resultant
viruses was determined on OMK cell monolayers in 6-well
plates as described earlier [33]. For the viral replication
assay, WI-38 and human TNBC cells were plated in
12-well plates at 5 x 10* cells per well density and
infected with wtTPV or one of the TPV recombinants at 0.1
multiplicity of infection (MOI), as described earlier [33].
Infected cultures were harvested at 48, 96 and 240 h
postinfection (hpi). To release the intracellular virus, cells
were scraped, centrifuged (500xg for 10 min) and resus-
pended in sterile deionized water and subjected to 3 cycles
of freezing and thawing. Samples were pooled with the
supernatant to bring the total volume to 1 ml, followed by a
mixing and sonication on ice for 30 s. Total virus yield was
determined by a plaque assay described earlier [33]. All
experiments were independently repeated 3 times.

Cell viability assay

Human TNBC cell lines (MDA-MB-231, MDA-MB-157,
MDA-MB-436) were cultured in 96-well plates at a density
of 1 x 10° cells per well and incubated overnight in L-15
medium with 10% FBS at 37 °C without CO,. The total
live cell numbers in each well were determined using an
improved Neubauer hemocytometer after trypsinizing the
representative wells and staining cells with 0.2% (wt/vol)
trypan blue in a phosphate buffer saline (PBS). Cells were
infected with wtTPV or one of the TPV recombinants at 0.1
and/or 5 MOI and incubated in L-15 medium with 2% FBS.
A formazan dye approach was then used to determine cell
viability at 96 and/or 240 hpi. A cell counting kit (CCK-8)
(Sigma Aldrich, St. Louis, MO, USA) was used following
the manufacturer’s protocol. Cells were then incubated
with the CCK-8 kit formazan dye for 2 h before measuring
the absorbance of 450 nm with an ELISA plate reader

(BioTech Epoch). Results were obtained after replicating
the experiment 3 times independently.

Preparation of conditioned medium

OMK cells were plated in 250 cm? tissue culture flask in
EMEM with 10% FBS for 24 h and infected with either
TPV/A66R or TPV/A66R/mCCL2 at 5 MOI and incubated
in EMEM maintenance with 2% FBS, and cultures were
harvested at 8-day postinfection when most of the cell
monolayers were destroyed. Cultures were subjected to
ultracentrifugation (type 45Ti rotor at 186,000xg for
90 min), and supernatants were collected and passed
through 0.22 pm filter to remove virus particles and used as
conditioned medium. OMK cells incubated with the con-
ditioned medium to confirm the absence of TPV. We have
referred to the conditioned media prepared after infection
with TPV/A66R and TPV/A66R/mCCL2 as control con-
ditioned medium and CCL2 conditioned medium,
respectively.

Animals

Athymic male nude mice were purchased at 4 weeks age
and acclimated for a week before beginning the experi-
ments. Animals were housed, and treatments were carried
out following the protocols approved by the Institutional
Animal Care and Use Committee of Western Michigan
University (IACUC protocol number 13-07-01).

Cell survival assay

The MDA-MB-231 cells were plated in 96-well plates
(5 x 10* cells per well) in 100 pl of L-15 with 10% FBS.
Cells were treated without or with recombinant (r) mCCL2
(10, 100 or 100,000 ng/ml) [R&D systems, Minneapolis,
MN] in L-15 medium for 24 h at 37 °C with no CO,.
Alternatively, MDA-MB-231 cells were incubated with
either control conditioned medium or CCL2 conditioned
medium (100, 10 or 1 ul) for 24 h at 37 °C in 5% CO,.
Cell viability was assessed as above using a CCK-8 kit,
following the manufacturer’s recommended protocol.

