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The avian paramyxovirus Newcastle disease virus (NDV) selectively replicates in tumor cells and is known
to stimulate T-cell-, macrophage-, and NK cell-mediated responses. The mechanisms of NK cell activation by
NDV are poorly understood so far. We studied the expression of ligand structures for activating NK cell
receptors on NDV-infected tumor cells. Upon infection with the nonlytic NDV strain Ulster and the lytic strain
MTH-68/H, human carcinoma and melanoma cells showed enhanced expression of ligands for the natural
cytotoxicity receptors NKp44 and NKp46, but not NKp30. Ligands for the activating receptor NKG2D were
partially downregulated. Soluble NKp44-Fc and NKp46-Fc, but not NKp30-Fc, chimeric proteins bound
specifically to NDV-infected tumor cells and to NDV particle-coated plates. Hemagglutinin-neuraminidase
(HN) of the virus serves as a ligand structure for NKp44 and NKp46, as indicated by the blockade of binding
to NDV-infected cells and viral particles in the presence of anti-HN antibodies and by binding to cells
transfected with HN cDNA. Consistent with the recognition of sialic acid moieties by the viral lectin HN, the
binding of NKp44-Fc and NKp46-Fc was lost after desialylation. NKp44- and NKp46-CD3( lacZ-inducible
reporter cells were activated by NDV-infected cells. NDV-infected tumor cells stimulated NK cells to produce
increased amounts of the effector lymphokines gamma interferon and tumor necrosis factor alpha. Primary NK
cells and the NK line NK-92 lysed NDV-infected tumor cells with enhanced efficiency, an effect that was
eliminated by the treatment of target cells with the neuraminidase inhibitor Neu5Ac2en. These results suggest

that direct activation of NK cells contributes to the antitumor effects of NDV.

Virulent strains of Newcastle disease virus (NDV) infect
domestic poultry and other birds, causing a rapidly spreading
viral disease that affects the alimentary and respiratory tracts
as well as the central nervous system (55). In humans, however,
NDV is well tolerated (17, 18). Other than mild fever for a day,
only a few adverse effects have been reported. NDV, also
known as avian paramyxovirus 1, is an enveloped virus con-
taining a negative-sense, single-stranded RNA genome which
codes for six proteins in the order (from 3’ to 5’) of nucleo-
protein, phosphoprotein, matrix protein, fusion (F) protein,
hemagglutinin-neuraminidase (HN), and large polymerase
protein (19). There are many different strains of NDV, classi-
fied as either lytic or nonlytic for different types of cells. Lytic
and nonlytic NDV strains both replicate much more efficiently
in human cancer cells than they do in most normal human cells
(43). Viruses of both strain types have been investigated as
potential anticancer agents (30, 49, 52). The NDV strains that
have been evaluated most widely for the treatment of cancer
are 73-T, MTH-68, and Ulster (1, 7, 11, 17, 18, 53, 54, 56, 71).
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Initial binding of NDV to a host cell takes place through the
interaction of HN molecules in the virus coat with sialic acid-
containing molecules on the cell surface (31). NDV neuramin-
idase has strict specificity for the hydrolysis of the NeuAc-a2,3-
Gal linkage, with no hydrolysis of the NeuAc-a2,6-Gal linkage
(41).

NDV infection of tumor cells not only improves T-cell re-
sponses (53, 58, 68), but has also been reported to vigorously
stimulate innate immune responses. In the course of NDV
infection, large amounts of alpha interferon (IFN-a) are re-
leased (68) and in turn activate dendritic cells and NK cells and
polarize, in concert with interleukin-12 (IL-12), toward a Thl
T-cell response (33, 44, 47). In addition, NDV induces antitu-
mor cytotoxicity in murine macrophages which produce in-
creased amounts of tumor necrosis factor alpha (TNF-o) and
nitric oxide (51, 60) and in human monocytes through the
induction of TRAIL (64). Little is known about the NDV-
mediated activation of NK cells. The coincubation of periph-
eral blood mononuclear cells with NDV was shown previously
to stimulate NK-mediated cytotoxicity (70). Enhanced cytotox-
icity correlates with the induction of IFN-a (70). It is not
known, however, whether NDV-infected cells can directly ac-
tivate NK cells and, if so, which molecular interactions are
involved.

The cytolytic activity of NK cells against virus-infected or
tumor cells is regulated by the engagement of activating or
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inhibitory NK cell surface receptors, the actions of cytokines,
and cross talk with other immune cells (32, 39). Most inhibitory
receptors recognize particular major histocompatibility com-
plex (MHC) class I alleles and thereby ensure the tolerance of
NK cells against self antigens (38). Activating receptors on
human NK cells include CD16; NKG2D; the natural cytotox-
icity receptors (NCR) NKp30, NKp44, and NKp46; as well as
NKp80; DNAM-1; and various stimulatory coreceptors (32).

NCR are important activating receptors for the antitumor
and antiviral activities of NK cells (5, 32, 37). Heparan sulfate
has been discussed previously as a cellular ligand for NKp46,
NKp44, and NKp30 (9, 26, 27), and nuclear factor BAT3,
which can be released from tumor cells under stress conditions,
has been described as a cellular ligand for NKp30 (42). Ligands
for NKp30 and NKp44 can be detected on the surfaces and in
the intracellular compartments of several kinds of tumor cells
(10). Moreover, a number of pathogen-derived NCR ligands
have been reported. The hemagglutinin protein of influenza
virus and the HN of Sendai virus can bind to NKp46 and
NKp44 and activate NK cells (3, 24, 34). The pp65 protein of
human cytomegalovirus has been shown to bind NKp30 and
inhibit its function (4). Human immunodeficiency virus, vac-
cinia virus, and herpes simplex virus have also been shown to
upregulate the expression of cellular NCR ligands in infected
cells (13, 14, 62). The Plasmodium falciparum erythrocyte
membrane protein 1 is involved in the NCR-mediated NK cell
attack against infected erythrocytes (36). Furthermore, NKp46
recognizes cells infected with mycobacteria (22, 61), and
NKp44 was recently reported to directly bind to the surfaces of
mycobacteria and other bacteria (21).

In this study, we investigated the expression of ligand struc-
tures for NCR and NKG2D on NDV-infected cells. We dem-
onstrate that NDV HN proteins which are strongly expressed
on NDV-infected tumor cells function as activating ligand
structures for NKp44 and NKp46 but that cellular ligands for
NKG2D are partially downregulated during NDV infection.

