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Abstract Tumor resistance to lysis by resting natural
killer (NK) cells may be overcome by priming of NK cells
with cytokines or by binding of NK activating receptors to
ligands expressed on target cells. In this study, major histocompatibility complex class I (MHC-I)-negative LNCaP
and MHC-I-positive DU145 cells were infected with genetically modiWed inXuenza A virus lacking the non-structural
gene 1 (NS1 IAV). The cells were used to investigate the
inXuence of NS1 IAV infection on NK cell lysis of tumor
cells as well as to prime NK cells for lysis of LNCaP and
DU145 cells. While LNCaP cells infected with NS1 IAV
showed enhanced lysis when compared with mock-infected
cells (93% § 1.47 vs. 52% § 0.74), both mock-infected
and NS1 IAV-infected DU145 cells were resistant to NK
cell lysis. Moreover, NK cells primed with NS1 IAVinfected LNCaP/DU145 cells eVectively lysed resistant
DU145 and sensitive LNCaP cells to a greater extent than
NK cells primed with mock-infected LNCaP/DU145 or
non-primed NK cells. Also, NK cell priming with NS1
IAV-infected tumor cells enhanced extracellular signal-regulated kinase phosphorylation and increased granule
release in NK cells. The increased granule release was speciWcally mediated by NKp46, which eventually potentiated
NK cells primed with NS1 IAV-infected tumor cells to
overcome the inhibitory eVects posed by MHC-I expression
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on DU145 cells. These Wndings show that in addition to
direct lytic activity of NK cells, NS1 IAV may inXuence
anti-tumoral responses by priming NK cells.
Keywords Cytotoxicity · NK cell priming · Major
histocompatibility complex class I · Degranulation ·
Oncolytic inXuenza A virus

Introduction
Human natural killer (NK) cells as components of the
innate immunity substantially contribute to the elimination
of virus-infected cells as well as anti-tumor immune
response [1]. Although NK cells can kill target cells spontaneously without prior stimulation, a delicate balance
between inhibitory [killer immunoglobulin-like receptors
(KIR), CD94-NK group 2, member A (NKG2A)] and activating receptor signals [natural cytotoxic receptors (NCRsNKp30, NKp44 and NKp46), NK group 2, member D
(NKG2D) and DNAX accessory molecule-1 (DNAM-1)]
tightly regulates their activation [1]. Target cells are recognized by their diminished expression of major histocompatibility complex class I (MHC-I) molecules, which normally
interact with inhibitory receptors on the NK cell surface
[2–7]. The down-regulation of MHC-I molecules on some
tumor cells and some virus-infected cells is believed to
lower this inhibition below a target threshold, making the
target cell susceptible to NK cell-mediated lysis [8]. Some
tumor cell lines are NK resistant through constitutive
expression of MHC-I molecules. However, resistance to
NK-mediated lysis is overcome by pre-incubation of NK
cells with IL-2, thus generating “lymphokine-activated
killer cells” that are capable of multiple lysis. In addition,
priming or activation of NK cells through interaction with
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susceptible target cell was shown to provide suYcient stimulus to overcome MHC-I-mediated inhibition in a manner
analogous to that mediated by IL-2 [8]. Also, the up-regulation/induction of ligands [inXuenza/parainXuenza virus
hemagglutinin (HA) binds NKp44 and NKp46; UL16 binding proteins (ULBP1-3) and MHC class I-related chain A
and B (MICA/B) bind NKG2D; poliovirus receptor (PVR)
binds DNAM-1] for NK cell activating receptors on tumor
cells and virus-infected cells correlates with their sensitivity
to NK-mediated killing [9, 10]. In this regard, Mandelboim
et al. 2001 [11] elegantly showed using target cells infected
with wild type inXuenza A virus (IAV) that NK cell lysis
was enhanced in IAV-infected target cells mainly via binding of NKp46 to viral HA expressed on target cells.
IAV infection can induce apoptosis in host cells, in vivo
and in vitro [12, 13]. IAV can infect and replicate both in
tumor and untransformed cells. They encode a non-structural (NS1) protein involved in virulence and inhibition of
IFN-/ system during virus infection [14]. Interestingly,
mutant IAV lacking the NS1 gene (NS1 IAV) does not
replicate in non-malignant cell lines but grows eYciently in
oncogenic Ras-expressing cells [15] as well as in IFN-resistant cancers [16]. The apathogenic nature of NS1 IAV
combined with the selective replication properties of this
virus in both oncogenic Ras-expressing and IFN-resistant
tumor cells renders this virus an attractive candidate for use
in immunovirotherapy and may be interesting for induction
of NK cell activity. In this regard, the activation of the adaptive immune system by infection of tumor cells with oncolytic viruses reportedly led to the elimination of tumor cells
[17, 18]. Also, direct injection of established Renca tumors
with inactivated, replication-defective Sendai virus particles
was shown to cause systemic activation of NK cells and
enhanced their cytotoxicity against tumor cells [19].
In this study, we have used MHC-I-negative LNCaP and
MHC-I-positive DU145 cells that have been infected with
NS1 IAV to investigate the inXuence of NS1 IAV on
NK lysis of tumor cells as well as to prime/activate NK
cells for lysis of target cells. We demonstrate that infection
of prostate cancer cells with NS1 IAV renders the cells to
become more sensitive to NK lysis. More importantly, our
results reveal that NK cells that are primed with NS1
IAV-infected tumor cells degranulate and lyse their targets
more than non-primed or mock-infected tumor-primed NK
cells, even to the extent of overriding MHC-I inhibition.

