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ABSTRACT

Pancreatic ductal adenocarcinoma (PDA) is the most lethal form of human cancer, with dismal survival rates due to late-stage
diagnoses and a lack of efficacious therapies. Building on the observation that avian influenza A viruses (IAVs) have a tropism
for the pancreas in vivo, the present study was aimed at testing the efficacy of IAVs as oncolytic agents for killing human PDA
cell lines. Receptor characterization confirmed that human PDA cell lines express the alpha-2,3- and the alpha-2,6-linked glycan
receptor for avian and human IAVs, respectively. PDA cell lines were sensitive to infection by human and avian IAV isolates,
which is consistent with this finding. Growth kinetic experiments showed preferential virus replication in PDA cells over that in
a nontransformed pancreatic ductal cell line. Finally, at early time points posttreatment, infection with IAVs caused higher levels
of apoptosis in PDA cells than gemcitabine and cisplatin, which are the cornerstone of current therapies for PDA. In the BxPC-3
PDA cell line, apoptosis resulted from the engagement of the intrinsic mitochondrial pathway. Importantly, IAVs did not induce
apoptosis in nontransformed pancreatic ductal HPDE6 cells. Using a model based on the growth of a PDA cell line as a xenograft
in SCID mice, we also show that a slightly pathogenic avian IAV significantly inhibited tumor growth following intratumoral
injection. Taken together, these results are the first to suggest that IAVs may hold promise as future agents of oncolytic viro-
therapy against pancreatic ductal adenocarcinomas.

IMPORTANCE

Despite intensive studies aimed at designing new therapeutic approaches, PDA still retains the most dismal prognosis
among human cancers. In the present study, we provide the first evidence indicating that avian IAVs of low pathogenicity
display a tropism for human PDA cells, resulting in viral RNA replication and a potent induction of apoptosis in vitro and
antitumor effects in vivo. These results suggest that slightly pathogenic IAVs may prove to be effective for oncolytic viro-
therapy of PDA and provide grounds for further studies to develop specific and targeted viruses, with the aim of testing
their efficacy in clinical contexts.

Pancreatic ductal adenocarcinoma (PDA) is considered the
most lethal form of cancer in humans, ranking as the fourth

leading cause of cancer-related death in North America and the
sixth in Europe (1, 2). The disease generally causes few or no
symptoms, and diagnoses are typically made at an advanced stage,
when only 1 in 5 patients is eligible for surgical resection (3). The
average 5-year survival rates for this disease are less than 5%, and
even in cases where surgery is possible, the rates rise to only 15%
(2, 4). In addition to surgical intervention, combination chemo-
therapy and radiation treatments are employed, but the highly
aggressive and invasive nature of PDA leads to poor responses,
and new innovative therapeutic approaches are in high demand.
Disruption of the apoptotic program is a hallmark of numerous
cancers, including PDA, and the induction of apoptosis is a pri-
mary target of many treatment regimens, including oncolytic vi-
rotherapy (5, 6). A number of oncolytic viruses have been tested
for efficacy against pancreatic cancer, including adenoviruses,
herpesviruses, parvoviruses, reoviruses, and poxviruses. Some of
these viruses, when they show particular preferences for a specific
mutation along a signaling pathway, show selectivity for cancer
cells based on these aberrant pathways (2, 7). While some have
demonstrated appreciable efficacy in preclinical models, the great
genetic diversity of PDAs encountered in the clinical setting often
leads to unsatisfactory results in clinical trials and reaffirms the

need to investigate additional viral classes that offer alternative
modes of tumor-specific targeting (7).

Influenza A viruses (IAVs) of the family Orthomyxoviridae are
naturally circulating viruses of aquatic birds, from which a total of
16 diverse hemagglutinin (HA) and 9 neuraminidase (NA) types
have been isolated in various combinations (8, 9). Additional sub-
types have recently been discovered in bats but represent highly
genetic lineages (10). In their natural hosts, these viruses cause
asymptomatic infection of the gastrointestinal and respiratory
tracts; however, in land-based poultry, mild respiratory symp-
toms may be present. In its more severe form, highly pathogenic
(HP) avian IAVs cause systemic disease with high mortality and
spread to numerous organs of the respiratory, digestive, and ner-
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vous systems (8, 11, 12). A difference in core body temperature
between humans and avian species is a known factor in limiting
interspecies transmission, as avian IAVs that have adapted to rep-
lication at 41°C demonstrate decreased polymerase activity at
temperatures of 33 to 37°C, typical of the human respiratory tract
(13–16). However, the most important restriction for crossing the
species barrier lies at the receptor level. Avian IAVs require �-2,3-
linked sialic acids (SAs), the dominant form in the avian gastro-
intestinal and respiratory tracts, while the human respiratory tract
contains mostly the �-2,6-linked forms that are recognized by
human-tropic IAVs (17, 18). On rare occasions, the HA from an
avian IAV has successfully overcome this barrier and adapted to
bind �-2,6 linkages, causing the pandemics of 1918, 1957, and
1968. Such viruses then become established in the human popu-
lation and cause seasonal influenza epidemics (9). The H1N1 2009
pandemic was instead caused by a triple reassortant carrying genes
from avian and swine influenza viruses; however, in this case, the
swine HA was already specific for the human receptor (19).

Several observational studies have indicated the predilection of
both HP IAVs and IAVs with low pathogenicity (LP) for the pan-
creas in domesticated avian species and migratory waterfowl fol-
lowing experimental or natural infection (20–29). Necrosis of the
pancreatic ductal epithelium was observed in ferrets intragastri-
cally infected with HP H5N1 virus (30), and pancreatic postmor-
tem lesions ranging from inflammation to necrosis have also been
observed in HP-IAV-infected cats (31, 32). Pathological examina-
tions of human fatalities from the H1N1 2009 pandemic also re-
vealed pancreatic lesions in two of six postmortem examinations
(33), and in our recent studies using in vitro and ex vivo models, we
demonstrated that human cells originating from the exocrine
pancreas were infected and killed by LP IAVs (34). Therefore,
although the pancreas is not considered a typical site of replication
after standard infection, influenza A virus seems to be capable of
infecting and damaging pancreatic cells in severe infections. Fur-
thermore, the fact that IAV is known to induce apoptosis in nu-
merous cell types (35–37) may provide an advantage in overcom-
ing the known resistance to apoptosis of PDA cells.

