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Today, global attention is focused on two influenza virus strains: the current pandemic strain, swine origin
influenza virus (H1N1-2009), and the highly pathogenic avian influenza virus, H5N1. At present, the infection
caused by the H1N1-2009 is moderate, with mortality rates of less <1%. In contrast, infection with the H5N1
virus resulted in high mortality rates, and ca. 60% of the infected patients succumb to the infection. Thus, one
of the world greatest concerns is that the H5N1 virus will evolve to allow an efficient human infection and
human-to-human transmission. Natural killer (NK) cells are one of the innate immune components playing an
important role in fighting against influenza viruses. One of the major NK activating receptors involved in NK
cell cytotoxicity is NKp46. We previously demonstrated that NKp46 recognizes the hemagglutinin proteins of
B and A influenza virus strains. Whether NKp46 could also interact with H1N1-2009 virus or with the avian
influenza virus is still unknown. We analyzed the immunological properties of both the avian and the
H1N1-2009 influenza viruses. We show that NKp46 recognizes the hemagglutinins of H1N1-2009 and H5 and
that this recognition leads to virus killing both in vitro and in vivo. However, importantly, while the swine
H1-NKp46 interactions lead to the direct killing of the infected cells, the H5-NKp46 interactions were unable
to elicit direct killing, probably because the NKp46 binding sites for these two viruses are different.

Natural killer (NK) cells, which comprise 5 to 15% of pe-
ripheral blood lymphocytes, are a key frontline defense against
a number of pathogens, including intracellular bacteria, para-
sites, and most importantly with respect to the present study,
viruses (6, 40). The antiviral mechanisms by which NK cells
operate include both cytotoxic activity and cytokine/chemokine
secretion (21). The NK killing activity is executed by numerous
receptors, including NKG2D, NKp80, CD16, and the natural
cytotoxic receptors (NCRs): NKp30, NKp44, and NKp46 (7,
10, 25).

Although the cellular ligands for NKG2D were identified
(31, 38), the identity of several of the cellular ligands for the
human NCRs is still unknown, except for BAT3 and B7-H6,
which are ligands for NKp30 (8, 30). In contrast, viral ligands
were identified for the NCRs, and we demonstrated that pp65
of HCMV interacts with NKp30 (3) and that various influenza
virus hemagglutinins (HAs) are ligands for the NKp44 and
NKp46 receptors (5, 22). Supporting these observations, it was
recently shown that the HA-neuraminidase of Newcastle dis-
ease virus could also interact with NKp46 and NKp44 but not
with NKp30 (17). Furthermore, we have shown in vivo that in
the absence of NCR1 (the mouse homologue of NKp46),
A/PR8 influenza virus infection is lethal (14).

Human influenza virus (H1 and H3 subtype) infections pose

a major threat to the entire population, as exemplified by the
three major influenza pandemics that occurred during the 20th
century. The Asian (A/H2N2) in 1957 to 1958 and the Hong
Kong (A/H3N2) pandemics in 1968 to 1969 resulted in the
deaths of 1 to 2 million people and the 1918 “Spanish flu”
(A/H1N1) pandemic killed around 50 million people (18). At
present, the worldwide concern regarding influenza pandemics
concentrates mainly on two viruses: the A/H1N1 swine origin
influenza virus (H1N1-2009), which currently causes only a
moderate pandemic (the mortality rates are ca. 1%) but is
more pathogenic than a regular seasonal influenza virus (19,
26, 27), and the avian influenza virus carrying the unique H5
HA (20). The avian influenza virus is quite deadly and, al-
though it remains a zoonotic infection, ca. 60% of infected
humans died due to the infection (28).

