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Intratumoral injection of oncolytic viruses provides a direct
means of tumor cell destruction for inoperable tumors. Unfor-
tunately, oncolytic vectors based on human adenovirus
(HAdV) typically do not spread efficiently throughout the tu-
mor mass, reducing the efficacy of treatment. In this study,
we explore the efficacy of a conditionally replicating HAdV
vector expressing the p14 Fusion-Associated Small Transmem-
brane (FAST) protein (CRAdFAST) in both immunocompe-
tent and immunodeficient mouse models of cancer. The p14
FAST protein mediates cell-cell fusion, which may enhance
spread of the virus-mediated, tumor cell-killing effect. In the
murine 4T1 model of cancer, treatment with CRAdFAST re-
sulted in enhanced cell death compared to vector lacking the
p14 FAST gene, but it did not reduce the tumor growth rate
in vivo. In the human A549 lung adenocarcinoma model of
cancer, CRAdFAST showed significantly improved oncolytic
efficacy in vitro and in vivo. In an A549 xenograft tumor model
in vivo, CRAdFAST induced tumor cell fusion, which led to the
formation of large acellular regions within the tumor and
significantly reduced the tumor growth rate compared to con-
trol vector. Our results indicate that expression of p14 FAST
from an oncolytic HAdV can improve vector efficacy for the
treatment of cancer.
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INTRODUCTION
Despite continuing efforts to curb the immense burden of cancer
through treatment, research, and prevention, approximately 40% of
the human population will be diagnosed with some form of cancer
during their lifetime.1 Approximately half of these patients will suc-
cumb to the disease, underscoring the need for new therapeutic op-
tions. Oncolytic viruses, which are designed to specifically replicate
in and kill cancer cells, have shown tremendous efficacy in preclinical
studies.2–4 Currently, there are a large number of oncolytic viruses in
phase I, II, and III clinical trials, based on a diverse array of viruses,
including adenovirus, reovirus, and vaccinia, among others, while
one, the herpes simplex virus type 1 (HSV-1)-based T-Vec, is
approved for use in patients by the United States Food and Drug
Administration, the European Medical Agency, and the Australian
Molecular The
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Therapeutic Goods Administration.5–9 The development and
improvement of oncolytic viruses continues to be an important field
of study.

Human adenovirus (HAdV) has been explored extensively as an anti-
cancer agent, using two main strategies. Replication-deficient HAdV
vectors can be used to deliver anti-cancer genes (e.g., p53), immuno-
modulators (e.g., interleukin [IL]-12), or other potentially therapeutic
genes to tumor cells.10,11 Indeed, a non-replicating HAdV encoding
p53, termed Gendicine, is widely available to patients in China.12

Alternatively, oncolytic HAdV can be engineered to replicate
specifically in cancer cells while leaving normal tissue relatively unaf-
fected,13 andOncorine, a conditionally replicating HAdV, is commer-
cially available to patients in China.14 Unfortunately, when injected
intratumorally, HAdV typically does not disperse far from the injec-
tion tract, leaving much of the tumor unaffected.15,16 Indeed,
although HAdV-5 (serotype 5) encodes proteins within the early re-
gion 3 (E3) specifically dedicated to enhancing release of virus from
the infected cell at very late times post-infection,17 much of the virus
still remains cell associated.

For this reason, a number of approaches have been explored to
improve HAdV dispersion in a tumor, including the expression of
extracellular matrix-degrading enzymes, junction-opening peptides,
and proteins intended to improve cytolysis.18–21 Alternatively, several
research groups have evaluated the ability of fusogenic proteins, such
as those encoded by the gibbon ape leukemia virus (GALV) or mea-
sles virus, to enhance spread of virus-associated cell death through the
tumor mass through direct cell-cell fusion.22–25 However, one issue
with the use of many of these fusion proteins is their size: inclusion
of the coding sequences for these fusogenic proteins, such as the
GALV fusion protein (2,004 bp), in an oncolytic HAdV approaches
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Figure 1. Adenovirus Constructs

Schematic diagrams of HAdV vectors used in this study:

AdFAST, an E1- and E3-deleted non-replicating HAdV

vector expressing p14 FAST from the cytomegalovirus

immediate early enhancer-promoter in the E1; CRAd, an

E1D24, E3-deleted conditionally replicating vector; and

CRAdFAST, an E1D24, E3-deleted conditionally replicating

vector expressing p14 FAST from within the E3 region

through the inclusion of a major late promoter splice

acceptor (SA).
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or exceeds the upper limits for DNA packaging in the viral capsid.26,27

This DNA-packaging limit may preclude the use of other DNA ele-
ments designed to enhance vector efficacy, such as tumor-specific
promoters to confer selective viral replication or inclusion of other
therapeutic genes designed to arm the oncolytic HAdV vector.
Although inclusion of the E3 can increase oncolytic efficacy, its inclu-
sion further limits the ability of such viruses to harbor ancillary reg-
ulatory elements or genes.28,29

The p14 Fusion-Associated Small Transmembrane (p14 FAST) pro-
tein is a small (14-kDa, 375-bp) fusogenic protein from a reptilian
reovirus.30 Unlike most fusogenic proteins, p14 FAST is non-struc-
tural (i.e., not a component of an infecting virion), but it likely
enhances lateral virus spread between host cells through its ability to
promote cell-cell fusion. The exact mechanism of p14 FAST pro-
tein-associated fusion has yet to be elucidated; however, due to its
small size and relatively minute ectodomain, p14 FAST protein likely
does not act through a mechanism similar to typical structural viral
fusion proteins.31,32 Early studies showing that plasmid-mediated
expression of p14 FAST protein induced syncytium formation and,
subsequently, apoptosis in the fused cells suggested that p14 FAST
protein may show efficacy as a sole therapeutic or could be used to
enhance the efficacy of oncolytic viruses.33 Indeed, expression of
p14 FAST protein from an oncolytic vesicular stomatitis virus
(VSV) (VSVD51FAST) enhanced the therapeutic efficacy of the virus,
and co-delivery of VSV-FAST with an oncolytic vaccinia virus also
provided a synergistic effect in cell culture and ex vivo models of
cancer.34,35

