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NKp44 Receptor Mediates Interaction of the Envelope
Glycoproteins from the West Nile and Dengue Viruses with
NK Cells1
Oren Hershkovitz,2* Benyamin Rosental,2* Lior Ann Rosenberg,2* Martha Erika Navarro-Sanchez,†
Sergey Jivov,* Alon Zilka,* Orly Gershoni-Yahalom,* Elodie Brient-Litzler,‡
Hugues Bedouelle,‡ Joanna W. Ho,§ Kerry S. Campbell,¶ Bracha Rager-Zisman,*
Philippe Despres,† and Angel Porgador3*
Dengue virus (DV) and West Nile virus (WNV) have become a global concern due to their widespread distribution and their ability
to cause a variety of human diseases. Antiviral immune defenses involve NK cells. In the present study, we investigated the
interaction between NK cells and these two flaviviruses. We show that the NK-activating receptor NKp44 is involved in virally
mediated NK activation through direct interaction with the flavivirus envelope protein. Recombinant NKp44 directly binds to
purified DV and WNV envelope proteins and specifically to domain III of WNV envelope protein; it also binds to WNV virus-like
particles. These WNV-virus-like particles and WNV-domain III of WNV envelope protein directly bind NK cells expressing high
levels of NKp44. Functionally, interaction of NK cells with infective and inactivated WNV results in NKp44-mediated NK degranulation. Finally, WNV infection of cells results in increased binding of rNKp44 that is specifically inhibited by anti-WNV
serum. WNV-infected target cells induce IFN-! secretion and augmented lysis by NKp44-expressing primary NK cells that are
blocked by anti-NKp44 Abs. Our findings show that triggering of NK cells by flavivirus is mediated by interaction of NKp44 with
the flavivirus envelope protein. The Journal of Immunology, 2009, 183: 2610 –2621.

T

he Flavivirus genus contains a large group of arthropodborne viruses responsible for many human diseases
worldwide. Two important members of this genus are the
dengue virus (DV)4 and West Nile (WN) virus (WNV). DV causes
dengue fever and dengue hemorrhagic fever/dengue shock syndrome, the most prevalent mosquito-borne viral diseases in humans, with an estimated 2.5 billion people who live in areas at risk
for epidemic transmission (1). WNV is the causative agent of WN
encephalitis in humans. The virus was first detected in the Western
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Hemisphere in 1999 during an outbreak of encephalitis in New
York City and has since spread across the continent (2). DV and
WNV virions, like those of other flaviviruses, contain two viral
surface proteins named envelope (E) and prM/M, a capsid protein,
and the positive-stranded genomic RNA (3). The E protein mediates virus attachment by interacting with cellular receptor molecules. During DV and WNV life cycles, immature noninfectious
particles are formed in the lumen of the endoplasmic reticulum.
Subsequently, maturation of these particles occurs in the transGolgi network, in which they undergo a pH-induced irreversible
conformational change involving the prM and E proteins, followed
by cleavage of prM by furin.
Innate, humoral, and cellular responses are all involved in the
protection against flavivirus infection (4). NK cells are an important component of the innate immune response, because they play
a crucial role in the host first line of defense against several viral
infections and other pathogens (5). NK cell activity is a balance
between signals delivered by their inhibitory and activating receptors. Engagement of inhibitory receptors by MHC class I molecules expressed on normal cells down-regulates NK cells’ effector
function (6, 7). We have recently shown that expression of dengue
nonstructural proteins induces MHC class I up-regulation, and as
a result inhibits NK activity (8). NK major activating receptors are
NKG2D and the natural cytotoxicity receptors (NCRs) NKp30,
NKp46, and NKp44 (9, 10). NKp44 is expressed only on activated
NK cells (11) and was reported to be involved in triggering NK
cells’ cytolytic activity against both tumor and virus-infected cells
(6, 12). We have shown that NKp44 is involved in the functional
recognition of H1, H3, and H5 subtype of the influenza virus (IV)
and the hemagglutinin (HA)-neuraminidase of the Sendai virus
(13–15). Binding of NKp44 to a putative ligand on the surface of
mycobacteria was recently reported (16), yet the functional relevance of this binding was not fully addressed. The role of NK cells
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in flavivirus infection is not clear. Although flavivirus-induced
MHC class I enhancement/aggregation inhibits NK cell activity (8,
17), NK cells have been shown to be activated early in humans
infected with DV (18, 19). Moreover, Kurane et al. (20) reported
that human NK cells are cytotoxic against DV-infected cells via
direct cytolysis and Ab-dependent cell-mediated cytotoxicity.
In this study, we explored the interaction between NK cells and
two members of the Flavivirus genus, DV and WNV. We show
that WNV and DV E proteins bind directly to NKp44 and that
WNV virus-like particles (VLPs) and WNV-infected cells induce
NKp44-mediated NK cell activation.

Materials and Methods
Cells and viruses
Cell lines used in this work were as follows: The 293T line was derived
from SV40 large T Ag-transfected HEK293 cells. The Vero cell line was
derived from an African green monkey (ATCC no. CCL-81). CHOK1 is a
Chinese hamster ovarian line (ATCC no. CCL-61). NK-92 (ATCC no.
CRL-2407) is a human NK lymphoma. The NK-92 cell line, transduced by
retrovirus to express high levels of wild-type NKp44 (designated as NK9244), has been characterized in detail elsewhere (21). The Drosophila melanogaster Schneider 2 (S2) cell line was purchased from Invitrogen. S2 cells
were incubated at 27°C.
The Kimron Veterinary Institute (KVI) strain of WNV was isolated
from goose brain in Israel in 1998 and has !99% homology to the WNV
strain isolated in New York in 1999. The goose brain-isolated KVI WNV
was provided by I. Samina (from the state laboratory for vaccine control,
Kimron Veterinary Institute, Beit Dagan, Israel). In all of the experiments
performed in this study, the WNV-KVI was used after two passages in
Vero cells.
Cells infected by WNV and Vero or 293T cells were plated 1 day before
infection. Next, cells were infected with KVI WNV (multiplicity of infection (MOI) "1–5) in plain DMEM for 1 h, after which 5 ml of DMEM
supplemented with 5% FCS was added. Duration of infection is indicated
in the experiment legends.