Virotherapy of human TNBC xenografts in nude
mice

Tumor xenografts were induced by injecting MDA-MB-
231 cells (5 % 106) resuspended in 100 pl of sterile PBS,
subcutaneously (SC) on the dorsal surface, in 5-week-old,
athymic male nude mice (NCI:Hsd:athymic nude-Foxnl™",
Envigo. Indianapolis, IN). Cell viability was tested at the
end of injection using trypan blue, as described earlier, to
ensure the viable cell count at the time of injection which

@ Springer



112 Page 4 of 11

Med Oncol (2017) 34:112

showed that over 90% cells retained viability. Once visible,
tumor volumes were measured with a digital caliper using
the formula volume = (m/6) x (length) x (width) x (-
height) in mm?>. Once the tumor size reached the volume of
50 + 5 mm?>, mice were assigned randomly to a control or
one of the treatment groups. Tumor xenografts in the
treatment groups were injected with a single dose of
5 x 10° pfu of virus, suspended in 100 pl of EMEM
maintenance medium (vehicle), intratumorally (IT). Tumor
xenografts in the control group were injected IT, with
100 pl of vehicle only. Tumor volumes were measured
every 2 days after virotherapy treatment over a 36-day
period. Tumors and lung tissue samples were removed and
preserved for histopathological analysis, on day 36 after
virotherapy. Majority of animals in the mock group had
met IACUC criteria for euthanasia by 36-day post-vi-
rotherapy, hence determined as the end point of tumor
virotherapy experiment.

Tissue preparation and histological analyses

Tumor xenografts were removed from the animals and
placed in 10% formalin for over 48 h and then moved to
60% ethanol for storage until processing. At processing the
tumors were bisected through the longest plane and H&E
stained paraffin sections prepared. These sections were
examined for the following characteristics: overall size of
the tumor section, nature, and form of the neoplastic cell,
mitotic index (number of mitoses per 100 cells, counted at
100x magnification, assessing at least 10 fields of intact
tumor cells), the presence of dead or degenerating cells, the
presence of host inflammatory cells, and the morphological
nature of the capsular region surrounding the masses.
Except for the mitotic index, these characteristics were
assessed using a semiquantitative system (normal —, minor
changes +, moderate changes 4+, extensive changes
+++). The main changes recorded included the presence
of fibrosis, inflammatory cells (and their morphological
nature) and the invasion of host inflammatory cells in the
main body of the tumor itself.

Statistical analysis

To compare the cell viability, the percent of viable cells
were compared against the positive control for each cell
line using a one-way analysis of variance (ANOVA) test
with a post hoc analysis using Tukey’s procedure, (sig-
nificance level set to p < 0.05 with n = 3). The growth of
the tumor xenografts was compared using a Mann—Whit-
ney U test with each treatment group compared against the
mock-treated control. Each time point was analyzed sepa-
rately with the n = 5 mice per group and a significance set
to p < 0.05.
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For analysis of tumor growth rate, the instantaneous rate
of tumor growth (k) was estimated as k = log(Vol/Voly)/
t for each mouse, where Vol; and Vol, are the tumor vol-
ume on day t and day O, respectively. We then used the
one-way ANOVA to test whether tumor growth rate
(k) differed among treatments. We used planned contrasts
to test whether tumor growth rate in the TPV/A66R treat-
ment differed from that in either the TPV/A66R/mCCL2 or
TPV/A66R/mIL-2 treatments. All analyses were performed
using R 3.3.2.

Results

Replication assay of TPV recombinants in human
triple negative breast cancer cells