Building on these findings, in the present study, we tested the
ability of influenza virus to infect and kill PDA cell lines in vitro
and in vivo, characterizing the expression of virus-specific recep-
tors, viral replication kinetics, and the induction of apoptosis fol-
lowing infection of PDA cell lines.

MATERIALS AND METHODS
Cells. Madin-Darby canine kidney (MDCK) cells were maintained in
Eagle medium after alpha modification (MEM; Sigma) and supplemen-
tation with 10% fetal bovine serum (FBS; Euroclone), 1% 200 mM L-glu-
tamine (Sigma), and a 1% antibiotic solution of penicillin-streptomycin-
nystatin (10,000 U/ml, 10,000 �g/ml, 10,000 U/ml; Gibco and Sigma).
The nontumoral human pancreatic ductal cell line HPDE6, PDA lines
BxPC-3 and AsPC-1, and murine PDA PANC02 cells were maintained in
RPMI 1640, PANC-1 and MIA PaCa-2 cells were maintained in Dulbec-
co’s MEM (DMEM), and CFPAC-1 cells were maintained in Iscove’s
modified Dulbecco’s medium. All media were supplemented with FBS,
L-glutamine, and antibiotics as for the MEM, and all cell lines were main-
tained in a humidified incubator at 37°C with 5% CO2 and subcultured
twice weekly.

Viruses. A panel of IAVs from multiple host species, including HP and
LP isolates, were examined for their ability to infect pancreatic cells. Viral
strains used in this study included A/turkey/Italy/2962/2003 (H7N3),
A/turkey/Italy/4580/99 (H7N1 HP), A/cockatoo/England/72 (H4N8),

A/macaw/England/626/80 (H7N7), A/mallard/Italy/3401/05 (H5N1),
A/chicken/Egypt/1701/6 (H5N1 HP), A/Puerto Rico/8/34 (PR/8 H1N1),
and A/canine/Florida/43/2004 (H3N8). Virus stocks were grown in 9- to
10-day-old specific-pathogen-free (SPF) embryonated chicken eggs
(Charles River), and harvested allantoic fluid was clarified by centrifuga-
tion and tested for bacterial contamination prior to use. All viruses were
titrated by a standard plaque assay procedure on MDCK cells using a 0.8%
agarose overlay with a final concentration of 1� DMEM, 1% antibiotics,
1% L-glutamine, and L-1-tosylamide-2-phenylethyl chloromethyl ketone
(TPCK)-trypsin (Sigma) at concentrations ranging from 0 to 2 �g/ml,
depending on the virus isolate. Plaques were visualized and counted at 3
days postinfection, and resulting titers in numbers of PFU were used for
all multiplicity of infection (MOI) determinations described.

Sialic acid receptor characterization. The presence of alpha-2,3- and
alpha-2,6-linked sialic acid residues was determined by flow cytometry for
each PDA cell line included in the study. Following trypsinization, 1 � 106

cells were aliquoted into microcentrifuge tubes and washed twice with 500
�l of phosphate-buffered saline (PBS)–10 mM HEPES (PBS-HEPES). To
control for endogenous biotin or avidin binding sites, an avidin/biotin
blocking kit (Vector Laboratories, USA) was employed prior to staining.
Reagents were prepared as per the manufacturer’s instructions, and cells
were incubated with 100 �l of each solution for 15 min, with two PBS-
HEPES washes after each treatment. Alpha-2,3- and alpha-2,6-sialic acid
linkages were detected by incubating cells for 30 min with 100 �l of bio-
tinylated Maackia amurensis lectin II (Vector Laboratories) (5 �g/ml) and
then with 100 �l of phycoerythrin (PE)-streptavidin (BD Biosciences) (10
�g/ml) for 30 min at 4°C in the dark or with 100 �l of fluorescein-conju-
gated lectin (Vector Laboratories) (5 �g/ml). Cells were washed twice
with PBS-HEPES between stainings and resuspended in PBS with 1%
formalin prior to flow cytometric analyses. To confirm the specificities of
lectins, cells were pretreated with 1 U per ml of neuraminidase from Clos-
tridium perfringens (Sigma) for 1 h prior to the avidin/biotin blocking
step. Samples were analyzed on a BD FACSCalibur or the BD LSR II (BD
Biosciences), and a minimum of 5,000 events were recorded.

Entry of avian HA- and NA-bearing pseudotypes into pancreatic
adenocarcinoma cells. Pseudotypes bearing the HA (GenBank accession
number AY651333) and the NA (GenBank accession number AY651445)
from the influenza H5N1 virus isolate A/Viet Nam/1194/2004 were gen-
erated in 293T cells as previously described (38). PDA cell permissiveness
to viral pseudotypes was assessed by adding 250 �l per well of pseudotypes
diluted 1:10 in serum-free medium onto confluent monolayers of
PANC-1, AsPC-1, BxPC-3, and CFPAC-1 cell lines in 48-well plates. In-
oculum was replaced with fresh medium containing 3% FBS following 3 h
of incubation, and cells were left at 37°C for 48 to 72 h. Entry of pseu-
dotypes into PDA cell lines was monitored by the expression of the green
fluorescent protein (GFP) reporter in the target cells using a Zeiss Axio-
vert 40 CFL, fluorescence, phase-contrast, trinocular, inverted micro-
scope fitted with an HBO50 mercury short-arc lamp.

Sensitivity of PDA cells to influenza virus infection. To determine
whether pancreatic cell lines were susceptible to infection by IAV, we
conducted a pilot experiment where cells seeded on 96-well plates were
infected with 10-fold serial dilutions of virus stocks and incubated at 37°C.
A minimum of four wells were infected per dilution of virus, and infec-
tions were performed in the presence of 0.05 �g/ml of TPCK-trypsin, the
maximum concentration tolerated by the pancreatic cells without toxic-
ity. At 72 h postinfection (hpi), the highest dilution of inoculum at which
a cytopathic effect (CPE) was noted was recorded, and supernatants from
each virus dilution were harvested, pooled, and directly passaged onto
96-well plates of MDCK cells for virus isolation. On the plates, TPCK-
trypsin was used at a concentration of 1 �g/ml.