Abs and fusion Ig proteins
The following Abs were used in this study: the 4G2 mAb that recognizes
the flavivirus E protein (ATCC no. HB-112), mouse anti-WNV serum (22),
anti-WNV hyperimmune mouse ascites fluids (HMAF) (23), the pan-HLAI-specific mAb W6/32, anti-NKp44 mAb (R&D Systems; MAB22491),
anti-NKp30 mAb (R&D Systems; MAB18491), anti-His tag (His-probe,
Santa Cruz Biotechnology; sc-8036), and biotin-conjugated mouse antihuman CD107a/LAMP-1 mAb (Southern Biotechnology Associates; 983508). Anti-ILT2 HP-F1 mAb was provided by M. Lopez-Botet (Servicio de
Inmunologia, Hospital Universitario de la Princesa, Madrid, Spain) (24).
Generation of mouse polyclonal anti-NKp44 or anti-NKp46D2 was previously described (14, 25). AO4BO8 is a phage-display Ab that recognizes
heparan sulfate; MPB49V is a phage-display Ab that does not recognize
heparan sulfate and was used as negative control for AO4BO8. Production
and characterization of these Abs were described in previous work (26).
To generate NKp44-Ig, the sequence encoding the extracellular portion
of NKp44 (accession number NM_004828, residues 1–169) was amplified
by PCR from cDNA isolated from human NK clones. The corresponding
PCR fragment, containing kozak sequence and leader sequence of CD5,
was cloned into a pcDNA3.1-Ig vector encoding the CH2 plus CH3 regions
of human IgG (hIgG)1. The sequences for truncated fusion proteins,
NKp44 extracellular domain (NKp44D)-Ig (residues 1–111) and NKp44
linker peptide (NKp44LP)-Ig (residues 109 –169), were amplified by PCR
from the NKp44-Ig-encoding plasmid and the corresponding PCR fragments, containing the kozak sequence and leader sequence of CD5, and
were back-cloned into pcDNA 3.1-Ig vector. Sequencing of the constructs
revealed that all cDNAs were in frame with the human Fc DNA. Chinese
hamster ovary (CHO) cells were transfected with these expression vectors,
and G418-selected clones were screened for highest protein production.
Recloned high producer clones were grown in BIO-CHO-1 medium (Biological Industries), and supernatants were collected daily and purified on
protein G columns using fast protein liquid chromatography. SDS-PAGE
analysis revealed that all Ig fusion proteins were "95% pure and of the
proper molecular mass. The generation of NKp30-Ig and NKp46D2-Ig in
CHO cells (27, 28) and the generation of LIR1-Ig, NKG2D-Ig, and
KIR2DS4-Ig produced in HEK 293T cells (25, 28) were previously described (NKG2D construct was a gift of A. Cerwenka, German Cancer
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Center, Heidelberg, Germany). hIgG1! (PHP010) was purchased from Serotec, and hIgG was purchased from Sigma-Aldrich (I4506).

Construction and expression of recombinant soluble DV-sE and
WNV-sE proteins
The genomic RNAs of clinical isolates FGA/89 of DV1 (GenBank accession no. 226687) and 63632 of DV4 (Burma, 1976) were extracted from
purified virions grown on mosquito AP61 cells and reverse transcribed
using Titan One-Step RT-PCR kit (Roche Molecular Biochemicals) using
specific PCR primers. The coding sequences for prM, followed by the E
ectodomain (E-1 to E-395) were digested with BglII and NotI and then
inserted into the unique BglII and NotI sites of the pMT/Bip/V5-HisA
plasmid (Invitrogen) to generate pMT/BiP/DV1.sE and pMT/BiP/DV4.sE.
The WN coding sequence for the internal E translocation signal (prM-151
to prM-166), followed by the E sequence deleted from both transmembrane
domains (E-1 to E-441), has been previously described (29). By directed
mutagenesis, WN E sequence was inserted into the BglII and NotI sites of
the shuttle vector to generate pMT/BiP/WN.sE. The flaviviral sequences
were placed in-frame with a BiP sequence that directs recombinant protein
to the secretory pathway. In the expression vector, the viral E sequences are
followed at their C terminus by the V5 epitope and six histidines for affinity
purification using nickel chelate affinity chromatography. Drosophila S2
cells (Invitrogen) were transfected by the recombinant plasmid pMT/BiP/
DV1.sE, pMT/BiP/DV4.sE, or pMT/BiP/WN.sE using the calcium phosphate transfection kit (Invitrogen). Stably transfected cells were selected by
adding 25 "g/ml blasticidin over several weeks. Cultured S2 cells expressing viral proteins were adapted in serum-free growth medium containing
10 "g/ml blasticidin. CuSO4 was added to a final concentration of 500 "M
to induce synthesis and secretion of recombinant soluble E (sE) protein.
Accumulation of secreted sE proteins in the culture medium was maximal
10 days after addition of CuSO4. The cell culture supernatants were passed
on 0.2 "M filters. Recombinant sE proteins were purified from cell culture
supernatant on equilibrated chelating column chromatography (HiTrap
Chelating HP; Amersham). The column was washed several times with
washing buffer (0.5 M NaCl, 50 mM sodium phosphate buffer (pH 8.0)),
and bound sEs were eluted with increasing concentration of imidazole.
Fractions containing DV1-sE, DV4-sE, or WN-sE were pooled and dialyzed in PBS. Flaviviral sE proteins were assessed by Coomassie blue
staining on SDS-PAGE and immunoblot analysis with 4G2 mAb or
anti-WNV HMAF.

Construction and production of the H6-PhoA and
H6-WNV-EIII-PhoA hybrids
The plasmids pVP5 (30) and pLIP5GN-H6 (31) have been previously described. pVP5 carries a partial cDNA clone of the WNV (strain IS98-ST1;
GenBank accession no. AT481864), coding for domain 3 (EIII) of its envelope protein. Plasmid pLIP5GN-H6 carries the lacIq gene, and a mutant
allele of the phoA gene from Escherichia coli under control of the promoter
ptac. This allele codes for an alkaline phosphatase (PhoA) with improved
catalytic properties. pLIP5GN-H6 also carries six codons of histidine (H6)
and a multiple cloning site (MCS) region between codons 27 (CCT) and 28
(GTT) of phoA.
Plasmid pLIP5GN-H6 does not express the PhoA enzyme because the
MCS region introduces a frameshift. We constructed a derivative of
pLIP5GN-H6 that expressed PhoA by deleting the dinucleotide TT that is
located immediately downstream of the MCS region, at codon 28 (GTT) of
the wild-type phoA gene, using oligonucleotide site-directed mutagenesis.
We named the resulting control plasmid pEBLØ; it coded for a hybrid
H6-PhoA between a hexahistidine and PhoA. The H6-WNV-EIII-phoA hybrid gene, coding for a hybrid protein between a hexahistidine, the EIII
domain of WNV, and PhoA, was constructed as follows. Plasmid
pLIP5GN-H6 was digested with the restriction enzyme SalI and SmaI,
within the MCS region. The WNV-EIII gene was amplified by PCR from
plasmid pVP5. The primer that hybridized at the 5# end of the WNV-EIII
gene brought in a SalI site, and the primer that hybridized at the 3# end
brought in a ScaI site. The PCR product was digested with SalI and ScaI
and then recombined by ligation between the SalI and SmaI sites of
pLIP5GN-H6. We named the recombinant plasmid pEBL15. The sequences of pEBLØ and pEBL15 were checked with oligonucleotide primers that hybridized outside of the cloning region.
The H6-PhoA and H6-WNV-EIII-PhoA hybrids were expressed from
plasmids pEBLØ and pEBL15 in the E. coli strain XL1-Blue after induction of the ptac promoter with 0.5 mM isopropyl #-D-thiogalactoside. The
proteins were purified from periplasmic extracts of the producing strain by
nickel ion chromatography (NiNTA resin; Qiagen), as previously described
(30). Purification fractions were analyzed by SDS-PAGE (12% acrylamide,
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NuPage Novex system; Invitrogen) in reducing conditions. The purest fractions were pooled and dialyzed against PBS. The final protein preparations
were homogeneous at !95%. They were snap frozen and kept at $80°C.
The extinction coefficient $280 nm of each hybrid was calculated from its
amino acid sequences with the subroutine Pepstats of the software suite
EMBOSS (32). The sp. act. for each hybrid for the hydrolysis of para-nitro
phenyl phosphate (pNPP) was assayed and found consistent with the published values (31). These phosphatase activities showed that both hybrids
were in a dimeric state as the wild-type PhoA.