The unique properties of the H5 protein of the avian influ-
enza virus are one of the main reasons for the virulence of the
virus. The H5 of the avian influenza virus binds to cell surface
glycoproteins or glycolipids containing terminal sialyl-galacto-
syl residues linked by 2-3-linkage [Neu5Ac(�2-3)Gal] that are
found in the human conjunctiva and ciliated portion of the
respiratory columnar epithelium (33). In contrast, human vi-
ruses (including all three strains that caused the pandemics
described above and the H1N1-2009) bind to receptors that
mostly contain terminal 2-6-linked sialyl-galactosyl moieties
[Neu5Ac(�2-6)Gal]. Such glycosylations are predominant on
epithelial cells in the nasal mucosa, paranasal sinuses, pharynx,
trachea, and bronchi (33, 37). It has been suggested that the
lack of human-to-human transmission of avian influenza vi-
ruses is due to their �2,3-SA receptor binding preference, and
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the concern is that genetic changes in H5 might alter its pref-
erence from �2,3-SA to �2,6-SA, allowing human-to-human
transmission.

In our previous studies (4, 22) we showed that the interac-
tion between NKp46 and influenza virus HAs depends on the
sialylation of the NKp46 receptor. We further demonstrated
that the sialic acid residues, which are linked via �2,6 to the
threonine 225 residue of NKp46, are crucial for the NKp46
interactions with the various influenza virus HAs (4).

We show that, both in vitro and in vivo, the killing of H1N1-
2009-infected cells is correlated with the degree of NKp46
binding. Surprisingly, we observed that although NKp46 effi-
ciently recognized the avian H5 HA, such interactions were
unable to elicit the direct killing of the infected cells. By using
mutagenesis analysis experiments and killing assays we dem-
onstrate that NKp46 interacts with H1 and H5 at distinct sites,
since we show that the sugar carrying residue at position 225 is
crucial for the NKp46-H1N1-2009 interactions, whereas the
interaction of H5 with NKp46 depends on both residues 216
and 225.

MATERIALS AND METHODS

Cells. The cell lines used in the present study were the human hepatoma cell
line Hep3b, the human choriocarcinoma cell line Jeg3, and the mouse lympho-
blastlike mastocytoma cell line P815. For the generation of Jeg3 cells expressing
MICB (Jeg3/MICB), we inserted the cDNA sequence of human MICB instead
of the green fluorescent protein (GFP) of the lentiviral vector SIN18-pRLL-
hEFIap-EGFP-WRPE (35) and stably infected Jeg3 cells. As a control, we
infected Jeg3 cells with the intact vector SIN18-pRLL-hEFIap-EGFP-WRPE,
generating Jeg3/GFP cells. Primary NK cells were isolated from PBLs using a
human NK cell isolation kit and the autoMACS instrument (Miltenyi Biotec,
Auburn, CA). NK cells were kept in culture as described previously (24).

MAbs and fusion proteins. The monoclonal antibodies (MAbs) used in the
present study included anti-NKp46 MAbs, 461-G1 (IgG1) (4), and clone 9E2
(IgG1) (11), as well as anti-influenza virus type A (H1), H17-L2, and H28-E23
anti-H1 (kindly provided by Jonathan W. Yewdell). As negative controls, we
used anti-CD3 MAb T3D and the anti-CD99 antibody, 12E7 (IgG1). The anti-
MICA, MICB, ULBP1-3, and NKp30 antibodies were all purchased from R&D
Systems. Anti-NKG2D hybridoma C7 used for the in vivo NKG2D blocking was
kindly provided by W. M. Yokoyama.

The fusion proteins used in the present study were generated by fusion of the
extracellular of the various human receptors to a human IgG1, as described
previously (23). The point mutations in the NKp46 protein—T125V, N216V, and
T225V—were generated by using a PCR-based, site-directed mutagenesis ap-
proach, as described previously (4).

Viruses and viral infection. vnh5n1-pr8/cdc-rg H5N1 (abbreviated as H5
[avian]) (16) and the human flu viruses A/Puerto Rico/8/34 H1N1 (abbreviated
as A/PR8), A/Texas H3N2 (abbreviated as H3N2), and A/Swine/Israel/2009
H1N1 (abbreviated as H1N1-2009) were generated, and the cells were infected
as described previously (1).