In previous studies, our lab explored the efficacy of an early region 1
(E1)-deleted, replication-deficient HAdV expressing the p14 FAST
protein (AdFAST) in both immunodeficient human A549 lung
adenocarcinoma xenograft-bearing CD-1 nude mice and immuno-
108 Molecular Therapy: Oncolytics Vol. 14 September 2019
competent BALB/c 4T1 tumor models.36,37 In
cell culture, AdFAST induced significant cell
fusion and cell death relative to control vector.
Higher levels of virus were needed to achieve
this effect in the mouse 4T1 cell line, in part
due to lower infectivity and p14 FAST protein
expression relative to the human A549 cell line.
Unfortunately, these very promising in vitro re-
sults did not translate in vivo, where no effects
on tumor growth or mouse survival were
observed. Interestingly, during the course of our in vitro studies, we
showed that, under conditions in which the E1-deleted AdFAST virus
could replicate (i.e., in the E1-complementing 293 cell line), p14
FAST protein caused significantly more efficient cell fusion and
killing with greatly reduced quantity of vector. This observation sug-
gests that p14 FAST protein may provide the greatest efficacy when
expressed from a replicating, oncolytic HAdV. In this context, expres-
sion of the p14 FAST protein would amplify as the virus replicates,
potentially providing greater cell fusion and enhanced induction of
apoptosis, in addition to facilitating vector spread through the tumor.

In this study, we have investigated the efficacy of an oncolytic, condi-
tionally replicating HAdV (CRAd) vector encoding the p14 FAST
protein in tissue culture and animal models of cancer.

RESULTS
CRAdFASTCan Replicate and Express Viral Genes but Does Not

Produce Progeny Virions in Mouse 4T1 Cells

Previously, we showed that vectors based on HAdV-5 infected 4T1
mouse mammary carcinoma cells at an efficiency approximately
one-sixth that of A549 cells, a cell line that infects well with HAdV
and is used commonly in many HAdV studies.37 HAdV can replicate
its DNA and express both early and late genes in many mouse cell
lines, but typically infection is not productive (i.e., progeny virions
are not produced). We therefore examined whether HAdV infection
was productive in 4T1 cells.

4T1 cells were infected at an MOI of 3 with AdFAST (E1 deleted,
replication defective) or CRAdFAST (E1AD24, replication compe-
tent), and total DNAwas harvested for qPCR analysis of viral genome
content 4–72 h later. The HAdV vector structures are shown in Fig-
ure 1. As shown in Figure 2A, as expected, infection of 4T1 cells with
the replication-defective AdFAST vector did not result in an increase
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Figure 2. Replication of HAdV-5 Oncolytic Vectors in

4T1 Cells Is Non-productive

(A) 4T1 cells were infected with either AdFAST or

CRAdFAST at an MOI of 10. At 4, 24, 48, and 72 hpi, media

were removed and the cells were harvested in SDS-Pro-

teinase K buffer for DNA extraction. qPCR was performed

on 200 ng total isolated DNA for the Ad hexon genome

region. Error bars represent mean ± SD. (B) 4T1 cells were

infected with either CRAd or CRAdFAST at an MOI of 10.

Cells and medium were collected at 4, 24, and 72 hpi. Viral

titers were determined by plaque assay on 293 cells. Error

bars represent mean ± SD. (C) 4T1 cells were infected with

either AdFAST or CRAdFAST at an MOI of 3 and harvested

at 24, 48, and 72 hpi. Immunoblot analysis was performed

to examine HAdV fiber and HA (p14 FAST) protein levels,

and actin was used as a loading control. (D) 4T1 cells were

infected at an MOI of 50 with CRAdFAST for 1 h, and they

were overlaid with medium lacking (�) or containing (+)

20 mg/mL cytosine arabinoside (Ara-C) to inhibit DNA

replication. Crude protein samples were harvested at 24,

48, and 72 hpi, and they were assayed by immunoblot for

the expressions of fiber protein, p14 FAST protein, and actin

(loading control).
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in viral genome copy number over the course of the experiment. In
contrast, we observed an approximate 1,000-fold increase in viral
genome copy number in CRAdFAST-treated 4T1 cells between 4
and 72 h post-infection (hpi), clearly showing that the virus can repli-
cate its DNA in this cell line.

To determine if infection of 4T1 cells was productive, cells were in-
fected at an MOI of 10 with CRAd or CRAdFAST, and the cells
were harvested into the medium at various times post-infection and
titered for virus. As shown in Figure 2B, we did not observe an increase
in the amount of recovered virus between 4 and 72 hpi, suggesting that
CRAd and CRAdFAST did not give rise to progeny virions during this
time period. However, the increase in genome copy number as the vi-
rus replicates its DNA should effectively amplify viral gene expression,
leading to the accumulation of high levels of virus-encoded proteins,
including the p14 FAST protein, within the infected cells.

We next evaluated the expression of virus-encoded proteins, specif-
ically the native viral fiber gene and p14 FAST. CRAdFAST contains
the p14 FAST cDNA preceded by a splice acceptor (SA) site replacing
the E3 deletion, which should allow for high-level expression of p14
FAST only when the virus replicates, a strategy that we and others
have employed previously.38–40 4T1 cells were infected with AdFAST
(E1 deleted, replication defective) or CRAdFAST, and protein expres-
sion was examined at 24, 48, and 72 hpi. As expected, treatment of
cells with AdFAST did not result in a detectable expression of fiber
protein (Figure 2C). At this low MOI of 3, p14 FAST protein expres-
sion was also not detectable in AdFAST-treated cells, consistent with
Molecular Th
our previous observation that a high MOI (>100)
is required to visualize FAST expression in this
cell line.37 In contrast, likely due to the increase
in template copy number within the cells infected with CRAdFAST
(Figure 2A), expressions of both p14 FAST protein and the late fiber
protein were easily detectable for this virus (Figure 2C).