Jackson Laboratory; 115-136-068). In these experiments, staining and
washing buffer consisted of 2% FCS and 0.05% sodium azide in PBS.
Propidium iodide was added before reading for exclusion of dead cells.
Flow cytometry was performed using a FACSCalibur flow cytometer (BD
Biosciences), and fluorescence data were acquired using logarithmic amplification. Data files were acquired and analyzed using BD CellQuest 3.3
software. Staining protocol for heparan sulfate has been previously described (26). Some experiments were performed using FACSCanto II, and
results were analyzed using FlowJo software.

Generation of WNV VLPs

Isolation and culture of primary NK cells

To generate a Tet-Off cell line that allows tetracycline (Tet)-inducible expression of the prM and E genes from WN virus strain IS-98-ST1, the
MEF/3T3.Tet-Off cells (Clontech) were transfected with pTRE2hyg/
prME.WN#4 constructed by cloning the cDNA coding for WN prM and E
into the pTRE2Hyg plasmid DNA. Transfected cells were subjected to
selection with 100 "g/ml geneticin and 100 "g/ml hygromycin B in the
presence of 1 "g/ml doxycycline (Tet), and resistant cell clones were selected, as previously described (33). Cell clones were then cultured in the
presence of 1 "g/ml Tet. A number of cell clones expressing the WN prM
and E cassette were capable of VLP production in absence of Tet. The most
efficient cell clone was designated MEF/3T3.Tet-Off/prME.WN#h2 and
used in this study. To produce VLPs, the medium of MEF/3T3.Tet-Off/
prME.WN#h2 cells was replaced with fresh medium without Tet. Three
days after removal of Tet, the VLPs present in the supernatant of induced
MEF/3T3.Tet-Off/prME.WN#h2 cells were precipitated with 7% (w/v)
polyethylene glycol 6,000 (Fluka) at 4°C for 4 h. After centrifugation, the
pellet was resuspended in TNE buffer (20 mM Tris-Cl (pH 8.0), 150 mM
NaCl, 2 mM EDTA) and centrifuged on a discontinuous sucrose gradient
composed of 60% (w/v) and 20% (w/v) sucrose at 39,000 rpm at 4°C for
2 h. The visible band at the interface was harvested and diluted in TNE
buffer. The VLPs were further purified on a continuous 11–52% (w/v)
sucrose gradient at 35,000 rpm at 4°C for 18 h. Fractions were collected
from the top, and WN Ags were detected by indirect ELISA with antiWNV HMAF. Fractions containing VLPs were pooled and stored at
$80°C. The total production of WN VLPs reached equivalent 8.7 log focus
forming units per ml.

NK cells were isolated from the peripheral blood of healthy donors using
the human NK cell isolation kit (Miltenyi Biotec). NK purity was assayed
using B-D MultTEST Abs mixture (anti-CD3/CD16 % 56/CD45/CD19).
NK cells were !90% CD3$ and CD56%. To obtain long-term activated
polyclonal NK cells, purified NK cells were cultured on irradiated feeder
cells and maintained in Cellgro stem cells growth serum-free medium
(CellGenix) supplemented with 10% heat-inactivated human plasma obtained from healthy donors, 1 mM sodium pyruvate, 2 mM L-glutamine,
MEM nonessential amino acids, 1% penicillin/streptomycin, 10 mM
HEPES (all supplements from Life Technologies), and 300 IU/ml human
IL-2 (Biological Industries).

ELISA
ELISA-binding assay was conducted to demonstrate direct binding of E
protein and NKp44-Ig. Plates were coated overnight at 4°C with a titration
quantity of DV-sE, DV4-sE and WNV-sE protein, as indicated (diluted
with PBS, final volume 50 "l/well). Blocking buffer (PBS supplemented
with 3% dry skim milk, 200 "l/well) was applied for 1.5 h, after which
plates were washed with PBS with 0.05% Tween 20 (PBST) and incubated
with 5 "g/ml fusion Ig or hIgG in diluted blocking solution (0.6% skim
milk, 0.05% Tween 20) for 1.5 h at 37°C (75 "l/well). Following washing
with PBST, 75 "l/well biotin-conjugated goat anti-hIgG, Fc% fragment
specific (The Jackson Laboratory; 109-066-098), was added for 1 h at
1/2000 dilution in diluted blocking solution. Following washing with
PBST, 75 "l/well streptavidin-HRP (The Jackson Laboratory; 016-030084) diluted 1/1000 in blocking solution was added for 30 min. Following
washing with PBST, 75 "l/well tetramethylbenzidine was added and color
was allowed to develop at room temperature in the dark. OD was read at
650 nm (Thermo Electron Multiskan Spectum). The binding of NKp44 to
WNV VLPs was performed by a similar ELISA procedure, except that
wells were coated with PBS only or with WNV VLPs diluted with PBS
overnight at 4°C. In some experiments, the WNV VLPs were pretreated at
a low pH by incubating them in Tris-maleate (pH 6.2) for 15 min at 37°C,
followed by NaOH neutralization to pH "7.5. The binding of NKp44 to
WNV-EIII was assayed using two complementary protocols. In the first
protocol, wells were coated with WNV-H6-EIII-PhoA dimer or mockH6-PhoA dimer (4 "g/ml), and detection was performed with different
fusion Igs and anti-hIgG, as described above for WNV-sE. The second
protocol involved coating with different fusion Igs (4 "g/ml), blocking
with skim milk, and detection with WNV-H6-EIII-PhoA dimer or
mock-H6-PhoA dimer (4 "g/ml), followed by pNPP substrate for PhoA
(OD was read at 405 nm).

Flow cytometry
Cells were incubated with various fusion Igs (40 "g/ml) for 1.5–2 h at 4°C,
washed, and stained with allophycocyanin-conjugated F(ab#)2 goat antihIgG (The Jackson Laboratory; 109-136-098). Staining and washing buffer
consisted of 0.5% (w/v) BSA and 0.05% sodium azide in PBS. When
staining with 4G2 mAb, W6/32 mAb, or polyclonal mouse serum Abs,
cells were incubated with the indicated Abs for 45 min at 4°C, washed, and
stained with allophycocyanin-conjugated F(ab#)2 goat anti-mouse IgG (The

CD107a degranulation assay for NK activity
NK degranulation assay was previously described (27, 34); briefly: NK
cells (preincubated with final concentration of 20 U/ml human rIL-2) were
incubated with WNV, anti-NKp30 (0.04 "g/ml), or anti-NKp44 (0.01 "g/
ml) for 4 h at 37°C, the medium included 0.3 "l/well CD107a-biotin
(Southern Biotechnology Associates; 9835-08). After incubation, cells
were washed and incubated for 30 min on ice with 0.4 "l/well CD107abiotin. CD107a expression was detected with streptavidin-conjugated allophycocyanin (The Jackson Laboratory; 016-130-084) using a FACSCanto flow cytometer. In some experiments, the WNV was inactivated
before the experiment, as follows: WNV was irradiated for 10 min with a
UV lamp, which resulted in a total of 1200 W/m2. WNV inactivation was
verified by infecting Vero cells with treated and untreated WNV. UVtreated WNV infected Vero cells significantly less than untreated WNV, as
detected by flow cytometry.