Cytotoxicity assay. The cytotoxic activity of primary bulk NK cells against the
various target cells was assessed in 5-h 35S release assays, as previously described
(24). In experiments in which MAbs were included, the final MAb concentration
was 5 �g/ml. In all assays, the spontaneous release was �25% of the maximal
release.

Mice experiments. All experiments were performed using 12- to 16-week-old
C57BL/6 mice. The generation of NKp46/NCR1 knockout mice was previously
described (14). For influenza virus infection, mice were anesthetized and inoc-
ulated intranasally with 1.6 50% tissue culture infective dose(s) (TCID50) of the
H5N1 virus/mouse or with 16 TCID50 of the H1N1-2009 virus/mouse. For
NKG2D blocking, 6 h prior to infection 300 �g of C7 purified MAb/mouse was
injected intraperitoneally. To measure the infection efficiency, mice were sacri-
ficed 5 or 6 days after virus inoculation; the lungs were then removed, homog-
enized in Dulbecco modified Eagle medium, and stored at �70°c. To determine
the virus titer, the lungs were thawed and homogenized with an OMNI homog-
enizer, RNA was extracted from the lungs homogenate, and the virus titer was
measured by a real-time reverse transcription-PCR (RT-PCR) assay. The virus
titer was determined based on the viral genome copy numbers (15).

RESULTS

NKp46 recognizes avian influenza virus-infected cells. We
have previously shown that NKp46, but not NKp30, recognizes
cells infected with human influenza viruses (5, 22) and that this
interaction is dependent on the sialic acid residues of NKp46
(4). To test whether NKp46 will also recognize avian virus-
infected cells, we infected the choriocarcinoma cell line with
A/PR8 H1N1 and with another virus containing the core of the
A/PR8 virus and the envelope of the H5N1 virus (H5 avian
virus) (16). We used this particular H5N1 virus because it
differs from A/PR8 H1N1 only in its HA and NA proteins. As
shown in Fig. 1A, the H1 and H5 proteins are expressed on the
cell surface after the infection. Importantly, as we previously
reported earlier (4), increased binding of NKp46-Ig was ob-
served both to the H1 and, as seen here, also to the H5-
infected cells (Fig. 1B). In agreement with our previous results,
no binding of NKp30-Ig was observed to any of the cells irre-
spective of whether they were infected or not (Fig. 1B).

We next tested the killing of the Jeg3-infected cells by NK
cells. Surprisingly, although NKp46-Ig efficiently recognized
the H5-infected Jeg3 cells (Fig. 1), the killing of NK cells was
not enhanced (Fig. 2A), even when higher effector-to-target
ratios were used (data not shown). In marked contrast, and as
we previously reported (22), an increased killing was observed
when the Jeg3 cells were infected with the A/PR8 influenza
virus (Fig. 2A) or with other human influenza viruses (data not
shown). This increased killing of A/PR8 influenza virus-in-

FIG. 1. NKp46 recognition of influenza virus-infected Jeg3 cells.
fluorescence-activated cell sorting (FACS) staining of uninfected Jeg3
cells (gray filled histogram) or Jeg3 cells infected with A/PR8 or H5
(avian) viruses (black line). Staining was performed with anti-influenza
virus A (Anti-flu A), NKp30-Ig, and NKp46-Ig fusion proteins (B) (in-
dicated in the x axis of the figure). The figure shows the results for one
representative experiment out of four performed.
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fected cells was due to the interaction between NKp46 and the
H1 of A/PR8 virus, as it was blocked by an anti-H1 MAb (Fig.
2B). We therefore concluded that NKp46 could interact with
H5, but this recognition was insufficient to activate killing by
NK cells.