Virus replication kinetics in pancreatic cell lines. The ability of a
panel of IAVs to replicate in select cell lines was monitored over a 72-h
time course. BxPC-3, HPDE6, and MDCK cells were seeded on 24-well
plates 1 day prior to infection in order to achieve a confluent monolayer.
On the day of infection, cells were washed twice and then infected with 200
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�l of inoculum per well at an MOI of 0.001 PFU/cell. Following 1 h of
incubation, the inoculum was removed and replaced with 1 ml of serum-
free medium containing 0.05 �g/ml TPCK-trypsin. Mock-infected con-
trol wells were included in all experiments. At 1, 24, 48, and 72 hpi, su-
pernatants from three infected wells were harvested and viral titers were
determined via the 50% tissue culture infectious dose (TCID50) assay on
MDCK cells, using the formula of Reed and Muench (39).

Replication kinetics at 37°C and 41°C. To ensure that the lack of
virion production by LP IAVs observed in time course experiments was
not attributed to the temperature sensitivity of avian viruses in human
cells, BxPC-3 and MDCK cells were infected with a selection of viruses in
parallel at an MOI of 0.001 as described above, and plates were incubated
simultaneously at 37°C or 41°C. Three infected samples were harvested at
24, 48, and 72 hpi, and viral titers were determined by TCID50 assay.

Viral RNA replication in PDA cell lines. To assess active viral genome
replication, AsPC-1, BxPC-3, CFPAC-1, MIA PaCa-2, PANC-1, and
HPDE6 cells were infected with the panel of LP virus isolates at an MOI of
0.1. MDCK cells were included as positive controls. Monolayers were
washed once with PBS after inoculum removal and overlaid with serum-
free medium containing 0.05 �g/ml TPCK-trypsin. At 1, 16, and 24 hpi,
supernatants and trypsinized cell pellets from infected wells were collec-
tively harvested and stored at �80°C for RNA extraction. Total RNA from
infected cells and supernatants was obtained by automated extraction
(Hamilton Robotics, Switzerland) using the MagMAX 96 AI/ND viral
RNA isolation kit (Ambion; AM1835) according to the manufacturer’s
instructions.

One step rRT-PCR. Real-time reverse transcription-PCR (rRT-PCR)
targeting the conserved matrix (M) gene of influenza A virus was per-
formed on isolated RNA using the published primers and probes previ-
ously described (40). The amplification reaction was performed using 5 �l
of extracted RNA in a final volume of 25 �l using the QuantiTect Multi-
plex RT-PCR kit (Qiagen, Hilden, Germany). Each reaction mixture con-
tained 300 nM forward and reverse primers (M25F and M124-R, respec-
tively) and 100 nM fluorescently labeled probe (M�64). The PCR was
carried out under the following parameters: 50°C for 20 min and 95°C for
15 min, followed by 40 cycles of 94°C for 45 s and 60°C for 45 s.

Cell proliferation assay. Cells were seeded in 96-well plates at densi-
ties of 30,000 cells per well and infected with a panel of influenza A viruses
the following day using an MOI of 1. Cell proliferation and subsequently
cell viability were determined based on tetrazolium reduction at 24 hpi
using the standard 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetra-
zolium bromide (MTT) assay. Briefly, 10 �l of MTT reagent (Sigma;
M2128) freshly prepared in PBS was added directly to culture medium,
producing a final concentration of 0.5 mg/ml. Following 4 h of incubation
at 37°C, 100 �l of solubilization solution (10% SDS in 0.01 M HCl) was
added to each well for overnight incubation at 37°C. Absorbance was read
at 570 nm, with correction at 690 nm, and results from infected cells were
normalized to results for uninfected controls.

Detection of virus-induced apoptosis by flow cytometry. Semicon-
fluent monolayers of cells seeded in 24-well plates were infected at an MOI
of 1, and after 1 h of absorption, inoculum was removed and replaced with
1 ml of serum-free medium. Gemcitabine (2 mM) and cisplatin (0.8 �M)
(Gem�Cisp), two common chemotherapeutic agents used for PDA treat-
ment (7, 41), were included in combination as a positive control. FBS was
added to each well, for a final concentration of 10%, approximately 1 h
postcollection to ensure cell membrane integrity for the labeling process.
At 16 and 24 hpi, cells were harvested from two infected wells and one
control well and incubated with Alexa Fluor 647 annexin V conjugate
(Invitrogen) (1 �l per 375,000 cells) and propidium iodide (PI; 0.5 �l per
375,000 cells) in a volume of 300 �l of medium with 10% FBS for 10 min
in the dark. Samples were then fixed for 15 min in 3.6% paraformalde-
hyde, centrifuged, resuspended in 300 �l of PBS-FBS, and analyzed on a
BD FACSCalibur. A minimum of 5,000 events were recorded. Virus-in-
duced apoptosis was determined by subtracting the percentage of annexin

V-positive control cells from infected cells, and results are reported as
specific cell death.

Detection of virus induction of caspase activity by immunocyto-
chemistry. BxPC-3 and HPDE6 cells seeded on sterile glass chamber
slides (BD) and high-binding slides were infected at an MOI of 1. At 16
and 24 hpi, supernatants were removed, and slides were air dried in a
biosafety cabinet, fixed in ice-cold acetone for 20 min, and then stored
at �20°C until analysis. Uninfected cells and those treated with gemcit-
abine (2 mM) and cisplatin (0.8 �M) served as negative and positive
controls, respectively. Prior to stainings, frozen slides were thawed and
washed 3 times for 5 min with deionized water to remove residual acetone,
blocked with 3% H2O2 for 8 min at room temperature to remove endog-
enous peroxidases, and washed 3 times with deionized water and once
with PBS-Tween 20. Slides were then blocked for 30 min with 1% bovine
serum albumin (BSA), washed with PBS-Tween 20, and permeabilized
with 0.1% Triton X-100 for 10 min. Anti-active/cleaved caspase-8 (1:50;
Imgenex), anti-active-caspase-9 (1:10; BioVision), and anti-active-
caspase-3 (1:30; Cambridge, United Kingdom) primary antibodies were
applied for 1 h in a humidified chamber at room temperature. Immuno-
reactivity was revealed by the avidin/biotin method (LSAB� system with
horseradish peroxidase [HRP]; DakoCytomation, Glostrup, Denmark)
using the ready-to-use AEC� (aminoethylcarbazole) substrate-chromo-
gen (DakoCytomation). Carazzi’s hematoxylin was used as a counter-
stain, and Faramount mounting medium (DakoCytomation) was used to
mount coverslips on slides. Ten histological counts of 500 cells each were
determined per cell line/treatment/time point using Nis Elements BR
software (Nikon) to determine the percentage of caspase-positive cells.

