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Enadenotucirev (EnAd) is a chimeric group B adenovirus iso-
lated by bioselection from a library of adenovirus serotypes.
It replicates selectively in and kills a diverse range of carcinoma
cells, shows effective anticancer activity in preclinical systems,
and is currently undergoing phase I/II clinical trials. EnAd kills
cells more quickly than type 5 adenovirus, and speed of cytotox-
icity is dose dependent. The EnAd death pathway does not
involve p53, is predominantly caspase independent, and ap-
pears to involve a rapid fall in cellular ATP. Infected cells
show early loss of membrane integrity; increased exposure
of calreticulin; extracellular release of ATP, HSP70, and
HMGB1; and influx of calcium. The virus also causes an
obvious single membrane blister reminiscent of ischemic cell
death by oncosis. In human tumor biopsies maintained in
ex vivo culture, EnAd mediated release of pro-inflammatory
mediators such as TNF-a, IL-6, and HMGB1. In accordance
with this, EnAd-infected tumor cells showed potent stimula-
tion of dendritic cells and CD4+ T cells in amixed tumor-leuko-
cyte reaction in vitro. Whereas many viruses have evolved for
efficient propagation with minimal inflammation, bioselection
of EnAd for rapid killing has yielded a virus with a short life
cycle that combines potent cytotoxicity with a proinflamma-
tory mechanism of cell death.

INTRODUCTION
Cancer virotherapy exploits the ability of lytic viruses to replicate
selectively within cancer cells and lyse them before spreading to infect
adjacent cells.1,2 Recent advances in cancer biology have enabled mo-
lecular engineering of viruses to exploit specific acquired features of
the cancer genotype or phenotype, with some agents showing encour-
aging clinical success.3 Notably, following the announcement that
Amgen’s oncolytic herpes vaccine had met its primary endpoint of
improved durable response rate in a phase 3 melanoma trial,4 it has
been awarded a product license in both the United States and Euro-
pean Union. Rather than design the molecular structure of viruses
to exploit known mutations, we have used a bioselection process to
isolate chimeric adenoviruses with the desired biological properties
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from a diverse library of adenovirus serotypes under conditions de-
signed to encourage recombination.5 One such chimeric adenovirus,
known as Enadenotucirev or EnAd (formerly known as “ColoAd1”)
shows particular potency for killing cancer cells while sparing normal
cells both in vitro and in vivo,5 and is currently undergoing a series of
early-phase clinical trials.

The capsid of EnAd is from Ad11p, a serotype with limited seropre-
valence in humans. EnAd infects cells by binding to CD46 and/or des-
moglein 2,6 both widely expressed on many carcinoma cells. Most of
the EnAd genome is derived from Ad11p with a large deletion in E3
and a smaller deletion in E4. In addition, the E2B region consists of a
chimera of sequences from Ad11p and Ad3.5 Adenovirus E3 proteins
are generally thought to protect virally infected cells from eradication
by the immune system, although their precise functions in group B
viruses are not fully delineated. The E4 deletion in EnAd is in
E4ORF4, which in Ad5 encodes a protein that inactivates protein
phosphatase2A and thereby activates protein translation machinery
as well as regulating activity of E1A protein in a feedback inhibitory
loop.7 These deletions, perhaps combined with the chimeric E2B re-
gion, probably contribute to the striking cancer-selective replication
of EnAd.5

Many viruses kill cells by activating apoptosis mechanisms, although
the possibility that some viruses mediate lysis without apoptosis is
attractive because it may provide a pro-inflammatory environment
useful in assisting a cancer vaccine strategy. Here, we characterize
the cytotoxicity of EnAd, showing that the virus kills cells more
quickly than wild-type Ad3, Ad11p, and Ad5, largely independent
(s).
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Figure 1. Comparison of Potency and Time Course

of Cytotoxicity of Different Adenoviruses in A549

Cells

(A) A549 cells were exposed to EnAd, Ad5, Ad3, Ad11p,

and Onyx-015 at different ppc, and viability was

measured by MTS assay over 5 days. The dashed line

shows 50% cell survival, indicating IC50 values. (B–D)

A549 cell growth and cytotoxicity curve under

titrated doses of different adenoviruses, measured by

xCELLigence cell monitor (Roche). The color of the lines

refers to the virus dose shown (see key). (E) A549 cell

growth and cytotoxicity curve under titrated doses of

cisplatin (500, 100, 20, 4.0, 0.8, and 0 mM, respectively,

using the same rank order color code as B–D). (F–H) Cell

growth and cytotoxicity graphs for SKOV-3 ovarian car-

cinoma cells, using the same virus concentrations and

color codes as (B)–(D), but with an additional high dose

(dark green lines) of 2,500 ppc. In all cases, the vertical

arrow shows when the treatment was added. (I–L) Light

microscopy images of A549 cells exposed to different

cytotoxic treatments; cisplatin (100 mM), Ad5, Ad11p, and

EnAd (all 100 ppc), and photographed after 48 hr. Scale

bar, 100 mm.
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of programmed cell death (apoptosis and necroptosis) mechanisms.
The death pathway coincides with a rapid fall in cellular ATP and
has many features associated with ischemic cell death or oncosis.
These include the formation of large single-cell blisters, thought to
reflect loss of control of cellular ion gradients. Death by oncosis is
usually considered pro-inflammatory, and EnAd-mediated death
causes significant release of inflammatory mediators from cells such
as ATP, HMGB1, heat shock proteins, and exposure of calreticulin.
In a mixed tumor-leukocyte reaction, tumor cells infected with
EnAd gave a strong activation of dendritic cells that led in turn to
Molec
potent activation of CD4 T cells. These features
of EnAd infection of cancer cells support the
notion that it has a pro-inflammatory pheno-
type and may enhance the utility of the virus
in promoting an anticancer vaccine response.

