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Abstract—Human lung cancer cells (Calu-3 line) were studied for the development of apoptosis, necrosis, and autophagy in
response to infection with ortho- and paramyxoviruses. Biochemical pathways underlying various mechanisms of cell death
differed for different viruses. When infected with murine Sendai paramyxovirus, Calu-3 cells demonstrated typical necrot-
ic features such as cell swelling (but not shrinkage), lack of chromatin DNA laddering, of caspase 3 and 8 activation, and of
apoptotic cleavage of poly(ADP-ribose) polymerase (PARP) protein; an activation of antiapoptotic protein kinase Akt was
also revealed. In contrast, infection with avian influenza virus A/FPV/Rostock/34 (H7N1 subtype) or Newcastle disease
virus (NDV, avian paramyxovirus) caused the development of typical apoptotic markers such as cell shrinkage, ladder-type
chromosomal DNA fragmentation, caspase 3 and 8 activation, and proteolytic cleavage of PARP in the absence of Akt acti-
vation. Notably, no upregulation of p53 protein phosphorylation was observed in all infected cells, which indicates that p53
is not involved in the virus-induced death of Calu-3 cells. Cell death caused by the influenza virus was accompanied by over-
stimulation of autophagy, whereas no stimulation of autophagy was observed in the NDV-infected cells. Infection with
Sendai virus caused moderate stimulation of autophagy, which suggests that the mechanism of the virus-induced cell death
and the balance between autophagy and cell death in infected cancer cells depend on the virus type and might significantly
differ even for closely related viruses. Therefore, an optimal strategy for oncolytic virus-mediated destruction of tumor cells
in cancer patients requires selection of the most appropriate oncolytic virus based on the mechanism of its cytolytic action

in a particular type of tumor.
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Infection of cells with cytolytic viruses usually leads
to cell death. Cells counteract viral infection by commit-
ting to rapid cell death to prevent virus propagation, while
the virus suppresses premature cell death to provide its
own replication. Typically, cell death happens after the
virus has propagated and formed the progeny. In most
cases, viral infection develops in two stages: an early
stage, when the virus stimulates cell metabolism (in par-
ticular, autophagy) to support its reproduction, and a late
stage, when the cell enters programmed cell death that
might occur via apoptosis and/or necrosis [1-3].

The two major types of cell death — apoptosis and
necrosis — differ in the underlying molecular mechanisms
and biochemical pathways, changes in cell morphology,
and immune and inflammatory responses of adjacent
noninfected cells and the entire organism [4]. Based on
the biochemical pathways involved, there are two types of
apoptosis: canonical and autophagy-induced. There are

also seven subtypes of necrosis, the two major subtypes
being necroptosis and pyroptosis [5]. It is commonly
believed that cell death by apoptosis is a physiological
process that does not induce inflammation or acute
immune response, while necrosis causes inflammation
and provokes strong immune response [5-7]. However,
recent data suggest that apoptosis induced by viral infec-
tion might cause inflammation as a part of the antiviral
immune response [6, 8].

A new strategy for treatment of human cancer that
includes targeted lysis of tumor cells with viruses (so-
called viral oncolytics) has been extensively developed in
the last years [9-12]. This approach requires comprehen-
sive understanding of the molecular mechanisms that
underlie the cytolytic activity of various families of
oncolytic viruses. In this work, cell death pathways in
human lung adenocarcinoma Calu-3 cell line after infec-
tion with two different strains of paramyxoviruses and the
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influenza virus (orthomyxovirus) are compared. The
Calu-3 cells die by either apoptosis (when infected with
avian influenza virus A/FPV/Rostock/34 or avian
Newcastle disease paramyxovirus) or necrosis (when
infected with murine Sendai paramyxovirus). Therefore,
the mechanism of cell death is determined by the proper-
ties of the viral strain and might differ for viruses within
the same viral family. This implies that successful tumor
treatment depends on the tumor genotype and phenotype
and will require the search for and selection of the opti-
mal oncolytic virus(es) or targeted artificial modification
of viral cytolytic properties.

MATERIALS AND METHODS

Cells. Human lung adenocarcinoma Calu-3 cell line
was obtained from the cell culture collection of the
Institute of Virology (Marburg, Germany) and was grown
in a mixture of equal parts of minimal Dulbecco’s
Modified Eagle Medium (DMEM) and DMEM-F12
supplemented with 10% fetal calf serum (Gibco BRL,
USA) and antibiotics gentamycin (25 pg/ml), penicillin
(50 U/ml), and streptomycin (50 pg/ml) [13, 14].