Germany). The cell lines were grown in Iscove’s ModiWed
Dulbecco’s Medium (IMDM) containing 10% fetal calf
serum (FCS). Media and supplement were from Seromed
(Berlin, Germany).
Virus preparation
NS1 IAV [containing: PB2, PA, nucleoprotein (NP), M
genes from H1N1 A/PR8/34; surface glycoproteins hemagglutinin (HA) and neuraminidase (NA) genes from H1N1
A/New Caledonia/20/99; PB1 gene from H3N2 A/Texas/1/
77] was prepared by reverse genetics using methods as previously described [20].
Reagents and monoclonal antibodies
Unconjugated inXuenza A virus HA antibody (IVC102)
and PVR were purchased from Abcam (Cambridge, UK);
unconjugated ULBP1-3 were from R&D systems
(Wiesbaden, Germany); PE-conjugated MICA/B was from
BD Pharmingen (San Diego, CA); puriWed NKp46 was
from Miltenyi Biotec (Bergisch Gladbach, Germany). Fluorescein isothiocyanate-conjugated HLA-Class 1 mAb was
from Biosource (Camarillo, CA), mouse anti-human HLAclass 1 antigen ABC was from US Biological (Swampscott,
MA).
Cell viability assay
Cell viability was investigated using the modiWed 3-(4,5dimethyl-2-thiazolyl)-2,5-diphenyl-tetrazolium-bromide
(MTT) assay. BrieXy, LNCaP and DU145 cells were grown
in 96-well plates after which they were either mock
infected or NS1 IAV infected. At 20-h post-infection
(p.i.), MTT reagent was added for 4 h. Thereafter, 100 l of
sodiumdodecylsulfate (SDS) solution (20% SDS in a 1:1
dimethyformamide (DMF)/H2O solution) was added, and
the plate was incubated overnight at 37°C in a CO2 incubator. Plates were read on a multiwell scanning spectrophotometer (Tecan, Crailsheim, Germany) at a wavelength of
560 nm and a reference wavelength of 620 nm. Cell viability was determined as the relative reduction in the amount
of MTT reduced by cells to its purple formazan derivative,
which correlates with the amount of viable cells in relation
to cell control.
Cytotoxicity assay and Xow cytoXuorometric analysis

Materials and methods
Cell lines
DU145 and LNCaP (clone FGC) cell lines were obtained from
the German Cancer Research Center (DKFZ, Heidelberg,
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Cytotoxicity of NK cells was determined by a 4-h coupled
luminescent method using the “aCella-Tox” kit (Cell Technology, Mountain View, CA), as previously described [21].
LNCaP and DU145 cell lines, both mock- and NS1 IAVinfected 20-h p.i., were used as target cells. For monoclonal
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antibody (mAb) blocking experiments, 10 g/ml of the corresponding puriWed mAb was used. Flow cytometry (FACS
Calibur; Becton Dickinson, Mountain View, CA) was used
for cell surface expression analysis, while cellular DNA
content was measured using propidium iodide staining [22].
In case of unconjugated antibodies, PE-conjugated isotypespeciWc goat anti-mouse second reagent (R&D Systems,
Wiesbaden, Germany) was used.
Polyclonal NK cell preparation
Human peripheral blood mononuclear cells were isolated
from the blood of healthy volunteers by Ficoll–Hypaque
centrifugation followed by separation using the MACS NK
cell isolation kit II (Miltenyi Biotec, Bergisch Gladbach,
Germany) according to manufacturer’s protocol. Flow
cytometric analysis to determine purity of NK cells showed
that more than 95% of the cells were CD56 + CD3 ¡ (not
presented).

were labeled with 1 g/ml appropriate mAbs for 30 min at
4°C. After washing, cells were stimulated with 10 g/ml
AYniPure F(ab’)2 fragment goat anti-mouse IgG (Jackson
ImmunoResearch, West Grove, PA, USA) for 5 min at
37°C. Reaction was stopped with ice-cold PBS. After
overnight incubation at 37°C, supernatants were collected for analysis and quantiWcation of granule release
by ELISA assay (Perforin/Granzyme B-ELISA kit, Diaclone Research, Besancon Cedex, France) according to
manufacturer’s instructions. Additionally, after 3-h priming
of NK cells with mock- or virus-infected prostate cancer
cell lines, primed and non-primed NK cells were cocultured
with LNCaP for a further 4 h. Supernatants were collected
for analysis and quantiWcation of granule release by ELISA
assay.
Western blot

LNCaP and DU145 cells grown on culture Xasks were
mock or NS1 IAV infected. Twenty-h p.i. cells were Wxed
with ice-cold acetone/methanol for 15 min at room temperature and blocked with blocking solution for 30 min at
37°C. Thereafter, cells were stained for 1 h at 37°C with
mouse anti-inXuenza A mAb (1:1,500 dilution) (Millipore;
Schwalbach, Germany) for the detection of NP antigen.
Cells were then washed and incubated in Biotin-SP-conjugated AYniPure F(ab’)2-fragment goat anti-mouse IgG
(1:1,000 dilution) (Jackson ImmunoResearch, West Grove,
PA) for 45 min at 37°C. After incubation, cells were
washed again and incubated in a streptavidin–peroxidase
conjugate (1:3,000 dilution) (Calbiochem; Darmstadt,
Germany) for 30 min at 37°C. After washing, cells were
incubated for 10 min in AEC substrate, washed and photographed.