MATERIALS AND METHODS

Cell lines. HeLa cervix carcinoma, PANC-1 pancreatic adenocarcinoma, and
A549 lung carcinoma cells were obtained from the American Type Culture
Collection. T98G human glioblastoma cells were kindly provided by W. Roth,
Deutsches Krebsforschungszentrum, Heidelberg. The cell lines Ma-Mel-8a and
Ma-Mel-8b, which were recently established from two melanoma metastases
from the same patient at the University Medical Center of Mannheim, have been
described previously (8). Cell lines were cultured in RPMI 1640 (Invitrogen,
Karlsruhe, Germany) supplemented with 2 mM glutamine and 10% fetal calf
serum (FCS). A human NK tumor cell line that has been transfected with human
IL-2 ¢cDNA and grows independently of IL-2, NK-92CI (57), was grown in a
medium supplemented with 2 g/liter NaHCO3, 12.5% FCS, 12.5% horse serum,
penicillin-streptomycin, 1% L-glutamine, and 50 uM 2-mercaptoethanol. NK-
92CI cells are hereinafter referred to as NK-92 cells.

Transfections. Vectors containing cDNA clones for NDV Beaudette C HN
(p36/7-HN) and NDV Ulster F, protein (p36/7-F) have been described previ-
ously (68). The cDNAs were subcloned into the expression vector pcDNA3.1(+)
(Invitrogen) to generate pcDNA3.1(+)/HN and pcDNA3.1(+)/F,, respectively.
HeLa cells (2.5 X 10°) cultured in six-well plates were transfected with 4 pg of
pcDNA3.1(+)/HN, pcDNA3.1(+)/F,, pcDNA3.1(+)/HN+pcDNA3.1(+)/F,, or
the empty pcDNA3.1(+) vector and 10 ul of Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. Two days later, cells were selected
with Geneticin (1 mg/ml in Dulbecco’s phosphate buffered saline [D-PBS]; Sig-
ma-Aldrich, Taufkirchen, Germany) and, after being sorted for high-level HN or
F,, expression, maintained in 0.5 mg/ml Geneticin.

Antibodies. The NDV HN-specific monoclonal antibody (MAb) HN.B (im-
munoglobulin G2a [IgG2a]) and the NDV F-specific MAb Icii (IgG1) were
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produced from hybridoma cell lines kindly provided by R. Iorio (Department of
Molecular Genetics and Microbiology, University of Massachusetts Medical
School, Worcester). The polyclonal rabbit anti-NDV Ulster antiserum 82.3 has
been described previously (69). Polyclonal rabbit anti-vaccinia virus antibodies
were purchased from Quartett Immunodiagnostika, Berlin, Germany. Antibod-
ies recognizing MICA (M673), MICB (M360), ULBP1 (M295), ULBP2 (M310),
ULBP3 (M550), and ULBP4 (M475) were kindly provided by D. Cosman
(AMGEN, Seattle, WA). For blocking experiments, we used control IgG1
MOPC21 (Sigma), anti-NKp44 (clone p44-8, produced in our laboratory), and
anti-NKp46 (clone 9E2; BioLegend, Eching, Germany). The HLA-A-, HLA-B-,
and HLA-C-reactive MAb W6/32 has been described previously (40). Phyco-
erythrin (PE)-conjugated goat anti-mouse Ig and goat anti-human IgG (anti-
hIgG) Fc fragments were from BD Pharmingen (Heidelberg, Germany) and
Dianova (Hamburg, Germany), respectively.

NCR-Fc fusion proteins. NCR-Fc fusion proteins were produced in HEK 293T
cells as described previously (27, 29). By using the calcium phosphate transfec-
tion method, 293T cells were transiently transfected with NKp46-hIgG1 Fc,
NKp44-hIgG1 Fc, and NKp30-hIgG1l Fc ¢cDNAs (a kind gift of Ofer Mandel-
boim, Hebrew University, Jerusalem, Israel) subcloned into the expression vec-
tor pMT2+mcs. NCR-Fc chimeric proteins were purified using protein A Sepha-
rose CL-4B (GE Healthcare Life Sciences, Freiburg, Germany). The integrity of
purified NCR-Ig was confirmed on Western blots by using peroxidase-conjugated
goat anti-hIgG Fc and enhanced chemiluminescence as described previously
(29).

For desialylation, 5-pg aliquots of NCR-Fc fusion proteins were incubated
with 5 pl of Clostridium perfringens neuraminidase attached to beaded agarose
(Sigma-Aldrich) in phosphate-buffered saline (PBS) for 1.5 h at 37°C. The
integrity of the proteins was confirmed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and Western blotting. The activity of immobilized neuramin-
idase was confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis analysis of neuraminidase-treated fetuin, a highly sialylated protein.

Preparation of NDV virions. The avirulent, nonlytic NDV strain Ulster 2C was
propagated in 10-day-old embryonated chicken eggs from stocks of virus and
purified as described previously (48, 50). The virus was cryopreserved at —70°C,
and the titer was determined by the hemagglutination test in which 1 hemagglu-
tination unit (HU) is defined as the lowest virus concentration leading to visible
sheep erythrocyte agglutination. NDV MTH-68/H was kindly provided by G.
Noss (Malsch, Germany). The virus was propagated in embryonated chicken
eggs, harvested from the allantoic fluid, and purified by ultracentrifugation as
described previously (2).

Virus infections. Tumor cells (HeLa, A549, PANC-1, T98G, Ma-Mel-8a, and
Ma-Mel-8b) were washed twice in FCS-free medium and resuspended in PBS
(10° cells/ml). Then, 100 HU/ml of NDV Ulster or 25 HU/ml of NDV MTH-
68/H was added, and the cells were incubated for 1 h at 37°C in a CO, incubator.
Infected cells were washed twice and incubated for an additional 18 to 20 h
before staining or use in functional assays.