Oncolytic effects of LP IAV in vivo. Twelve 6-week-old female SCID
mice were subcutaneously injected with 5 � 106 BxPC-3 cells in a volume
of 100 �l into the right flank. Palpable tumors developed after 8 days, and
mice were then randomly divided into two groups (n � 6 per group), one
group receiving an intratumoral inoculation of 2.4 � 104 PFU of H7N3 in
a volume of 100 �l and the other receiving 100 �l of PBS. The procedure
was subsequently repeated 3, 5, and 7 days later for a total of four intra-
tumoral inoculations per treatment group. The overall physical condition
and behavior of the mice were monitored daily, and measurements of
tumor size were taken on days 8, 15, 19, and 25 following initial injection.
Caliper measurements of tumor sizes were taken at regular intervals
throughout the experiment, and the length (L) and width (W) were re-
corded to determine tumor volume (V) using the formula V � L � W2 �
(�/6). At 25 days postinfection, mice were sacrificed and tumors were
snap-frozen for RNA extraction and IAV-specific rRT-PCR as described
above. All experimental protocols employed were previously approved by
the Italian Ministry of Health (protocol 130/2011).

Statistical analyses. GraphPad PRISM version 6 statistical analysis
software was used for the analyses of experimental data. Results from in
vitro growth curves, annexin V expression, caspase induction, and in vivo
experiments were analyzed using one-way analysis of variance (ANOVA)
followed by Tukey’s honestly significant difference (HSD) post hoc test for
multiple comparisons, whereas MTT assay results were analyzed using
one-way ANOVA followed by Dunnett’s post hoc test. Data from experi-
ments examining effects of different growth temperatures were analyzed
using two-way ANOVA plus the Bonferroni posttest. P values of �0.05
were considered statistically significant.

RESULTS
Expression of alpha-2,3- and alpha-2,6-linked sialic acid recep-
tors and infection of human PDA cell lines by IAV-GFP pseu-
dotypes. To determine whether human PDA cell lines expressed
receptors specific for avian IAVs, sialic acid-specific lectin staining
was performed. Flow cytometry results demonstrated the pres-
ence of receptors for both human and avian influenza A viruses on
the PDA cell lines BxPC-3, CFPAC-1, MIA PaCa-2, and PANC02
(Fig. 1). The PANC-1 cells contained high levels of the alpha-2,3
receptors (specific for avian IAVs) but expressed a bimodal distri-
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bution of alpha-2,6 receptors (specific for human IAVs). Interest-
ingly, AsPC-1 cells showed higher expression of alpha-2,3 recep-
tors than of alpha-2,6 receptors. The presence of both receptor
glycoforms on HPDE6 cells was reported in a previous study (32).
To confirm the presence of functional alpha-2,3-linked receptors
on the human PDA cell lines, we tested the entry of GFP-express-
ing viral pseudotypes bearing avian signature HA and NA glyco-
proteins of A/Viet Nam/1194/2004 (H5N1). Results showed that
infected monolayers of PANC-1, AsPC-1, BxPC-3, and CFPAC-1
cells all expressed GFP, confirming the ability of virus-like parti-
cles bearing an avian HA and NA to enter these cells (Fig. 2). Cell

line-dependent differences were observed, with BxPC-3 and
CFPAC-1 cells showing higher levels of GFP expression than
PANC-1 and AsPC-1 cells.

Sensitivity of cell lines to influenza virus infection. To deter-
mine whether the PDA cell lines were susceptible to infection by
IAV and could support viral replication, cells were infected with
serial dilutions of a panel of HP and LP viruses and monitored for
cytopathic effect (CPE) over a period of 72 h. Inoculum for all
initial infections was supplemented with 0.05 �g/ml TPCK-tryp-
sin, the maximum concentration tolerated by PDA cells without
associated cytotoxicity. CPE was observed in all cell lines following

FIG 1 Expression of alpha-2,3- and alpha-2,6-linked SA receptors on PDA cell lines. Cells were incubated with either fluorescein isothiocyanate-labeled
Sambucus nigra (SNA) lectin or biotinylated Maackia amurensis (MAA) lectin II lectin and then with phycoerythrin-streptavidin to detect �-2,6- and �-2,3-SAs,
respectively. Samples were read on a BD FACSCalibur, with a minimum of 5,000 events recorded. Profiles in black, negative control (no lectin added); profiles
in gray, binding of indicated lectin.

FIG 2 H5N1 pseudotype particle entry into PDA cells. AsPC-1, BxPC-3, CFPAC-1, and PANC-1 cell lines were infected with fluorescent HA- and NA-bearing
IAV pseudotypes as described in the text and visualized following 48 h of incubation. Monolayers (left), GFP reporter gene expression (middle), and the merging
of these two images (right) are shown for each cell line at a �10 magnification. Cells were visualized with a Zeiss Axiovert 40 CFL, fluorescence, phase-contrast,
inverted microscope equipped with an HBO50 mercury short-arc lamp.
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infection with HP or LP isolates, though not all cells displayed
CPE with all virus strains (Table 1). Due to the unusual growth
characteristics of cells, CPE was difficult to discern in AsPC-1,
MIA PaCa-2, and PANC-1 cells. In all cases, however, virus reiso-
lation on MDCK cells confirmed the presence of live virus in the
supernatants, often at several logs above the endpoint dilution at
which CPE was originally observed. PANC02, a murine PDA cell
line, was the least permissive of all cell lines tested and thus was
excluded from further studies.

Replication kinetics in pancreatic cells. The replication kinet-
ics of the virus panel over an extended period was examined in
three cell lines: BxPC-3, HPDE6, and MDCK. BxPC-3 was chosen
as the representative human PDA cell line based on results from
the pseudotype and virus sensitivity experiments and compared
with the nontumoral HPDE6 cells to test whether IAVs showed an
intrinsic tropism for cancer cells. Using an MOI of 0.001 and a
TPCK-trypsin concentration of 0.05 �g/ml, BxPC-3 infection led
to successful virion production in the cases of PR/8 H1N1, LP
H5N1, and HP H5N1 and H7N1 isolates (Fig. 3); however, three
other LP viruses (H7N3, H4N8, H7N7) were never reisolated over
the 72-h time course. These results closely mirrored the CPEs
observed, as infection with HP IAVs led to progressive destruction
of the monolayer, whereas LP IAVs did not cause any notable CPE
at this MOI (data not shown). Infection of BxPC-3 cells with PR/8
H1N1 also led to productive infection, as confirmed by virus iso-
lation, though no CPE was observed and titers did not show a
significant increase from 24 to 72 h. In fact, this trend was ob-
served for almost all trypsin-dependent viruses in all cell lines,
where titers did not generally increase after 24 hpi, most likely due
to the low TPCK-trypsin concentrations. Further testing of the LP
H5N1 isolate, previously described as slightly pathogenic due to
the absence of multibasic residues in the HA cleavage site, showed
an intermediate phenotype and ability to replicate to low levels
even in the absence of exogenous trypsin (data not shown), thus
explaining virus isolation results in the presence of small amounts
of TPCK-trypsin. Results obtained with the nontransformed
HPDE6 cell line were similar to those of BxPC-3 cells; however, for
three of the four virus isolates, titers were consistently low (Fig. 3).
MDCK cells, which are considered the gold standard for in vitro
replication of IAVs, supported the highest levels of replication of
all cell lines tested. For all experiments, supernatants were also
collected at 1 hpi and titrated. Values were used in growth curves
to establish a baseline attributed to residual inoculum and were
typically below or just at the limit of detection of the TCID50 assay
(�6.3 � 101).