After 30-min priming of NK cells with mock- or virusinfected prostate cancer cell lines, Western blot analysis
was performed as previously described [25]. BrieXy, cell
lysates were subjected to SDS–PAGE before transfer to
nitrocellulose membranes (Schleicher and Schuell, Dassel,
Germany) using the Mini-Protean II system (Bio-Rad,
Munich, Germany). After transfer, blots were blocked in
tris-buVered saline (TBS) blocking buVer containing 3%
bovine serum albumin for 1 h at room temperature to saturate the non-speciWc protein-binding sites on the nitrocellulose membrane. The following primary rabbit polyclonal
Abs were used: ERK1/2, phospho-ERK1/2, all from cell
signaling (Beverly, MA, USA); mouse polyclonal beta
actin Ab was from Sigma–Aldrich (Taufkirchen, Germany).
The blots were incubated overnight with the primary Ab
diluted in TBS at 4°C with gentle agitation. Following a 1-h
incubation period with peroxidase-conjugated secondary
Ab at room temperature, visualization was performed by
enhanced chemiluminescence using a commercially available kit (Amersham, Liverpool, UK).

NK cell priming

Measurement of IFN- production

LNCaP and DU145 cell lines, both mock- and NS1 IAVinfected 20-h p.i,, were cocultured with resting NK cells for
3 h at 37°C. After this period, the primed NK cells were
separated from the coculture using CD56 microbeads (Miltenyi Biotec). Separated cells were used for cytotoxicity
experiments against target cells.

A total of 2 £ 104 target cells (mock-infected and NS1
IAV-infected DU145 and LNCaP cells; 20-h p.i.) were
cocultured with 1 £ 105 NK cells for 24 h. For mAb
blocking, HA or IgG Ab was added to the target cells 1 h
prior coculture with NK cells. NK cells alone or mockinfected and NS1 IAV-infected DU145 and LNCaP
were used as control. NS1 IAV directly infected 1 £ 105
NK cells. Supernatants were collected and tested for the
production of IFN-. The amounts of IFN- were determined using the Quantikine Human IFN- ELISA kit
(R&D Systems, Wiesbaden, Germany) according to manufacturer’s protocol.

Immune staining

NK cell degranulation experiment
After 3-h priming of NK cells with mock- or virus-infected
prostate cancer cell lines, NK cells were stimulated by mAb
cross-linking as previously described [23, 24]. BrieXy, cells
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Statistics
Values presented are the mean §SE of mean (SEM) of at
least three experiments.

Results
InXuence of NS1 IAV infection on cell viability
and cell cycle progression of LNCaP and DU145 cells
Oncolytic properties of NS1 IAV were tested by MTT on
DU145 and LNCaP cells infected at diVerent multiplicity of
infection (MOI) ranging from 0.02 to 200, (20-h p.i.).
Results show that the percentage of viable cells decreases
with increasing MOI. At MOI 2, no signiWcant cell death
occured in LNCaP-infected cells compared with over 30%
cell death in DU145-infected cells. LNCaP-infected cells

A 100

only showed signiWcant cell death at MOIs 20 (12%) and
200 (47%). DU145 cells were almost completely eradicated
(82% cell death) at MOI 20 (Fig. 1a). The same percentage
of viable cells was obtained for DU145 and LNCaP at
MOIs 0.2 and 2, respectively. To further investigate the
oncolytic eVect of NS1 IAV, cell cycle analyses of mockinfected and NS1 IAV-infected LNCaP and DU145 cells
(20-h p.i.) were performed to address whether NS1 IAV
infection at MOI ranging from 0.02 to 2 modiWed their cell
cycle. As shown in Fig. 1b NS1 IAV infection even at
MOI 2 did not result in cell death of LNCaP cells. This is
revealed as the fractional DNA content in the sub-G1 (M1)
phase (indicates induction of cell death) of the cell cycle.
There was, however, a G2/M (M4) block (17 vs. 13.9%,
respectively, for NS1 IAV-infected LNCaP cells and
mock-infected LNCaP cells). Moreover, infection with
NS1 IAV at MOI 20 resulted in 19.3% and 85% cell death
of LNCaP and DU145 cells, respectively. On the other
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Fig. 1 Cell viability and cell cycle progression of NS1 IAV-infected
prostate cancer cells. LNCaP and DU145 cells were infected with
NS1 IAV for 20 h at indicated MOI. Mock-infected LNCaP and
DU145 cells were used as control. a Cell viability was determined by
MTT. Percentage of viable cells was deduced from that of mockinfected cells (set to 100%). Results are representative of three diVerent
experiments. b Cell cycle was determined by staining cells with propidium iodide. M1, M2, M3 and M4 indicate sub-G1, G0/G1, S and
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G2/M phases, respectively. Values indicate percentage of cells at the
diVerent phases. The percentages of cells in G0/G1, S and G2/M phases
were deduced from the number of viable cells (set to 100%) after
deducting the dead cells (sub-G1) from total gated cells. Results are
representative of three diVerent experiments. c Immune staining of
infected cells for NP antigen expression using inXuenza A mAb.
Columns indicate percentage of infected cells; error bars indicate
§SEM