To test the replication efficacy of TPV recombinants,
MDA-MB-231, MBA-MB-436 and MBA-MB-157 cells
were infected with wtTPV or TPV/A66R or TPV/A66R/
mCCL2 or TPV/A66R/mIL-2 at 0.1 MOL. In this experi-
mental setting wtTPV was used as a control virus, and WI-
38 was a control cell line. Standard plaque assays were
performed for all samples to determine the viral titers at
different time points (48, 96 and 240 hpi) during the course
of infection (Fig. 1). Virus titers reached the maximum for
all TPV recombinants, at 96 hpi in all human TNBC cell
lines. Among human TNBC cell lines, the highest titer for
wtTPV was obtained for MDA-MB-436 (5.77 x 104) at
96 hpi and showed more than 15-fold increase in the virus
titer between 48 and 96 hpi. However, wtTPV replicated
equally well in all human TNBC cell lines as the virus
yield from MDA-MB-231 (4.94 x 10*) and MBA-MB-157
(4.59 x 10% did not differ significantly from MDA-MB-
436, at 96 hpi. Replication of TPV/A66R was slower as
compared to wtTPV in WI-38 and all human TNBC cell
lines where the virus titers of TPV/A66R were significantly
lower than wtTPV at 96 hpi (p < 0.5). The highest titer of
TPV/A66R was found in MDA-MB-231 cells (2.97 x 10%)
among human TNBC cells at 96 hpi, which was fourfold
increase from the viral titer 48 hpi. In addition, the highest
titers for both TPV/A66R/mCCL2 (1.81 x 10%) and TPV/
A66R/mIL-2 (2.01 x 10* were calculated in MDA-MB-
231 cells at 96 hpi. The WI-38 cells supported TPV
replication better than any of the human TNBC cells used
in the replication assay but the replication pattern of TPV
was similar in all cells, with virus titers reaching the
maximum level at 96 hpi. The total virus titers obtained
from WI-38 cells were higher than any of the human
TNBC cells at all three time points for all viruses. TPV
recombinants engineered to express mCCL2 and mlIL-2
showed an overall lower replication efficacy as compared
to wtTPV, in both WI-38 and human TNBC cells but were
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Fig. 1 Replication of tanapoxvirus recombinants in human triple
negative breast cancer cells in vitro. The ability of tanapoxvirus
(TPV) recombinants to replicate in various human cell lines including
human fetal lung fibroblasts (WI-38) and human triple negative breast
cancer cells (MDA-MB-231, MDA-MB-436, and MDA-MB-157) is
determined by infecting cells at 0.1 MOI and determining the total
virus titer at 48, 96 and 240 h postinfection (hpi). All TPV
recombinants: a wild-type (wt) TPV, b TPV/A66R, ¢ TPV/A66R/

very similar to TPV/A66R. All the viruses showed com-
parable levels of viral replication and increase in the titer of
progeny virus in both WI-38 cells and human TNBC cells.
These results confirm that wtTPV and all TPV recombi-
nants can optimally replicate under favorable conditions.

TPV recombinants kill human triple negative breast
cancer cells, in vitro

After investigating the replicability of TPV recombinants,
we tested their cell killing ability in human TNBC cells.
Infection of MDA-MB-157 cells with all TPV recombi-
nants at 0.1 MOI resulted in a significant reduction in the
cell viability at 240 hpi (p < 0.05) (Fig. 2a). Similarly,
MDA-MB-436 cells showed a significant loss of viability
(p < 0.05) at 240 hpi, when infected with all TPV
recombinants at 0.1 MOI (Fig. 2b). Every TPV recombi-
nant reduced the cell viability significantly (p < 0.05) in
MDA-MB-231 cells at 0.1 MOI dose of infection at
240 hpi (Fig. 2d). Viral replication and cell viability assays

mCCL2, and d TPV/A66R/mIL-2 showed comparable replication in
both WI-38 and human TNBC cells and destroyed most of the cells by
240 hpi in all wells. Deletion of 66R ORF slowed down the viral
replication significantly (p < 0.5; Student’s T test), and the viral titers
of TPV/A66R were significantly lower than the wtTPV in all cells.
Values are expressed as the mean plaque forming units (pfu)/ml
(£SD) from triplicate experiments