Flow cytometry. For cell surface immunofluorescence stainings, 0.5 X 10° to
1 X 10° cells were washed once in ice-cold fluorescence-activated cell sorter
(FACS) buffer (D-PBS-2% FCS) and then incubated with a saturating amount
of the primary mouse MAD for 45 min on ice. After two washes, cells were
incubated with PE-labeled goat anti-mouse Ig for 30 min on ice. Complexes of
NCR-Fc fusion proteins (1 to 2 pg per staining) and PE-labeled goat anti-hIgG
Fc (Dianova; 1:100 in FACS buffer) were allowed to form for 30 min before
being added to cells for 60 min on ice. Cells were washed twice and resuspended
in 200 wl of FACS buffer with 0.05% propidium iodide (Sigma-Aldrich). Cytofluo-
rometric analyses were done using a FACSCalibur flow cytometer and CellQuest
software (Becton Dickinson, Heidelberg, Germany). For all FACS stainings,
representative examples from at least three repeats with similar results are
shown.

Human primary NK cells. Human primary NK cells were isolated from pe-
ripheral blood lymphocytes by using the NK cell negative isolation kit (Invitro-
gen). Between 95 and 99% of NK cells were CD3 negative and CD56 positive.
Cells were grown in Iscove’s modified Dulbecco’s medium (Invitrogen) with 10%
human serum, penicillin-streptomycin, and 100 IU/ml IL-2 (NIH Cytokine Re-
pository, Bethesda, MD).

Chromium release assay. Target cells (0.5 X 10°) in 100 wl of assay medium
(Iscove’s modified Dulbecco’s medium with 10% FCS and 1% penicillin-strep-
tomycin) were labeled with 100 p.Ci (3.7 MBq) of °'Cr (Hartmann & Braun,
Frankfurt, Germany) for 1 h at 37°C. Cells were washed twice and resuspended
in assay medium at 5 X 10* cells/ml. Effector cells were resuspended in assay
medium and mixed at different effector-to-target cell ratios with 5,000 labeled
target cells/well in a 96-well V-bottom plate. Rabbit anti-NDV and anti-vaccinia
virus antisera were added to the assay mixture at 0.3 pl/well. MAbs against HN,
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FIG. 1. Soluble NKp44 and NKp46 receptors bind to various NDV-infected tumor cell lines. (A) PANC-1 pancreatic carcinoma, HeLa cervical
carcinoma, A549 lung carcinoma, and Ma-Mel-8a melanoma cells were infected for 20 h with the nonlytic NDV strain Ulster (100 HU/10° cells)
(black lines) or left uninfected (gray lines). Cells were stained with NKp30-, NKp44-, and NKp46-IgG1 Fc fusion proteins in complexes with goat
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NKp44, or NKp46 or the irrelevant control antibody MOPC21 was added to the
96-well plate at 1 pg/200 pl of assay mixture where indicated. The soluble
NKp44-Fc and NKp46-Fc fusion proteins were added together at ~0.5 wg/200 pl
each where indicated. For the preactivation of primary NK cells or NK-92 cells
with NDV Ulster, viral particles were UV inactivated at 254 nm and 2 mW/cm?
by using a UV transilluminator (Bachofer, Reutlingen, Germany) for 10 min and
added to effector cells (250 HU of NDV/10° effector cells for 30 min at 37°C),
after which the mixtures were washed twice in assay medium. The HN inhibitor
N-acetyl-2,3-dehydro-2-deoxyneuraminic acid (NeuSAc2en [25 mM stock in
PBS; Calbiochem/Merck, Darmstadt, Germany]) was added to target cells at 100
M for 1 h during the labeling period, and the cells were then washed twice.
Maximum release was determined by the incubation of target cells in 1% Triton
X-100 solution. Spontaneous °!Cr release was measured by incubating target
cells in the absence of effector cells. All samples were prepared in triplicate.
Plates were incubated for 4 h at 37°C. Supernatant was harvested, and >'Cr
release was measured in a y-counter. The percentage of cytotoxicity was calcu-
lated according to the following formula: [(experimental release — spontaneous
release)/(maximum release — spontaneous release)] X 100. The ratio between
the amounts of maximum and spontaneous release was at least 3 in all experi-
ments. Representative examples from two to three similar experiments are
shown.

ELISA. MicroTest IIT enzyme-linked immunosorbent assay (ELISA) plates
(BD Biosciences, Heidelberg, Germany) were coated overnight with viral parti-
cles (40 HU) in 0.05 M NaH,CO;-Na,HCOj; buffer (pH 9.6) and blocked using
3% skim milk powder (Merck) in PBS-0.05% Tween 20 (Sigma-Aldrich)
(PBS-T) for 2 h at room temperature. NKp44-Fc, NKp46-Fc, and NKp30-Fc (1
1.g/100 wl in PBS-T with 1% bovine serum albumin) or purified MAb HN.B or
Icii (1 pg/well) was added for 1 h at room temperature, and the plates were
washed three times with PBS-T. Peroxidase-conjugated goat anti-hIgG Fc or
goat anti-mouse IgG Fc in PBS-T (1:2,000 with 1% bovine serum albumin) was
added for 1 h at room temperature, after which the plates were again washed
three times with PBS-T. For antibody inhibition of NCR-Fc binding, purified
anti-HN or anti-F MAbs were added to virus-coated wells at 2 pg/well. Next, a
peroxidase substrate solution (o-phenylenediamine [Sigma-Aldrich] at 1 mg/ml
in 0.1 M KH,PO, buffer [pH 6.0]) was added for 20 min at room temperature in
the dark. The substrate reaction was stopped with 50 pl of 4 N H,SO,, and
results were read with a Titertek Multiscan Plus MKII ELISA photometer (MP
Biomedicals, Heidelberg, Germany) at 492 nm.

IFN-y and TNF-a release assays. HeLLa and T98G cells in petri dishes were
infected with NDV strain Ulster (100 HU/10° cells) or MTH-68 (25 HU/10°
cells) for 20 h. Subsequently, infected cells were inactivated by UV irradiation for
5 min to prevent viral replication and spreading (48). A total of 10° primary NK
cells were incubated together with 10° NDV-infected or uninfected tumor cells
for 24 h at 37°C in a 96-well plate in the presence of 100 IU/ml IL-2. In the
absence of NK cells, infected tumor cells survived UV irradiation for 24 h before
beginning to undergo apoptosis. For the control of background cytokine release,
NK cells or NDV-infected tumor cells were cultured alone. All samples were
prepared in triplicate. Supernatants were harvested, and TNF-a and IFN-y were
quantified by sandwich ELISAs using the Quantikine human IFN-y and Quan-
tikine human TNF-a kits according to the instructions of the manufacturer
(R&D Systems).