RESULTS
Enadenotucirev Oncolysis Is Faster and

More Potent Than Wild-Type Adenovirus

The cytotoxicity of EnAd at a range of concen-
trations was compared with three wild-type
adenoviruses (Ad5, Ad11p, and Ad3) and the
oncolytic adenovirus Onyx-015 on A549 cells
(Figure 1A). The virus batches used all had
similar infectivity titers on 293T cells (measured
by TCID50; see Supplemental Information), but
in this 5-day cytotoxicity assay EnAd was far
more potent than the other viruses at all con-
centrations. Under these conditions, the IC50

(the virus concentration achieving 50% cell
kill) for EnAd was over 1,000-fold lower than
for Ad5, Ad3, and onyx-015, and more than 20-fold lower than for
Ad11p.

Cytotoxicity was also compared in real time using the xCELLigence
system (Figures 1B–1H), which measures changes in conductivity
to indicate growth of the cell monolayer for adherent type cells, giving
a cell index (CI) which rises as cells proliferate and falls as they die or
detach from the plate.8 Viability of the remaining cells can also be
verified by MTS assay and crystal violet staining. In all cases, viruses
were added 24 hr after the start of cell culture, when cells were
ular Therapy: Oncolytics Vol. 4 March 2017 19
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growing rapidly. EnAd and Ad11p were noticeably more potent than
Ad5 in all cell lines studied. At the highest concentration (500 parti-
cles per cell [ppc]) in A549 cells, they mediated complete killing be-
tween 36-48 hr post-infection (p.i.; Figures 1B and 1D), with EnAd
more active than Ad11p at lower concentrations. In contrast, high
doses of Ad5 required 3–5 days to achieve full cell killing (Figure 1C).
The “kill” curves caused by the group B adenoviruses (sudden falls in
the cell index; Figures 1B and 1D) were roughly parallel at different
virus concentrations but began at different times, suggesting that
the time of killing was largely dependent on virus dose. In contrast,
the kill curves of high doses of Ad5 (Figure 1C) were similar to
each other and largely superimposed, indicating that the timing of
cell death was less dependent on virus dose. It is possible that the
dose-dependent cytotoxicity of EnAd and Ad11p reflects virus-medi-
ated cytotoxicity pathways, whereas the largely dose-independent
Ad5 cytotoxicity might indicate more involvement of physiological
death pathways. Under the same conditions, cisplatin killed A549
cells over 4–5 days (Figure 1E) typical of programmed cell death.
The dose-dependent cytotoxicity of EnAd and Ad11p was not
restricted to A549 cells, with similar results obtained in other cells
including SKOV-3 (Figures 1F–1H) and DLD-1, IGROV, and
MCF-7 cells (Figure S1). Cancer selectivity of EnAd has been exten-
sively characterized using a broad range of human primary cells from
a range of tissues (S.I., unpublished data).

Enadenotucirev-Induced Cytotoxicity Shows “Single-

Membrane Blister” Death Associated with Oncosis

Cytotoxicity induced by the different treatments was assessed using
time-lapse video light microscopy (Movies S1, S2, S3, S4, and S5).
Cells treated with Ad5 ceased dividing, became isolated and rounded,
and eventually died with excessive multiple membrane blebbing char-
acteristic of apoptosis. Cisplatin also induced death with features of
apoptosis. In contrast, cells treated with EnAd and Ad11p usually
clumped together, showed little evidence of apoptosis, and underwent
sudden formation of large single membrane blisters at the time of
death9 (Movies S1, S2, S3, S4, and S5). This dramatic cellular demise,
termed single blister cell death (BCD) is a typical marker of cell death
by oncosis10,11 and is thought to reflect loss of control over ion trans-
port and consequent osmotic rupture. Figures 1I–1L shows individual
frame images, taken from the movies, and the single membrane blis-
ters caused by EnAd are clearly visible.

Enadenotucirev-Induced Cytotoxicity Does Not Show the

Classical Signs of Apoptosis or Necroptosis

It was unclear whether the BCD death pathway caused by the group B
adenoviruses was dependent on classical components of programmed
cell death. Accordingly, we explored several features associated with
apoptosis and necroptosis to determine any involvement of these pro-
cesses in adenovirus cytotoxicity.

Cell Morphology

The effects of virus infection and replication on cellular morphology
were assessed by transmission electron microscopy (TEM). This was
performed late in the virus life cycles, when intranuclear tessellations
20 Molecular Therapy: Oncolytics Vol. 4 March 2017
of capsids were visible in each case, but before obvious cell death.
A549 cells infected with Ad5 showed substantial disturbance of cell
morphology, including extensions of the nuclear membrane and frag-
mentation of the nucleus (Figures 2A and S2). In contrast, EnAd and
Ad11p infection caused no obvious cytopathology despite the pres-
ence of large numbers of virus particles in the nucleus. Classic features
of apoptosis, such as cell shrinkage and chromatin condensation,
were not seen with any of the viruses.

Cell Cycle

The effects of virus infection on the cell cycle were assessed by flow
cytometry at times and conditions when the various agents were ex-
erting maximum cytotoxicity (see Figure 2B legend for details). A549
cells infected with EnAd or Ad11p showed little perturbation of the
cell cycle, similar to peroxide-treated cells (Figure 2B), except many
cells (up to 20%) showed greater than 2N (>2N) levels of DNA,
most likely representing detection of virus DNA alongside the
genomic DNA. Cells infected with Ad5 also showed this increase
in >2N cells, but in addition they showed a dramatic fall in G1 and
a rise in S phase. These latter features were shared by cells treated
with cisplatin, which also caused a major increase in sub-G1, indi-
cating the formation of apoptotic bodies, although this was not
observed with any virus treatment.