Med Microbiol Immunol

hand, apoptotic cells in NS1 IAV-infected DU145 cells at
MOI 2 represented 25% of the tumor population compared
with 1.1% of mock-infected cells. Here, a G2/M (M4)
block (28.2% vs. 14.3%, respectively, for NS1 IAVinfected DU145 cells and mock-infected DU145 cells) was
observed. Infection of DU145 cells with NS1 IAV at MOI
0.2 resulted in minimal cell death (3.6%) and no signiWcant
block in the cell cycle. Furthermore, immune staining of
infected cells for inXuenza A antigen revealed that DU145
cells are highly permissive to infection by NS1 IAV,
while LNCaP cells are less permissive to NS1 IAV infection. In cultures infected at MOI 2, 85% and 30% of DU145
and LNCaP were, respectively, infected (Fig. 1c). Based on
the fact that comparable number (about 30%) of LNCaP
and DU145 cells were infected by NS1 IAV at MOI 2 and
0.2, respectively, and that at these MOIs, similar percentage
of viable LNCaP and DU145 cells occurred, MOI 2 for
infection of LNCaP cells and MOI 0.2 for infection of
DU145 cells were therefore used for further experiments.
Infection of LNCaP but not DU145 cells with NS1 IAV
enhances NK cell cytolytic activity
A 4-h cytolytic experiment to determine NK cell lysis of
virus-infected and mock-infected LNCaP and DU145 cells
20-h p.i. was performed. NK cells were observed to more
eYciently kill NS1 IAV-infected LNCaP cells than mockinfected LNCaP cells in an E/T ratio dependent manner (32
vs.80%, E/T 5:1; 52 vs. 93%, E/T 10:1, respectively, for
mock-infected LNCaP cells and NS1 IAV-infected
LNCaP cells; Fig. 2a). On the other hand, DU145 cells
were resistant to NK cell lysis. Infection of DU145
cells with NS1 IAV did not increase their sensitivity to
NK cell lysis (Fig. 2b).

B

100

% cytotoxicity

% cytotoxicity

A

80
60
40
20

100
80
60
40
20
0

0
5:1

10:1

E/T

5:1

10:1

E/T

Fig. 2 InXuence of NS1 IAV infection of prostate cancer cells on
NK cell cytotoxicity. (a and b) LNCaP and DU145 cells were infected
with NS1 IAV for 20 h at MOI 2 and 0.2, respectively. Primary NK
cells from healthy donors were used in a 4-h NK cell cytotoxicity assay
against mock-infected and virus-infected target cells at indicated eVector to target (E/T) ratios. Columns represent means of triplicate of one
representative experiment; error bars indicate §SEM. One representative of at least three diVerent experiments is shown

Ligand expression pattern in NS1 IAV-infected
and uninfected LNCaP and DU145 cells
Natural killer (NK) cells destroy virus-infected cells and
tumor cells partly by recognizing on target cells the diminished expression of major histocompatibility complex class
I (MHC-I) molecules, which normally interact with killer
inhibitory receptors (KIR) on the NK cell surface [2–7].
NK cells also express triggering receptors like NKp30,
NKp44, NKp46 and NKG2D [7] that are speciWc for nonMHC ligands expressed on target cells. Based on these, the
expression pattern of ligands for NK cell triggering receptors as well as ligands for the NK cell inhibitory receptor
(MICA/B, ULBP1-3, PVR, HA, and MHC-I) in LNCaP
and DU145 cells was investigated. The results obtained
show that viral infection of LNCaP and DU145 cells
induces no changes in the ligand expression pattern for activating NK cell receptor, except for induction of HA expression (Fig. 3a and b). LNCaP expressed very little or no
MHC-I, which was also not inXuenced by viral infection
(Fig. 3c). On the other hand, DU145 cells were seen to
express high amounts of MHC-I on their surface. Infection
of DU145 cells with NS1 IAV resulted in increased
MHC-I expression (relative expression: 171 § 5 for NS1
IAV-infected DU145 cells and 98 § 2 for mock-infected
DU145 cells; Fig. 3d). Taken together, the results indicate
that infection of prostate cancer cell lines with NS1 IAV
leads to the induction of HA expression on the cell surface
of infected cells and increases the expression of MHC-I on
cells that already express NK cell inhibitory receptor
ligand.
Possible mechanism of enhanced NK cell killing
of IAV-infected prostate cancer cells
In order to verify whether inXuenza virus HA was responsible for the enhanced NK lysis, NKp46 expression on NK
cells as well as HA expression on prostate cancer cells was
blocked using mAbs. Results obtained indicate that blocking HA on virus-infected LNCaP cells reduced the
enhanced killing from 79 to 36%, while a slight increase
rather than inhibition of NK cell lysis was observed in
mock-infected LNCaP cells (from 30 to 37%) upon HA
blocking. This slight increase is non-speciWc since blocking
mock-infected LNCaP cells with control IgG Ab showed
similar result (from 30 to 35%). NKp46 blocking on NK
cells also inhibited lysis of both virus-infected and mockinfected LNCaP cells from 79 and 30 to 34 and 14%,
respectively (Fig. 4a). DU145 cells expressed high levels of
MHC-I and were resistant to NK cell killing. Since NK cell
killing is regulated by a balance of inhibitory and activating
receptors, MHC-I expression was blocked with mAb to see
if NK cell killing may be attained. Accordingly, NK cells
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Fig. 4 Possible mechanism of enhanced NK cell killing of IAVinfected prostate cancer cells. a LNCaP and b DU145 cells were infected
with NS1 IAV for 20 h at MOI 2 and 0.2, respectively. Cells were
treated with indicated mAb prior to coculture with primary NK cells.
IgG isotype control Ab was used as negative control. A 4-h NK cell
cytotoxicity assay against mock-infected and virus-infected target
cells at indicated E/T ratios. Columns represent means of triplicate of
one representative experiment; error bars indicate §SEM