Cytotoxicity assay and IFN-% assay
Cytotoxicity assays. Twenty-four hours after WNV infection, target cells
were radioactively labeled for 12 h. Then the cytotoxic activity of NK92
and NK92-44 cell lines and IL-2-activated primary human NK cells was
assessed against labeled noninfected and WNV-infected cells in a 5-h 35Srelease assay, as previously described (35). To prevent class I HLA binding, the inhibitory LIR1/ILT2 receptor, NK cells (NK92 and NK92-44),
was preincubated with anti-ILT2 HP-F1 mAb for 30 min; alternatively,
target cells were incubated with W6/32 to block ligands for NK inhibitory
receptors. For additional blocking with Abs, NK cells were preincubated
on ice for 30 min with polyclonal mouse serum diluted 1/80 before being
combined with target cells. In all experiments shown, the spontaneous
release was &25% of maximal release.
IFN-% assays. Human IFN-% concentrations in the supernatants of NK
cells coincubated with target cells for 24 h were assayed by standard
ELISA, according to the manufacturer’s instructions (BioLegend).

Results
Direct binding of NKp44-Ig to flavivirus E glycoproteins
Several clinical studies have reported that human NK cells are
activated following DV infection (18, 19, 36). Because NKp44
receptor surface expression is induced in activated NK cells, we
tested whether NKp44 interacts with the E protein from DV of
distinct serotypes 1 and 4. To begin, we studied the interaction
between recombinant NKp44 and the sE protein produced in invertebrate S2 cells. Given that flavivirus E glycoproteins share
high structural similarity (37), we also assessed the binding of
purified WNV-sE protein to NKp44. ELISA were performed to
compare the binding of NKp44-Ig and hIgG with purified DV1-sE,
DV4-sE, or WNV-sE. hIgG served as a negative control because
the fusion Igs contain the Fc portion of hIgG1, and for positive
control we used the flavivirus E protein-specific Ab 4G2. ELISA
wells were coated with titrated quantities of sE proteins, and the
binding of 4G2, hIgG, and NKp44-Ig was measured. NKp44-Ig,
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FIGURE 1. NKp44-Ig binds flavivirus E protein specifically. ELISA plates were coated with titrated concentrations of purified E protein from DV1 (A),
DV4 (B), and WNV (C), followed by incubation with 5 "g/ml NKp44-Ig and hIgG1. Bar graphs indicate the binding of NKp44-Ig (gray) and hIgG1 (black)
to the three E proteins (left y-axis). The curves in A–C show the binding of anti-flavivirus E protein 4G2 Ab to the three E proteins (right y-axis). D, ELISA
plates were coated with 5 "g/ml DV1-sE and DV4-sE and 1.25 "g/ml WNV-sE, followed by incubation with 5 "g/ml fusion Ig and hIgG1. Bar graphs
indicate the binding of fusion Igs and hIgG1 to the three E proteins. Bars ' SD. One representative experiment of three performed is shown. !!!, p &
0.001; !!, p & 0.01; !, p & 0.05.

but not the control hIgG, bound to the sE protein from DV1, DV4,
and WNV (Fig. 1). The binding of NKp44-Ig and 4G2 Ab correlated with the quantity of coated sE protein. The other two NCRs
(NKp30 and NKp46) did not interact with the sE from DV and
WNV, compared with hIgG (Fig. 1D).
Because NKp44 manifested a strong binding to WNV-sE protein, we further explored this interaction by testing the binding of
NKp44-Ig to WNV-VLPs, which are recombinant virus-like particles containing only the E and prM/M proteins and the lipid
membrane. Flavivirus-VLPs were previously used as a reliable
model for studying the structure and the membrane fusion properties of flavivirus. Furthermore, flavivirus-VLPs were also shown
to induce protective immunity (reviewed in Ref. 37). Therefore,
we set out to check whether NKp44 also recognizes the flavivirusVLPs; secreted WNV-VLPs were recovered from supernatant of
induced mouse fibroblastic MEF/3T3 cells expressing WNV prM
and E glycoproteins. ELISA wells were coated with highly purified
WNV-VLPs diluted 1/100, and binding of NKp44-Ig, NKp30-Ig,
NKp46D2-Ig, and hIgG1 was assayed. NKp44-Ig, but not the other
Ig proteins, bound the WNV-VLPs compared with their background binding to uncoated wells (Fig. 2A). Moreover, the binding
of NKp44-Ig correlated with the quantity of coated WNV-VLPs
(Fig. 2B). To assess the binding of WNV-VLPs to membraneassociated NKp44, we used NKp44-transfected NK-92 cells that
express high levels of transfected wild-type NKp44 (designated as

NK92-44). NK92 and NK92-44 cells were incubated on ice in
buffer only or with WNV-VLPs, followed by mouse anti-WNV
serum. WNV-VLPs bound only to NK92-44 cells as analyzed by
flow cytometry, but not to NK92 cells that express none to little
membrane-associated NKp44 (15) (Fig. 2C).
To further explore the interaction of NKp44 with the E protein, we studied whether NKp44 can bind to domain III of the
WNV-E protein. Dimers of WNV-EIII fused to PhoA and His
tag (H6) were produced in bacteria. We first assayed the binding of
NKp44-Ig to H6-EIII-PhoA and to mock H6-PhoA using two
ELISA-based approaches (Fig. 3, A and B). We coated the wells
with either H6-EIII-PhoA or H6-PhoA and detected with the different NK receptor Igs (Fig. 3A). We also coated the wells with the
different NK receptor Igs and detected with either H6-EIII-PhoA
or H6-PhoA using substrate to PhoA (Fig. 3B). In both approaches, significant interaction was observed only for NKp44
and H6-EIII-PhoA as compared with NKp44 and mock H6PhoA. Other NK receptors, including NKp46 and NKp30, did
not manifest notable interaction with H6-EIII-PhoA as compared with mock. The observation that NKp44 binds to EIII
explains the inability of mAb4G2 to block this interaction (data
not shown) because 4G2 binds at the interface between the EI
and EII domains (38). To assess the interaction of NK-expressed NKp44 with WNV-EIII, we stained NK92 and
NK92-44 cells with either H6-EIII-PhoA or mock H6-PhoA
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FIGURE 2. Direct binding of NKp44-Ig to WNV VLPs. A, ELISA
wells were coated with WNV VLPs diluted 1/100 with PBS or with PBS
alone (no VLPs), followed by incubation with 4 "g/ml indicated fusion Igs
and hIgG1. Bound fusion Igs were detected by HRP-conjugated anti-hIgG.
B, Titration of WNV VLPs. ELISA wells were coated with diluted WNV
VLPs, followed by incubation with 4 "g/ml NKp44-Ig. Results are one
representative experiment of three performed. C, Binding of WNV VLPs to
NK92 and NK92-44 cells; cells were incubated on ice for 2 h in buffer only
or with 2 "l of WNV VLPs, followed by mouse anti-WNV serum. Then,
cells were washed and incubated with biotin-conjugated donkey antimouse, followed by streptavidin-conjugated allophycocyanin. Binding results were analyzed by flow cytometry (FACSCalibur).