Viruses. Sendai virus (strain 960/ZH), Newcastle
disease virus (NDV, vaccine strain LaSota), and avian
influenza virus A/FPV/Rostock/34 (H7N1 subtype) were
propagated in the allantoic cavity of 10-day-old leukosis-
free chick embryos for 48-72 h at 36°C. The multiplicity
of infection (MOI) was 10* focus-forming units (ffu) per
embryo [13]. The allantoic fluid containing viral particles
was collected and stored at —80°C.

Virus infectivity assay. Calu-3 cells were grown in a
24-well plate. The cells were incubated for 1 h at 37°C
with 10-fold dilutions of the assayed viruses in DMEM.
After 13-15 h, the cells were fixed with 4% paraformalde-
hyde and incubated with antibodies against Sendai virus,
NDV, or influenza A virus and then with anti-specific
antibodies conjugated with horseradish peroxidase.
Infected cells (viral foci) were stained with tetramethyl-
benzidine substrate True Blue (KPL, USA). Stained foci
were counted under a light microscope at x75 magnifica-
tion and expressed in ffu per ml of the initial virus dilution
[3, 14].

Chromatin DNA ladder analysis. Cell pellets were
suspended in 50 pl of PBS, mixed with 300 pl of buffer
containing 0.6% SDS, 10 mM EDTA, and 15 mM Tris-
HCI (pH 8.0), and then with 100 pul of 5 M NaCl. The
lysates were incubated overnight at 4°C and then cen-
trifuged at 14,000 rpm for 20 min to remove chromatin
aggregates. The supernatants were subsequently treated
with RNase A (0.1 mg/ml) at 37°C for 30 min and pro-
teinase K (0.5 mg/ml) for another 30 min at 37°C. DNA
was precipitated by adding three volumes of 96% ethanol
and incubating the mixture at —20°C overnight. DNA
precipitates were spun down by centrifugation at 14,000
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rpm for 20 min, dissolved in 10 mM Tris-HCI (pH 8.0),
and analyzed by electrophoresis in 1% agarose gel as
described earlier [1].

Electrophoresis in polyacrylamide gel (PAGE) and
Western blotting. Proteins from the infected cells were
fractionated by SDS-PAGE and transferred on a Protran
0.45-pum nitrocellulose membrane (Schleicher & Schull,
Germany) by the semi-dry method [3]. The membrane
was washed in PBS, blocked for 2 h with 3% fat-free milk
in PBS, and incubated overnight at 5°C in PBS contain-
ing 0.5% bovine serum albumin (Sigma, USA) and corre-
sponding primary antibody. The antibodies used were
against poly(ADP-ribose) polymerase (PARP; Santa
Cruz, USA), phosphorylated forms of Akt protein kinase
(Ser473-pho), p70S6 protein kinase (Ser371-pho), p53
(Ser15-pho), and S6 ribosomal protein S6 (Ser240/244-
pho), activated caspase 3a (Cell Signaling, USA),
autophagosomal microtubule-associated protein light
chain 3 (LC3; Novus, Germany), caspase 8 (kindly pro-
vided by G. M. Cohen), and mammalian histone 3
(obtained in our lab by immunization of guinea pigs). The
membrane was then washed with PBS, treated with
species-specific secondary antibodies conjugated with
horseradish peroxidase (Dako, USA), and developed
using an enhanced chemiluminescence (ECL) kit with
SuperSignal WB substrate (Pierce, USA) [2].

Cell microscopy. Cells (live cell monolayer) were
analyzed under an inverted Axiovert 35 microscope
(Opton, Germany) at x250 magnification. Photographs
were taken through the objective with an additional x4.5
magnification in a photographic chamber.

RESULTS

In this work, three viruses were studied — avian
influenza virus (orthomyxovirus) and murine and avian
paramyxoviruses. These viruses differ in their replication
strategy and have different cell tropism profiles. The
viruses were compared in their ability to infect cancer
cells and cause their death by apoptosis, necrosis, or
autophagy. Human lung adenocarcinoma Calu-3 cell line
was used as a model. First, it was determined if the stud-
ied viruses could infect Calu-3 cells by analyzing accu-
mulation of the major nucleocapsid NP protein and
determining the virus yield in the culture liquid. Figure 1
shows that all three viruses efficiently infected Calu-3
cells and synthesized high amounts of NP protein. Calu-
3 cells produced all the studied viruses with high yield of
(1-5)-10® ffu/ml cultural liquid (data not shown), which
correlates well with the results of our earlier studies [13,
14].