were able to lyse DU145 cell upon MHC-I blocking, with
enhanced lysis observed in virus-infected DU145 cells
(42 vs 61%, Fig. 4b). Combined blocking of MHC-I and
HA on the virus-infected DU145 cells resulted in lysis
inhibition (Fig. 4b). These results indicate that infection of
prostate cancer cells with NS1 IAV enhances NK cell
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Fig. 3 Ligand expression pattern of prostate cancer cells. Flow cytometric analysis for the expression of indicated NK cell activating
receptors in mock-infected and NS1 IAV-infected a LNCaP, at MOI
2 for 20 h b DU145 at MOI 0.2 for 20 h. Columns represent means of
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d DU145. Empty histograms show isotype control, gray scale-Wlled
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Two NK evasion strategies have been described for tumor
cells, namely the prevention of priming (type 1 evasion)
and failure to trigger (type 2 evasion) [8]. Most NK-resistant cell lines are type 1 and fail to prime resting NK cells
but are lysed by IL-2-primed NK cells [8]. Since DU145
cells are eVectively lysed by IL-2-primed NK cells (Fig. 5),
we hypothesized that DU145 cells may either fail to prime
and/or trigger resting NK cells. To investigate this hypothesis, we primed NK cells by coculturing resting NK cells
with mock or NS1 IAV-infected LNCaP and mock or
NS1 IAV-DU145 cells for 3 h. After 3 h of coculture,
about 50% of NK cells were recovered from coculture with
NS1 IAV-infected LNCaP or DU145 cells, while about
80% of NK cells were recovered from coculture with
LNCaP or DU145 cells. The rest NK cells were retained in
the immunological synapse. The recovered (primed) NK
cells were used as eVector cells in cytotoxicity experiments
against DU145 and LNCaP targets. The results obtained
show that NK cells primed with NS1 IAV-infected
LNCaP cells resulted in 2.5- and 35-fold increased lysis of
LNCaP and DU145 target cells, respectively, while NK
cells primed with NS1 IAV-infected DU145 cells resulted
in 2.2- and 14-fold increased lysis of LNCaP and DU145
target cells, respectively, when compared to resting NK cells.
Priming of NK cells with mock-infected LNCaP/DU145
did not enhance NK lysis of target cells (Fig. 5a and b).
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Fig. 5 NK cells primed with NS1 IAV-infected tumor cells overcome MHC-I inhibition. NK cells were cocultured (primed) with
mock-infected or NS1 IAV-infected a LNCaP and b DU145 cells for
3 h. After 3-h coculture, non-primed resting NK cells (control), tumorprimed NK cells were used for cytotoxicity experiments against
LNCaP and DU145 target cells. IL-2 activated NK cells were used as
positive control. For blocking experiments, NS1 IAV-infected cells
were incubated with HA or isotype control (IC) mAb for 1 h prior to
coculture with NK cells. Columns represent means of duplicate of one
representative experiment; error bars indicate §SEM
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tumor cells. a NK cells were cocultured (primed) with mock-infected
or NS1 IAV-infected LNCaP for 30 min. Primed NK cells were collected from coculture and puriWed using CD56 microbead. Proteins
were isolated from NK cells and analyzed by Western blot for ERK
activation. b NK cells primed with mock-infected or NS1 IAV-
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Afterward, supernatant was collected and analyzed by ELISA for
granule release. Non-primed NK cells were used as control. c Perforin
and d granzyme B release following mAb cross-linking of NK cell
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Blocking of NS1 IAV-infected LNCaP cells with HA
before NK coculture inhibited lysis. This indicates that
NS1 IAV induces the ability of prostate cancer cells to
prime and trigger NK cells for enhanced lysis of NKsensitive (LNCaP) and NK-resistant (DU145) targets in
a HA-dependent fashion.

trol NK cells (Fig. 6a). We also veriWed whether enhanced
ERK phosphorylation correlated with granule release. For
this purpose, NK cells were primed for 3 h as described and
cocultured with LNCaP for a further 4 h. Supernatants were
collected and analyzed for granule release. The results
reveal that NK cells primed with NS1 IAV-infected
LNCaP cells clearly released more perforin and granzyme
B granules than control NK cells or NK cells primed with
mock-infected LNCaP cells (Fig. 6b). The activation of
ERK by NK cell activating receptors like NKp46 and CD16
was reported to play a pivotal role in NK cell cytotoxicity
and granule polarization [22]. The NK cell activating receptors that might have been activated upon NK cell priming
were therefore studied. For this, following 3-h priming of
NK cells, perforin and granzyme B release after stimulation
of primed and control NK cells with mAb as described was
analyzed. Stimulation of NK cells with NKp46, a receptor
for HA expressed on NS1 IAV-infected cells, speciWcally
mediated enhanced granule release in NS1 IAV-infected
LNCaP cells (Fig. 6c and d).