CD3( reporter cells and lacZ assays. To generate chimeric proteins consisting
of the ectodomains of NKp46, NKp44, and NKp30 and the mouse CD3( trans-
membrane and cytoplasmic domains, the IgG1 Fc part in pBluescript IT KS(+)
plasmids encoding the NCR-IgG1 Fc fusion proteins (3) was replaced by a
BamHI-Smal fragment containing residues 28 to 144 of mouse CD3{ cDNA
from plasmid pJA146 (kindly provided by B. Schraven, University of Magdeburg,
Germany). The NKp46-CD3({, NKp44-CD3(, and NKp30-CD3({ chimeras were
subcloned into the expression vector pcDNA3.1(—) (Invitrogen). BWZ.36
mouse lymphoma cells (a gift of N. Shastri, University of California, Berkeley)
expressing the lacZ gene under the control of the NFAT promoter have been
described previously (46). BWZ.36 cells were transfected by electroporation with
a GenePulser (Bio-Rad Laboratories, Munic, Germany) using 220 V and 960 wF.

NDV ACTIVATES NK CELLS THROUGH NKp44 AND NKp46 8111

Cells were selected with Geneticin (1.5 mg/ml in D-PBS; Sigma-Aldrich,
Taufkirchen, Germany) and, after two rounds of sorting for NCR-CD3( expres-
sion, maintained in a mixture of 0.5 mg/ml Geneticin and 0.25 mg/ml hygromycin.

The lacZ reporter assay was performed essentially as described previously
(59). Briefly, NDV-infected HeLa cells transfected with HN cDNA or left un-
treated were added to a 96-well round-bottom plate (5 X 10* cells/well). Adher-
ent tumor cells were cocultured with 10° NCR-CD3{ reporter cells for 18 h at
37°C. A mixture of 5 ng/ml phorbol 12-myristate 13-acetate (Sigma-Aldrich) and
0.5 wg/ml ionomycin (Merck/Calbiochem) was used as the control for maximal
lacZ inducibility in reporter cells. Anti-NCR antibodies (1 pg/well) were coated
in 0.1 M carbonate buffer overnight and subjected to two washes in D-PBS. The
stimulation of NCR-CD3( cells was evaluated by the addition of lacZ substrate
buffer (9 mM MgCl,, 0.15 mM chlorophenyl red galactopyranoside [CPRG], 100
mM 2-mercaptoethanol, 0.125% Nonidet P-40 in PBS [pH 7.5]) for 4 h at 37°C.
The cleaved CPRG was measured in an ELISA reader as the absorbance at 595
nm with 630 nm as the reference wavelength. The data are shown as means and
standard errors of the means (SEM) of triplicate values from representative
examples of three similar experiments.

RESULTS

NDV-infected tumor cells upregulate NKp44 and NKp46
ligands. NDV has been reported previously to enhance the
cytolytic activity of NK cells (70); however, the mechanisms of
NK activation by NDV are largely unresolved. First, we inves-
tigated whether NDV infection of tumor targets results in the
direct activation of NK cells through the induction of NK-
activating ligands. The established human carcinoma lines
PANC-1, HeLa, and A549 and the recently isolated melanoma
cell line Ma-Mel-8a were infected with the nonlytic NDV
strain Ulster for 20 h. The cells were subsequently stained with
soluble chimeric NKp46-Fc, NKp44-Fc, and NKp30-Fc pro-
teins in complexes with PE-conjugated anti-hIgG Fc secondary
antibodies. NDV infection resulted in increased surface ex-
pression of ligand structures for NKp44 and, to a lesser extent,
for NKp46. In contrast, staining with NKp30-Fc was not sig-
nificantly altered after NDV infection (Fig. 1A). Infection ef-
ficiencies were monitored using the HN-specific MAb HN.B
for surface staining. Furthermore, we analyzed the effect of
NDYV infection on the expression of ligands for another major
NK-activating receptor, NKG2D. While soluble NKG2D-Fc
receptors strongly stained uninfected HeLa cells, the binding
of the NKG2D-Fc fusion protein was clearly downregulated in
a major subpopulation of NDV Ulster-infected cells (Fig. 1B).
A smaller fraction of cells showed unaltered expression of
NKG2D ligands, suggesting differential ligand modulation pat-
terns over the course of infection. Cell surface expression lev-
els of the NKG2D ligands MICA, MICB, ULBP2, and ULBP3
were found to be reduced to various degrees (Fig. 1B). ULPB1
and ULBP4 were expressed only weakly by or were absent
from uninfected HeLa cells, and expression was not signifi-
cantly altered after NDV infection.

The NDV HN protein serves as an NKp44 and NKp46 li-
gand. Since tumors of different histological origins (carcino-
mas, a melanoma, and a glioblastoma) showed NDV-induced

anti-hIgG-PE secondary antibodies as indicated. Results for Ma-Mel-8a cells stained with a secondary antibody alone are represented by filled
curves. To monitor infection efficiencies, tumor cells were stained with anti-NDV MAb HN.B, recognizing HN (top panels, black lines). For a
control, uninfected cells were stained with HN.B (top panels, gray lines). (B) HeLa cells were infected for 18 h with the NDV strain Ulster (black
lines) or left uninfected (gray lines). Cells were stained with the NKG2D-Fc fusion protein or with MAbs recognizing NDV HN, to control for
infection, or the NKG2D ligands MICA, MICB, and ULBP1 to ULBP4, as indicated. Results for secondary antibody controls are represented by

filled curves.
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NKp44 and NKp46 ligand upregulation, it was likely that a
viral protein rather than a virus-induced cellular factor was
responsible for this effect. To study the involvement of the
NDV envelope proteins (HN and F), we first preincubated
NDV Ulster-infected Ma-Mel-8a, PANC-1, and HelLa cells
with the monoclonal anti-HN antibody HN.B. This treatment
was found to significantly reduce the subsequent stainings
with NKp44-Fc and NKp46-Fc, whereas the stainings with
NKp30-Fc remained unaltered (Fig. 2A). A blockade of
NKp44 and NKp46 binding by anti-HN was also observed for
HelLa cells infected with NDV strain MTH-68 (Fig. 2A). In
contrast, preincubation of NDV-infected cells with anti-F
MADb Icii had no inhibitory effect on soluble NCR binding
(data not shown). To obtain virus-independent evidence for
NDV HN as a ligand for NKp44 and NKp46, we transfected
HeLa cells with cDNA plasmids coding for NDV-derived HN
or F, protein. For HeLa cells transfected with the HN expres-
sion vector alone (HeLa/HN cells) and HeLa cells transfected
with both the HN and F,, expression vectors (HeLa/HN+F,,
cells), but not for HeLa cells transfected with the F,, expression
vector alone (HeLa/F, cells), we observed the induction of
NKp44 and NKp46 binding (Fig. 2B). Transfection with the
HN or F, vector did not change the efficiency of NKp30
binding.