Involvement of p53 in Virus Cytotoxicity

To try and elucidate the mechanism of EnAd cytotoxicity, we assessed
the possible involvement of p53. A549 cells (which have wild-type
p53) were infected with EnAd, Ad5, or Ad11p, and cell lysates were
assessed by western blot. Expression of hexon protein was used to
show that each virus progressed through its life cycle to the expression
of late proteins by day 3. Cells infected with Ad5 showed a small rise
in p53 protein (day 1) before a substantial fall (days 2, 3) thought to
reflect targeted degradation.12 In contrast, both group B viruses
showed time-dependent increases in p53 (Figure 3A). Ad11 has
been shown previously to cause a rise in p53 protein, and it is thought
that the increased p53 is transcriptionally inactivated and recruited to
viral replication centers.13

Pitfithrin-a inhibits transactivation of p53-responsive genes and sup-
presses p53-dependent apoptosis.14 When added to A549 cells, stud-
ied by xCELLigence, it had little effect on non-infected cells but also
had no effect on the cytotoxicity of EnAd (Figure 3B), suggesting p53
is not involved in the EnAd-mediated death mechanism. Similarly,
when using a p53-null human lung carcinoma cell line with inducible
p53 (H1299-p53-tet-on), induction of p53 using doxycycline (Fig-
ure S3) did not affect cytotoxicity of EnAd, Ad11p, or Ad5, although
it did increase cisplatin cytotoxicity as expected (Figure 3C). These
data confirm that, in this system, p53 does not play an important
role in the cytotoxicity of EnAd nor of wild-type Ad11p or Ad5.

Caspase Activation

We then assessed the involvement of caspases 8 and 3 during virus-
induced cell death, markers of extrinsic and late apoptosis, respec-
tively.15 Analysis of caspase 8 activation by flow cytometry of A549



Figure 2. The Impact of Oncolysis on Morphology and Cell Cycle

(A) Following exposure to viruses, themorphology of A549 cells was evaluated by transmission electronmicroscopy (TEM), comparing cell morphologies at similar stage in the

virus life cycle (scale bars show 1 mm in the main images and 100 nm for insets). (B) Cell-cycle analysis by flow cytometry, with cells treated as shown. Treatment conditions

applied were as follows: EnAd, 10 ppc (POI day 3); Ad11, 25 ppc (POI day 3), and Ad5, 100 ppc (POI day 3.5); cisplatin (50 mM) assessed after 24 hr, H2O2 (1 mM) assessed

after 4 hr.
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cells showed that none of the viruses caused measurably increased
levels during days 1–2 post-infection, but Ad5-treated cells showed
activation of caspase 8 day 3 post-infection (Figure S4). This indicates
that the extrinsic pathway of apoptosis does not play a role in virus-
induced cell death. In contrast, EnAd- and Ad11p-treated cells
showed modest levels of caspase 3 activation (approximately 10% in-
crease compared to controls; Figure 3) 24–72 hr following infection,
suggesting that a subset of cells may show some features of apoptosis
later in the death pathway. Because virtually all of the cells are dead by
72–96 hr, it seems likely that the majority of cells are dying without
measurable activation of caspase pathways.

Necroptosis

Apoptosis does not seem to play a major role in adenovirus-mediated
cytotoxicity in these systems, leading us to consider the involvement
of Rip1-kinase, known to play a central role in pathways of cellular
inflammation and programmed necrosis (necroptosis). We therefore
evaluated phosphorylation of mixed lineage kinase domain-like pro-
tein (MLKL), which plays a key role in death domain-mediated nec-
roptosis, but found no measurable activation by any of the viruses
(Figure S5). These data suggest that Rip-1 kinase plays no significant
role in the mechanism of EnAd cytotoxicity.

EnAd Oncolysis Shows Features of Oncosis

To investigate whether cells infected with EnAd and Ad11p were un-
dergoing oncosis, we evaluated the expression of typical oncosis
markers,16 including early loss of membrane integrity, a rapid fall
in intracellular ATP, and rise in intracellular calcium, as well as single
blister formation (see above).11,17

Membrane Integrity

Membrane integrity associated with cell death was characterized by
Annexin V/PI double staining, allowing differentiation of apoptotic,
necrotic, and viable cells (Figures 4A and 4B). Whereas viable cells
are unstained, apoptotic cells are positive for Annexin V, reflecting
binding to phosphatidylserine, which is externalized, although the
Molecular Therapy: Oncolytics Vol. 4 March 2017 21
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Figure 3. Adenovirus Cytotoxicity Does Not Involve p53 or Caspase 3 Activation

(A) Western blot of p53 levels in A549 cells treated with different viruses (EnAd, 10 ppc; Ad11, 25 ppc; Ad5, 100 ppc) or cisplatin (50 mM). b-Actin as loading control. Viral

replication was visualized by Coomassie blue-stained adenovirus hexon bands (molecular weight [MW], 120 kDa approximately). (B) The impact of p53 inhibitor Pitfithrin a on

EnAd (100 ppc)-mediated cytotoxicity measured by xCELLigence; cells were seeded at time 0 and virus added at 24 hr. Pitfithin a (40 mM) was applied 5 hr POI. (C) Effect of

p53 expression on cytotoxicities of viruses and cisplatin on H1299-p53-Tet on cells, measured by MTS assay 48 hr POI. For viral treatment, doxycycline (2 mM) was added

5 hr POI to induce p53 expression (Figure S3); for cisplatin treatment, doxycycline was added 16 hr before cisplatin. Significance was assessed using two-way ANOVA with

Bonferroni’s post-test, *p % 0.05, **p % 0.01. Errors bars represent SEM; n = 3. (D) Activation of caspase 3/7 in A549 cells following treatment with viruses (100 ppc) or

doxorubicin (5 mM). Cells were harvested at 24, 48, and 72 hr, and assayed using the Vybrant FAM Caspase-3 and -7 assay kit.
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cell membrane stays intact during the early stages. Early oncosis/
necrosis is characterized by propidium iodide (PI) nuclear staining
(±Annexin V staining), reflecting compromised plasma membrane
integrity. Because the two stains associate with different cellular com-
partments, it is easy to distinguish cells that are single stained from
those that are double stained. Treatment with cisplatin produced fea-
tures of primary apoptosis (Figure 4A), staining strongly for Annexin
V (green) with virtually no membrane leakage (PI, red). Similarly
treatment with Ad5 showed a relatively low PI signal and many cells
were positive only for Annexin V, presumably undergoing an
apoptosis-like death process with intact cell membranes. Few Ad5-
killed cells were positive only for PI, suggesting little primary necro-
22 Molecular Therapy: Oncolytics Vol. 4 March 2017
sis/oncosis. In contrast, cells treated with EnAd or Ad11p showed
extensive PI permeability with some Annexin V staining, a pattern
associated mainly with oncosis.