NK cells primed with NS1 IAV-infected tumors
degranulate more rapidly than non-primed or those primed
with mock-infected tumor cells
The ligation of NK cells with their targets is known to rapidly cause a transient activation of ERK, which apparently
control lytic granule movement [26]. To study this phenomenon, Western blot experiments were performed after
30 min coculture of mock- or NS1 IAV-infected LNCaP
cells with resting NK cells. Resting NK cells were used as
control. The results obtained show a stronger ERK phosphorylation in NK cells primed with NS1 IAV-infected
LNCaP cells than in mock-infected LNCaP-primed or con-
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Discussion
The activation of the immune system, with particular reference to T cells, by infection of LNCaP cells with oncolytic
inXuenza virus expressing truncated NS1 protein was
reported to eliminate tumor cells [27]. The inXuence of
oncolytic inXuenza virus on NK cell killing of prostate cancer cells was investigated for the Wrst time in the present
study. LNCaP cells infected with NS1 IAV showed
enhanced lysis by NK cell when compared to mockinfected LNCaP cells. Blocking HA expression inhibited
lysis of NS1 IAV-infected LNCaP cells. Blocking NKp46
on NK cells inhibited lysis of both NS1 IAV-infected and
mock-infected LNCaP cells. This indicates that apart from
HA, other yet unidentiWed cellular ligands for NKp46 are
expressed by prostate cancer cells in addition to the
NKG2D ligands, ULBP1-3. On the other hand, both mockinfected and NS1 IAV-infected DU145 cells were resistant to NK cell lysis as they express high levels of MHC-I,
with NS1 IAV infection further increasing MHC-I
expression. Blocking MHC-I expression on DU145 cells
rendered them sensitive to NK cell lysis and signiWcantly
enhanced lysis was observed for NS1 IAV-infected
DU145 cells. The combined blocking of MHC-I and HA in
DU145 cells inhibited the enhanced NK cell lysis of NS1
IAV-infected DU145 cells to levels comparable to that
observed for blocking MHC-I alone.
This is in concordance with previous studies demonstrating that cells infected with wild-type IAV are more
sensitive to NK lysis in an HA-dependent manner [11]
and that diVerent IAV isolates considerably diVer in their
ability to stimulate NK cell through HA binding [28].
Interestingly, it was suggested that evolutionary changes
(which occurred concurrently with the acquisition of two
new potential glycosylation site motifs in HA) observed
in HA receptor binding properties of H3N2 viruses may
be associated with a reduction in their ability to activate
NK cells [28]. This knowledge may be valuable to construct novel oncolytic IAV that exert enhanced activity to
stimulate NK cells.
Lytic activity of resting NK cells may be induced by
tumor targets in two steps, namely priming and triggering
[8, 29]. Consequently, NK evasion strategies for tumor
cells depend largely on the prevention of priming (type 1
evasion) and/or failure to trigger (type 2 evasion) [8]. North
et al. 2006 [8] proposed that the activation through interaction with a susceptible target cell may provide suYcient
stimulus to overcome MHC-I-mediated inhibition in a manner analogous to that mediated by IL-2. The particularly
used NK-resistant acute lymphoid leukemia cell line (CTV-1)
was able to prime but failed to trigger resting NK cells. The
resultant activated NK cells were shown to lyse a broad
spectrum of tumor cells [8].
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LNCaP cells used in the present study were able to both
prime and trigger resting NK cells for target cell lysis. The
infection of LNCaP cells with NS1 IAV further enhanced
lytic activity of NK cells. However, due to considerable
overlap between mechanisms involved in priming and triggering, it was diYcult to determine at which step virus
infection inXuenced NK cell activation. In fact, ligands on
the surface of CTV-1 cells had to activate/up-regulate
CD69, a known triggering receptor on the surface of NK
cells, to prime NK cells for lysis of tumor targets [8].
DU145 cells exerted type 1 evasion (fail to prime) but possessed the ability to trigger lytic activity of IL-2-stimulated
NK cells. DU145 cells infected with NS1 IAV were able
to prime and trigger resting NK cells through binding of
virus HA to NKp46, another triggering receptor on the surface of resting NK cells. It is worthy to mention that priming of NK cells with either mock- or NS1 IAV-infected
LNCaP/DU145 did not change surface expression of NK
cell activating and inhibitory receptors or intracellular
expression of perforin and granzyme B. The increased lysis
of target cells by NK cells primed with NS1 IAV-infected
tumor cells was associated with a rapid ERK activation and
increased perforin and granzyme B granule release. Also,
the enhanced perforin and granzyme B granule release was
speciWcally mediated by NKp46.
Although it is not altogether new that HA can enhance
lysis of virus-infected target cells by NK cells as well as
activate NK cells directly [30–32], we have shown for the
Wrst time in the context of NK cell priming that the interaction of HA with NKp46 following pre-incubation of NK
cells with NS1 IAV-infected tumor cells stimulates NK
cells to override MHC-I inhibitory signals.
NS1 IAV is currently being evaluated as an anti-inXuenza vaccine in clinical phase II trials with early results
showing no side eVects [33]. The results presented in this
report introduce a new perspective for the use of oncolytic
NS1 IAV in combination with NK cells for prostate
cancer treatment.
Acknowledgment The authors gratefully acknowledge the support
by the organization “Hilfe für krebskranke Kinder, Frankfurt/Main
e.V.”, by the foundation “Frankfurter Stiftung für krebskranke Kinder
der Hilfe für krebskranke Kinder Frankfurt e.V.”, and by the European
Commission-funded Co-operative Research and SpeciWc Targeted
Research Projects; COOP-CT-2004, Contract Nr. 512864 and LSHBCT-2004, Contract Nr. 512054, respectively.