Interestingly, we detected the expression of p14 FAST protein at a
much earlier time point compared to fiber protein. If the onset of fiber
protein expression correlates with active virus DNA replication, it
suggests that p14 FAST protein expression may precede replication
(i.e., is under early regulation) in 4T1 cells. To assess this possibility,
we examined the expression of fiber and p14 FAST protein in the
presence or absence of cytosine arabinoside (cytarabine, Ara-C), a
compound that blocks viral DNA replication. Since the major late
promoter is not activated until viral genome replication begins,41

treatment with Ara-C should prevent the expression of fiber and
p14 FAST protein if they are indeed under late regulation. 4T1 cells
were infected with CRAdFAST at an MOI of 50 in the absence or
presence of 20 mg/mL Ara-C, and they were harvested at 24, 48,
and 72 hpi. As shown in Figure 2D, while fiber expression was indeed
inhibited by treatment with Ara-C, p14 FAST expression was unaf-
fected by this treatment. Thus, although CRAdFAST can provide
very high-level expression of p14 FAST protein in the 4T1 mouse
cell line, unlike endogenous viral genes (i.e., fiber), its expression
does not appear to be conditionally tied to active virus replication.

Expression of p14 FAST Protein from CRAd Enhances 4T1 Cell

Killing In Vitro

We next examined whether the elevated expression of p14 FAST
protein from CRAdFAST enhanced the ability of the oncolytic
erapy: Oncolytics Vol. 14 September 2019 109
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Figure 3. CRAdFAST Induces Cellular Fusion and Cell

Death in 4T1 Cells More Efficiently Than Non-

replicating AdFAST

(A) 4T1 cells were mock infected or infected with

AdFAST, CRAd, or CRAdFAST at an MOI of 100. Phase-

contrast images were obtained at 24, 48, and 72 hpi. (B)

4T1 cells were mock infected or infected with AdFAST,

CRAd, or CRAdFAST at an MOI of 1,000 in triplicate

wells (n = 6 technical replicates, n = 2 independent

experimental replicates). At 48 hpi, metabolic activity

was assessed by MTS assay, and the values are re-

ported relative to metabolic activity in mock-infected

cells. Mean values reported ± SD (*p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001). (C) 4T1 cells were
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vector to mediate cell fusion and cause cancer cell death in 4T1
cells in culture. 4T1 cells were infected with AdFAST, CRAd, or
CRAdFAST at an MOI of 100 or mock infected with PBS,
and the cells were analyzed visually for cell fusion by phase-
contrast microscopy at varying times post-infection. We did not
observe evidence of fusion in mock- or AdFAST-treated cells at
any of the time points (Figure 3A), consistent with our previous
work showing that a very high MOI of AdFAST was required
to achieve visible fusion in 4T1 cells.37 Cells treated with
CRAd showed evidence of cytopathic effect (CPE), but only at
the 72-h time point, and no cell fusion occurred. However,
CRAdFAST-treated 4T1 cells showed clear evidence of cell fusion
as early as 24 hpi, which increased over the 72-h time course. By
72 hpi, the entire monolayer of CRAdFAST-treated 4T1 cells had
110 Molecular Therapy: Oncolytics Vol. 14 September 2019
fused and exhibited extensive CPE. Thus, treat-
ment of 4T1 cells with the replication-compe-
tent CRAdFAST results in greatly enhanced
fusion relative to the replication-defective
AdFAST.

To determine whether enhanced cell fusion
mediated by CRAdFAST was associated with
4T1 cell death, we first examined metabolic ac-
tivity of the treated cells over time. 4T1
cells were infected at an MOI of 1,000 with
AdFAST, CRAd, or CRAdFAST or mock in-
fected with PBS, and metabolic activity was
examined at 24-h intervals by MTS assay.
Treatment of cells with AdFAST did not
result in a decrease in metabolic activity at
any of the time points examined (Figure 3B).
In contrast, CRAdFAST significantly reduced
metabolic activity of the cells as early as
48 hpi. By 72 hpi, treatment with CRAd also induced a decrease
in metabolic activity compared to AdFAST- and mock-treated
cells.

We also examined the cells for evidence of apoptotic cell death by
immunoblot analysis for cleaved caspase-3 (Figure 3C). Treatment
of 4T1 cells with CRAd did not result in enhanced levels of cleaved
caspase-3 compared to untreated cells. In contrast, treatment of cells
with CRAdFAST did result in enhanced cleavage of caspase-3, but
only at a high MOI. Taken together, these results indicate that treat-
ment of 4T1 cells with CRAdFAST results in high-level expression of
p14 FAST protein and significant cell fusion, resulting in a reduction
in cellular metabolic activity and the onset of apoptosis-like cell death.
Importantly, all of these effects are enhanced relative to 4T1 cells
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Figure 4. Expression of p14 FAST Protein Does Not Improve Oncolytic Efficacy of CRAd in the Murine 4T1 Model of Cancer

Tumor-bearing mice were injected intratumorally with PBS or 7 � 109 PFU CRAd or CRAdFAST, and tumor volumes were measured for eight mice per group three times

weekly. (A) Symbols represent mean calculated tumor volumes over time. Lines represent non-linear regression model of tumor growth rates. At day 11, PBS-treated tumors

were significantly larger than CRAdFAST-treated tumors (*p = 0.03). Error bars represent mean ± SEM; * p = 0.033 for CRAdFAST compared to PBS. (B) Tumor-specific
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treated with AdFAST or CRAd, suggesting that arming an oncolytic
HAdV vector with p14 FAST protein enhances the anti-neoplastic
potential of the vector.

Expression of p14 FAST Protein from CRAd Does Not Improve

Therapeutic Efficacy in the 4T1 Murine Model of Cancer in

Immunocompetent Mice

We next examined whether p14 FAST protein expression could
improve the efficacy of CRAd in the immunocompetent 4T1 mouse
model of cancer. BALB/c mice bearing 4T1 subcutaneous tumors
were injected intratumorally with PBS or 7 � 109 plaque-forming
units (PFU) of CRAd or CRAdFAST, and tumor size was measured
by caliper three times weekly. As shown in Figures 4A and 4B, treat-
ment of tumors with either CRAd or CRAdFAST resulted in a trend
toward a reduced growth rate, but it did not reach statistical
significance. Tumor-specific growth rates of PBS-treated tumors
(0.159%/day) were not significantly different from those of CRAd-
(0.143%/day, p = 0.74) or CRAdFAST-treated tumors (0.110%/
day, p = 0.097) (Figure 4B). We did not observe tumor regression
or stasis, and all animals reached endpoint and were euthanized
at day 14. Tumor tissues removed at day 5 post-treatment were
stained for hemagglutinin (HA) to detect p14 FAST protein and
Molecular Therapy: Oncolytics Vol. 14 September 2019 111
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examined visually for evidence of syncytia. As expected, CRAd-
treated tumors showed no evidence of p14 FAST protein or syncy-
tial formation. p14 FAST protein was detected in tumors from
CRAdFAST-treated mice, and syncytia were observed in isolated
regions within the treated tumors (Figure 4C). Livers from mice in-
jected with the CRAd or CRAdFAST showed no obvious pathology.
Thus, CRAdFAST can infect 4T1 tumors, giving rise to the expres-
sion of p14 FAST protein, resulting in syncytium formation, but,
ultimately, it does not reduce the tumor growth rate or enhance
animal survival.