The influence of time on Annexin V and PI staining was studied
using flow cytometry (48, 72, and 84 hr post-infection [Figure 4B]).
By 72 hr post-infection, cells treated with EnAd showed 35%
membrane permeabilization (PI-positive), although by 84 hr post-
infection many cells had died and the remainder were 68% positive
for PI (±Annexin V). Ad11p gave a similar profile, although the per-
centage of PI-only cells was less than with EnAd. Ad5 cytotoxicity was
only obvious from 84 hr post-infection onward, mainly associated



Figure 4. Cells Infected with EnAd Show Plasma Membrane Permeabilization

A549 cells were infected with EnAd (10 ppc), Ad11p (25 ppc) and Ad5 (100 ppc), unless otherwise specified, and data are expressed as a percentage of control mock-treated

cells. (A) Annexin V/PI dual staining of the treated cells, observed by fluorescencemicroscopy (10�magnification). Annexin Vwas labeled with FITC (green); PI signal indicates

lack of plasma membrane integrity (red). Virus-treated cells were imaged at day 3 POI, cisplatin-treated cells were imaged after 24 hr. Mock-treated cells showed only low

signals (see Supplemental Information). (B) Flow cytometry analysis of Annexin V/PI time course for virus oncolysis.
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with Annexin V positivity with few cells staining only for PI. As con-
trols cisplatin (59% Annexin V staining only) and H2O2 (90% PI-
positive ± Annexin V) showed distinct staining patterns thought to
represent apoptosis and oncosis/necrosis, respectively.

ATP Levels

An important biochemical event leading to oncosis, as opposed to
apoptosis, is a rapid fall in intracellular ATP.17 Tomaximize relevance
to the living situation, cells were cultured in a physiologically relevant
level of glucose (5.5 mM) to encourage a realistic metabolic profile.
A549 cells infected with Ad5, Ad11p, and EnAd all showed a transient
early increase in intracellular ATP, perhaps reflecting adenovirus
infection stimulating cell metabolism to facilitate virus production,
for example by stimulation of the PI3 kinase pathway by the early
virus protein E4ORF118 (Figures 5A and 5B). Cells infected with
EnAd subsequently show a rapid drop in intracellular ATP levels
over a very short period of time (72–96 hr post-infection for cells in-
fected with 5 ppc EnAd [Figure 5A] or 72–84 hr post-infection for
10 ppc EnAd [Figure 5B]). Cells treated with equivalent MOIs of
the wild-type Ad11p and Ad5 cause a more gradual decline of ATP
(from around 60 to 132 hr post-infection). Lieberthal et al.19 showed
that, if decreases in ATP are less than 75%–85%, cells will either die by
apoptosis or survive if mitochondrial function can be restored. How-
ever, if ATP depletion is greater than 75%–85%, cells die by a rapid
apoptosis-independent ischemic death mechanism. The dashed
horizontal line on each graph indicates the 80% threshold for each
experiment. The rapid depletion of cellular ATP by EnAd may be a
consequence of its strikingly high level of DNA synthesis, where it
produced over twice as many virus genomes as Ad11p and over
five times more than Ad5 (Figure 5E). Interestingly, simultaneous
with the fall in intracellular ATP, EnAd-treated cells also showed a
rise in extracellular ATP (Figure 5F), perhaps reflecting increased
membrane permeability and non-specific leakage.

Intracellular Calcium

We measured the levels of intracellular calcium in MCF7 and A549
cells infected with EnAd, Ad5, or Ad11p at equal virus particles per
cell. Late in the virus infection cycle, intracellular Ca2+ levels were
observed to increase with all three viruses; however, there is a much
greater rise in the case of EnAd than with Ad11p or Ad5 (Figures
5C, 5D, and S7).

The sudden fall in intracellular ATP (reaching levels reported to
trigger ischemic cell death), rise in intracellular calcium, and loss of
membrane function, coupled with the single BCD noted earlier, all
indicate that EnAd infection results in the type of cell death known
as oncosis. Death by oncosis is associated with the release of several
immunogenic signals from dying cells, providing a pro-inflammatory
environment.

EnAd-Mediated Cell Death Causes the Release of

Pro-inflammatory and Pro-phagocytic Markers

Apoptotic cells disintegrate into apoptotic bodies with intact mem-
branes, generally regarded as a non-inflammatory mode of death.
In contrast, oncosis leads to release of cellular contents and has
been implicated as an inflammatory cell death pathway leading to
an increase in pro-inflammatory signaling.

HSP70 (heat shock protein 70) and HMGB1 (high-mobility group
Box-1) represent endogenous danger signals, and their release from
cells is typical of inflammatory cell death.20,21 Release of HSP70 can
be triggered by agents inducing inflammatory cell death such as
Molecular Therapy: Oncolytics Vol. 4 March 2017 23
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Figure 5. Effects of EnAd Infection and Replication

on ATP and Calcium Levels

Effects on cellular ATP levels: A549 cells were grown for

24 hr under low glucose (5 mM) conditions, and treated

with viruses at 10 ppc (A) or 5 ppc (B). ATP levels were

measured at different times after infection and expressed

as percentage of the initial value. Intracellular calcium

levels (C and D) were measured in A549 cells grown in

normal glucose and expressed as a percentage of the

initial value. (E) A549 cells were treated with viruses

(100 ppc) for 90 min, washed, and reincubated. Virus

genomes were quantified at different times using qPCR.