The HN receptor of NDV has been reported to recognize
sialic acid moieties on cell surface glycans (14, 41). We
therefore asked whether sialic acid attached to the NKp44
and NKp46 glycoproteins might be relevant for the interac-
tion with NDV-infected cells. NKp46-Fc and NKp44-Fc
were desialylated using immobilized neuraminidase. After
desialylation, NKp44-Fc and NKp46-Fc completely lost
their enhanced binding to NDV Ulster-infected HeLa cells
(Fig. 2C). This result suggests that the sialic acid lectin
function of HN is involved in a major way in the binding of
NKp44 and NKp46.

Binding of NKp44 and NKp46 to NDV particles. The block-
ing effect of the anti-HN MADb on NCR binding strongly sug-
gests that the viral HN serves as a ligand for NKp44 and
NKp46 on infected cells. To investigate the possibility of the
direct binding of NCR to the viral envelope, we performed an
enzyme-linked immunoassay after the coating of ELISA plates
with NDV particles. As shown in Fig. 3A, NKp44-Fc and
NKp46-Fc bound to Ulster- and MTH-68-coated ELISA
plates. This binding could be efficiently blocked by anti-HN but
not by anti-F MAbs. NKp30-Ig showed weak binding to NDV

NDV ACTIVATES NK CELLS THROUGH NKp44 AND NKp46 8113

particles, and this binding could not be blocked by anti-HN or
anti-F antibodies (data not shown).

Stimulation of NCR-CD3( reporter cells by NDV and trans-
fection with HN. Since NK cells possess various activating and
inhibitory receptors which can be simultaneously triggered by
virus-infected cells, we sought to prove the ligation of NKp44
and NKp46 by NDV HN through an NK-independent assay.
The ectodomains of NKp30, NKp44, and NKp46 were fused to
the transmembrane and cytoplasmic domains of the murine
CD3¢ chain, and BWZ.36 reporter cells that express the lacZ
gene under the control of the NFAT promoter (46) were
transfected with the respective cDNAs (Fig. 3B). Coincubation
of NDV Ulster-infected HeLa cells and HeLa/HN transfec-
tants elicited enhanced lacZ production in NKp44-CD3{ and
NKp46-CD3(, but not in NKp30-CD3¢, reporter cells (Fig. 3C
and D). Furthermore, NDV Ulster particle-coated plates were
able to induce lacZ responses in NKp44-CD3({ and NKp46-
CD3¢ cells (Fig. 3E). These findings provide further evidence
not only that HN mediates the ligation of NKp44 and NKp46,
but also that functional interaction results in cellular signal
transduction.

Increased lymphokine secretion by NDV-activated NK cells.
Little is known about the activation of NK cells in the course
of NDV infection. We analyzed whether NDV-infected tu-
mor cells can directly stimulate primary NK cells to secrete
the NK effector cytokines TNF-a and IFN-y. HelLa carci-
noma and T98G glioblastoma cells were infected with NDV
strain Ulster or MTH-68 for 20 h, UV irradiated, and cocul-
tured with IL-2-prestimulated NK cells for 24 h. As shown in
Fig. 4A, NK cells cultured in the presence of NDV-infected
tumor cells exhibited significantly enhanced secretion of
IFN-vy compared with NK cells cultured in the presence of
uninfected HeLa or T98G cells or in the absence of stimu-
lator cells. Coincubation of NK cells with uninfected tumor
cells induced some TNF-a secretion, which could be further
increased by NDV infection of tumor cells (Fig. 4B). In-
fected, UV-irradiated tumor cells cultured without NK cells
did not release TNF-a or IFN-v.

Enhanced NK-mediated lysis of tumor cells infected with
NDV or transfected with HN ¢cDNA. Next, we studied whether
NDYV infection is able to enhance the NK-mediated lysis of
tumor targets in chromium release assays. Using primary, IL-
2-activated NK cells from different donors, we consistently
observed enhanced lysis of various tumor cell lines (HeLa,
T98G, PANC-1, Ma-Mel-8a, and Ma-Mel-8b) infected with

FIG. 2. Anti-NDV HN antibody blocks NKp44 and NKp46 binding. (A) Staining of Ma-Mel-8a, PANC-1, and HeLa cells infected for 20 h with
NDV Ulster (100 HU/10° cells), as well as Ma-Mel-8a cells infected for 20 h with NDV MTH-68 (25 HU/10° cells), with NKp30-Fc, NKp44-Fc,
or NKp46-Fc fusion proteins without preincubation (black lines) or after preincubation with MAb HN.B (gray lines). Results for secondary
antibody controls are represented by filled curves. To monitor infection efficiencies, tumor cells were stained with anti-HN MAb HN.B (top panels,
black lines) and secondary antibodies for control (top panels, filled curves). (B) HeLa cells were stably transfected with either NDV HN or F,
c¢DNA individually or cotransfected with both cDNAs. Panel 1 shows HN expression (black line) and F, expression (gray line) in HeLa/HN+
F, cells as detected using MAbs HN.B and Icii, respectively. Panel 2 shows HN expression in HeLa/HN (black line) and F,, expression in HeLa/F,,
(gray line) single transfectants. Results for the secondary antibody controls are shown with filled curves. For panels 3 to 5, HeLa/HN+F,, (black
lines), HeLa/HN (gray lines), and HeLa/F, (broken lines) transfectants and HeLa cells carrying the pcDNA3.1(+) vector control (filled curves)
were stained with NKp30-Fc, NKp44-Fc, and NKp46-Fc as indicated. (C) HeLa cells infected for 20 h with NDV Ulster (200 HU/10° cells) were
stained with NKp44-Fc or NKp46-Fc desialylated with immobilized neuraminidase (gray lines) or untreated NCR fusion proteins as controls (black
lines). Filled curves depict results for secondary antibody controls. The infection efficiency was monitored with MAb HN.B (top panel, black line)
and a secondary antibody control (top panel, filled curve). +, with; —, without.
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FIG. 3. NKp44-Fc and NKp46-Fc bind to NDV particle-coated plates. (A) Standard ELISA plates were coated with purified NDV (strain
Ulster and MTH-68) particles, and the particles were allowed to react with NKp44-Fc and NKp46-Fc fusion proteins, followed by peroxidase-
labeled anti-hIgG secondary antibody (anti-hIgG-POX). The assay results were developed using the peroxidase substrate o-phenylenediamine
dihydrochloride and evaluated in an ELISA reader as the absorption (Abs.) at 450 nm. The binding of soluble NCR can be blocked by
preincubation of the virus-coated plate with the anti-HN MAb HN.B but not the anti-F MADb Icii. Plate coating was checked by using anti-HN or
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A tors to HeLa cells transfected with NDV HN or both HN and
F, (Fig. 2B) suggested that HN molecules may be able to