in human TNBC cells led us to choose MDA-MB-231 cells
for inducing tumor xenografts in nude mice for the tumor
virotherapy experiment due to three major reasons: (a) All
TPV recombinants could replicate and kill MDA-MB-231
cells efficiently, (b) MDA-MB-231 cells are known to be
tumorigenic in a nude mouse model [34, 35], and (c) CCL2
has been shown to promote survival and metastasis of
MDA-MB-231 cells and we intended to study the effect of
mCCL2 expressed by TPV recombinant on the survival and
metastasis of these cells [36]. This prompted us to test the
effect of TPV infection on the cell viability of MDA-MB-
231 cells at a high dose of infection (5 MOI) and at 96 hpi
time point. All TPV recombinants, except TPV/A66R
induced a significant reduction in cell viability in MDA-
MB-231 cells at 5 MOI at 96 hpi (Fig. 2c). Although TPV/
A66R showed a reduced replicability as compared to the
wtTPV, it was capable of significantly reducing the cell
viability of MDA-MB-231 cells at both 0.1 and 5 MOI, by
240 hpi (Fig. 2¢, d). TPV appears to reduce the cell via-
bility of MDA-MB-231 cells in a dose-dependent manner.
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Fig. 2 Effect of TPV recombinant viruses on cell viability of human
triple negative breast cancer. Human triple negative breast cancer
(TNBC) cells MDA-MB-231, MDA-MB-436 and MDA-MB-157
were cultured in 96-well plate and either mock infected or infected
with wild-type tanapoxvirus (TPV) or TPV/A66R or TPV/A66R/
mCCL2 or TPV/A66R/mIL-2. a, b MDA-MB-231 cells were infected
at 0.1 and 5 MOI, and cell viability was determined at 96-h
postinfection (hpi) and 240 hpi using the CCK-8 assay. ¢ MDA-MB-
436 and d MDA-MB-157 cells were infected only at 0.1 MOI, and
cell viability was determined at 240 hpi. All TPV recombinants
significantly reduced the cell viability in all three TNBC cells at
240 hpi when infected with 0.1 MOI, in vitro (p < 0.5, One-way
ANOVA). TPV recombinant reduced the cell viability in a dose-
dependent manner, as all viruses reduced the viability of MDA-MB-
231 cells significantly at 96 hpi when infected at 5 MOI but failed to
do the same at 0.1 MOI. Values are expressed as the mean percentage
loss in cell viability as compared to the mock group (£SD) from
triplicate experiments

Mouse CCL2 does not promote survival of MDA-
MB-231 cells in culture

Human CCL2 has been shown to promote the survival of
MDA-MB-231 cells through Smad3 protein and p42/44
mitogen-activated protein kinase-dependent mechanisms
[36]. Mouse CCL2 protein shows 55% homology with the
human CCL2; however, to our knowledge, the cross-spe-
cies effect of mCCL2 has not been studied on the survival
of MDA-MB-231 cells. We investigated the effect of
recombinant (r) mCCL2 by incubating MDA-MB-231 cells
in serum-free medium without or with 10, 100 and
100,000 ng/ml of rmCCL2 for 24 h and determined the cell
viability using the CCK-8 reagent as described earlier. The
rmCCL2 did not promote survival of MDA-MB-231 cells

@ Springer

100 I I

80
60

40

Cell Viability (%)

20

SF 100 10
r-mCCL2 (ng/ml)

o

100 I
80
60

40

Cell Viability (%)

20

Control 100 10 1
Conditioned Media (pl)