(F) ATP release from A549 cells infected with EnAd

(10 ppc), Ad11p (25 ppc), and Ad5 (100 ppc) at different

times after infection. Error bars represent SEM; n = 3.
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high temperature (60�C) or H2O2
22 (used as positive controls [Fig-

ure 6C]). Dot blotting showed the release of HMGB1 from cells
treated with EnAd and Ad11p started at 3 days post infection
(POI), reaching a maximum at day 3.5–4 (Figure 6D), whereas
Ad5-treated cells gave only a weak signal even at day 4, when death
of most cells was verified by MTS and xCELLigence (Figures 1B–
1E). All the cytotoxic agents studied caused some time-dependent
release of HSP70 from cells, although EnAd treatment caused signif-
icantly greater release than Ad5 and cisplatin, suggesting a more in-
flammatory death pathway.

Calreticulin exposure on cell surfaces is recognized by low-density li-
poprotein-receptor-related protein (LRP) and C1q on phagocytes,
essentially acting as an “eat me” signal when expressed on cells.
Treatment of A549 (or MCF7) cells with EnAd lead to substantial
externalization of calreticulin on the cell surface as measured by
flow cytometry (over 80% of cells were positive), higher than that
observed when using the wild-type viruses Ad11p and Ad5
(Figure 6E).

To assess potential pro-inflammatory activities in clinical-relevant
tissues, we incubated viruses with living “slice” cultures of freshly re-
sected human colorectal cancer liver metastases maintained ex vivo.
This model system provides a good surrogate for clinical activity of
viruses within the complex multicellular and three-dimensional ar-
chitecture of human disease. Measured after 72 hr, treatment with
EnAd mediated release into the supernatant of TNF-a and IL-6 at
significantly higher levels than Ad5, Ad11p, or cisplatin (Figures 6F
and 6G). Taken together, these data suggest that the possible pro-in-
24 Molecular Therapy: Oncolytics Vol. 4 March 2017
flammatory killing mechanism of EnAd is not
limited to cells in culture and may play an
important role in the clinical setting too.

EnAd Activates Dendritic Cells and

Improves T Cell Stimulation in a Mixed

Lymphocyte Reaction

Monocytes isolated from PBMC were briefly
cultured (72 hr) in medium containing recom-
binant human IL-4 and granulocyte-macrophage colony-stimulating
factor (GM-CSF) proteins to produce an immature dendritic cell
(DC) phenotype. A549 cells were infected with either EnAd or
Ad5 (100 ppc), and infection medium was replaced (after 18 hr)
with medium containing monocyte-derived DCs. After 48 hr,
co-culture DCs were assayed for maturation by flow cytometry.
Co-culture of DCs with EnAd-infected tumor cells, or LPS, but
not Ad5-infected tumor cells gave up to 8-fold increase in the level
of HLA-DR (a component of MHC class II) (Figure 7A). Similarly,
the co-stimulatory antigens CD80 and CD86 showed upregulation
by incubation of DCs with tumor cells treated with EnAd but not
cells treated with Ad5 (Figures 7B and 7C).

To assess the functional consequences of this DC stimulation, we
performed a mixed lymphocyte reaction by adding allogeneic
CD4 T cells to the mixture of DC, virus, and tumor cells after
48 hr. Under these circumstances, a subset of the T cells are acti-
vated by interacting via their T cell receptors with mismatched
MHC class I and II molecules, in an antigen-independent manner.
In the absence of DCs (i.e., tumor cells, virus, and T cells only)
only low levels of T cell activation were seen (Figure 7D). When
EnAd-infected tumor cells were incubated with DCs and T cells,
the T cells showed a high level of activation as measured by produc-
tion of IL-2, gamma-interferon, and CD69. Intriguingly, the levels of
activation were much higher for tumor cells infected with EnAd
than for tumor cells infected with Ad5. These data support the
potential for EnAd-mediated tumor cell lysis to create a potent
pro-inflammatory environment that can stimulate an adaptive
immune response.
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Figure 6. Assessment of the Ability of EnAd to Mediate Release of Pro-inflammatory Cytokines from Clinical Tumor Biopsies

(A–C) Quantification by ELISA of intracellular (A) and extracellular (B) HSP70 protein in supernatants of cells infected with different viruses, as shown. (C) shows temperature-

induced positive controls. Significance was assessed by one-way ANOVA, and Tukey’s multiple-comparison test, *p% 0.05, **p% 0.01. Error bars represent SEM; n = 3.

(D) Dot blot for presence of HMGB1 protein in the supernatants of cells infected with different viruses. (E) Expression of calreticulin in A549 cells following treatment with

viruses (100 ppc). Cells were harvested at 24, 48, 72, 96, and 120 hr post-infection (HPI), fixed in formalin, and exposed to an anti-calreticulin antibody, and then analyzed

using flow cytometry. The y axis represents the mean expression of calreticulin (FL1). (F and G) Freshly resected human colorectal cancer biopsies were cultured ex vivo and

treated immediately with virus particles (2� 109 virus particles/well) or drugs (50 mMcisplatin or 1mMH2O2). Levels of TNF-a and IL-6 weremeasured in the supernatant after

72 hr, with significance determined using one-way ANOVA, with Tukey’s multiple-comparison test. **p % 0.01. Error bars represent SEM; n = 3.
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DISCUSSION
Lytic viruses are emerging as an important new approach to cancer
therapy, providing the possibility of a therapeutic agent that amplifies
itself within the target tissue while exerting cytotoxicity selectively to
infected cancer cells. In addition to their self-amplifying properties,
some oncolytic viruses offer a potentially important advantage over
Molecular Therapy: Oncolytics Vol. 4 March 2017 25
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Figure 7. Effect of EnAd-Infected Tumor Cells on Monocyte-Derived Dendritic Cells and CD4 T Cells in a Mixed Tumor-Leukocyte Reaction