Comparative replication of influenza viruses at 37 and 41°C.
To determine whether variations in virus titers observed between
MDCK cells and the human BxPC-3 cells could be attributable to
suboptimal temperatures for polymerase function, these cell lines
were infected in parallel at physiologically relevant temperatures
for the growth of human and avian viruses, i.e., 37°C and 41°C,
respectively. A selection of 5 viruses representing HP and LP iso-
lates were studied over a 72-h time course. Replication kinetics of
avian viruses followed the general trend; viruses reached higher
titers at early time points when they were incubated at 41°C than
when they were incubated at 37°C, while PR/8 H1N1 replicated
more efficiently at 37°C, consistent with its tropism for mamma-
lian cells (Fig. 4). Interestingly, all avian IAVs tested were able to
efficiently replicate in the PDA cell line BxPC-3 even at 37°C,

suggesting that their replication in human PDA cells might not be
subject to host-dependent temperature sensitivity.

Viral RNA replication kinetics in PDA cells. Given our inabil-
ity to isolate LP IAVs from PDA cells at a low MOI, we wanted to
ensure that this was not due to a lack of effective genome replica-
tion. All cell lines were infected with the panel of LP isolates as well
as PR/8 H1N1 at a higher MOI of 0.1 in order to analyze replica-
tion kinetics over a 24-h period. Active replication of viral RNA
was noted for all viral isolates in all cell lines based on rRT-PCR
results, in which threshold cycles (CTs) at 16 hpi were decreased
compared to those of cultures sampled at 1 hpi (Fig. 5). The lack of
changes in CT values from 16 to 24 hpi strongly suggests that
replication was limited to a single cycle, most likely due to the low
levels of TPCK-trypsin. When different viruses were compared,
the H7N3 isolate had the highest replication of all cell lines tested,
while H4N8 generally presented the lowest levels of replication.
Similar trends were also observed for all isolates in MDCK cells,
with no changes in CT between 16 and 24 hpi (results not shown).

Assessment of cell proliferation postinfection. The MTT as-
say measures tetrazolium reduction by metabolically active and
proliferating cells and therefore is used as an indicator of cell via-
bility (42). Given the results of the experiments showing the death
of PDA cells infected with high concentrations of virus (Table 1)
and the demonstration of active viral RNA replication in all PDA
cell lines infected with LP IAVs (Fig. 5), we were interested in
examining the intensity of virus-induced cell death in the various
PDA cell lines and possible variations between virus isolates. All
pancreatic cell lines were infected with PR/8 H1N1 and the com-
plete panel of LP avian IAVs used in previous experiments at an
MOI of 1 to ensure that all cells were infected upon analysis. MTT
assay results showed a general agreement with observations from
initial experiments on cell line sensitivity to the panel of virus
isolates, with PANC-1 displaying the highest levels of resistance,
whereas BxPC-3 and CFPAC-1 cells showed overall the highest
sensitivity to virus-induced cytotoxicity of the PDA cell lines (Fig.
6). Furthermore, the H7N7 and H7N3 isolates, whose RNA repli-
cation rates were the highest among the viruses tested, consistently
caused the greatest loss of cell viability across the panel of cell lines
tested, with highly statistically significant differences from control
values (P 	 0.01 to P 	 0.0001). The H7N3 isolate in particular
showed the greatest innate affinity for the PDA cells, causing
higher losses of cell proliferation in BxPC-3 and CFPAC-1 cells
than in normal ductal HPDE6 cells (P 	 0.0001). Of note, absor-
bance values did not necessarily correlate with visible cell damage,
as H7N3 infection of CFPAC-1 and BxPC-3 cells resulted in mas-
sive CPEs and complete destruction of the monolayer, yet results
indicated that 30% of proliferative activity was retained (Fig. 6).

Induction of apoptosis following influenza virus infection.
To build on results observed in MTT assays and examine the mode
of cell death induced, the ability of IAVs to induce apoptosis in
PDA cells was assessed following infection at an MOI of 1. Engage-
ment of the apoptotic program was assessed by annexin V binding
and flow cytometry at 16 and 24 hpi. As a positive control, cells
were subjected to a high concentration of gemcitabine-cisplatin
(Gem�Cisp), two commonly used chemotherapeutic agents.
Levels of apoptosis were highly varied between cell lines and virus
isolates, ranging from only 5% of H7N7-infected PANC-1 cells to
over 60% of H7N3-infected BxPC-3 cells by 16 hpi (Fig. 7).
BxPC-3 cells were the most sensitive among the PDA cell lines to
IAV-induced apoptosis, followed by AsPC-1, CFPAC-1, MIA
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PaCa-2, and PANC-1 cells; PANC-1 was the most resistant cell
line. Interestingly, PR/8 H1N1 induced far less apoptosis than LP
avian IAVs, which often were more powerful than Gem�Cisp
treatment. As with results from MTT assays, the H7N3 isolate was
by and large the most potent inducer of apoptosis in all of the PDA
cell lines examined (Fig. 7).