Killing of the avian virus-infected cells is possible when
several NK activating receptors are engaged. Our hypothesis
to explain these results was that maybe the NKp46-H5 inter-
actions are insufficient by themselves to induce direct killing
and that maybe for this particular interaction the help of other
killer receptors such as NKG2D, which was shown to partici-
pate in influenza virus eradication (12, 34), is needed. This
might explain why, when we infected Jeg3 cells that do not
express any of the known killer ligands (Fig. 3A) and, indeed,
are almost resistant to killing (Fig. 2), the interaction of H5
with NKp46 was insufficient to induce direct killing. To test this
option, we used the human hepatoma cell line, Hep3b, which
expresses killer ligands such as MICA, MICB, and unknown
cellular ligands for the NCRs (Fig. 3B); infected these cells
with the A/PR8 or with the H5 viruses; and tested their killing
by NK cells. Interestingly, a similar increase in the killing of the
infected cells was observed when Hep3b cells were infected
with A/PR8 or with H5N1 influenza viruses (Fig. 3C).

To directly demonstrate that H5 is able to trigger the
NKp46-mediated killing only in the presence of additional
ligands, we expressed the MICB protein (a ligand of the acti-
vating NKG2D receptor [38]) in Jeg3 cells (Jeg3/MICB) and
also expressed GFP (Jeg3/GFP), which was used as a control

(Fig. 3D). The various Jeg3 cells were infected with the H5
influenza virus and then used in killing assays (Fig. 3E). As
expected, the presence of MICB in Jeg3 cells slightly enhanced
the killing of the uninfected cells, probably because it is rec-
ognized by the activating receptor NKG2D. Importantly, and
as we predicted, the killing of Jeg3/MICB cells infected with
the H5 virus was substantially increased compared to the kill-
ing of uninfected Jeg3/MICB cells (Fig. 3E).

NKp46 interacts with H5 and H1 in distinct binding sites.
We have previously shown that the binding of NKp46 to the
various HAs (excluding H5) is restricted to the membrane-
proximal domain of the receptor, requires the sialylation of
NKp46, and preferentially requires the Neu5Ac �(2,6)-Gal
linkage (4, 22). In contrast, the avian H5 protein preferentially
binds to �2,3-sialosides and only weakly binds to certain �2,6-
sialosides (36).

NKp46 contains three potential glycosylation sites located at
Thr125, Asn216, and Thr225 (Fig. 4A) (29), of which Thr225 is
the main amino acid residue, critically involved in the HA
interaction with NKp46 (4). To test whether the lack of direct
killing of H5-expressing cells could be explained by a differen-
tial binding of NKp46 to H1 versus H5, we mutated the three
potential glycosylation residues of NKp46 by replacing them
with valine (T125V, N216V, and T225V). The mutated NKp46
proteins were appended to human Fc, and the binding of the
mutated proteins was compared to the binding of the wild-type
NKp46 protein. Importantly, whereas only a slight reduction in
the binding of the mutated protein T125V-Ig to the H5-in-
fected Jeg3 was observed, both N216V-Ig and T225V-Ig
showed markedly reduced binding to H5-infected Jeg3 cells
(Fig. 4B). Thus, whereas T225 plays a crucial role in the inter-
action between H1 and NKp46 (4) (see also Fig. 6 below), with
regard to H5, two glycosylation sites on NKp46, located at
positions N216 and T225, are involved in the binding.

To further establish that the binding sites of H5 and H1 in
NKp46 are distinct, we tested the ability of different anti-
NKp46 MAbs to inhibit the NKp46-mediated killing of Jeg3/
MICB cells infected with the A/PR8 or with the H5 viruses. As
shown in Fig. 5, the 461-G1 MAb, which is directed against the
D1 domain of NKp46 (a domain that does not contain glyco-
sylation and is not involved in the killing of influenza virus-
infected cells [4]), did not block the killing. Importantly, block-
ing of NKp46 with the 9E2 MAb significantly reduced the
killing of the H5-infected cells but did not affect the killing of
the A/PR8-infected cells (Fig. 5), suggesting that indeed
NKp46 interacts with H1 and H5 at different binding sites.