CRAdFAST Replicates Efficiently in Human A549 Cells

In general, HAdV has an enhanced ability to infect human cell
lines compared to mouse cell lines. To examine this in our
system, A549 and 4T1 cells were infected at an MOI of 10 with
CRAdFAST; crude protein samples were collected 48 hpi, and
they were subjected to immunoblot for the relative levels of
HAdV fiber and p14 FAST protein (Figure 5A). We compared
the undiluted 4T1-infected cell sample to a dilution series of the
A549-infected cell sample, to get a more accurate estimation of
the relative viral protein expression. As shown in Figure 5A, the
quantity of HAdV fiber protein in the 4T1 sample was between
1/100 and 1/400 that present in A549 cells, which would reflect
the cumulative effect of differences in infection efficiency, genome
replication, and gene expression between the two cell lines. Inter-
estingly, the ratio of p14 FAST protein present in the CRAdFAST-
infected 4T1 cells compared to A549 cells appeared proportion-
ately higher than that of fiber. Nevertheless, CRAdFAST can
achieve higher levels of infection and gene expression in A549 cells
compared to 4T1 cells.
112 Molecular Therapy: Oncolytics Vol. 14 September 2019
To confirm that p14 FAST protein expression
was tied to virus replication in human A549 cells,
we again examined gene expression in the pres-
ence or absence of the DNA replication inhibitor
Ara-C. A549 cells were infected at an MOI of 10
with CRAd, Ad-late/red fluorescent protein
(RFP), or CRAdFAST, in the presence or absence
of 20 mg/mL Ara-C, and protein expression was examined 24 h later.
Ad-late/RFP is similar in structure to CRAdFAST, but it contains a
wild-type E1 and a SA-RFP expression cassette instead of SA-p14
FAST within the E3.39 As shown in Figure 5B, treatment of cells
with Ara-C abrogated the expression of the late fiber protein for all
of the viruses, and it also inhibited the expression of RFP and p14
FAST from Ad-late/RFP and CRAdFAST, respectively. Thus, inclu-
sion of an expression cassette consisting of a SA and transgene replac-
ing the E3 of an HAdV-5 vector allows for replication-dependent
expression of the transgene in human A549 cells, but not the murine
4T1 cell line.

We also examined whether expression of p14 FAST protein altered
the replication kinetics of the virus by examining virus yield at varying
times post-infection. A549 cells were infected at an MOI of 10, and
the cells were harvested into the medium at varying times post-infec-
tion and, subsequently, assayed for virus titer. As shown in Figure 5C,
infection of A549 cells with both CRAd and CRAdFAST resulted in
an �300-fold increase in viral titer between 4 and 24 hpi, which
further increased by 72 hpi. Importantly, there was no difference in
virus recovery between CRAd containing or lacking the p14 FAST
gene, suggesting that the expression of p14 FAST protein did not
adversely affect virus growth and recovery.

CRAdFAST Shows Enhanced Cancer Cell Killing In Vitro in

Human A549 Cells

We next examined whether expression of p14 FAST protein from
CRAdFAST led to fusion and cell death of A549 cells in culture.
A549 cells were infected at MOIs 1, 0.1, and 0.01 with AdFAST,
CRAd, and CRAdFAST, and phase-contrast images were obtained
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Figure 6. CRAdFAST Mediates Enhanced Cell Fusion

and Cell Death in A549 Cells In Vitro

(A) Phase-contrast images taken at 24 and 48 hpi of A549

cells infected at MOIs of 0.01, 0.1, and 1 with AdFAST,

CRAd, or CRAdFAST. (B) A549 cells were mock infected or

infected with AdFAST, CRAd, or CRAdFAST at an MOI of 1

in triplicate (n = 6 technical replicates, n = 2 independent

experimental replicates). At 24, 48, and 72 hpi, metabolic

activity was assessed by MTS assay; values reported are

relative to mock-infected cells and represent mean ± SD

(****p < 0.0001). (C) A549 cells were mock infected or

infected at MOIs of 0.0625, 0.125, 0.25, 0.5, and 1 with

CRAd or CRAdFAST, and they were harvested for immu-

noblot analysis at 48 hpi. Blots were probed for HAdV fiber,

full-length caspase-3, or cleaved caspase-3, and actin was

used as a loading control.
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at 24 and 48 hpi. No fusion was observed in AdFAST-infected cells
(Figure 6A), which is consistent with our previous studies showing
that an MOI of �50 of this replication-defective virus is required to
achieve fusion in this cell line.36 Only minor evidence of CPE was
observed in CRAd-infected cells at the highest MOI (MOI = 1) and
at the latest time point (48 hpi) examined. In contrast, syncytia
were observed in cells treated with CRAdFAST at an MOI as low as
0.1 and as early as 24 hpi. By 48 hpi, even an MOI as low as 0.01
yielded complete monolayer fusion, suggesting that CRAdFAST is
very efficient at inducing fusion in A549 cells.

To determine if CRAdFAST-mediated cell fusion impacted A549
cell viability, A549 cells were infected with AdFAST, CRAd, or
CRAdFAST or mock infected with PBS, and metabolic activity was
assayed at varying times post-infection. Treatment of A549 cells
with CRAdFAST caused a dramatic decrease in metabolic activity
relative to cells treated with AdFAST or CRAd (Figure 6B). At
48 hpi, cells treated with CRAdFAST showed a metabolic activity of
only 4% of untreated cells, which was also significantly lower than
that observed for CRAd and AdFAST (117% and 118%, respectively,
compared to 4% for CRAdFAST, p < 0.0001). By 72 hpi, metabolic
activity of CRAdFAST-infected cells remained significantly lower
than that of cells treated with the control viruses.