Influenza virus-induced caspase activation. Given that influ-
enza may cause apoptosis via both intrinsic and extrinsic pathways
(43–45) and that the disruption of both pathways has been docu-
mented in different cancers (6), we tested the mechanism of IAV-
induced cell death in PDA. As BxPC-3 represented the most sen-
sitive PDA cell line, while HPDE6 cells were largely insensitive to

virus-induced apoptosis, we investigated whether different apop-
totic effector mechanisms were at play and were differently en-
gaged by different virus isolates. Results of immunocytochemistry
analyses showed a marked induction of caspase-3 in experimen-
tally infected BxPC-3 cells, with a significantly higher level (P �
0.0001) induced by H7N3 infection (50.72% positive) than by
PR/8 H1N1 infection (10.14% positive) or the gemcitabine and
cisplatin combination (8.92%). As with the annexin V results,
infection of HPDE6 cells with influenza viruses resulted in
caspase-3 induction (13.52% with H7N3 and 6.12% with PR/8
H1N1) that was much lower than that induced by gemcitabine
and cisplatin (17.32%) (P � 0.0001). To differentiate between

FIG 3 Replication kinetics of influenza A viruses in BxPC-3, HPDE6, and MDCK cells. Cells were infected at an MOI of 0.001 PFU/cell, and virus titers in infected
supernatants were determined via the TCID50 assay at 24 (black bars), 48 (light-gray bars), and 72 (dark-gray bars) hours postinfection. Results represent means
plus standard deviations of results from three independent experiments of three replicate samples each.

FIG 4 Comparative replication kinetics of influenza isolates at 37°C and 41°C. BxPC-3 and MDCK cells were infected at an MOI of 0.001 with the viruses
indicated in the absence (for HP isolates) or presence of 0.05 �g/ml TPCK-trypsin. At 24, 48, and 72 hpi, supernatants from three independent wells were
harvested and titrated via the TCID50 assay on MDCK cells in the presence of 1 �g/ml TPCK-trypsin. Values shown are means and standard deviations from two
independent experiments (*, P 	 0.05 at 24 hpi).
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intrinsic and extrinsic pathways, cells were stained with anti-
caspase-8 and -9 antibodies, respectively. BxPC-3 cells infected
with H7N3 showed activation of both caspases; however, positiv-
ity for caspase-9 was consistently higher than that for caspase-8
(46.1 versus 21.7% at 16 hpi and 72.02 versus 38.1% at 24 hpi),
suggesting a stronger involvement of the intrinsic mitochondrial
pathway. With the PR/8 H1N1 virus, however, twice as many cells

were positive for caspase-8 as for caspase-9 at 16 hpi, suggesting
that the extrinsic apoptotic pathway was preferentially engaged by
this virus isolate (Fig. 8). Results for HPDE6 cells did not reflect
the same patterns, as H7N3 induced a nearly 2-fold-higher acti-
vation of caspase-8 than of caspase-9 at 16 hpi, while PR/8 H1N1
showed no difference between activation levels.

Oncolytic effects of LP IAV in vivo. The oncolytic ability of the

FIG 5 Viral RNA replication kinetics in infected PDA cells. AsPC-1, BxPC-3, CFPAC-1, MIA PaCa-2, PANC-1, and nontransformed HPDE6 cells were infected with
a panel of LP influenza viruses at an MOI of 0.1. Supernatants and cell pellets were harvested together at 1, 16, and 24 hpi, and extracted RNA was amplified using viral
matrix gene-specific rRT-PCR. Data represent means plus standard deviations of results for triplicate samples and indicate changes in CT values from those at 1 hpi.

FIG 6 PDA cell proliferation following influenza A virus infection. AsPC-1, BxPC-3, CFPAC-1, MIA PaCa-2, PANC-1, and nontransformed HPDE6 cells were
infected with a panel of LP influenza viruses at an MOI of 1 and analyzed for cell proliferation at 24 hpi via the MTT assay. Absorbance readings at 570 nm
corrected for 690 nm have been normalized to values for mock-infected controls. Results shown represent means plus standard deviations from two independent
experiments of four replicates each, with statistically significant differences from mock-infected controls indicated for virus-infected cells based on one-way
ANOVA followed by Dunnett’s post hoc test (*, P 	 0.05; **, P 	 0.01; ***, P 	 0.001; ****, P 	 0.0001).
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H7N3 virus isolate was further examined in vivo in a SCID mouse
tumor xenograft model. Following four successive virus inocula-
tions into palpable BxPC-3 tumors over 7 days, the oncolytic effect
of IAV on tumor reduction was compared to that of PBS on a
control group. Overall, H7N3 treatment resulted in a significant
reduction in tumor growth versus that of PBS alone (P 	 0.001)
(Fig. 9), and all tumors collected from H7N3-treated mice sacri-
ficed upon termination of the experiment remained positive for
IAV infection by rRT-PCR, with CTs ranging from 22 to 27 (data
not shown).

DISCUSSION

The present work provides the first description of influenza A
virus infection of human pancreatic cancer cells, demonstrating
its ability to replicate and induce apoptosis in several PDA cell
lines. We have shown that LP avian IAVs may be interesting can-
didates for oncolytic viruses given their enhanced activity in PDA
cell lines compared to that in nontumoral pancreatic ductal cells
and their demonstrated ability to reduce tumor size following in-
tratumoral injection in a mouse xenograft model.

We also provide the first characterization of the receptor pro-
files of a panel of human pancreatic adenocarcinoma cell lines. Of
interest was the fact that these cells generally contained equal lev-
els of �-2,6- and � �-2,3-sialic acid linkages, making them suscep-
tible to infection by both avian and mammalian viruses. While the
upper respiratory tract is the primary site of infection for human
influenza viruses as a result of high levels of �-2,6-linked SAs, the

expression of �-2,3-linked SAs has been detected in other human
tissues, including endothelial cells of the heart, brain, intestines,
and liver as well as nonciliated cells in the lung (46). Recently, we
also demonstrated their presence on cells isolated from a healthy
human pancreas (34). Although all PDA cell lines expressed both
types of SA receptors on their surfaces, differences in expression
levels were noted. Such heterogeneity in levels of SA expression in
different cell lines was not surprising, as altered levels of expres-
sion of sialyltransferases and fucosyltransferases have been dem-
onstrated in different types of tumors, including pancreatic,
breast, colon, gastric, cervical, and renal cancers (47, 48). Similar
results have also been observed in the case of melanoma cell lines,
with heterogeneous distribution of surface receptors when differ-
ent lines were compared (49).