NKp46 interaction with H1 of the H1N1-2009 virus leads to
direct NK cytotoxicity. In June 2009 the World Health Orga-
nization (WHO) raised the influenza pandemic to level 6,
stating that the current H1N1-2009 infection is the first pan-
demic of this century and the first in the last 41 years. To test
whether the H1 HA of the H1N1-2009 virus would be recog-
nized by NKp46, we infected Jeg3 cells with 19 different H1N1-
2009 viruses that were isolated from Israeli patients. The in-
fected cells were tested for binding of NKp46-Ig and NKp46
T225V-Ig proteins (Fig. 6A) and for killing by NK cells (Fig.
6B). Interestingly, we found that NKp46-Ig binds to all cells
infected with the 19 different H1N1-2009 viruses (Fig. 6A) and
the binding was correlated with the efficiency of Jeg3-mediated
killing (Fig. 6B). Little or no binding of T225V-Ig was observed

FIG. 2. Jeg3 cells infected with avian influenza virus are not killed
by NK cells. (A) Killing assay. Jeg3 cells, either uninfected or infected
with A/PR8 or H5 (avian) influenza viruses, were tested in killing
assays by using bulk NK cells. The effector to target ratio (E:T) is
indicated in the figure. (B) The killing of Jeg3 cells is mediated by the
interaction with HA. Jeg3 cells infected or not with A/PR8 influenza
virus were preincubated with anti-H1 MAb, H28-E23 or with anti-
CD99 MAb (negative control) and were tested in killing assays by bulk
NK cells at an E:T ratio of 10:1. The figure shows the results for one
representative experiment of three performed. Error bars indicate the
standard deviations.
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FIG. 3. The killing of the avian-infected cells is possible when several NK activating receptors are engaged. (A) FACS staining of Jeg3 cells for NKG2D
ligands. Staining was performed with anti-MICA, MICB, and ULBP1-3 MAbs. (B) FACS staining of Hep3b cells for NKG2D and NCR ligands. Staining was
performed with anti-MICA, MICB, ULBP1-3 MAbs, NKp30-Ig, NKp44-Ig, and NKp46-Ig fusion proteins (indicated in the x axis of the figure). (C) Killing
experiment of Hep3b cells infected or not with A/PR8 or with H5N1 viruses by bulk NK cells. The various E:T ratios are indicated in the figure. (D) FACS
staining of different Jeg3 cells transfected with MICB or with GFP as control. In the three left histograms, staining was performed with an anti-MICB MAb (red
line) and with either a negative control MAb (blue line) or with the secondary MAb (black line). In the two right histograms the GFP intensity of the indicated
cells is shown. (E) Killing experiment of H5N1-infected Jeg3/GFP and Jeg3/MICB cells by bulk NK cells. The E:T ratio is indicated in the figure. The figure shows
the results for one representative experiment out of three performed. Error bars indicate standard deviations.
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(Fig. 6A), confirming our previous observations (4) that the
glycosylation at position 225 of NKp46 is important for the
NKp46-H1 interactions. Thus, while the avian influenza virus
recognition by NKp46 is unable to directly induce NK cytotox-
icity, the recognition of the swine influenza virus by NKp46
plays a critical role in the killing of the infected cells.

Engagement of NKG2D is essential for in vitro and in vivo
NKp46-mediated killing of avian influenza virus. If indeed
the NKp46-H5 interactions are insufficient to induce direct
NKp46-mediated killing by themselves, then by blocking the
NKG2D receptor we should be able to reduce the NKp46-
mediated killing of the H5-infected cells. To test this assump-
tion, we performed a redirected killing assay in which we in-
fected the P815 cell line with H5N1 avian influenza virus or

with the human influenza virus strain A/H3N2. We did not use
the A/PR8 or the H1N1-2009 viruses since these viruses could
not infect the P815 cells (data not shown). As expected, the
uninfected and the H5-infected P815 cells were not killed when
we used a control MAb, since uninfected P815 cells do not
express lysis ligands for NK cells and, as shown above, the
interaction between NKp46 and H5 is insufficient by itself to
induce direct killing. In contrast, the H3N2-infected P815 cells
were killed by NK cells, since the H3-NKp46 interaction leads
to direct NKp46-mediated NK cell killing (4) (Fig. 7A). When
we induced the redirected killing of the uninfected P815 cells
with anti-NKG2D MAb, an efficient killing of the P815 cells
was observed, since NKG2D is a potent killer receptor and its
triggering leads to direct cytotoxicity (Fig. 7A). Importantly,
when we incubated either the H3N2 or the H5N1-infected
P815 cells with anti-NKG2D MAb an increased and equivalent
redirected killing of both infected cells was observed (Fig. 7A).
Thus, when NKp46 interacts with H5, an efficient NK killing of
the H5-infected cells is observed only when the NKG2D re-
ceptor is also engaged (either by MAb as seen in Fig. 7A or
through the interaction with MICB, as seen in Fig. 3E).