complexes. WNV-EIII-including complexes specifically stained
NK cells as compared with mock complexes (Fig. 3, C and D),
and this staining correlated with NKp44 expression on the NK
cell surface (Fig. 3, E and F). Anti-NKp44 serum significantly
blocked the binding of H6-EIII-PhoA to wells coated with
NKp44 (Fig. 3, B and G). To summarize, these findings demonstrate direct interaction between NKp44 and DV1-, DV4-,
and WNV-envelope proteins.
Binding of NKp44-Ig to WNV-infected cells is inhibited by
anti-WNV serum
Next, the binding of NKp44-Ig and NKG2D-Ig to WNV-infected
and noninfected Vero cells was assayed at different time points
postinfection by flow cytometry. Surprisingly, the binding of
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NKp44-Ig to Vero cells following WNV infection was already
reduced to half (mean fluorescence intensity (MFI) values: 219 to
112) at 6 h postinfection and continued to decrease at 12 and 18 h
postinfection (MFI values: 116 and 99, respectively). However, at
24 h postinfection, NKp44-Ig showed enhanced binding to WNVinfected Vero cells, which reached a maximal binding at 48 h
postinfection (in MFI values: 404). Compared with Vero-noninfected cells, the binding of NKp44-Ig to WNV-infected cells at
48 h postinfection was enhanced by almost 2-fold. However,
NKG2D-Ig binding to WNV-Vero-infected cells and noninfected
cells was comparable at all time points (Fig. 4A).
NKp44 is involved in the recognition of both cellular and viral
ligands (12). Therefore, the overall binding of NKp44-Ig to WNVinfected Vero cells could be affected by the expression of cellular
and viral ligands. We previously showed that membrane-associated heparan sulfate epitopes are coligands of NKp44, involved in
its target cell recognition (34). We thus tested whether the unexpected reduced staining of WNV-infected Vero cells by NKp44-Ig
early postinfection is associated with down-regulation of cell surface heparan sulfate. Indeed, staining of WNV-infected Vero cells
with anti-heparan sulfate Ab AO4B08 resulted in a similar reduction, compared with staining with NKp44-Ig. Yet, whereas at 48 h
postinfection staining with NKp44-Ig was markedly enhanced,
only a slight enhancement in heparan sulfate staining at 48 h was
observed compared with staining at 24 h; the expression of heparan sulfate was still low compared with noninfected Vero cells
(Fig. 4A). Therefore, NKp44-Ig-enhanced binding at 48 h postinfection is most likely the result of the increased expression of cell
surface WNV-E protein as detected by staining of WNV-infected
Vero cells with mouse anti-WNV serum (Fig. 4A), or with anti-E
protein-specific Ab 4G2 (data not shown). To prove this assumption, we took WNV-infected Vero cells 30 h following infection
and incubated the cells with either mouse anti-WNV or naive serum. Next, we stained them with NKp44-Ig and other NK receptor
Igs, including NKp46 and NKp30 (Fig. 4, B–E). Vero cells express
cellular ligands to all of these receptors; thus, all tested NK receptor Igs positively stained the cells. However, only NKp44-Ig staining of WNV-infected Vero cells was inhibited in the presence of
anti-WNV serum as compared with naive serum (Fig. 4, B–E).
Therefore, the enhanced NKp44-Ig staining of WNV-infected cells
observed at the second day following infection is due to the presence of WNV-E protein on the membrane of the infected cells.
Functional recognition of WNV by NK cells is mediated via
NKp44
To test whether the interaction between NKp44 and WNV-sE protein might lead to NK cell activation, we cocultured NK92 and
NK92-44 with the WNV-KVI strain, which was used throughout
this study. To assess the activation, we stained the cells for
CD107a cell surface expression, which is a marker for NK cell
degranulation and functional activity (39). NK cells and WNV
were cocultured for 4 h at different NK:WNV ratios, calculated
according to the MOI value, and the percentage of CD107a-positive (CD107a%) cells was analyzed. There was no significant increase in the percentage of CD107a% NK-92 cells even when
cocultured with high doses of WNV. Yet, the percentage of
CD107a% NK92-44 cells was significantly enhanced when cocultured with WNV and correlated with the increasing quantity of the
virus (!, p & 0.05; Fig. 5A). When stimulated by plastic-bound
anti-NKp44, the percentage of CD107a% cells in the NK92-44, but
not in the NK92, cell line was significantly increased (!!, p &
0.01; Fig. 5B). Yet, no substantial difference was observed between NK92 and NK92-44 cell lines in the percentage of
CD107a% cells when triggered by anti-NKp30 (Fig. 5B). These
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FIGURE 3. WNV-EIII binds to NKp44. NKp44-Ig interacts with WNV-EIII. A, ELISA wells were coated with either H6-EIII-PhoA or H6-PhoA, and
NK receptor fusion Igs were applied. Bound fusion Igs were detected by HRP-conjugated anti-hIgG. B, ELISA plates were coated with fusion Igs, and either
H6-EIII-PhoA or H6-PhoA was applied. Bound PhoA activity was detected by pNPP substrate. Bars ' SD. !, p & 0.001. C and D, H6-EIII-PhoA or
H6-PhoA was incubated with anti-His mAb at 2:1 molar ratio for 1 h on ice to produce complexes that were used to stain NK92-44 (C) and NK92 (D)
cells. Cell-bound complexes were detected with allophycocyanin-labeled goat anti-mouse IgG. E and F, NKp44 expression on NK92-44 (E) and NK92 (F)
was assessed with anti-NKp44 mAb. Binding results were analyzed by flow cytometry (FACSCanto II). Results are representative of three performed. G,
Binding of H6-EIII-PhoA or H6-PhoA to NKp44-Ig-coated wells in the presence of anti-NKp44 or mock serum (1/200 dilution). Bound PhoA activity was
detected by pNPP substrate. Results are summary of two experiments, normalized according to H6-EIII-PhoA binding in the presence of mock serum.
Bars ' SD. !!, p & 0.005.

results imply a similar activation potential between NK92 and
NK92-44 cells when stimulated by a triggering receptor expressed
on both cells, whereas triggering the cells via NKp44 activated
only the NK92-44 cells and not NK92. Thus, expression of functional wild-type NKp44 by NK cells directly correlated with their
activation by WNV.