To determine whether this decrease in metabolic activity was asso-
ciated with cell death, we examined treated cells for the presence of
cleaved caspase-3 by immunoblot (Figure 6C). A549 cells were
either mock infected or infected with varying amounts of virus
(MOI 0.0625–1), and crude protein extracts were prepared 48 h
Molecular Th
later. Infection of cells with CRAd did not
lead to a decline in the cellular quantity of
full-length caspase-3 or formation of the active
cleavage product. In contrast, in cells treated
with CRAdFAST, full-length caspase-3 was
only detectable at the lowest MOI tested, sug-
gesting processing of the protein to its active
form, and cleaved caspase-3 was readily detect-
able at MOIs of 0.5 and higher. Taken together, these data indicate
that expression of p14 FAST protein from a CRAd enhances the on-
colytic potential of the virus, resulting in significant cell fusion and a
decline in cellular metabolic activity due to the induction of
apoptotic-like cell death in A549 cells.

Expression of p14 FAST Protein Improves CRAd Efficacy in the

Human A549 Xenograft Tumor Model In Vivo

As CRAdFAST showed significant efficacy as an oncolytic virus in
A549 cells in culture, we tested its potency in vivo using an A549
xenograft model of cancer. CD-1 nude mice bearing A549 tumors
were injected with a single dose of vehicle (PBS) or 1 � 109 PFU of
CRAd or CRAdFAST, and treated tumors were measured by caliper
three times weekly. A statistically significant decrease in tumor size
was achieved with both CRAd (beginning at day 27) and CRAdFAST
(beginning at day 24) relative to animals treated with vehicle alone
(Figure 7A). Although CRAdFAST-treated tumors trended toward
a smaller size than those treated with CRAd, there was no statistically
significant difference between these treatments by day 50 when mice
were euthanized. However, tumors treated with CRAdFAST showed
a statistically significant reduction in growth rate (CRAdFAST = 3.9 ±
0.45 mm3/day) compared to tumors treated with either PBS
(19.2 ± 1.95 mm3/day, p < 0.0001) or CRAd (6.7 ± 0.92 mm3/day,
p = 0.0013) (Figure 7B). Thus, arming an oncolytic HAdV with p14
FAST enhanced oncolytic efficacy of the vector in vivo in A549
tumors.

We next examined tumor sections histologically. Since vectors based
onHAdV tend to accumulate in the liver, even following intratumoral
erapy: Oncolytics Vol. 14 September 2019 113
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Mice bearing A549 tumors were injected intratumorally with

PBS, CRAd, or CRAdFAST. Tumor volumes were

measured for five mice per group, three times weekly. (A)

Symbols represent calculated tumor volumes over time.

Lines represent linear regression model of tumor growth

rates. Beyond day 29, PBS-treated tumors are significantly
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injection,42 we also examined the livers from treated animals for signs
of syncytia or other pathology. Tumor and liver tissue were harvested
at 5 and 50 days post-treatment, processed, and stained with anti-
HAdV antibody to detect viral gene expression and anti-HA antibody
to detect the expression of FAST protein. Anti-HAdV antibody pri-
marily detects structural (late) proteins, which are only expressed af-
ter DNA replication has initiated, and it is thus a surrogate marker for
active virus replication.43

At 5 days post-injection, both CRAd and CRAdFAST appeared to
have replicated efficiently in A549 tumors, as evidenced by the
presence of viral late proteins; however, the two viruses showed
strikingly different patterns of spatial spread (Figure 8A). While
CRAd-treated tumors appeared to have intense HAdV staining
localized to pockets in the interior of the tumor, sections from
CRAdFAST-treated tumors showed more diffuse staining spread
throughout the tumor mass. As expected, immunohistochemistry
for the HA-tagged p14 FAST protein was negative in CRAd-
treated tumors, and there was no evidence of multinucleated
syncytia at either day 5 or day 50 (Figure 8B). In contrast, in
CRAdFAST-treated animals, expression of the HA-tagged p14
FAST protein was readily detected in tumors at day 5 and, to a
much lesser extent, also at day 50 (Figure 8B). Importantly, HA-
positive areas of the tumor showed clear evidence of syncytium
formation. Interestingly, although livers from mice injected with
CRAdFAST stained positive with anti-HAdV at day 5 post-vector
injection, no anti-HAdV staining was observed for CRAd (Fig-
ure 8C). Staining of liver sections for the HA-tagged p14 FAST
protein showed small regions of positive staining around blood
vessels at day 5 (Figure 8D), accompanied by apparent syncytium
formation, which was resolved by day 50, suggesting this transient
effect resolved without intervention and produced no obvious
long-term effect on liver health.

Taken together, our results indicate that treatment of A549 cells with
a CRAd vector expressing p14 FAST protein induces dramatic cell
fusion, with a concomitant decline in cellular metabolic activity and
induction of apoptosis, resulting in a statistically significant reduction
in tumor growth rate in vivo, relative to CRAd alone.
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DISCUSSION
Oncolytic viruses have shown tremendous potential in preclinical
studies, which, in many cases, has not translated to significant efficacy
in clinical trials. Like many oncolytic viruses, HAdV has a poor ability
to home to the tumor mass following systemic delivery, and, instead,
it is primarily sequestered in the liver.44,45 Although the amount of vi-
rus delivered to the tumor can be increased through direct injection
of the vector into the tumor, HAdV typically does not transit far
from the injection tract, leaving much of the tumor mass unaffected
by the virus.15,16,46 One approach to increase the fraction of the tumor
impacted by the gene therapy vector is to engineer the virus to express
fusion proteins.25 In this manner, the few tumor cells that are initially
infected with the virus will fuse with adjacent cells, producing multi-
nucleated syncytia, thus directly spreading the area of the tumor
impacted by the virus. This approach can be applied to both non-
replicating vectors, allowing a co-expressed therapeutic transgene
(e.g., p53) to spread between cells, and replicating oncolytic vectors.
For oncolytic vectors, the virus can not only be spread through clas-
sical release of progeny virions and uptake by adjacent cells but also
through fusion of the infected cell with adjacent naive cells.