Next, morphological changes in the Calu-3 cell
monolayer infected with the avian influenza virus
A/FPV/34, avian NDV (strain LaSota), and murine
Sendai virus (strain 960/ZH) at MOI of 1 ffu/cell were
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Fig. 1. Accumulation of nucleocapsid NP protein in infected
Calu-3 cells. The cells were infected at MOI of 1 ffu/cell. The
amount of NP protein was determined 27 h after infection by
Western blotting using antibodies against corresponding viral NP
proteins. Lanes: /) control noninfected cells; 2-4) cells infected
with Sendai virus, NDV, and influenza virus A/FPV/34, respec-
tively.
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studied. Figure 2 shows that viral infection resulted in the
development of clearly pronounced cell pathologies at the
late stages of infection (i.e. 25-29 h after virus addition).
Some cytolytic activity was observed at earlier stages in
cell cultures infected with the influenza virus and NDV.
When infected with Sendai virus, cells underwent pro-
nounced cell lysis 35-45 h after infection. However, these
viruses affected cell morphology differently. Infection
with either NDV or influenza virus resulted in cell shrink-
age and disintegration into fragments that detached from
the flask surface. When infected with Sendai virus, the
cells stayed attached to the surface but acquired round
shape and formed lacunas in the cell monolayer (Fig. 2b).
These observations suggest that different viruses induce

Fig. 2. Cell pathologies induced by viral infection of Calu-3 cells. The cells were infected at MOI of 1 ffu/cell and examined 27 h after infec-
tion under an Opton inverted light microscope (magnification, x230) and in a photographic chamber (additional magnification, x4.5). Panels
(a)-(d) represent typical fields of observation: a) control noninfected cells; b-d) cells infected with Sendai virus, NDV, and influenza virus

A/FPV/34, respectively.
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Fig. 3. Chromatin DNA ladder profiles in Calu-3 cells infected
with Sendai virus, NDV, and influenza virus A/FPV/34 (lanes 2-
4, respectively); lane 7, control noninfected cells. The cells were

8a; however, the levels of phosphorylated Akt (Ser473-
pho) protein kinase were clearly increased (Fig. 4, lane
2). These data confirmed once again that infection with
the influenza virus and NDV induces apoptosis, while
infection with the Sendai paramyxovirus causes cell death
by the necrotic mechanism.

Notably, the content of phosphorylated p53 protein
(Ser15-pho) in the control noninfected cells (Fig. 4, lane
1) was considerably higher than in all the infected cells
(Fig. 4, lanes 2-4). The lowest content of phosphorylated
p53 was observed in the cells infected with the Sendai virus
and the influenza virus (Fig. 4, lanes 2 and 4, respective-
ly), which indicates that infection of Calu-3 cells with
viruses does result in p53 activation. This might be related
to a defect in the p53 protein in Calu-3 cells (see ATCC®
Cell Lines by Gene Mutation Guide; https://www.atcc.
org/~/media/PDFs/Culture%20Guides/Cell_Lines_by_
Gene_Mutation.ashx), that eliminates p53 from the
processes of virus-induced death. It is well known that
mutations in the p53 gene, that suppress its proapoptotic

infected at MOI of 1 ffu/cell; DNA was isolated 27 h after infec-
tion and analyzed by electrophoresis in 1% agarose gel with
ethidium bromide staining. Lane M, DNA size markers (arrows
left of the panel; DNA fragment sizes are shown in kb).

different cell death mechanisms in human cancer cells —
apoptosis in the case of influenza and NDV infection and
necrosis in the case of Sendai virus infection (according
to the cell morphology).

To confirm the necrotic and apoptotic types of cell
death, the profiles of chromatin DNA degradation in the
infected cells (Fig. 3) were studied. Cell cultures infected
with the influenza virus and NDV exhibited characteristic
“ladder” DNA pattern typical for apoptotic fragmenta-
tion of chromosomal DNA (Fig. 3, lanes 3 and 4). In cells
infected with the Sendai virus, the DNA degradation pat-
tern was diffuse, i.e. typical for the necrotic type of cell
death. These results correlate with the data on the mor-
phological changes in the infected cells.