1322 IFN-y e directly ac.tivate NK cells and thereby enhance target cell lysi.s.
800 4 To test.thls possibility, we u§ed s.uch transfectants as targets in
00 - B s NK lysis assays. As shown in Fig. 6A, Ma-Mel-8a cells tran-
iy ** siently transfected with pcDNA3.1(+)/HN were more effi-

E 500 ciently lysed than Ma-Mel-8a cells that were untransfected or
g 200 | transfected with pcDNA3.1(+)/F,. Likewise, HeLa cells ex-
300 - pressing NDV HN showed a higher level of lysis than control
5550 transfectants bearing an empty vector (Fig. 6B). Productive
g infection with lytic NDV strains will result in the release of

0 . ' ' . . infectious NDV particles. To test whether NDV virions are

Hela Hela Hela T98G T98G T98G NK  Inf  Inf. able to activate NK cells, we preincubated NK-92 effector cells

Ulster MTH- Ulster MTH- cells HelLa T98G with UV-inactivated, purified NDV Ulster and then subjected

o8 68 ‘only only only the cells to extensive washing. As shown in Fig. 6C and D, the

treatment of NK-92 or primary NK cells with inactivated NDV

B 180 ; INF-a particles resulted in enhanced lytic activity against HeLa
160 - i targets.

140 1 " If NDV envelope proteins directly or indirectly trigger NK

120 1 * cells through NKp44 and NKp46, one would expect that the

enhanced lysis of NDV-infected cells can be blocked by the

23 respective antibodies. Indeed, the NDV Ulster-induced en-
i hancement of lysis of Ma-Mel-8a targets by NK-92 effectors

2 4 could be partially inhibited by MAbs recognizing NKp44 or
0 . . , i . . [ £ ] NKp46 (Fig. 7A). The NK cell line NK-92 does not express Fc
Hela Hela Hela T98G T98G T98G NK  Inf.  Inf. receptors which could mediate redirected lysis of infected tar-

Ulster MTH- Uister MTH- only HelLa T98g gets (29). Furthermore, the augmented lysis of Ulster-infected

= & only  only T98G cells (Fig. 7B) and MTH-68-infected HeLa cells (Fig.

FflG ::1 l\LKﬁcerllls E’f}?i}lﬁiz eir:ll;antceéi arlrllouﬁtSL of If%génduTNF-ra 7C) by NK-92 effectors could be abolished by polyclonal anti-
?nl)fgctgg wci?h ?V]())VwUlster or MTeI?I—e68 (:ilds 'cul(:uraeg with pricrflaiywlfllg NDV antlbodle.s. Polycl(.)nal anti-vaccinia virus antlb.od{es
cells in the presence of IL-2. For comparison, uninfected HeLa and added to the lysis assay mixture used for control had no inhib-
T98G cells were cocultured with NK cells, or NK cells and infected itory effect (Fig. 7B and C). The inclusion of the anti-HN MAb
HN.B or a mixture of NKp44-Fc and NKp46-Fc in the lysis

(Inf.) tumor cells were cultured alone. IFN-y and TNF-a secreted into

the supernatants were quantified using respective lymphokine immu-
noassays. Means of triplicate values = SEM are shown. Lymphokine
production elicited by NDV-infected cells was statistically compared
with lymphokine secretion in the presence of uninfected cells by Stu-
dent’s ¢ test (x, P < 0.05; #x, P < 0.01; #*#x, P < 0.001).

NDV Ulster (Fig. 5A to E) or MTH-68 (Fig. SE). Interestingly,
this enhancement of lysis susceptibility occurred despite the
induction of potentially NK-inhibitory MHC class I molecules
on the surfaces of infected target cells (Fig. 5F).

The increased binding of soluble NKp44 and NKp46 recep-

assay mixture resulted in partially reduced killing of infected
targets but had no influence on the lysis of uninfected targets
(Fig. 7D and E; also data not shown). The addition of the
anti-F MAb Icii together with the anti-HN MAb HN.B re-
sulted in a slightly stronger inhibitory effect than the addition
of HN.B alone (Fig. 7D and E). The results of these blocking
experiments confirm the relevance of the interaction of
NKp44/NKp46 with viral proteins for the observed NK cell
stimulation by NDV.

The desialylation of NKp44-Fc and NKp46-Fc chimeric pro-
teins inhibited their binding to NDV-infected cells (Fig. 2C).