In this study, we armed an oncolytic HAdV vector with the p14 FAST
protein, and we evaluated the efficacy of the vector in tissue culture
and animal models of cancer. Our oncolytic HAdV vector contained
the E1AD24 mutation, which confers selective replication in cancer
cells that are deficient in the Rb pathway.47 To restrict expression
of the p14 FAST protein only to cancer cells, we placed it within
the late transcription unit, under control by the HAdVmajor late pro-
moter (MLP) (Figure 1). Transcripts under the control of theMLP are
expressed poorly at early times of infection, but they increase to a
great extent following the initiation of HAdVDNA replication.48 Pre-
viously, we used this approach to achieve high-level expression of
proteins for retargeting HAdV infection40 and to design a reporter vi-
rus for high-throughput screening of small molecules affecting HAdV
replication.39

Under conditions in which CRAdFAST could replicate, very high-
level expression of the p14 FAST protein was achieved (Figures 2
and 5). Interestingly, in 4T1 cells in culture, we observed different
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temporal expression patterns between p14 FAST and fiber protein
(Figure 2B). The p14 FAST protein was detected at an earlier time
point (24 hpi) and declined at later time points (72 hpi), whereas
HAdV fiber was first detected at 48 hpi and remained constant at
72 hpi. This led us to perform experiments with Ara-C, a DNA repli-
cation inhibitor that allows the differentiation between early and late
gene expression. In the 4T1 cell line, p14 FAST expression from
CRAdFAST appears to be under early, rather than late, transcrip-
tional control (Figure 2). Although the majority of the E3 region is
deleted in this viral construct, the early E3 promoter is retained,
and it may be influencing the expression of p14 FAST. In human
A549 cells, this same vector showed DNA replication-dependent
Molecular Th
expression for both the late fiber and p14 FAST
proteins (Figure 5). Thus, there appear to be
fundamental differences in promoter utilization
and regulation in the murine 4T1 and human
A549 cell lines. It is likely that these differences
contribute to species-specific replication of
HAdV.

The efficacy of oncolytic vectors is attributed in
part to their ability to directly replicate in and
kill cancer cells and also through their ability to
act as an adjuvant to induce antitumor immu-
nity.3,49 Thus, we initially tested CRAdFAST in
the 4T1 immunocompetent mouse model of can-
cer. However, in general, HAdV-5 has a relatively
poor ability to infect mouse cells, including 4T1
cells,37 and infection is typically not productive
(Figure 2). Although treatment of 4T1 cells in
culture with CRAdFAST led to cell fusion, a reduction in cellular
metabolic activity, and induction of apoptosis (Figure 3), no beneficial
effect was achieved in vivo (Figure 4). However, we did observe re-
gions of syncytium formation in CRAdFAST-treated 4T1 tumors,
which was not observed in CRAd-treated animals, suggesting that
p14 FAST protein could mediate cell fusion in vivo (Figure 4).

While inclusion of retargeting ligands can increase infection effi-
ciency,40,50–54 the inability of HAdV to productively replicate in
mouse cells is a distinct limitation to testing HAdV in mouse models
of cancer. Researchers have identified other animal models that are
more permissive to HAdV replication, such as the Syrian hamster
erapy: Oncolytics Vol. 14 September 2019 115
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and cotton rat,55,56 which may be more amenable to studying
CRAdFAST in the context of an intact innate immune system. The
mechanism for species-specific restriction of HAdV replication is un-
clear, although all aspects of the virus life cycle appear affected (i.e.,
early gene expression, DNA replication, and late gene expres-
sion).57,58 HAdV is reported to productively replicate in mouse
CMT-64 cells,28,59–61 suggesting that this cell line may be a more
appropriate model in which to assess efficacy of oncolytic HAdV in
immunocompetent animals.

We next evaluated CRAdFAST in a human A549 xenograft model of
cancer in immunodeficient mice. In this model, CRAd and
CRAdFAST would be expected to replicate and spread to adjacent
cells, but the effect of these vectors on antitumor immunity cannot
be evaluated. In tissue culture, a very low quantity of CRAdFAST
was required to achieve complete fusion of the cell monolayer, which
was accompanied by a dramatic decline in cellular metabolic activity
and induction of apoptotic-like cell death, as indicated by cleavage of
caspase-3 (Figure 6). In vivo, treatment with CRAdFAST caused a sta-
tistically significant decline in tumor growth rate (Figure 7).

ICOVIR16, a conditionally replicating HAdV expressing the GALV
fusion protein, induced a similar reduction in SkMel-28 tumor
growth rates following a single intratumoral injection.22 Indeed, in-
clusion of the GALV fusion protein in ICOVIR16 appeared to have
a greater therapeutic effect than we observed for p14 FAST. It is
possible that the efficiency with whichHAdV can replicate and spread
within A549 cells may mask some of the benefits induced by intratu-
moral syncytium formation in our experiments. Immunohistological
examination of tumors treated with CRAd showed intense staining
primarily in the center regions of the tumor, whereas CRAdFAST
showed less intense but more diffuse staining (Figure 8A). In addi-
tion, CRAdFAST-treated tumors had large acellular pockets bordered
by regions of significant anti-HA (p14 FAST) staining (Figure 8B).
Multinucleated syncytia were also noted in CRAdFAST-treated
A549 tumors. Nuclear fragmentation, which is a hallmark of
apoptotic cell death, was evident in both CRAd- and CRAdFAST-
treated tumors (Figure 8A, 100�). Interestingly, not all fusogenic
proteins induce apoptosis,62,63 suggesting that different fusogenic
proteins may induce alternate forms of cell death.

Since a large proportion of the initial injectate can escape the tumor
and infect the liver,42,44 we also examined pathology of the liver in
treated animals. Interestingly, although the livers of all animals did
not show any gross abnormal pathology at 5 days post-treatment,
we did observe significant anti-HAdV staining primarily adjacent
to blood vessels in the liver of CRAdFAST-treated animals, which
was not present in animals treated with CRAd (Figure 8C). Similarly,
anti-HA (p14 FAST) staining revealed the formation of small syncytia
in regions adjacent to blood vessels in the liver of CRAdFAST-treated
animals (Figure 8D).