To elucidate virus-dependent mechanisms of Calu-3
cell death, the profiles of apoptotic, necrotic, and
autophagic protein markers in the infected cells were
compared using PAGE and Western blotting. Cell extracts
were assayed for PARP, activated caspases 3 and 8, major
autophagic protein LC3, and phosphorylated forms of
p53 (Serl5-pho), Akt protein kinase (Ser473-pho), S6
ribosomal protein (Ser240/244-pho), and p70S6
(Ser371-pho) protein kinase (Fig. 4). Extracts from cells
infected with the influenza virus or NDV contained typi-
cal for apoptosis proteolytic product (80 kDa) of PARP
(110 kDa) and activated forms of caspase 3a (28 kDa) and
caspase 8a (47, 32, and 18 kDa) (Fig. 4, lanes 3 and 4),
but not the phosphorylated form of Akt protein kinase. In
contrast, extracts from the cells infected with Sendai virus
contained no 80-kDa product of PARP proteolysis even
45 h after infection or activated forms of caspases 3a and

BIOCHEMISTRY (Moscow) Vol. 82 No. 9 2017

el 2] «— PARP 110K
Rt <—PARP 80K

e e | €— P70KS6-pho

<«—AKT-pho

<«—p53-pho

<—Casp 3a

m <— Casp 8pre

$—Casp 8a

o Gl e e | <— S6-pho

<«—LC3-|
<« LC3-1I

<«—Histone H3

Fig. 4. Marker proteins of apoptotic, necrotic, and autophagic
pathways in Calu-3 cells infected with Sendai virus, NDV, and
influenza virus A/FPV/34 (lanes 2-4, respectively); lane 7, con-
trol noninfected cells. The cells were infected at MOI of
1 ffu/cell. Equal protein amounts of cell extracts were loaded on
a gel wells and fractionated by PAGE. Proteins of interest were
identified by Western blotting using specific antibodies (shown to
the left) and visualized by the ECL method using secondary
horseradish peroxidase-conjugated antibodies.
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function, are typical events in many types of human lung
non-small cell adenocarcinomas [15].

To investigate the relationship between cell death and
intracellular autophagy, the content of the microtubule-
associated protein 1A/1B light chain 3 (LC3), the main
marker of intracellular autophagy, was studied. Infected
cells were also assayed for phosphorylation of p70S6
(Ser371-pho) protein kinase, which serves as an indicator
of the activity of the mTOR pathway known to be involved
in autophagy inhibition [16-18]. Activation conversion of
the LC3/I (electrophoretic mobility, 17 kDa) into its
lipid-conjugated LC3/II form (electrophoretic mobility,
15 kDa) indicates autophagy overstimulation, and this was
observed in Calu-3 cells infected with the influenza virus
(Fig. 4, lane 4). Less pronounced increase in the LC3/11
content was found in Calu-3 cells infected with the Sendai
virus (Fig. 4, lane 2). When the cells were infected with
NDV, the content of LC3/II was similar to that in the
noninfected cells (Fig. 4, lanes 3 and I, respectively).
Infection of Calu-3 cells with the influenza virus and
NDV, but not with Sendai virus, upregulated phosphory-
lation of p70S6 kinase, a phosphorylation substrate for the
mTOR (Fig. 4, lanes 2-4), which suggests that Sendai
virus suppresses the mTOR signaling pathway responsible
for the inhibition of intracellular autophagy. Hence, infec-
tion of Calu-3 cells with Sendai virus resulted in
autophagy suppression and necrosis. Infection of the same
cells with the two other viruses either caused no autophagy
stimulation (NDV) or activated autophagy (influenza
virus). In both cases, the cell death was apoptotic.

DISCUSSION

The Calu-3 cell line was isolated from the pleural
metastasis of a lung cancer patient and is a non-small cell
adenocarcinoma of the epithelial type [19, 20]. Calu-3
cells bear mutations in the K-RAS (G13D) and p53 genes
(M2371) (ATCC® Cell Lines by Gene Mutation Guide;
https://www.atcc.org/~/media/PDFs/Culture %20Guides/
Cell_Lines by Gene_ Mutation.ashx), which is typical
for this type of tumors [15]. Here, we studied the ability of
various cytolytic viruses from the ortho- and paramyx-
ovirus families to cause death of Calu-3 cells and investi-
gated the mechanism of cell death based on the presence
of apoptotic, necrotic, and autophagic markers in the
infected cells. It was found that the type of cell death dif-
fers for different (even closely related) viruses. Thus, the
influenza virus and avian NDV induced cell death by the
apoptotic mechanism, while murine Sendai virus caused
necrosis. These observations imply that different viruses
use different cell pathways for replication, which in com-
bination with other viral factors, promotes cell death via a
particular mechanism. Our results suggest the possibility
of directional manipulation of the cell death mechanism
in cancer cells by either using specific viruses or by creat-

ZHIRNOV

ing artificial (recombinant) viruses with a particular type
of cytolytic activity. This approach might be promising for
choosing optimal strategies for cancer treatment with
oncolytic viruses.