Next, we tested the ability of the anti-NKG2D MAb to block
the NKp46-mediated killing of the Jeg3/MICB cells. For this
purpose, we infected the Jeg3/MICB cells with A/PR8 or with
H5 viruses and tested their killing by NK cells that were pre-
incubated with anti-NKG2D or with control MAb. As can be
seen in Fig. 7B, the anti-NKG2D MAb did not block the killing
of the H1-infected Jeg3/MICB cells since the H1-NKp46 in-
teractions are still intact and, as shown above, such interactions

FIG. 4. Glycosylation at amino acids Asp216 and Thr225 of NKp46 are involved in its binding to H5-infected cells. (A) Amino acid sequences
of human NKp46. The first Ig and the second Ig domains are indicated in green and in blue, respectively. The transmembrane domain is
underlined, and the three putative glycosylation sites are indicated in bold red. (B) H5N1 (avian) influenza virus-infected or noninfected Jeg3 cells
were stained with NKp46-Ig (black and blue lines, respectively) and with the indicated mutated proteins (uninfected [purple] and infected [red]).
The figure shows the results of one representative experiment of three performed.

FIG. 5. The binding sites of H1 and H5 to NKp46 are distinct.
Jeg3/MICB cells were infected with A/PR8 or with H5 (avian) viruses,
and their killing by bulk NK cells was tested in the presence or absence
of the indicated anti-NKp46 MAbs. The E:T ratio is 60:1. The figure
shows the results for one representative experiment of three per-
formed. Error bars indicate standard deviations.
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lead to direct cytotoxicity. In contrast, blocking of the NKG2D
interaction in the H5-infected Jeg3/MICB cells significantly
reduced the killing, further supporting the observations that
the killing induced by the H5-NKp46 interaction is possible
only when other lysis ligands are engaged (Fig. 7B).

To test whether the NKp46 interactions with H5 and the
H1N1-2009 would be important under physiological condi-
tions, we infected our NCR1gfp/gfp (the mouse homologue of
NKp46 [14]) knockout mice (KO) and the corresponding
C57BL/6 wild-type (WT) mice with the H5N1 and the H1N1-
2009 viruses. Mice were sacrificed 5 and 6 days after infection
(for H5N1 and H1N1-2009, respectively), and the amounts of
viruses that were present in the lungs were measured as de-
scribed in Materials and Methods. To test the in vivo involve-
ment of NKG2D in influenza virus eradication, we also in-
fected additional groups of mice with both viruses and injected,
prior to the infection, the anti-NKG2D MAb C7 that is known
to block NKG2D function in vivo. As shown in Fig. 7C, in the
absence of NKp46 (KO mice) the presence of both H5N1 and
H1N1-2009 viruses was observed in the lungs of the infected
animals, whereas in the WT mice, few or no viruses were found
(Fig. 7C). Strikingly and in agreement with our in vitro results,
blocking of the NKG2D receptor in the NKp46 KO mice had
no effect on the H1N1-2009 virus titers, probably because for
this virus NKp46 is the major killer receptor involved in the
killing of the infected cells. In contrast, when NKG2D was
blocked prior to H5 infection, a 2-fold increase in the virus titer
was observed, suggesting that NKG2D is involved in vivo in the
killing of the H5 virus. It seems, however, that the NKG2D
activity is secondary to that of NKp46 because in both viruses

when the NKG2D interactions were blocked in vivo in the WT
mice, viruses were still not detected in the lungs (Fig. 7C).