Monocytes were positively isolated for CD14 (CD14 MicroBeads; Miltenyi) by MACS from human peripheral blood mononuclear cells. Freshly isolated monocytes were

cultured over 3 days in differentiation media, containing recombinant human IL-4 and GM-CSF proteins. A549 cells were grown to 80% confluence and infected with either

EnAd or Ad5 at 100 ppc or left untreated. After 18 hr, infection media were removed and cells were washed twice in PBS before adding early monocyte-derived dendritic cells

(DCs). (A–C) After 48 hr co-culture, DCs were assayed for maturation by flow cytometry for HLA-DR (A), CD86 (B), and CD80 expression (C) or co-cultured with enriched

allogeneic human CD4 T cells (CD4 MicroBeads; Miltenyi), obtained from fresh PBMCs by MACS. (D) T cell activation was assessed 24 hr later by ELISA (eBioscience) of co-

culture supernatants for IL-2 (i) and IFN-g (ii) production or CD69 (iii) by flow cytometry (NxT Attune; LifeTech). For (A)–(C), each experiment was performed twice, using DCs

from different donors, and assessed by flow cytometry. Individual values and means are shown. For (D), each experiment was performed four times, using different mis-

matched DC and T cells, and data from single representative experiments are shown.
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conventional cancer therapeutics by expressing virus proteins that
take control of the infected cell and kill it at the appropriate stage
of the virus life cycle, to allow release and spread of progeny virions.
Such cytocidal mechanisms may exploit pathways of programmed
cell death, or may operate largely independent of conventional
cellular death pathways. For example, cell lysis might be expected
to maximize opportunities for virion spread, although it could also
expose cellular components that would stimulate a pro-inflammatory
immune environment. Some viruses may also be engineered to
encode immunomodulatory biologics, and express them selectively
within the tumor microenvironment. This range of attractive anti-
cancer mechanisms can in principle be combined within single-virus
therapeutics and form themechanistic basis of the rapidly burgeoning
concept known as “oncolytic vaccines.”

Not all virus-mediated killing is pro-inflammatory. Many “lytic”
viruses have evolved to usurp intrinsic cellular death pathways to
mediate killing at the appropriate time in the virus cycle.23 Several
of these intrinsic pathways (such as apoptosis) are designed to be
non-inflammatory or even immune suppressive,24,25 perhaps allow-
ing the virus to maximize spread and propagation before immune
eradication occurs. In the studies reported here, the extended time
course of killing by Ad5, coupled with its limited release of inflamma-
tory mediators, might suggest that it exploits some aspects of cellular
death pathways, although the lack of caspase 3 activation indicates
neither intrinsic nor extrinsic apoptosis pathways are fully engaged.
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Other groups have previously reported that Ad5 kills by autophagy
and autophagy-triggered caspase activity,26 and that overexpression
of the adenovirus death protein (ADP) accelerates apoptosis.27 Still
others report that Ad5 viruses lacking E3 (and therefore lacking
ADP) are less virulent than those with ADP and kill cells by a process
related to necrosis,28,29 and there is at least one report that death is via
a programmed pathway distinct from both apoptosis and necrosis, in-
dependent of ADP status of the virus.30 It seems likely that the precise
mechanism of virus cytotoxicity may vary between cell types, but it
also seems reasonable to surmise that the absence of ADP (or any
obvious homolog) from Ad11p and EnAd may contribute to their
virulence and necrosis-like death mechanism.

EnAd appears to kill cells by a process similar to that known as
“oncosis,” or ischemic cell death. Majno and Joris31 describe oncosis
as a form of accidental cell death accompanied by cellular swelling,
organelle swelling, blebbing, and increased membrane permeability
caused by the failure of the ionic pumps of the plasma membrane.
Trump et al.17,32 associate oncosis (blister formation) with increases
in concentrations of cytosolic calcium and rearrangement of cytoskel-
etal proteins.17 The most characteristic distinguishing feature of
oncosis is the formation of large single membrane blisters at the
time of death, presumably a result of loss of control of cellular ion
pumps leading to sudden osmotic swelling. This feature was most
obvious and dramatic in the time-lapse videos (Movies S1, S2, S3,
S4, and S5) but can also be seen in Figure 1L. Cells infected with
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EnAd also showed many other features attributed to oncosis,
including leaky plasma membranes, release of ATP, HMGB1, and
HSP70, externalization of calreticulin and calcium influx, together
with few features of either apoptosis or necroptosis.

The specificity of EnAd for human cells severely restricts the animal
models available for preclinical testing of immunogenicity. Xenograft
models in nude and SCIDmice are limited to studies of innate immu-
nity and the use of fully humanized NRG mice is expensive and clin-
ical relevance is largely untested. We therefore used ex vivo culture of
thinly sliced fresh human tumor biopsies as a superior model to
monitor the performance of human-specific agents within the com-
plex microenvironment of human tumors. Under these conditions,
EnAd showed increased induction of proinflammatory cytokines
TNF and IL-6 that further support its development in clinical trials.
To supplement these observations, we performed in vitro studies
using blood cells from human donors to assess the functional conse-
quences of EnAd-mediated tumor cell lysis on antigen presentation.
Under these conditions, EnAd-infected tumor cells showed activation
of dendritic cells far more than Ad5. In a mixed tumor-leukocyte
reaction (to endow basal levels of CD4 T cell activation), the EnAd-
infected tumor cells also led to much greater stimulation of CD4
T cells than the other treatments (Figure 7), and this suggests that
EnAd may be particularly suited to creating an adaptive immune
response in human clinical trials.