The lack of anti-HAdV staining in the liver ofmice treated with CRAd
suggests that p14 FAST conferred some property that allowed for the
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accumulation of viral proteins in the liver of CRAdFAST-treated an-
imals. p14 FAST protein may allow for enhanced replication of
CRAd in mouse hepatocytes, although the mechanism by which this
would occur is unclear. Cell fusion or syncytium formation within
the CRAdFAST-infected tumor may allow for enhanced release of
progeny virus into circulation, resulting in enhanced uptake of virus
in the liver, which would not occur in CRAd-treated animals. In this
scenario, the presence of HAdV proteins in the liver would be due
to de novo replication within the liver, which we find unlikely given
the cancer-specific replication conferred by the E1AD24 mutation.

Alternatively, we and others have shown that expression of fusion
proteins, including p14 FAST protein,37 can lead to the enhanced
release of exosome-like particles termed syncytiosomes.64,65 Syncytio-
somes are hypothesized to have the capacity to transport tumor-asso-
ciated antigen outside of the tumor micro-environment. Thus, the
HAdV and p14 FAST proteins present in the liver in CRAdFAST-
treated animals may have been released from infected tumor cells
in syncytiosomes, which were subsequently taken up by the liver.
Consistent with this scenario, we have observed enhanced release of
exosome-like particles from CRAdFAST-infected cells (data not
shown). Syncytiosomes are also extremely efficient at delivering their
contents to dendritic cells, thereby enhancing tumor-associated anti-
gen cross-presentation and activation of T cells.64,65 This latter point
would obviously be extremely beneficial for the formation of anti-tu-
mor immunity to help mediate tumor regression, thus improving
CRAd efficacy in permissive and immunocompetent animal models
of cancer and, ultimately, human patients.

MATERIALS AND METHODS
Cell Culture

Human A549 (ATCC CRM-CCL-185)66 and 293 cells (ATCC CRL-
1573)67 were maintained in minimal essential medium (MEM)
(Sigma-Aldrich, Oakville, ON, Canada) supplemented with 10% fetal
bovine serum (FBS) (Sigma-Aldrich), 2 mM GlutaMAX (Invitrogen,
Waltham, MA, USA), and 1� antibiotic-antimycotic (Invitrogen).
Mouse 4T1 (ATCC CRL-2539)68 cells were maintained in DMEM-
high glucose (Sigma-Aldrich) with identical supplements.

Adenoviral Constructs

Schematic representations of all HAdV vectors are shown in Figure 1.
All HAdV vectors are based on serotype 5 (HAdV-5), and they were
generated by a combination of traditional and RecA-mediated clon-
ing.69 AdFAST-HA is an E1- and E3-deleted HAdV vector, it contains
the p14 FAST gene under regulation of the human cytomegalovirus
(CMV) immediate early enhancer-promoter and bovine growth hor-
mone polyadenylation sequence (BGHpA) replacing the E1 region,
and it has been described previously.36 For simplicity, this vector
was referred to as AdFAST. HAdV vectors CRAd and CRAdFAST
used in this study contain the E1AD24 mutation and are also deleted
of the E3 region. E1AD24 prevents the E1A protein from binding the
retinoblastoma (Rb) protein, which is required for efficient replica-
tion in normal tissues, thus conferring selective replication in cancer
cells defective in the Rb pathway.47
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To link p14 FAST protein expression to virus replication, we placed
an expression cassette comprising an SA site-p14 FAST coding
sequence replacing the E3 deletion, which places p14 FAST expres-
sion under regulation of the viral MLP.38–40 Since the MLP is only
active at appreciable levels following active virus DNA replication,48

p14 FAST protein is only expressed in cells in which the virus can
replicate. The p14 FAST proteins expressed from AdFAST and
CRAdFAST contain a C-terminal HA epitope tag, as previously
described.36 Ad-late/RFP is similar in structure to CRAdFAST, but
it contains a wild-type E1 and encodes an SA-monomeric RFP
expression cassette within the E3, rather than SA-p14 FAST, and it
has been described previously.39 HAdV vector stocks were amplified
in 293N3S cells, which were a kind gift of Dr. Frank Graham (McMas-
ter University),70 with the exception that CRAdFAST was amplified
in A549 cells in suspension culture. Viruses were purified and titered
as described previously.71

Analysis of CRAdFAST Growth Kinetics

To determine whether expression of p14 FAST altered the growth ki-
netics of the vector, 35-mm dishes of A549 and 4T1 cells were infected
at an MOI of 10 PFU/cell with either CRAd or CRAdFAST. At 2, 24,
and 72 hpi, the cells were collected into the medium and subjected to
two rounds of freeze-thaw to release progeny virions. Viral titers in
the initial inoculum and at the various time points were determined
by plaque assay.71

To quantify HAdV genome replication in 4T1 cells, 35-mm dishes of
4T1 cells were infected at an MOI of 3 in 200 mL PBS with either
AdFAST or CRAdFAST for 1 h, washed with PBS, and medium
was replaced. At 4, 24, 48, and 72 hpi, medium was removed and
the cells were incubated with 500 mL SDS-Proteinase K buffer
(10 mM Tris-HCl [pH 7.4], 10 mM EDTA, 1% SDS [w/v], and
1 mg/mL proteinase K) overnight at 37�C. DNA extraction was
performed as described previously,71 and qPCR was performed using
200 ng isolated DNA and the following primer sets: Hexon (50-CTT
ACCCCCAACGAGTTTGA-30 and 50-GGAGTACATGCGGTCCT
TGT-30) and actin (50-CCGTCAGGCAGCTCATAGCTCTTC-30

and 50-CTGAACCCTAAGGCCAACCGT-30). qPCR for the actin
gene was performed to verify that equal quantities of DNA were pre-
sent in the samples (data not shown). In parallel, a standard curve of
known viral genome quantities was prepared, and it was used to
calculate genome concentrations in each sample. Copy numbers
were calculated by themethod previously described byWhelan et al.72