In this study, correlations between the type of cell
death and intracellular autophagy in Calu-3 cells infected
with different viruses were found. In particular,
autophagy stimulation was accompanied by suppression
of apoptosis. Thus, no apoptosis was observed in cells
infected with the Sendai virus, and the cells exhibited
high levels of autophagy. In contrast, cells infected with
NDV underwent apoptosis in the absence of autophagy
stimulation. When infected with the influenza virus, cells
entered an intermediate state — they demonstrated
autophagy overstimulation, but developed several apop-
totic markers at the same time. The logical explanation is
that autophagy suppresses apoptosis and promotes
necrotic death in the infected cells. Moreover, excessive
autophagy stimulation can induce apoptosis [21, 22],
which might have taken place in the cells infected with
the avian influenza virus A/FPV/34 (H7N1) (Figs. 3 and
4).

The intimate molecular mechanism of the cross-talk
between autophagy induction and apoptosis in viral
infection is not fully understood. It can only be hypothe-
sized that partial suppression of autophagy in Calu-3 cells
under Sendai virus infection, in comparison with influen-
za virus superstimulation, might be due to the downregu-
lation of the mTOR signaling pathway, which is known to
inhibit intracellular autophagy [19, 20]. This is confirmed
by increased levels of the activated (phosphorylated) form
of the anti-mTOR protein kinase Akt and its substrate
(phosphorylated S6 ribosomal protein) and the absence
of mTOR-mediated phosphorylation of p70S6 Kkinase
(Ser371-pho) (Fig. 4, lane 2). Cells infected with the
influenza virus and NDV showed no Akt activation and
had increased levels of p70S6 kinase phosphorylation,
which correlates with the induction of the autophagy-
suppressing mTOR pathway and explains the absence of
autophagy stimulation in the NDV-infected cells (Fig. 4,
lane 3). However, the phenomenon of autophagy upregu-
lation in the influenza-infected Calu-3 cells that exhibit-
ed high levels of LC3/1I, but whose profile of apoptotic/
necrotic markers (Akt-pho, p70S6K-pho, and S6-pho)
was close to that of apoptotic cells (Fig. 4, lane 4),
requires further investigation. Perhaps the key role in the
intracellular autophagy stimulation in this case belongs to
the viral channel-forming protein M2, which supposedly
acts through downstream autophagic mediators and
interacts with the cell protein Beclin [23].

The cytolytic activity of paramyxoviruses and
influenza viruses usually occurs via the apoptotic mecha-
nism in both healthy and tumor cells [9, 24-26]. Here, for
the first time it is demonstrated that Sendai virus causes
necrosis in the culture of Calu-3 cancer cells. Earlier, sim-
ilar necrotic activity of the influenza virus was found in the
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human colon cancer Caco-2 cell line [1]. It should be
noted that necrosis in the Calu-3 cell culture developed in
the absence of changes in the state of cell caspases, e.g.
caspases 3 and 8 (Fig. 4), which contradicts earlier data
on necrosis induced by inactivated Sendai virus in human
neuroblastoma CK-N-SH and SK-N-AS cell lines [27].
However, those authors [27] used replication-defective
(UV-inactivated) Sendai virus, and, unlike Calu-3 cells,
used neuroblastoma cells lines that had mutated caspase 8
gene and could not prevent necrosis development via cas-
pase 8 activation or induce caspase-mediated apoptosis.

The important observation is that, unlike the
influenza virus and NDV, Sendai virus caused no activa-
tion of caspase 8 in infected cells. This correlates well
with our data that Sendai virus induces cell death by the
necrotic mechanism. Moreover, this observation is an
accord with the earlier published results of other studies
that caspase 8 activation inhibits necrosis through the
cleavage of major necrosis mediators, such as RIPKI,
RIPK3, and CYLD [28-30]. Perhaps the activation of
caspase 8 by the influenza virus and NDV suppresses
necrosis. Further studies should focus on (i) searches for
the viral factors (proteins) that induce apoptosis and, at
the same time, stimulate autophagy and induce necrosis
in Calu-3 cells (similarly to Sendai virus) and (ii) identi-
fication of proapoptotic viral factor(s) or proteins(s) in
the influenza virus and NDV. Identification of such fac-
tors (genes) will allow development of artificial recombi-
nant viruses with the targeted cytolytic activity against
cancer cells of different origin.
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