The ability of IAV to replicate in different host systems is
thought to be influenced by an optimal temperature at which viral
polymerase functions and interacts with the host RNA replication
machinery. For this reason, we investigated whether low viral ti-
ters achieved with certain isolates in human pancreatic cells re-
sulted from temperature sensitivity in this host system. Growth
curves conducted at physiologically relevant temperatures for hu-
mans (37°C) and birds (41°C) did in fact indicate that a virus’s
replicative fitness mimicked that of the host from which it was
isolated, with avian viruses often reaching high titers at 41°C at 24
hpi, whereas PR/8 H1N1 replication was hindered at this temper-
ature. However, this trend was not observed for all virus isolates,
and further differences were never found to be significant in

FIG 7 Comparative induction of apoptosis in PDA cells following infection with influenza A virus. Cells infected at an MOI of 1 with IAV or cultured with
gemcitabine (2 mM) plus cisplatin (0.8 �M) were assessed for induction of apoptosis at 16 hpi (black bars) and 24 hpi (gray bars) by Alexa Fluor 647-labeled
annexin V binding and flow cytometry. Results are normalized to those for uninfected controls and represent means plus standard deviations from two
(Gem�Cisp treatment) or three (virus infection) independent experiments. Statistically significant differences between virus-induced apoptosis and
Gem�Cisp-induced apoptosis at 16 hpi are indicated (*, P 	 0.05; **, P 	 0.01; ***, P 	 0.001; ****, P 	 0.0001). Note that severe cell death induced in
H7N3-infected CFPAC-1 cells (�) prevented proper annexin V cell labeling at the time points examined.
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BxPC-3 cells, indicating that the avian isolates did not suffer from
limited polymerase activity in these human PDA cells at temper-
atures reflective of the in vivo context.

Susceptibility of PDA cell lines to HP avian IAVs was greater
than to LP avian IAVs, as demonstrated by replication kinetics
experiments. To confirm that this was not a result of the low
TPCK-trypsin concentrations used in the experiments, we per-
formed parallel infections of MDCK cells using concentrations of
1 �g/ml and 0.05 �g/ml TPCK-trypsin, and similar titers of virus
were obtained under both conditions (results not shown). While
these results suggest that low trypsin concentrations were not the
limiting factor, multicycle replication of human IAVs, which typ-
ically require the addition of trypsin, has been observed in a num-
ber of cases (50, 51). It is therefore our opinion that proteolytic
activation of the LP AIVs is likely suboptimal under our experi-
mental conditions, and this was confirmed experimentally when
we examined viral genome replication, as no increases were found
between 16 and 24 hpi, indicating the absence of multicycle rep-
lication. While the pancreas is the site of trypsinogen production,
this proenzyme is typically activated to trypsin in other organs of
the digestive tract. On the other hand, in a diseased state, such as in

FIG 8 Caspase induction in influenza A virus-infected cells. Semiconfluent monolayers of BxPC-3 and HPDE6 cells grown on glass chamber slides were infected
with A/turkey/Italy/2602/2003 (H7N3) or A/Puerto Rico/8/34 (H1N1) at an MOI of 1 and tested by immunocytochemistry for expression of cleaved caspase-3
(A and B), caspase-9 (C and D), and caspase-8 (E and F). Gemcitabine (2 mM) and cisplatin (0.8 �M) were included as positive controls. Results are means plus
standard deviations of 10 repeat counts of 500 cells each, with significant differences shown between results for virus treatment and those for gemcitabine plus
cisplatin treatment at 16 hpi (****, P 	 0.0001).

FIG 9 Oncolytic effect of an LP avian influenza A virus in an orthotopic SCID
mouse model of pancreatic ductal adenocarcinoma. BxPC-3 cells (5 � 106) in
a volume of 100 �l were subcutaneously implanted in the right flanks of
6-week-old female SCID mice. At 8 days postimplantation, palpable tumors
became established, and mice were randomly divided in two groups (n � 6
each) receiving either four intratumoral injections of 2.4 � 104 PFU of LP
H7N3 virus (circles) between day 8 and day 15 or four injections of PBS
(squares). Caliper measurements of tumor dimensions were taken on the in-
dicated days after BxPC-3 implantation for calculation of tumor volumes.
Data shown represent mean tumor volumes plus standard errors of the means.
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acute pancreatitis, trypsin activation may occur within the pan-
creas, suggesting the possibility of supporting multiple rounds of
influenza A virus replication in vivo (52).

In a study of the oncolytic properties of a modified human
influenza A virus isolate in colorectal cancer cells, viruses were
shown to undergo multicycle replication in vitro without the ad-
dition of exogenous trypsin, suggesting the production of trypsin
or a trypsin-like enzyme by the cells examined (53). The enhanced
production of proteolytic enzymes is a hallmark of cancer cells, as
they aid in invasion and metastasis (54); altered expression of
matrix metalloproteinase and their inhibitors have been particu-
larly associated with progression of pancreatic cancer (55–59),
and exploitation of these proteases has been suggested as a mode
of targeted cancer treatment (54). In fact, matrix metalloprotei-
nase (MMP) targeting has been used as a strategy for tumor-spe-
cific targeting of oncolytic viruses in the case of measles virus (60,
61), retroviruses (62, 63), and Sendai virus (64), and modifica-
tions to the HA proteolytic cleavage site to render it MMP specific
are being planned not only to increase the specificity of PDA-
associated proteases but to allow for multicycle replication in the
absence of exogenous trypsin.

Influenza viruses are known to induce apoptosis in a number
of cell lines and tissues, while in others they induce death via
necrosis (35, 65, 66). Based on MTT assay results showing that LP
avian IAVs cause reduction in cell viability, we tested whether
these viruses induced apoptotic cell death in PDA cells. Results of
annexin V cell staining indicated that LP avian IAVs caused death
by apoptosis in the panel of PDA cell lines tested and generally
correlated well with levels of cytotoxicity observed in the MTT
assay. However, in a few instances, there were notable discrepan-
cies in which annexin V staining showed greater induction of
apoptosis than was shown in the MTT assay, and this was espe-
cially true for BxPC-3 infections. Differences in the sensitivity
levels of these two assays have been observed elsewhere (67), con-
firming the notion that while metabolic assays may provide a good
overall picture of cytotoxicity, the use of additional assays is fa-
vored in order to accurately deduce levels of cell death.