NK cells have been shown to be directly infected in vitro by
HIV and HSV (40). To assess whether the activation of NK92-44
cells by WNV involved their direct infection, we tested whether
UV-irradiated virus could induce degranulation of NK92-44 cells.
UV treatment of WNV significantly reduced the virus’ ability to
infect Vero cells, compared with the nontreated WNV (data not
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FIGURE 4. NKp44-Ig binding to WNV-infected cells is inhibited by anti-WNV serum. A, Kinetics of NKp44 binding to membrane-associated heparin
sulfate (HS) and WNV-E expression by WNV-infected Vero cells. Vero cells were infected with the WNV KVI strain at "4 MOI. Cells were harvested
at indicated hours postinfection and stained with WNV serum (WNV infection), anti-HS Ab AO4B08, NKp44-Ig, and NKG2D-Ig. Positive binding was
detected by flow cytometry (using a FACSCalibur flow cytometer) and presented as geometric MFI. Results are the average of two samples assayed in the
same experiment that are representative of three performed. Bars ' SD. B–E, Binding of NK receptor Igs (NKp44-Ig, NKp30-Ig, NKp46D2-Ig, and
KIR2DL4-Ig) to WNV-infected Vero in the presence of anti-WNV and naive mouse sera. Thirty hours after WNV infection, Vero cells were first incubated
with the mouse sera (1/60 dilution, 30 min), and then fusion Igs were added, followed by allophycocyanin-labeled goat anti-hIgG, as described in Materials
and Methods. Binding results were detected by FACSCanto II and are presented as overlays of staining histogram. Results are representative of two
performed.

shown). As shown in Fig. 5C, comparable percentages of NK92-44
CD107a% cells were induced by UV-irradiated and nonirradiated
WNV ( p ( 0.726, Tukey post hoc test that followed a one-way

ANOVA, p & 0.001). Therefore, the NKp44-mediated activation
of NK92-44 cells by WNV did not involve NK cell infection and
only required the exposure of NK92-44 cells to the virus.
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FIGURE 5. WNV activates NK cells via the NKp44 receptor. Comparative analysis of CD107a expression on NK92 and NK92-44 cells coincubated with WNV KVI strain (A) or with anti-NKp44 or anti-NKp30 Abs
(B). A, NK92 and NK92-44 cells were coincubated with WNV for 4 h at
the indicated NK:WNV ratio calculated as MOI. Cells were then washed
and stained for CD107a cell surface expression. Results shown are the
average of three experiments. B, NK92 and NK92-44 cells were incubated
for 4 h in uncoated wells or wells precoated with anti-NKp44 (aNKp44;
0.01 "g/ml) or anti-NKp30 (aNKp30; 0.04 "g/ml) Abs before staining for
CD107a expression. One representative experiment of three performed is
shown. C, CD107a cell surface expression on NK92-44 cells after 4-h
exposure to infective and UV-inactivated WNV at 1:45 NK:WNV ratio.
Graph includes data from two different experiments. Bars ' SD. !!, p &
0.01; !, p & 0.05.

To investigate whether the enhanced binding of NKp44 to
WNV-infected Vero cells would increase their susceptibility to
NK cell lysis, we compared the killing of noninfected and WNVinfected Vero cells by NK92-44 cells. It is known that the cytolytic
activity of NK cells is inhibited by the expression of MHC class I
molecules on the surface of target cells (41). In addition, flaviviruses are known to up-regulate the expression of MHC class I
molecules on the cell surface of host cells (17). Indeed, we observed MHC class I up-regulation in Vero cells induced by WNV
infection, as detected by staining with W6/32 Ab (data not shown).
Thus, we first blocked the LIR1 receptor, which is the only inhibitory receptor expressed on NK92-44 cells, by preincubation with
anti-LIR1 HP-F1 mAb. This blocking was necessary to demonstrate NKp44-mediated killing of WNV-infected Vero cells. Second, we used WNV-infected target cells 36 h postinfection (including the labeling time) to ensure sufficient expression of
WNV-E on the infected cell membrane (Fig. 4A). The results in
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FIGURE 6. NKp44 is involved in the activation of NK cell lines by
WNV-infected cells. A, Vero cells were infected with the WNV KVI strain.
After 24 h, WNV-infected cells or Vero-uninfected cells were radioactively
labeled for 12 h, washed, and used as target cells in a standard 5-h 35Srelease assay. NK92-44 effector cells were preincubated with control
mouse serum or anti-NKp44 mouse serum diluted 1/80 before being added
to target cells. Uninfected Vero (black histogram); WNV-infected Vero in
the presence of control serum (gray histogram); WNV-infected Vero in the
presence of anti-NKp44 serum (white histogram); each time point constitutes the mean of the percent specific lysis of four separate wells. Results
are a summary of two different experiments. Bars ' SD. !!, p & 0.01; !,
p & 0.0002. B and C, 293T cells were infected with WNV KVI strain.
After 24 h, cells were plated in a 96-well plate and coincubated with effector NK92-44 or NK-92 cells at indicated E:T ratios. After 24 h, 100 "l
of the culture medium was assayed for the presence of human IFN-% (pg/
ml) by standard ELISA. B, IFN-% secretion by NK92-44 cells coincubated
with WNV-infected 293T cells and noninfected 293T cells (control cells).
C, IFN-% secretion ratio between NK cells coincubated with WNV-infected
293T cells and NK cells coincubated with control cells. Results are shown
for both NK92 and NK92-44. One representative experiment of two performed is shown. Bars ' SD. A–C, NK cells were preincubated with antiLIR1 Abs. !!, p & 0.05; !, p & 0.005.

Fig. 6A show that NK92-44 killing of WNV-infected Vero is augmented compared with noninfected cells, and that this enhanced
killing is significantly inhibited by anti-NKp44 Abs, but not by
control serum. However, NK92 cytolytic activity against WNVinfected and noninfected Vero cells was comparable (data not
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FIGURE 7. NKp44 is involved in the activation of primary NK cells by WNV-infected cells. A, IL-2-activated primary human NK cells were stained
with anti NKp44 mAb, mouse anti-NKp44 serum, and mock serum, followed by allophycocyanin goat anti-mouse IgG. Binding results were detected by
FACSCanto II and are presented as overlays of staining histogram. B–D, Vero cells were infected with the WNV KVI strain. After 24 h, Vero-uninfected
cells or WNV-infected cells were harvested and used as target cells. IL-2-activated primary human NK cells were preincubated with control mouse serum
or anti-NKp44 mouse serum diluted 1/80 before being added to target cells. B, Twenty-four hours following infection, target cells were radioactively labeled
for 12 h, washed, and incubated with W6/32 to block MHC-I ligands for NK inhibitory receptors. Then, target cells’ lysis by NK cells was assayed in a
standard 5-h 35S-release assay. Uninfected Vero (black histogram); WNV-infected Vero in the presence of control serum (gray histogram); WNV-infected
Vero in the presence of anti-NKp44 serum (white histogram); each time point constitutes the mean of the percent specific lysis of four separate wells. Bars '
SD. !!, p & 0.01; !, p & 0.05. Primary human NK cells were activated with IL-2 for 3 days (C) and for 24 h (D). IFN-% levels in the culture supernatants
of target cells and activated NK cells were measured after coincubation for 24 h. !!, p & 0.00001; !, p & 0.001. E, NKp44 expression by the primary human
NK cells used for the experiment described in D. One representative experiment of two performed is shown.