Apart from its pro-inflammatory properties, oncosis occurs largely
independent of cellular programmed death pathways and may there-
fore provide a means to overcome drug resistance pathways that are
based on deficient apoptosis mechanisms (S.I., Y.D., M. Bauzon,
J. Lei., M. Duffy., S. Alvis, B.C., A. Lieber, T.H., L.W.S., J.B., and
K.D.F., unpublished data). EnAd was bioselected from a library of
chimeric adenoviruses, on the basis of its ability to infect cancer cells,
replicate, and then escape quickly from them. As such, it has not
been subject to evolution in the wild and has not evolved to fill a sus-
tainable niche. Its life cycle is shorter (and associated cytotoxicity
faster) than either of its parental viruses (Ad11p and Ad3) and
much shorter than Ad5. In part, this probably reflects its smaller
genome size (32,325 bp compared to 34,794 bp, through elimination
of several E3 genes), although it might also reflect the chimeric E2B
region and small deletion in E4ORF4.5 Encoded in E2B is a chimeric
DNA polymerase, with DNA binding regions thought to recognize
the Ad11p ITRs efficiently,5 and this may well contribute to the large
number of EnAd genomes produced in infected cells (more than
twice as many as Ad11p and five times more than Ad5). E4ORF4,
which is missing in EnAd, normally (in Ad5) has several roles
including feedback control of E1A and regulating spliceosome activ-
ity that may “balance” early and late virus expression as well as de-
regulating activity of AMPK, the cellular energy sensor. It is tempting
to consider that EnAd, without E4ORF4, may show a less balanced
life cycle, and its high level of genome synthesis may rapidly
consume cellular resources and contribute to a catastrophic fall in
ATP levels that could trigger the onset of the oncosis-like cell death
observed.
Group B adenoviruses based on Ad11p offer enticing potential as
virotherapy agents. Necrotic death is a goal of many cancer biolo-
gists as it can avoid apoptosis pathways33 and simultaneously causes
release of pro-inflammatory mediators.34 These viruses also offer
several advantages in the context of improved delivery to tumors.
For example, the receptors CD46 and desmoglein 2 are upregulated
on many carcinoma cells,35,36 but also most humans have only low
levels of pre-existing neutralizing antibodies to Ad11.37 In contrast
to Ad5-based virotherapy agents, which are easily neutralized by
human blood, Ad11p-based viruses such as EnAd are far less sus-
ceptible to neutralization and even offer systemic bioavailability.38

In the case of EnAd, these properties are combined with a relatively
short life cycle that should allow rapid spread from cell to cell,
maximizing tumor cell killing before a neutralizing antiviral
response is produced. Finally, the possibility of “arming” such vi-
ruses to express immune-stimulatory transgenes in situ should
embody the full potential of an oncolytic vaccine approach, where
virus activity combines with the secreted transgene product to create
sufficient immune provocation to engender an anticancer immune
response.39

MATERIALS AND METHODS
Chemicals

Pifithrin-a and ZVAD-fmk were from Tocris Bioscience. All other
chemicals were from Sigma-Aldrich.

Cell Lines

Human A549 lung adenocarcinoma and SKOV-3 ovarian carci-
noma, DLD-1 adenocarcinoma, IGROV ovarian carcinoma, and
MCF7 breast adenocarcinoma cell lines (ATCC) were grown in
DMEM containing 2 mM glutamine, 10% FCS, and 50 mg/mL peni-
cillin-streptomycin (P/S) (PAA). H1299 cells (gift from Jaroslav
Zak, Ludwig Institute, Oxford, United Kingdom) were co-trans-
fected with pTET-on plasmid and tet-responsive plasmid containing
wild-type p53 and pBabe puro (selectable marker). Tissue culture
plastic ware was from Corning. Cells for all studies were seeded
at 10,000 cells/well (96-well plate) 24 hr before use, unless otherwise
indicated.

Adenoviruses

EnAd was from PsiOxus Therapeutics, and wild-type Ad3, Ad5,
Ad11p, and ONYX-015 were from The Native Antigen Company,
all propagated on HEK293 cells and purified twice on CsCl gradients.
Virus concentration (virus particles [VPs] per milliliter) was deter-
mined using Picogreen assay (Invitrogen) to measure DNA. Purified
bacteriophage lDNA was used as standard, and particle number was
calculated by adenovirus genome molecular weight.

Infectious particles were measured by TCID50 assay on A549 cells us-
ing 1:10 serial virus dilutions. Plates were observed day 7 POI and
stained with formaldehyde-crystal violet. The highest dilutions
showing cytopathic effect (CPE) were counted, and infectious particle
unit (plaque-forming units [PFUs] per milliliter) calculated using the
Karber formula.
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Cell Viability and Cytotoxicity Assays

Cells were seeded as above and incubated with serial virus dilutions.
After 5 days, MTS reagent (20 mL) was added and color change was
read at 490 nm (CellTiter 96 aqueous non-radioactive cell prolifera-
tion assay; Promega). Plates were fixed in 4% paraformaldehyde,
stained with 0.1% crystal violet, and then scanned with a CannonScan
44000F scanner.

Real-time monitoring of cell growth used the xCELLigence RTCADP
instrument (Roche). Exponentially growing cells were treated 24 hr
after seeding (time zero on the graphs), and the impedance of each
well was subsequently monitored automatically every 15 min and
expressed as a CI.

Electron Microscopy

The cells were gently trypsinized and collected by centrifugation, fol-
lowed by fixing in 2.5% glutaraldehyde and post-fixing in 2% osmium
tetroxide (both in 0.1 M cacodylate buffer), and were treated en bloc
with 2% uranyl acetate in distilled water. Samples were dehydrated
and treated with propylene oxide prior to embedding in Spurr’s epoxy
resin. The 1-mm sections stained with Azure A were examined by light
microscopy to identify areas of interest. Thin sections were cut and
stained with uranyl acetate and lead citrate for examination in a
Jeol 1200EX electron microscope.

SDS-PAGE, Western Blot, and Dot Blot

Cell pellets (600 � g, 5 min) were lysed with RIPA buffer containing
protease inhibitors (Roche). Supernatants were adjusted to 2 mg
protein/mL and denatured (95�C, 5 min), and 20 mL was loaded
onto the gel. After SDS-PAGE (10%, 120 V) and transfer to nitrocel-
lulose (GE Healthcare; 300 mA, 4 hr), the membrane was blocked
with 5%milk in PBST (PBS with 0.1% Tween 20), and then incubated
with primary antibody overnight at 4�C. The membrane was incu-
bated with secondary antibody for 1 hr, stained with ECL (GEHealth-
care), and recorded using a digital system with Fluorochem 8900
software.