Immunoblot Analysis

Cells were seeded in 35-mm culture dishes at a density of 6.0 � 105

cells/well. The next day, the cells were infected with virus at varying
MOIs for 1 h and the medium was replaced. For experiments
including Ara-C, medium containing 20 mg/mL drug was placed
onto the cells after the 1-h infection. At varying times post-infection,
the medium was removed, the cells were harvested in 2� Laemmli
buffer (62.5 mMTris HCl [pH 6.8], 25% glycerol, 2% SDS, 0.01% Bro-
mophenol Blue, and 5% 2-mercaptoethanol), and the samples were
stored at �20�C. Harvested samples were boiled for 5 min at
100�C, separated by SDS-PAGE, and transferred using a semi-dry
transfer protocol onto polyvinylidene fluoride (PVDF) membrane
(Millipore, Etobicoke, ON, Canada). Membranes were probed for
b-actin (1:10,000, Clone AC-15 A1978, Sigma-Aldrich), HAdV-5 fi-
ber (1/10,000 dilution, MS-1027-P0, Neomarkers [Fremont, CA,
USA]), caspase-3 (1:10,000, 9662, Cell Signaling Technology [Beverly,
MA, USA]), cleaved caspase-3 (1:1,000, 9664, Cell Signaling Tech-
nology), or HA epitope (1:3,000, 2367, Cell Signaling Technology).
Immunoblots were developed using Luminata Classico horseradish
peroxidase (HRP) substrate (Millipore) and visualized by
autoradiography.

Microscopy

Phase-contrast images were acquired using a Zeiss Axio Observer Mi-
croscope (Carl Zeiss Canada, North York, ON, Canada) and analyzed
using Zen 2 (Blue Edition) software (Carl Zeiss Canada). Images were
processed using GNU Image Manipulation Program (GIMP)73 and
compiled using Inkscape software.74

Metabolic Activity Assay

Metabolic activity was quantified using the CellTiter 96 AQueous One
Solution Cell Proliferation Assay (Promega, Madison, WI, USA). 4T1
and A549 cells were seeded at 2� 104 cells/well in flat-bottom 96-well
cell culture dishes (Thermo Scientific, Waltham, MA, USA). The next
day, the cells were infected with varying MOIs of AdFAST, CRAd, or
CRAdFAST in 25 mL PBS for 1 h, and medium was replaced. Meta-
bolic activity was evaluated at 24, 48, and 72 hpi. 20 mLMTS substrate
was added to each well and incubated in the dark for 1 h. Color devel-
opment was analyzed in the 96-well plate using a SpectraMax 190
plate spectrophotometer (Molecular Devices, Sunnyvale, CA, USA)
at 490 nm.

4T1 Syngeneic Cancer Model

All mouse experiments were approved by the Animal Care Commit-
tee at the University of Ottawa. For the 4T1 mouse mammary
carcinoma tumor model, 30 BALB/c (Charles River Laboratories,
Wilmington, MA, USA) mice were injected subcutaneously with
1 � 105 cells in the right hind flank. When tumors reached approxi-
mately 5 � 5 mm (5 days post-injection), the mice received an intra-
tumoral injection of 50 mL PBS or 7� 109 PFU CRAd or CRAdFAST
diluted in PBS to a total volume of 50 mL. Then 3 days after vector de-
livery, two mice from each group were euthanized for histological
analysis of tumor and liver samples. For the remainder of the animals,
tumor size was measured three times weekly via electronic calipers:
two measurements were taken, one at the largest diameter and
another perpendicular to the first, and volumes were calculated as
(length�width2)/2. The experiment achieved endpoint when any tu-
mor reached 15 � 15 mm, had a volume of approximately
1,687.5 mm3, or the mice showed signs of ulceration.

A549 Xenograft Tumor Model

For the A549 human lung adenocarcinoma tumor model, 21 CD-1
nude mice (Charles River Laboratories) were injected subcutaneously
with 1 � 106 A549 cells in the right hind flank. Then 15 days later,
Molecular Therapy: Oncolytics Vol. 14 September 2019 117
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when the tumors reached approximately 5� 5 mm, the mice received
an intratumoral injection of 50 mL PBS or 1.0 � 109 PFU CRAd or
CRAdFAST diluted to a volume of 50 mL in PBS. Mice were moni-
tored for tumor growth and survival as described above.

Tumor Histology and Immunohistochemistry

Immediately upon removal, tumors and livers were placed in 4%
paraformaldehyde (PFA) solution. Then 48 h later, the samples
were transferred to 70% ethanol, and they were further processed,
embedded, sectioned, and stained with H&E at the University of
Ottawa Histology Core Facility. Formalin-fixed, paraffin-embedded
slides were deparaffinized in xylene and rehydrated through a
100%–70% ethanol gradient. Heat-induced epitope retrieval was per-
formed at 110�C for 12 min with citrate buffer (pH 6.0), and 3% H202
was used to block endogenous peroxidases. Sections were further
blocked with Background Sniper blocking reagent (BioCare Medical,
CA, USA) and incubated with rabbit anti-HA antibody (Cell
Signaling Technology, C29F4; 1:1,000 liver, 1:2,000 tumor) and/or
rabbit anti-HAdV-5 (Abcam, ab6982; 1:2,000) for 1 h at room tem-
perature. Antibody binding was visualized using the MAHC4TM +
DAB detection system according to the manufacturer’s instructions
(BioCare Medical). Slides were then counterstained with hematoxy-
lin, and images were obtained using the Zeiss Mirax Midi whole-slide
digital scanner. Images were analyzed using Pannoramic Viewer soft-
ware (3DHISTECH, build 1.15.4.43061, Budapest, Hungary), and
they were compiled using Inkscape software.74

Statistical Analysis

Statistical analyses were performed using GraphPad Prism 6 (version
6.01; GraphPad, SanDiego, CA, USA). All bar graphs represent mean,
while error bars represent SD. MTS data presented in bar graphs were
compared by two-way ANOVA, followed by Tukey’s honestly signif-
icant difference (HSD) post hoc analysis. 4T1 tumor growth rates pre-
sented in bar graphs were modeled using tumor-specific growth rate,
as described by Mehrara et al.,75 and compared by one-way ANOVA.
For the A549 xenograft tumor model, a linear growth model was cho-
sen to analyze growth, as the r2 values overall were higher for linear
regression (0.53 for PBS, 0.33 for CRAd, and 0.42 for CRAdFAST)
than for non-linear regression using an exponential model (0.38 for
PBS, 0.27 for CRAd, and 0.34 for CRAdFAST). There is significant ev-
idence that tumors often take on a linear growth pattern.76
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