References
1. Moretta L, Bottino C, Pende D, Vitale M, Mingari MC, Moretta A
(2005) Human natural killer cells: molecular mechanisms controlling
NK cell activation and tumour cell lysis. Immunol Lett 100:7–13
2. Lanier LL (1998) NK cell receptors. Annu Rev Immunol 16:359–
393

Med Microbiol Immunol
3. Ljunggren HG, Kärre K (1990) In search of the ‘missing self’:
MHC molecules and NK cell recognition. Immunol Today
11:237–244
4. Davis DM, Chiu I, Fassett M, Cohen GB, Mandelboim O,
Strominger JL (1999) The human natural killer cell immune synapse. Proc Natl Acad Sci USA 96:15062–15067
5. Braud VM, Allan DS, O’Callaghan CA, Söderström K, D’Andrea
A, Ogg GS, Lazetic S, Young NT, Bell JI, Phillips JH, Lanier LL,
McMichael AJ (1998) HLA-E binds to natural killer cell receptors
CD94/NKG2A, B and C. Nature 391:795–799
6. Colonna M, Samaridis J (1995) Cloning of immunoglobulinsuperfamily members associated with HLA-C and HLA-B recognition by human natural killer cells. Science 268:405–408
7. Bottino C, Biassoni R, Millo R, Moretta L, Moretta A (2000) The
human natural cytotoxicity receptors (NCR) that induce HLA
class I-independent NK cell triggering. Hum Immunol 61:1–6
8. North J, Bakhsh I, Marden C, Pittman H, Addison E, Navarrete C,
Anderson R, Lowdell MW (2007) Tumor-primed human natural
killer cells lyse NK-resistant tumor targets: evidence of a twostage process in resting NK cell activation. J Immunol 178:85–94
9. Ogbomo H, Michaelis M, Klassert D, Doerr HW, Cinatl J Jr
(2008) Resistance to cytarabine induces the up-regulation of
NKG2D ligands and enhances natural killer cell lysis of leukemic
cells. Neoplasia 10:1402–1410
10. Thorne SH, Negrin RS, Contag CH (2006) Synergistic antitumor
eVects of immune cell-viral biotherapy. Science 311:1780–1784
11. Mandelboim O, Lieberman N, Lev M, Paul L, Arnon TI, Bushkin
Y, Davis DM, Strominger JL, Yewdell JW, Porgador A (2001)
Recognition of haemagglutinins on virus-infected cells by NKp46
activates lysis by human NK cells. Nature 409:1055–1060
12. Hinshaw VS, Olsen CW, Dybdahl-Sissoko N, Evans D (1994)
Apoptosis: a mechanism of cell killing by inXuenza A and B viruses.
J Virol 68:3667–3673
13. Ludwig S, Planz O, Pleschka S, WolV T (2003) InXuenza-virusinduced signaling cascades: targets for antiviral therapy? Trends
Mol Med 9:46–52
14. García-Sastre A, Egorov A, Matassov D, Brandt S, Levy DE,
Durbin JE, Palese P, Muster T (1998) InXuenza A virus lacking the
NS1 gene replicates in interferon-deWcient systems. Virology
252:324–330
15. Bergmann M, Romirer I, Sachet M, Fleischhacker R, GarcíaSastre A, Palese P, WolV K, Pehamberger H, Jakesz R, Muster T
(2001) A genetically engineered inXuenza A virus with ras-dependent oncolytic properties. Cancer Res 61:8188–8193
16. Muster T, Rajtarova J, Sachet M, Unger H, Fleischhacker R,
Romirer I, Grassauer A, Url A, García-Sastre A, WolV K,
Pehamberger H, Bergmann M (2004) Interferon resistance
promotes oncolysis by inXuenza virus NS1-deletion mutants. Int
J Cancer 110:15–21
17. Bateman AR, Harrington KJ, Kottke T, Ahmed A, Melcher AA,
Gough MJ, Linardakis E, Riddle D, Dietz A, Lohse CM, Strome
S, Peterson T, Simari R, Vile RG (2002) Viral fusogenic membrane glycoproteins kill solid tumour cells by nonapoptotic mechanisms that promote cross presentation of tumour antigens by
dendritic cells. Cancer Res 62:6566–6578
18. Fernandez M, Porosnicu M, Markovic D, Barber GN (2002)
Genetically engineered vesicular stomatitis virus in gene therapy:
application for treatment of malignant disease. J Virol 76:895–904
19. Fujihara A, Kurooka M, Miki T, Kaneda Y (2008) Intratumoral
injection of inactivated Sendai virus particles elicits strong antitumor activity by enhancing local CXCL10 expression and systemic
NK cell activation. Cancer Immunol Immunother 57:73–84
20. Egorov A, Brandt S, Sereinig S, Romanova J, Ferko B, Katinger
D, Grassauer A, Alexandrova G, Katinger H, Muster T (1998)