Fig. 3 Mouse CCL2 does not promote survival of MDA-MB-231
cells. a MDA-MB-231 cells were incubated in serum-free medium in
the absence or presence of 10, 100 or 100,000 ng/ml recombinant
mouse (rm) CCL2 for 24 h, and percentage decrease in cell viability
was calculated as compared to the mock. b MDA-MB-231 cells were
incubated in control conditioned (100 pl) or CCL2 conditioned
medium (1, 10, 100 pl) for 24 h, and percentage decrease in cell
viability was calculated as compared to the mock, using CCK-8 assay
kit. Values are expressed as mean (+SD). Error bars represent
standard error

at all the dosages tested, in vitro (Fig. 3a). Similarly, the
effect of mCCL2 expressed by TPV/A66R/mCCL2 was
also investigated. The CCL2 conditioned medium was
prepared after infecting OMK cells with TPV/A66R/
mCCL2 that contained mCCL2. The control conditioned
medium prepared similarly after infecting OMK cells with
TPV/A66R which had no transgene inserted into its gen-
ome, but 66R gene deleted was used to treat MDA-MB-231
cells (100 pl per well) in the control well. Like rmCCL2,
mCCL2 expressed by TPV/A66R/mCCL2 also did not
promote the survival of MDA-MB-231 cells when incu-
bated with 1, 10 and 100 pl of CCL2 conditioned medium,
in vitro as tested by the cell viability assay (Fig. 3b).

Tumor virotherapy of MDA-MB-231 xenografts
in nude mouse

Subcutaneous tumor xenografts were induced in athymic
nude-FoxnlI™ mice by injecting MDA-MB-231 cells.
Tumor xenografts reached a volume of 50 + 5 mm’ in
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2-3 weeks after injecting MDA-MB-231 cells when the
mice were randomly assigned to either a mock or one of the
virotherapy groups and tumors were injected accordingly.
Complete results of tumor virotherapy are shown in Fig. 4.

(Fig. 4d) showed vigorous and sustained therapeutic effect
and significantly reduced tumor volumes, starting at day 16
posttreatment and kept the tumor volumes significantly
lower as compared to the mock-injected groups throughout

TPV/A66R/mCCL2 (Fig. 4c) and TPV/A66R/mIL-2  the course of virotherapy until 36-day posttreatment
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Fig. 4 Tumor virotherapy. Tumor volume analysis. Tumors were
induced by subcutaneous injection of 5 x 10° MDA-MB-231 cells
onto the dorsal surface (inter-scapular region) of athymic nude mice
(each group n = 5 mice). Mice were randomly segregated into the
control or experimental groups when tumor size reached
50 + 5 mm’. In each graph the y-axis is tumor volume (mm?®), and
the x-axis is time (days post-virotherapeutic injection). A single mock
injection containing 100 pl of vehicle only or recombinant virus was
administered at day 0, and tumor volume was measured at 2-day
intervals. Tumor volume was calculated using the formula
(length) x (width) x (height) x (m/6). Average tumor volume is
shown (black filled squares for each experimental group). Bars show
the standard error of the mean (&1 SEM). Points indicated with an
asterisk (*) are significantly reduced from the control (p < 0.05). (a-

k) Mock virotherapeutic injection (vehicle only, gray diamonds). This
is the group to which all experimental groups were compared to test
for OV virotherapeutic effect upon average tumor volume. a wtTPV;
b TPV/A66R; ¢ TPV/A66R/mCCL2; d TPV/A66R/mIL-2. e Tumor
growth rate analysis. Tumor growth (k) was estimated as
k = log(Vol/Voly)/t for each mouse, where Vol, and Vol, is the
tumor volume on day t and day 0, respectively. We then used one-way
ANOVA to test whether tumor growth rate (k) differed among
treatments. We used planned contrasts to test whether tumor growth
rate in the mock group differed from TPV treatment groups. Tumor
growth rate in TPV/A66R/mCCL2 and TPV/A66R/mIL-2 treatment
groups was significantly lower than the mock group (p < 0.05), as
shown indicated by asterisk (*). All analyses were performed using R
332
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(p < 0.05). The maximum difference between the average
tumor volumes between the mock-injected group and the
two virotherapy treatment groups (TPV/A66R/mCCL2 and
TPV/A66R/mIL-2) was on day 36 posttreatment. The
average tumor volumes for TPV/A66R/mCCL2- and TPV/
A66R/mIL-2-treated groups were 216.30 and 259.69 mm®
lower than the average tumor volume of the mock-injected
group, respectively, on day 36 posttreatment. wtTPV
(Fig. 4a)- and TPV/A66R (Fig. 4b)-treated tumors were
relatively smaller than mock-injected tumors but failed to
achieve statistical significance, except TPV/A66R
(Fig. 4b)-treated tumors showed a significantly lower
average tumor volume only at 20 days posttreatment
(p < 0.05). The average tumor volume of TPV/A66R
(Fig. 4b)-treated tumors was 82.93 mm® lower than the
average tumor volume of the mock-injected tumors, on day
20 posttreatment. The average tumor volume differences
against the mock-injected tumors for wtTPV- and TPV/
A66R-treated tumors were 117.34 and 139.03 mm?,
respectively, on day 36 posttreatment.