Dot blots used 1-mL samples on nitrocellulose membranes and were
processed as above.

Primary antibodies were mouse monoclonals: IgG anti-b-actin (AC-
74) (A2228; Sigma), IgG1 anti human p53 (2C3) (MCA35102; AbD
Serotec), IgG anti-HMGB1 (H9664; Sigma), and polyclonal anti-hu-
man HSP 70 antibody (841680; R&D Systems). Dilutions were
1:1000. Secondary antibodies were as follows: goat anti-mouse IgG
HRP (Promega) (1:5,000 dilution). SDS-PAGE gels were directly
visualized with Instant Blue kit (Expedeon).

Cell Cycle Analysis

The treated cells were trypsinized and pelleted, fixed, permeabilized,
and stained with 100 mg/mL PI and 100 mg/mL RNase A (Sigma)
overnight, prior to flow cytometry (FACSCalibur, BD Biosciences
with Cell QuestPro software). Cells in the four phases (percentage)
were calculated on the basis of DNA content.
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Measurement of Caspase 3/7 Activation

Cells were harvested after various lengths of treatment and stained
with Vybrant FAM Caspase-3 and -7 assay kit (Thermo Fisher).
Stained cells were suspended in 4% formaldehyde, resuspended in
MACS buffer, and evaluated by flow cytometry as above using FlowJo
software (Tree Star).

Measurement of ATP and Calcium Levels

ATP in virus-treated cells was measured using the Intracellular ATP
kit HS (Biothema) by the manufacturer’s instructions. Samples were
analyzed by luminometry, normalized for protein, and expressed as
percentage of controls. Intracellular calcium levels were measured
using the fluo-8 calcium assay (AbCam). The dye was added to cells
and incubated for 1 hr, and then fluorescence was measured at exci-
tation/emission of 490/525 nm.

Production of Monocyte-Derived Dendritic Cells

Monocytes were positively isolated by magnetic-activated cell sorting
(MACS) for CD14 (CD14 MicroBeads; Miltenyi) from human pe-
ripheral blood mononuclear cells (PBMCs), obtained by Ficoll
gradient. Freshly isolated monocytes were cultured for 3 days in
differentiation media, containing recombinant human IL-4 and
GM-CSF proteins (R&D Systems) to produce DCs.

Mixed Tumor-Leukocyte Reaction Assay

A549 cells were grown to 80% confluence and treated with either
EnAd or Ad5 at 100 ppc or left untreated. After 18 hr, infection
media were removed and cells washed twice in PBS before
adding monocyte-derived DCs. After 48 hr, co-culture DCs were as-
sayed for maturation by flow cytometry or co-cultured with
enriched allogeneic human CD4 T cells (CD4 MicroBeads; Milte-
nyi), obtained from fresh PBMCs by MACS. T cell activation was
assessed 24 hr later by flow cytometry (NxT Attune; LifeTech) or
IL-2 and IFN-g (eBioscience) production by ELISA of culture
supernatants.

Annexin V/PI Stain

Cells were treated as for cell-cycle analysis, stained with Annexin
V-fluorescein and PI (each 1%) from the Annexin V/PI kit (Roche),
and evaluated using Zeiss Axiovert 25 Inverting light/fluorescence
microscope, and images were recorded by Nikon DS-U2 camera
and processed with NIS-element AR 3.00 software.

For flow cytometry, cells were labeled as above, diluted to 500 mL,
measured using a Dako Cyan flow cytometer (lex, 488 nm; lem,
530/30 nm [FL1, green], 585/42 nm [FL2, red]), and analyzed using
Summit 4.3 software.

Determination of Adenovirus Genomes by qPCR

Samples were extracted with the GenElute mammalian genomic DNA
Miniprep Kit (Sigma). Primers and FAM-TAMRA probes (Sigma)
recognized the fiber gene. Analysis of Ad11p and EnAd used forward
primer TACATGCACATCGCCGGA, reverse CGGGCGAACTG
CACCA, and probe CCGGACTCAGGTACTCCGAAGCATCCT;



www.moleculartherapy.org
Ad5 analysis used forward primer TGGCTGTTAAAGGCAGT
TTGG, reverse GCACTCCATTTTCGTCAAATCTT, and probe
TCCAATATCTGGAACAGTTCAAGTGCTCATCT. Primers and
probe were added to QPCRBIo probe mix Hi-Rox (PCR Biosystems)
master mix. The qPCR was run on an ABI PRISM 7000 (Applied Bio-
systems); details of setup and data analysis have been reported
before.26

ELISA

HSP70 was quantified by DuoSet IC Human/Mouse/Rat total HSP70
ELISA kit (R&D Systems), and IL-6 and TNF-a were quantified by
mini ELISA kits (Peprotech), all according to manufacturers’
instructions.

Ex Vivo Biopsy Culture

Tumor samples were collected immediately post-surgery from con-
sented patients on ice (Central Office of Research Ethics Committees,
permission C02.285). HarrisCore tissue corers and scalpels were used
to produce multiple uniform tissue slices (thickness: 1 mm; diameter:
5 mm). Sections were then incubated in 24-well plates in RPMI full
growth medium (2.5 mL) at 37�C. Experimental treatments started
immediately, with addition of viruses or drugs. After 3 days, superna-
tants were stored for cytokine ELISA while tissues were fixed with 4%
paraformaldehyde and transferred into 80% ethanol for paraffin
embedding and sectioning.

Statistical Analysis

Mean values are shown ± SD or SEM as indicated. Data were
compared between different groups using two-sample (unpaired)
t test assuming equal variance or one-way ANOVA followed by
Tukey’s multiple-comparisons test.
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