shown). These results indicate that NKp44 is directly involved in
the killing of WNV-infected Vero cells.
The secretion of IFN-% by NK cells is crucial for their immunemediated response to pathogen infection (5). Therefore, we further
analyzed the influence of WNV infection on NKp44-mediated
IFN-% secretion by NK cells. The 293T cells were infected with
WNV or left uninfected. After 24 h, cells were harvested and coincubated for 24 h with NK92 and NK92-44 cells, and IFN-%
secretion into the culture medium was assayed. Again, to demonstrate the NKp44-mediated activation of WNV-infected 293T
cells, we blocked the LIR1 receptor on NK92 and NK92-44 cells
by preincubation with anti-LIR1 HP-F1 mAb. Low levels of IFN-%
secretion by NK92-44 cells were detected when coincubated with
noninfected 293T cells. However, coincubation of NK92-44 cells
with WNV-infected 293T cells resulted in elevated levels of IFN-%
secretion in different E:T ratios (Fig. 6B). As shown in Fig. 6C,
induction of IFN-% secretion by NK92 cells was also observed
when coincubated with WNV-infected 293T cells compared with
noninfected 293T cells. Thus, NK receptor(s), in addition to
NKp44, might be involved in WNV-mediated activation of NK
cells. Yet, the magnitude of increase in IFN-% secretion by
NK92-44 resulting from WNV infection was significantly greater
compared with the magnitude of increase in IFN-% secretion
by NK92.

Finally, we studied the involvement of NKp44 in the functional
activation of primary human NK cells incubated with WNV-infected cells. NK cells purified from human PBMC and activated
with IL-2 for 3 days express NKp44 on their cell membrane (Fig.
7A). We thus studied their capacity to lyse 36-h WNV-infected
Vero cells that express WNV-E on their cell membrane (Fig. 4A).
The following is observed for NK92-44 cells: 1) NKp44-expressing primary NK cells lysed WNV-infected Vero cells significantly
better compared with noninfected cells; and 2) application of antiNKp44 sera significantly suppressed the binding as compared with
mock sera (Fig. 7B). We also studied IFN-% secretion by IL-2activated, NKp44-expressing primary NK cells following incubation with WNV-infected and control noninfected cells. Supernatants of NK cells incubated with control cells had moderate levels
of IFN-% that were not affected by the addition of soluble antiNKp44 sera as compared with mock sera (Fig. 7C). In contrast,
supernatants of NK cells incubated with WNV-infected Vero cells
had significantly higher levels of IFN-% that were markedly reduced when soluble anti-NKp44 serum was present as compared
with mock serum (Fig. 7C). IL-2-activated primary human NK
cells that did not enhance NKp44 expression were further
incubated with WNV-infected and noninfected target cells; in conformity with the above results, IFN-% induction was similar for
infected and noninfected target cells (Fig. 7, D and E).
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Taken together, the above results clearly suggest that NKp44
binds to WNV-infected cells, and that augmented binding correlates with WNV-E protein expression on the surface of infected
cells. Moreover, using anti-NKp44 serum, we show that NKp44 is
directly involved in NK cell activation induced by WNV infection.
Partial characterization of NKp44 interaction with WNV and
DV-sE protein
During flavivirus maturation, irreversible conformational change
induced by low pH conditions occurs in the trans-Golgi network.
This structural change involves the prM and E proteins. VLPs can
consist of both pH-mature and -immature particles (37). Therefore,
we tested whether low pH treatment of WNV-VLPs would affect
the interaction with NKp44. This treatment significantly enhanced
the binding of NKp44 to WNV-VLPs; yet it did not affect the
background binding of the LIR1-Ig-negative control (Fig. 8A), nor
did it enhance the binding of anti-WNV sera (Fig. 8B). Therefore,
NKp44 interacts efficiently with the mature form of the E protein,
as expected from its binding to the mature soluble form of
WNV-sE and DV-sE proteins (Fig. 1).
We showed that NKp44 and NKp46 proteins recognize the HA
of IV, and that binding of NKp44 and NKp46 to the HA is required
for lysis of IV-infected cells expressing HA (14, 15, 35). The recognition of the HA required the sialylation of oligosaccharides of
NKp44 and NKp46 (14, 15, 35). We further showed that this recognition was restricted to one of the three oligosaccharides found
on the membrane-proximal domain and the linker peptide of
NKp46 (no glycosylation sites are present in the membrane-distal
domain) (13). Unlike NKp46, all the glycosylation sites predicated
for NKp44 (13 O-sites and 1 N-site) are located in the linker peptide, whereas the extracellular domain has none (42, 43). Similar to
HA of IV, flavivirus E protein is a viral fusion protein that facilitates the fusion of the viral membrane with the target cell membrane (44). Therefore, we studied whether NKp44 binds the flavivirus E protein via NKp44LP and/or NKp44D. We compared the
binding of titrated concentrations of NKp44-Ig, NKp44D-Ig,
NKp44LP-Ig, and KIR2DS4-Ig to DV4-sE protein in ELISA. As
described above, positive binding of NKp44-Ig to DV4-sE was
observed and correlated with the concentration of NKp44-Ig (Fig.
8C). A similar pattern of binding was also observed for NKp44DIg, although binding intensity was lower compared with NKp44Ig. However, only background recognition, similar to that of
KIR2DS4-Ig, was observed for NKp44LP-Ig. Yet, when testing
the binding of NKp44-Ig, NKp44D-Ig, and NKp44LP-Ig to IVinfected and uninfected 1106 melanoma cells, we observed enhanced binding of NKp44-Ig and NKp44LP-Ig, but not of
NKp44D-Ig, to IV-infected cells (our unpublished data).
These findings demonstrate that the binding region of DV-sE
protein is located within the extracellular domain of NKp44 and
not in the linker peptide region of the receptor. In addition, they
suggest that the binding of NKp44 to DV-sE is not sialic acid
associated, because the extracellular domain has no predicted glycosylation sites.

Discussion
NK cells constitute a key frontline defense against a range of viruses and bacteria. Different studies have demonstrated the importance of NK cells in controlling human viral infection, in particular
viruses that belong to the herpes virus genus, such as human CMV,
EBV, and herpes simplex virus (reviewed in Refs. 5 and 45). Yet,
the involvement of NK cells in the immune response to flaviviruses is poorly appreciated. In the current study, we tested the
interaction between the NK-activating receptor NKp44 and DV
and WNV-E protein. We showed the following: 1) direct protein-

FIGURE 8. Characterization of NKp44-E protein interaction. A and B,
ELISA wells were coated with PBS (no VLPs), WNV VLPs diluted with
PBS (Control VLPs), or WNV VLPs pretreated in low pH 6 buffer (pHtreated VLPs). Wells were then incubated with 4 "g/ml fusion Igs (A) or
with polyclonal mouse anti-WNV positive or naive serum (B). Positive
binding was detected by HRP-conjugated secondary Ab. Graph includes
data from two (A) or three (B) different experiments. Bars ' SD. C, ELISA
wells were coated with purified E protein from DV4, followed by incubation with titrated concentrations of indicated fusion Igs. One representative
experiment of two performed is shown. Bars ' SD. !!!, p & 0.001; !!,
p & 0.005.