anti-F, MADb, followed by peroxidase-labeled anti-mouse IgG secondary antibody (anti-mIgG-POX). Wells without virus show low levels of
nonspecific binding of NCR-Fc, anti-HN, anti-F, and secondary antibodies. Means and SEM for triplicate samples are shown. (B to F) Activation
of NKp44-CD3¢ and NKp46-CD3( reporter cells by NDV-infected cells. (B, left) Schematic diagram showing NCR-CD3( reporter proteins. The
ectodomains of NKp46, NKp44, and NKp30 were fused to the transmembrane domain (TMD) and cytoplasmic domain (cyt) of mouse CD3(
(mCD3() by using cDNA constructs. Residues of the respective proteins contained in the chimeras are indicated. (Right) BWZ.36 mouse thymoma
cells harboring the lacZ gene under the control of the NFAT promoter were transfected with the cDNA constructs. Stainings with MAbs specific
for NKp46 (a«NKp46), NKp44 (a«NKp44), and NKp30 («NKp30) demonstrated surface expression of the indicated NCR-CD3( fusion proteins. (C)
The indicated NCR-CD3( reporter lines were cocultured with uninfected HeLa cells or NDV Ulster-infected HeLa cells for 18 h, after which the
lacZ response was measured with the colorigenic substrate CPRG in an ELISA reader. Absorption at 595 nm, expressed as means of triplicate
values = SEM, is shown. ##x, P < 0.001; n.s., not significant. (D) Untransfected HeLa cells as well as HeLa cells transfected with HN cDNA were
analyzed as described in the legend to panel C. Reporter cell stimulation by NDV-infected cells transfected with HN ¢cDNA (HeLa/HN) and that
by untreated HeLa cells were compared by Student’s ¢ test. ##, P < 0.01; n.s., not significant. (E) The indicated NCR-CD3( reporter cells were
cultured for 20 h in wells of an ELISA plate treated with coating buffer (no virus) for a control or coated with purified NDV Ulster particles. Other
wells were coated with NKp30, NKp44, and NKp46 antibodies (1 pg/well) as indicated to monitor reporter cell activation following antibody-
mediated NCR cross-linking.
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FIG. 5. (A to D) NDV-infected tumor cells show enhanced susceptibility to NK cell lysis. HeLa, PANC-1, Ma-Mel-8a, and Ma-Mel-8b tumor
cell lines were infected with NDV Ulster (100 HU/10° cells; 20 h) or left uninfected and were then subjected to a 4-h chromium release assay using
primary, IL-2-activated NK cells from one to three different donors as effectors. The mean percentages of specific lysis = SEM for triplicate
samples at different effector/target cell ratios are indicated. (E) T98G cells were infected with NDV Ulster (100 HU/10° cells; 20 h) or MTH-68
(25 HU/10° cells; 12 h) or left uninfected and were then subjected to a 4-h chromium release assay using primary IL-2-activated NK cells. The
anti-F protein MADb Icii was present during infection with MTH-68 to prevent syncytium formation. (F) Results from cytofluorometric staining of
uninfected HeLa cells and NDV Ulster- and NDV MTH-68-infected HeLa cells with the pan-HLA-A-, HLA-B-, HLA-C-reactive antibody W6/32.

To analyze whether a potential lectin function of HN would
also be of relevance for the enhanced NK-mediated lysis of
NDV-infected targets, we utilized the neuraminidase inhibitor
Neu5Ac2en, which has been demonstrated previously to bind
to the active site of crystallized NDV HN (16). Preincubation
of NDV Ulster-infected T98G or HeLa cells with NeuSAc2en
substantially reduced or completely cancelled the enhanced

lysis of infected targets by both primary NK cells and NK-92
effectors (Fig. 8).
DISCUSSION

Infection with NDV has been described previously to cause
increased cytolytic activity of the NK cell fraction in peripheral
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FIG. 6. Tumor cells transfected with HN cDNA show enhanced susceptibility to NK cell lysis. (A) Ma-Mel-8a cells transiently transfected with
NDV HN or F, cDNA or an empty vector were used in a chromium release assay with the NK cell line NK-92 as effectors. (B) HeLa cells were
stably transfected with pcDNA3.1(+)/HN, doubly transfected with pcDNA3.1(+)/HN and pcDNA3.1(+)/F,, or transfected with an empty vector
for a control. Transfectants were subjected to a 4-h chromium release assay using NK-92 cells as effectors. (C) Results of a chromium release assay
using HeLa target cells together with NK-92 effector cells. NK-92 cells were either preincubated (pre-inc.) with UV-inactivated NDV particles or
left untreated. P < 0.02 by paired Student’s ¢ test. (D) Results of a chromium release assay using HeLa or T98G target cells and primary,
IL-2-prestimulated NK cells (pNK) as effectors. Primary NK cells were either preincubated with UV-inactivated NDV particles or left untreated.

P < 0.02 by paired Student’s ¢ test for both HeLa and T98G targets.

blood lymphocytes, correlating with virus-induced IFN-a pro-
duction (70). In the present study, we have demonstrated that
NK cells exert considerably enhanced cytolytic activity in vitro
against various human tumor cell lines infected with NDV.
Both the nonlytic NDV strain Ulster and the lytic strain
MTH-68 caused this direct NK-triggering effect. Furthermore,
we have shown that the incubation of NK cells with inactivated
NDV particles was able to enhance the cytotoxic activity of the
NK cells against uninfected targets. In addition to the previ-
ously reported IFN-«/B-mediated induction of the death re-
ceptor ligand TRAIL on NK cells (47), the direct activation of
NK cells by NDV may thus contribute to the known oncolytic
properties of certain NDV strains in vivo (53).

We have shown here that NDV-infected tumor cells induce
NK cells to secrete increased amounts of IFN-y and TNF-a.
TNF-a can contribute to the antitumor cytotoxicity of NDV-
activated macrophages (51). IFN-y released by NK cells pro-
motes Thl cell polarization and subsequent cytotoxic-T-lym-
phocyte induction (35), thereby linking innate and adaptive
immune responses to viral infection and also contributing to a
variety of direct and indirect antitumor effector functions
(28, 63).

The blockade of NKp44-Fc and NKp46-Fc binding to NDV-
infected cells as well as to NDV particles by anti-HN, but not
anti-F, antibodies suggests that HN is the NDV-encoded li-

gand for NKp44 and NKp46. This possibility was further cor-
roborated by the finding that HeLa cells transfected with HN
or HN and F,, but not F,, alone, showed enhanced binding of
soluble NKp44 and NKp46 receptors. As the F protein may be
closely associated with HN on the surfaces of infected target
cells, the small additive effect of the anti-F antibody if used
together with the anti-HN antibody in the NK lysis assay could
be explained by steric hindrance of NKp44/NKp46 access to
HN molecules. As the F protein does not have a known sialic
acid binding function (31), it is unlikely to serve as a ligand
structure itself for NKp44/NKp46. Taken together, the fea-
tures of HN of the avian paramyxovirus NDV (genus Rubula-
virus) closely resemble those of the HN molecule of the
paramyxovirus Sendai virus (genus Respirovirus) and of the
hemagglutinin of the orthomyxovirus influenza virus in terms
of NCR binding (3, 34).