Tumor growth rate analysis

On an average tumor volume increased by 5.60% per day in
the mice treated with mock injection but only by 1.97% per
day in the TPV/A66R/mIL-2-treated mice (Fig. 4e). The
mean tumor growth rate was significantly lower than in the
mice treated with mock injection for the animals treated
with TPV/A66R/mCCL2 (F, 5o = 4.93, p = 0.038) and
TPV/AG6R/mIL-2 (F;, o= 11.14, p = 0.003). Mean
tumor growth rate in the wtTPV- or TPV/A66R-treated mice
was not significantly lower than in the mice treated with
mock injection (WtTPV: F; ,o, = 0.68, p = 0.421; TPV/
A66R: F| 59 = 1.58,p = 0.224). Tumor growth rate did not
differ significantly between the TPV/A66R/mCCL2 treat-
ment and the TPV/A66R treatment (F; 5o = 0.93,
p = 0.346), but it was significantly lower in the TPV/A66R/
mlL-2 treatment than in TPV/A66R-treated mice
(Fy1, 20 = 4.33, p = 0.05).

Histopathological observations

There were characteristics that were present in all groups
although to different degrees between the groups; these are
presented in Table 1. The calculated areas of histo-sec-
tioned tumor (the mid-section area) varied between and
within each experimental group; however, although there
was no statistically significant difference between the
experimental groups and the mock control group in terms
of section area, there was a clear trend with the mock group
being the largest and other groups smaller. There appeared
to be a clear reduction in mitotic index between the mock
control and the treatment groups (Table 1), but this was not
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seen to be statistically significant, except for the TPV/
AG66R/mIL-2-treated group (p < 0.05). Necrosis was com-
mon in all groups and presented as an aggregated area of
cellular degeneration which extend to over 40% of the
tumor mass in some cases. A specific characteristic of
TPV/A66R/mIL-2-treated group was not seen in other
groups with the isolated degenerating tumor cells that were
present throughout the main body of viable neoplastic
cells; these point areas of cell death were in addition to
major areas of necrosis that were present in all groups.
There was a host cellular response in all groups, but
there were clear differences between the groups in the type
of host cell present in the capsule and in the degree of
invasion of host cells into the tumor tissue. Although there
was a host cellular response in all animals, including the
mock controls, in the latter the cells tended to remain
outside the tumor itself. All groups presented with a
varying degree of fibrosis in the tumor capsule but TPV/
A66R/mCCL2- and TPV/A66R/mIL-2-treated groups
showed a relatively thinner fibrous tumor capsule. The
most obvious clear invasion of inflammatory deep into the
tumor tissue was seen only in the TPV/A66R/mIL-2-treated
group, where the host inflammatory cells present deep into
the tissues had the morphology of a small mononuclear
lymphoid elements. In the wtTPV, TPV/A66R- and TPV/
A66R/mCCL2-treated groups, there was an invasion of
host inflammatory cells into the edges of the tumor
reaching about 3—4 cells deep from the edge of the mass.
However, in the TPV/A66R/mIL-2-treated group, the
invading inflammatory cells (in this case almost uniquely
lymphoid in form) reached deep into the tissues.