protein interaction between rNKp44-Ig and soluble S2-produced
DV-E and WNV-E proteins (Fig. 1); 2) direct protein-particle interaction between rNKp44 and WNV-VLPs expressing the E protein (Fig. 2); 3) direct binding of WNV-VLPs to NK cells expressing high levels of wild-type NKp44 (Fig. 2); 4) direct binding of
NKp44-Ig and soluble WNV-EIII domain (blocked by anti-NKp44
serum) as well as binding of WNV-EIII to NKp44-expressing NK
cells (Fig. 3); 5) enhanced binding of NKp44-Ig to WNV-infected
cells that correlated with the expression of WNV-E protein on the
surface of infected cells and is blocked by anti-WNV serum (Fig.
4); 6) that the interaction between WN virions or WNV-infected
cells and NKp44 expressed by either NK cell line or primary NK
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cells resulted in NK activation (Figs. 5–7); and 7) that the extracellular domain of NKp44 mediated the binding of NKp44 to mature WNV-E protein (Fig. 8). Taken together, these findings suggest that flavivirus E protein activates NK cells via NKp44.
Both soluble oligomeric (sE, EIII) and multimeric (VLP) forms
of WNV-E glycoprotein reproduced the interaction with NKp44,
and low pH-matured VLPs enhanced the binding of VLPs to
NKp44 (Figs. 1–3 and 8). This reproduction of binding results
suggests that the ectodomain of the E and particularly the EIII
domain is necessary and sufficient for the binding to NKp44. It is
likely that the N-oligosaccharide profile of the E glycoprotein does
not play a critical role in the binding to NKp44 because WNV-sE
brings a single trimannosyl core on each monomer, whereas VLPexpressed E brings mammalian-like complexed antennary N-glycans. Consistent with this conclusion, DV1-sE brings two trimannosyl cores on each monomer, whereas DV4-sE brings a single
one; yet both manifested similar interaction with NKp44 (Fig. 1).
The binding of NKp44 to bacterially produced WNV-EIII (Fig. 3)
further substantiates the observation that the glycan profile of the
E protein is not involved in the interaction with NKp44.
The other side of the coin is whether the glycosylation of the
NKp44 glycoprotein is involved in the interaction of NKp44 and
the E protein. We previously reported that the recognition of HA
of IV required the sialylation of the NKp44 and NKp46 receptors
and that this recognition mediated the lysis of virus-infected cells
by NK (14, 35). The linker peptide region of NKp44 contains 13
predicted O-glycosylation sites and a single putative N-glycosylation site, whereas the extracellular domain of NKp44 does not
contain any glycosylations (42, 43). These multiple glycosylation
sites probably express the sialic acid that is required for the recognition of IV-infected cells by the linker peptide. Consistent with
this, the linker peptide region, but not the extracellular domain of
NKp44, mediated binding to IV-infected cells (our unpublished
data). However, the extracellular domain of NKp44 mediated
binding to DV-sE protein as opposed to the linker peptide region
(Fig. 8). Yet, the binding of the NKp44D was reduced compared
with the whole NKp44 extracellular domain. The linker peptide
sequence is typical of hinge-like sequences that allow an extended
open conformation (42). Furthermore, the dense glycosylation of
the linker peptide could confer structural rigidity to NKp44 (46,
47). Therefore, we assume that the glycosylated linker peptide
contributes to the conformation or flexibility of the NKp44, and
this results in a better apparent binding. The finding that the
binding region of DV-sE protein is located within the extracellular domain of NKp44 suggests that the flavivirus E protein
recognition by NKp44 is not sialic acid associated. It also explains why NKp46 did not bind to DV or WNV-sE protein, to
WNV-EIII, or to WNV VLPs (Figs. 1–3), and implies a different pattern recognition from the sialic acid-mediated binding of
NKp44 and NKp46 to viral HA.
Although the capability of NK cells to directly kill virally infected cells and to produce inflammatory cytokines can potentially
limit infection by flaviviruses, only a few studies have been published that described activation of NK cells following flavivirus
infection. In humans, early activation of NK cells in DV-infected
patients was reported to be associated with mild dengue disease
(18), and activation of NK cells was also observed in children with
dengue hemorrhagic fever (19). A study of human liver paraffinembedded blocks from patients who died with yellow fever has
found increased numbers of NK cells, mainly in yellow feverdamaged area of the liver (48). Our results suggest that NKp44expressing activated NK cells are triggered through NKp44-E
protein engagement following interaction with the flavivirus or
flavivirus-infected cells. It is likely that a complex balance exists
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between flavivirus-induced triggering of NK cells and subversion
of NK killing by flavivirus-induced enhanced MHC class I expression on infected cells. Consistent with this idea, it was necessary in
our study to block the LIR1 receptor on NK cells to show the
functional relevance of NKp44 binding to WNV-infected cells
(Fig. 4). Another possible mechanism evolved by flaviviruses to
evade NK cell response is to reduce heparan sulfate cell surface
expression following virus infection of the cell, as was detected in
Vero cells following WNV infection (Fig. 4A). Heparan sulfate has
been shown to be a possible coligand of all the following members
of the NCR family: NKp30, NKp46, and NKp44 (25, 34). Thus,
down-regulation of heparan sulfate cell surface expression would
subsequently result in a reduced recognition of the infected cell by
all of the NCRs, as was observed for NKp44 (Fig. 4A), and therefore for reduced susceptibility to NK cell lysis. Yet, following E
protein up-regulation, binding of NKp44 to WNV-infected cells
was enhanced and, subsequently, lysis of WNV-infected cells.
Therefore, the NKp44-mediated outcome of the interaction between NK cell and flavivirus-infected cell is affected by the expression of the cellular and viral ligands on the cell surface. Of
course, it is possible that the reduced expression of heparan sulfate
following WNV infection is a by-product of the virus entry into the
cells. Interestingly, WNV-E protein was reported to specifically
block the dsRNA-induced cytokine production by murine macrophages in a TLR3-independent manner (49). These findings suggest an additional mechanism by which WNV impairs innate immunity response.
In mice, NK cell activity was transiently increased following
flavivirus infection (50). Yet, Ab depletion of NK cells in mice did
not alter morbidity or mortality after WNV infection (51). To date,
no homologue of NKp44 has been identified in mice, and NKp46
that does have a mouse homologue did not interact with the E
protein (Figs. 1–3). In accordance with our results, the lack of
murine NKp44 homologue could account for the different reports
on NK contribution to flavivirus protection in mice and humans.
As two mosquito-borne flaviviruses classed into two different
serocomplexes, WNV is the leading cause of meningitis-encephalitis, whereas DV is the leading cause of viral hemorrhagic fever.
Moreover, DV1 and DV4 are two very distinct serotypes. Therefore, our results suggest that NKp44-E glycoprotein interaction
might be common for flavivirus and NK cells regardless of the
origin of the virus and the E protein (grown in mammalian or
invertebrate cells) and the virus tropism in human (neurotropism
vs viscerotropism). This is in accordance with previous studies
providing evidence that flaviviruses have evolved common mechanisms to evade NK triggering through MHC-I enhancement (8,
17). This may reflect selective pressure toward viruses that are
capable of replicating rapidly and reaching the high blood titers
required for transmission to its arthropod vector (8, 17). Our current study further stresses the need of flaviviruses to evade NK
through MHC-I enhancement, because the E protein is found to
interact with the NK triggering receptor, NKp44.
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