The NDV HN molecule recognizes terminal sialic acid res-
idues attached to galactose by «2,3 linkages (41). Since the
desialylation of NKp44 and NKp46 chimeric molecules abro-
gated their enhanced binding to NDV-infected cells, the sialic
acid receptor function of HN appears to be essential, at least
for the initial interaction with NKp44 and NKp46. This is fully
confirmed by our finding that preincubation of target cells with
the inhibitor Neu5Ac2en eliminated the NDV-mediated en-
hancement of tumor cell lysis by both NK-92 and primary NK
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FIG. 7. (A, B, D, and E) NDV-induced enhancement of lysis is blocked by anti-NCR and anti-NDV antibodies. Ma-Mel-8a, T98G, and HeLa
cells were either infected with NDV Ulster (100 HU/10° cells; 20 h) or left uninfected (uninf.). (C) Alternatively, HeLa cells were infected with
NDV MTH-68 (25 HU/10° cells; 16 h) in the presence of anti-F protein MAb Icii to prevent syncytium formation or left uninfected. Fc
receptor-deficient NK-92 effector cells were used throughout. For panel A, antibodies against NKp44 or NKp46 or the control antibody MOPC21
was included in the assay mixture as indicated. For panels B and C, polyclonal rabbit anti-NDV antibodies were present in a standard chromium
release assay mixture with NDV-infected cells. As controls, rabbit anti-vaccinia virus polyclonal antibodies were used or no antibody was added.
For panels D and E, the anti-HN MAb HN.B, HN.B plus the anti-F antibody Icii, or a combination of soluble NKp44-Fc and NKp46-Fc receptors
was included in the assay mixture with infected or uninfected targets as indicated.

cells. Using the neuraminidase inhibitor Neu5Ac2en, which
has been shown to occupy the active sites of crystallized HN
dimers (16, 67), we cannot decide whether an intact neuramin-
idase function needs to be present in order to bind NKp44/
NKp46 and activate NK cells or whether the sialic acid lectin
function, which may also involve a second sialic binding site at
the HN dimer interface (67), is sufficient. The investigation of
HN mutants that selectively affect the lectin or neuraminidase
function may be instrumental in clarifying this point.

We cannot rule out the possibility that the binding of NKp44
and NKp46 to HN facilitates the subsequent binding to an
unknown cellular receptor. In any case, sialic acid moieties
displayed on NKp44 and NKp46 glycoproteins should have
particular spatial arrangements, since terminal sialic acids are
ubiquitously expressed on N- and O-linked oligosaccharides.

For instance, NKp30, which is also sialylated (27), failed to
show enhanced binding to NDV-infected cells. It has been
speculated that NCR oligomerization on the surfaces of NK
cells may enable multivalent interactions with trimeric influ-
enza virus hemagglutinin complexes (34). In the same line,
NCR oligomerization may also be necessary for binding to
paramyxoviral HN molecules that form homodimers (16).
Since the soluble NKp44 and NKp46 ectodomains, which are
dimerized through the IgG Fc portion and cross-linked by
anti-Ig secondary antibodies, were well able to bind to HN-
expressing cells, we conclude that the oligomerization of NCR
on the plasma membranes of NK cells or association with
additional molecules is not an absolute prerequisite for ligand
interaction.

As shown here by stainings with NKp44-Fc and NKp46-Fc,
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as well as by the stimulation of NKp44-CD3{ and NKp46-
CD3¢ reporter cells, NKp44 and NKp46 are individually able
to interact with NDV HN molecules expressed in the course of
viral infection or as a result of cell transfection. While NKp44
and NKp46 transduce NK-activating signals through different
adapter molecules, namely, DAP12 and CD3(/FceRIy (37),
respectively, the engagement of either of these NCR was re-
ported previously to result in functional cross talk, leading to
phosphorylation of the adapter molecule associated with the
other NCR (6). Thus, independent interaction of HN with
either NKp44 or NKp46 on the same NK cell may have syn-
ergistic effects for NK cell activation. This pattern may explain
why we consistently observed enhanced lysis of NDV-infected
cells by primary NK cells from several donors, despite MHC
class I upregulation and partial downmodulation of NKG2D
ligands on NDV-infected targets.

Unexpectedly, NDV infection of HeLa cells resulted in the
downmodulation of ligand structures for another important
NK-triggering receptor, NKG2D. In general, these ligands
have been described to be upregulated by genotoxic stress,
transformation, and viral infection (12, 15, 23). In this study,
NKG2D ligands were collectively shown to be partially down-
modulated using a soluble NKG2D-Fc fusion protein. More
specifically, we detected the reduction of surface expression of
the NKG2D ligands MICA, MICB, ULBP2, and ULBP3 to
various degrees (Fig. 1B). NDV-induced reduction of
NKG2D-Fc and anti-ULBP?2 staining, compared to the stain-
ing of uninfected HeLa cells, was detectable for only a sub-
population of infected cells. This bimodal reduction correlated
with a subtle double peak in the staining for HN on NDV-
infected cells, suggesting that not all infected cells expressed
HN with the same kinetics. It will be interesting to study by

double-staining approaches whether high HN expression levels
are linked with low NKG2D ligand levels and whether this
partial loss of NKG2D ligands is also observed for other types
of NDV-infected tumor cells. Presently, we do not know the
mechanism(s) of NKG2D ligand downregulation by NDV, but
it may possibly represent a novel viral escape mechanism. It is
conceivable that this occurs through active intracellular reten-
tion by a paramyxoviral gene product, similar to the endoplas-
mic reticulum/cis-Golgi retention of MICB and ULBP1/
ULBP2 by the human cytomegaloviral gene product UL16 (20,
65, 66). Alternatively, NDV infection may induce increased
shedding of NKG2D ligands from the tumor cell surface (25,
45) or transcriptional repression. Since we observed net acti-
vation rather than inhibition of NK cell cytotoxicity in the
presence of NDV-infected cells, we conclude that a potential
lack of NK cell activation through cellular NKG2D ligands is
overcompensated for by the triggering of NKp44 and NKp46
through viral HN.

In summary, we have provided evidence that the two NCR
NKp44 and NKp46 interact with the HN of the avian
paramyxovirus NDV, leading to enhanced secretion of effector
lymphokines by NK cells and increased susceptibility of in-
fected tumor cells to lysis. These features are likely to contrib-
ute to the well-known oncolytic effects of NDV in vivo.
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