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

Transfectant inXuenza A viruses with long deletions in the NS1
protein grow eYciently in Vero cells. J Virol 72:6437–6441
Ogbomo H, Geiler J, Leutz A, von Kietzell K, Michaelis M, Doerr
HW, Cinatl J Jr (2009) Measurement of cytotoxic T lymphocyte
activity of human cytomegalovirus seropositive individuals by a
highly sensitive coupled luminescent method. Med Microbiol
Immunol 198:257–262
Michaelis M, Suhan T, Michaelis UR, Beek K, Rothweiler F,
Tausch L, Werz O, Eikel D, Zörnig M, Nau H, Fleming I, Doerr
HW, Cinatl J Jr (2006) Valproic acid induces extracellular signalregulated kinase 1/2 activation and inhibits apoptosis in endothelial cells. Cell Death DiVer 13:446–453
Chiossone L, Vitale C, Cottalasso F, Moretti S, Azzarone B,
Moretta L, Mingari MC (2007) Molecular analysis of the methylprednisolone-mediated inhibition of NK-cell function: evidence
for diVerent susceptibility of IL-2- versus IL-15-activated NK
cells. Blood 109:3767–3775
Ogbomo H, Michaelis M, Kreuter J, Doerr HW, Cinatl J Jr (2007)
Histone deacetylase inhibitors suppress natural killer cell cytolytic
activity. FEBS Lett 581:1317–1322
Blaheta RA, Weich E, Marian D, Bereiter-Hahn J, Jones J, Jonas
D, Michaelis M, Doerr HW, Cinatl J Jr (2006) Human cytomegalovirus infection alters PC3 prostate carcinoma cell adhesion to
endothelial cells and extracellular matrix. Neoplasia 8:807–816
Wei S, Gamero AM, Liu JH, Daulton AA, Valkov NI, Trapani JA,
Larner AC, Weber MJ, Djeu JY (1998) Control of lytic function
by mitogen-activated protein kinase/extracellular regulatory
kinase 2 (ERK2) in a human natural killer cell line: identiWcation
of perforin and granzyme B mobilization by functional ERK2.
J Exp Med 187:1753–1765
EVerson CL, Tsuda N, Kawano K, Nistal-Villán E, Sellappan S,
Yu D, Murray JL, García-Sastre A, Ioannides CG (2006) Prostate
tumor cells infected with a recombinant inXuenza virus expressing
a truncated NS1 protein activate cytolytic CD8 + cells to recognize noninfected tumour cells. J Virol 80:383–394
Owen RE, Yamada E, Thompson CI, Phillipson LJ, Thompson C,
Taylor E, Zambon M, Osborn HM, Barclay WS, Borrow P (2007)
Alterations in receptor binding properties of recent human inXuenza H3N2 viruses are associated with reduced natural killer cell
lysis of infected cells. J Virol 81:11170–11178
Bryceson YT, March ME, Ljunggren HG, Long EO (2006)
Synergy among receptors on resting NK cells for the activation of
natural cytotoxicity and cytokine release. Blood 107:159–166
Trinchieri G (1989) Biology of natural killer cells. Adv Immunol
47:187–376
Alsheikhly A, Orvell C, Härfast B, Andersson T, Perlmann P,
Norrby E (1983) Sendai-virus-induced cell-mediated cytotoxicity
in vitro. The role of viral glycoproteins in cell-mediated cytotoxicity. Scand J Immunol 17:129–138
Alsheikhly AR, Orvell C, Andersson T, Perlmann P (1985) The
role of serologically deWned epitopes on mumps virus HN-glycoprotein in the induction of virus-dependent cell-mediated cytotoxicity. Analysis with monoclonal antibodies. Scand J Immunol
22:529–538
Wacheck V, Egorov A, Groiss F, PfeiVer A, Fuereder T, HoeXmayer
D, Kundi M, Popow-Kraupp T, Redlberger-Fritz M, A Mueller
CA, Cinatl J, Michaelis M, Geiler J, Bergmann M, Romanova J,
Roethl E, Morokutti A, Wolschek M, Ferko B, Seipelt J for the
FluVacc EU consortium, Dick-Gudenus R, Muster T (2009) A
novel type of Xu vaccine: safety and immunogenicity of replication-deWcient inXuenza virus created by deletion of the interferon
antagonist NS1. J Infect Dis (in press)

123