Annexin V staining demonstrated that levels of IAV-induced
apoptosis in PDA cells varied highly depending on the virus isolate
and cell line tested, as with the variations observed in RNA repli-
cation rates and sensitivities to infection. Alterations in apoptotic
signaling pathways are among the most frequent genetic changes
observed in pancreatic cancers (5, 68), contributing to resistance
to chemotherapeutic agents (6, 69). BxPC-3 cells were the most
sensitive and, unlike the others, contain a wild-type K-RAS (70).
K-RAS enzymes are modulators of numerous cellular signal trans-
duction pathways, and K-RAS mutations are known to increase
resistance to apoptosis (71). The fact that BxPC-3 cells contain a
wild-type K-RAS may thus partially explain the higher levels of
apoptosis observed in this cell line; however, the facts that non-
transformed HPDE6 cells also contain wild-type K-RAS and dis-
play a resistant phenotype suggest that other contributing factors
are at play (72).

The interferon status of tumor cells has also been proven highly
influential on the oncolytic activities of several viruses, IAV in-
cluded (53, 73, 74). A recent publication detailing the susceptibil-
ity of PDA cell lines to vesicular stomatitis virus found that the
lack of type I interferon (IFN) production by AsPC-1, CFPAC-1,
MIA PaCa-2, and Panc-1 cells largely correlated with sensitivity to
infection; however, both IFN-negative BxPC-3 cells and IFN-pro-

ducing HPDE6 cells showed resistance (75). In the present study,
however, the degree of PDA sensitivity to IAV-induced apoptosis
does not correlate with the cells’ interferon status, as cells incapa-
ble of IFN production were both highly sensitive (BxPC-3) and
relatively resistant (Panc-1), results similar to those of a recent
report on PDA cell line sensitivity to Newcastle disease virus (76).

PDAs are associated with a constellation of genetic alterations
in oncogenes and tumor suppressor genes, the four most frequent
being observed in the K-RAS, TP53, SSMAD4/DPC4, and
CDKN2A/p16 genes (3, 9, 70). The status of these four genes has
been described previously for all six pancreatic cell lines included
in this study (3, 70); however, no immediate associations can be
made by comparing the individual cell genotypes with their phe-
notypes with regard to sensitivity to influenza virus-induced
apoptosis. It is likely that complex interactions between a multi-
tude of genes controlling cell cycle, signal transduction pathways,
apoptosis resistance, and interferon status all determine the ability
of influenza virus to induce apoptosis in PDA cells, and an under-
standing of the specific mechanisms at hand will be crucial for
future development of modified oncolytic influenza viruses with
potential in a clinical setting.

The lack of apoptotic induction following gemcitabine and cis-
platin treatment observed in the present study is not entirely in
agreement with the results of other publications using the same
PDA cell lines, but this is likely to result from differences in exper-
imental conditions. Several reports documenting gemcitabine
sensitivity of PDA cell lines show higher induction of apoptosis
following chemotherapeutic treatment than prior to treatment,
but these studies involve cells treated for 48 to 72 h and seeded at
densities ranging from 5 to 15 times lower than in the present
study (77–79). As our study was concerned with the ability of
influenza virus to induce apoptosis following infection at a high
MOI, we chose to study the response over a period of 24 h, starting
with those of confluent monolayers, to monitor CPE following
infection. It is likely that the higher cell density with increased
cell-cell contact combined with the 24-h observation window re-
sulted in lower observed rates of response to gemcitabine and
cisplatin treatment in the present study despite the increased drug
concentrations.

Even more interesting than the differences observed between
cell lines were the major differences observed between viral iso-
lates in their ability to induce apoptosis in PDA cells. While several
of the isolates tested showed a significantly enhanced ability to
induce apoptosis compared to that after treatment with gemcit-
abine and cisplatin, the H7N3 isolate repeatedly outperformed the
others in terms of the rapidity and potency of cell death induced.
Strain-specific variations in apoptotic induction have previously
been documented in primary cultures and established cell lines in
the cases of human, avian, and swine influenza viruses (36, 37).
The particularity of the H7N3 isolate led us to investigate it fur-
ther; we examined the specific apoptotic pathway induced in a
highly sensitive cell line (BxPC-3) compared to that of a resistant
line (HPDE6). Based on the expression of effector and executioner
caspases in infected cells, H7N3-induced apoptosis appeared to
result from activation of the intrinsic mitochondrial pathway in
BxPC-3 cells, but this phenomenon was not observed in the
HPDE6 cells. Induction of cell death via the intrinsic pathway is a
characteristic of a number of oncolytic viruses, including New-
castle disease virus and vesicular stomatitis virus (80–82). Though
caspase-independent mechanisms of apoptosis cannot be ruled
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out, our results strongly suggest that the ability to induce the in-
trinsic pathway is a critical factor in the success of the H7N3 isolate
at pancreatic cancer cell killing. A constellation of viral proteins,
including NS1, PB1-F2, and NA (45, 83), have been demonstrated
as regulators of the apoptotic response in infected cells, and the
distinct genetic signatures of the H7N3 isolate are currently under
study.

Building on results observed in vitro, an experiment using a
SCID mouse xenograft model was performed to examine the on-
cosuppresive activity of the H7N3 virus in an in vivo setting. As
reflected by in vitro sensitivity, BxPC-3-based tumors showed sig-
nificantly reduced growth following H7N3 treatment compared
to growth after treatment with PBS alone. The presence of viral
RNA in tumors of all H7N3-treated animals sacrificed 1 week
following the final injection confirmed that all tumors were suc-
cessfully infected with IAV, although virus isolations were not
performed to determine whether this represented live virus. Given
the inability of the LP viruses to undergo multiple rounds of rep-
lication in PDA cells in vitro, most likely due to protease-limiting
conditions, the H7N3 virus was not expected to undergo multiple
rounds of infection in the BxPC-3 tumor cells. However, detection
of viral RNA in treated tumors up to 1 week following the final
injection suggests the possibility that virus replication did occur
within the tumor microenvironment. In any case, the overall pos-
itive results and lack of detrimental side effects observed in the in
vivo trial are promising signs for future studies with IAVs harbor-
ing appropriate PDA-specific modifications.

The fact that LP influenza viruses are able to induce levels of
apoptosis in PDA cells that are significantly higher and more tar-
geted to the cancerous cells than those of commonly employed
chemotherapeutic agents indicates that these viruses have a higher
tropism for the cancerous phenotype that may be further ex-
ploited. These observations were further confirmed in an in vivo
xenograft model where intratumoral inoculation with a LP H7N3
isolate decreased tumor growth compared to that in the control.
Taken together, our results indicate that PDA cells are sensitive to
the oncolytic effects of influenza viruses and that further studies
are warranted to understand this phenomenon at the molecular
level, leading to the generation of specific and targeted viruses with
enhanced potential in vivo and, ultimately, to their use in a clinical
setting.
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