Discussion

In this study, TPV recombinants showed comparable
replicability in vitro as evident by a substantial increase in
the viral titers in infected human TNBC cells and signifi-
cantly reduced their cell viability (Figs. 1; 2). These results
showed that TPV can effectively kill TNBC cells merely
though cell lysis in a dose-dependent manner, in the
absence of a synergistic input in the form of antiviral
immune responses. TPV/A66R/mCCL2 (Fig. 4c) and TPV/
A66R/mIL-2 (Fig. 4d) were the most effective virothera-
peutics among all TPV recombinants in vivo, in nude mice.
CCL2 was first identified as a monocyte chemoattractant
protein but can attract a wide array of immune cells such as
monocytes, T lymphocytes, NK cells, dendritic cells and
mast cells [18-20]. Similarly, IL-2 can promote immune
responses mediated through T lymphocytes, macrophages
and NK cells and play a critical role in differentiation and
maturation of T cells [25-27]. The mCCL2 and mlIL-2
expressed by TPV recombinants induced strong anticancer
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Table 1 Histological analysis of tumors

Group Mitotic Capsular Degree of Cell type in host cell Extent of cellular response  Extent of host cell invasion
index® fibrosis® pleomorphy* response in capsule® into the tumor
Mock 3109 44+ + Mixed +++ Minimal
Wild-type 28 £08 ++ + Mixed +++ Edges only
TPV
TPV/A66R 20£08 4+ ++ Mixed ++ Edges only
TPV/A66R/ 13 +09 + +++ Mixed ++ Edges only
mCCL2
TPV/A66R/ 0.4 +02° + +++ Mononuclear +++ Deep invasion
mlL-2

* Estimated as the number of mitoses per 100 cells from an observation of 10 different tumor cell dominant areas in the tumors selected at

random

° In a comparative analysis of each test group with the mock group, only the group TPV/A66R/mIL-2 was statistically significantly different

(p < 0.05) from the control

ede Capsular fibrosis, degree of pleomorphy and extent of cellular response in tumor capsule were assessed using a semiquantitative system
(normal —; minor changes +; moderate changes ++; extensive changes +-++)

innate immune responses and enhanced the therapeutic
efficacy of TPV significantly in the experimental nude
mouse model.

Histopathological analysis of MDA-MB-231 tumor
xenografts revealed that all tumors showed pleomorphic
cells (Fig. 5a); however, the degree of pleomorphism dif-
fered among different treatment groups (Table 1). All
tumor groups also showed areas with intact tumor cells
(Fig. 5b) and necrotic foci, but the treatment groups had
major areas of necrosis (Fig. 5c). Additionally, focal
necrotic cells were seen in the TPV/A66R/mIL-2-treated
tumors (Fig. 5j, k). Necrotic cell death in tumors correlated
with tissue characteristics like vacuolation (Fig. 51). All
tumors clearly invoked a host response in nude mice where
the TPV/A66R/mIL-2-treated group showed the most
specific and significant host response. The TPV/A66R/
mlL-2-treated tumors showed a robust mononuclear cell
response where these cells infiltrated deep into the tumor
capsule (Fig. 5e), while other tumor groups showed a
mixed cellular response (Fig. 5f, h). Capsular infiltration in
TPV/A66R/mCCL2-treated tumors was not as deep as
TPV/A66R/mIL-2-treated tumors, but mast cells were
found in the TPV/A66R/mCCL2-treated tumor capsules
(Fig. 5g), indicating that mCCL2 expressed by the
recombinant virus attracted the immune cells to suppress
the tumor growth. Mast cells play a pleiotropic role in
tumors and have shown both tumor promoting and antitu-
mor effects [37]. It is likely that the effect of TPV/A66R/
mCCL2 on the tumor microenvironment (TME) played an
important role in reducing tumor growth efficiently as host
immune cells were found around the tumor but did not
invade the tumor capsule. The presence of tumor cells in
draining lymphatics in TPV/A66R/mCCL2-treated group

indicates that mCCL2 expressed by the virus might be
promoting the metastasis of tumor (Fig. 5i); however, no
metastasis was found in the lung tissue (data not shown).
Although some of the sublines of MDA-MB-231 cells have
shown the ability to form secondary tumors specifically in
lungs, the cells used in our experiment may or may not
have the required the set of genes for establishment of
secondary tumors in lungs [38].

The CCL2 attracts monocytes to tumors that differen-
tiate into macrophages upon activation either into antitu-
mor, inflammatory phenotype (M1) or pro-tumor,
immunomodulatory (M2) phenotype, depending on the
signaling factors. Pro-inflammatory signals like IFN-y
polarize activated macrophages to cytotoxic M1 phenotype
[39]. IFNSs are critical players of the host antiviral immune
response [40] and expression of CCL2 by an engineered
virus can attract monocytes to the tumor site and increased
IFN levels in response to viral infection can possibly
convert macrophages into the M1 phenotype.

In conclusion, TPV appears to be a suitable OV candi-
date that can kill human TNBC cells through direct cell
lysis, following infection and induction of antitumor innate
immune response. Among TPV recombinants tested, TPV/
A66R/mCCL2 and TPV/A66R/mIL-2 have shown to sup-
press the growth of MDA-MB-231 xenografts significantly
and histological analysis of tumors provides preliminary
indications that the effect was mediated through induction
of anticancer immunity. Although there were no statisti-
cally significant differences between the mock-injected and
TPV/A66R/mCCL2-treated groups observed in the histo-
logical analysis, where only TPV/A66R/mIL-2 induced
prominent and characteristically distinct histological
changes, both TPV/A66R/mCCL2- and TPV/A66R/mIL-2-
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treated groups showed lesser tumor capsular fibrosis as
compared to the mock and other treatment groups
(Table 1). The lower degree of capsular fibrosis in the
TPV/A66R/mCCL2- and TPV/A66R/mIL-2-treated tumors
could possibly be attributed to the mononuclear phagocytic
cell response in the tumor vicinity which can lead to a rapid
turnover of fibrotic tissue in the tumor capsule but the exact
phenotype of mononuclear cells in the tumor vicinity needs
to be determined to support this hypothesis [41].

@ Springer

«Fig. 5 Histological analysis of tumors. a H&E stained tumor

showing pleomorphic cells; b H&E stained tumor with areas of
intact tumor cell in the mock group; ¢, d representative image of
necrotic areas in TPV/A66R/mIL-2-treated tumors; e infiltration of
mononuclear cells (indicated by black arrow) in the capsule of TPV/
A66R/mIL-2-treated tumors; f mixed capsular cellular response in
TPV/A66R-treated group; g mast cells (indicated by black arrow)
present in the capsule of TPV/A66R/mCCL2-treated tumors; h mixed
capsular cellular response in TPV/A66R-treated group, arrow indi-
cating tumor border; i neoplastic cells present in the draining
lymphatics in the tumor capsule of TPV/A66R/mCCL2-treated
tumors; j, k H&E stained tumor with areas of necrosis (indicated
with [etter N) and focal tumor cell death (indicated with black arrow);
1 deep mononuclear cell (indicated by letter M and black arrow)
infiltration and vacuolation (indicated by lerter V) in TPV/A66R/mIL-
2-treated tumors

Recruitment of immune cells by TPV/A66R/mCCL2 and
TPV/A66R/mIL-2 around MDA-MB-231 tumor xeno-
grafts, in a nude mouse model shows that these two viruses
induced antitumor immune responses along with direct
tumor cell lysis, to achieve a sustained suppression of
tumor growth throughout the course of virotherapy.
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