In conclusion, we demonstrate here both in vitro and in vivo
that NKp46 directly interacts with both the H1N1-2009 and the
avian viruses. However, whereas the interaction of NKp46 with
H1 is sufficient to induce direct killing, the NKp46 interaction
with H5 is not sufficient to induce direct killing and requires
the “help” of additional receptors.

DISCUSSION

Influenza epidemics occur every year, and every several de-
cades an influenza pandemic that claims the lives of millions
arises. Although the world’s greatest concern in the last few
years was an avian H5N1 influenza pandemic, a novel subtype
of influenza virus A (H1N1), leading to what is now considered
to be the first pandemic in the last 41 years and the first in the
21st century. This virus, H1N1-2009, first appeared in Mexico
in March 2009 and in 3 months spread to more than 80 countries
(http://www.who.int/csr/don/2009_06_22/en/index.html). Al-
though the WHO considers the severity of this pandemic at
this time to be moderate, the severity might change over time,
as occurred in the “Spanish Flu” pandemic (27).

In contrast to the limited mortality caused by the H1N1-2009,
infection with the avian influenza virus (H5N1) results in a severe
mortality rate of ca. 60% (http://www.who.int/csr/disease/avian
_influenza/country/cases_table_2009_06_02/en/index.html). One
possible explanation for the extreme virulence of the H5N1 virus
might be the preferential binding of the avian H5 to �2,3-SA

FIG. 6. The H1N1-2009-NKp46 interaction is similar to other human origin influenza virus HAs. (A) Jeg3 cells infected or not infected with
19 different isolations of H1N1-2009 (the isolation number is indicated at the x axis) that were obtained from different Israeli patients. Jeg3 cells
were stained either with NKp46-Ig or with T225V-Ig (white and gray bars, respectively). (B) The cells in panel A were tested for killing by NK
cells in E:T ratio of 25:1. Error bars indicate standard deviations.
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residues (33), which are located mainly on proteins found at the
human lower respiratory tract (39).

We show here that, in contrast to H1N1-2009 virus and all
other influenza viruses studied thus far (4, 17, 22), the H5-
NKp46 interactions are unable to directly activate the NKp46-
mediated killing by themselves. Indeed, it has been shown that
under certain conditions NKp46 acts as a costimulating recep-
tor and not as a direct cytotoxic receptor. Bryceson et al.
demonstrated that in resting nonactivated NK cells, triggering
of NKp46 is insufficient to activate cytotoxicity or cytokine
secretion, whereas in interleukin-2-activated NK cells, NKp46
could mediate direct killing (9). Indeed, when additional li-
gands of NK activating receptors are present on the H5N1-
infected cells, or in vivo, when other activating ligands such as
the ligands for NKG2D are also upregulated due to the infec-
tion (12, 34; the present study), NKp46 interactions with H5
significantly contribute to virus killing.

We propose that the H5-NKp46 interactions are unable to
induce direct cytotoxicity, probably because H5 binds NKp46
in a site that is distinct from that of H1. We have previously
demonstrated that the glycosylation on the Thr225 residue is
critical for the interactions of H1 with NKp46 (4); we further
show here that the glycosylation at Thr225 is also important for
the interaction of NKp46 with the H1-2009 protein. In con-
trast, the recognition of H5 by NKp46 depends on both the
Asp216 and the Thr225 residues. Interestingly, both residues
are located in the stalk region of NKp46, whereas the third
glycosylated residue is located between domains 1 and 2 and
therefore might not be accessible for binding (13).

The invading viruses and the immune system are in constant
battle. The influenza viruses, similar to other viruses, have
developed several ways to escape from immune system recog-
nition. For example, a high frequency of mutations enables the
virus to constantly change its surface glycoproteins and thereby

FIG. 7. Blocking of NKG2D activity during infection. (A) Redirected killing assay. 35S-labeled P815 cells were infected or not with H5 (avian
virus) or H3N2 (human influenza virus) and then assayed in a redirected killing assay with human NK cells at E:T of 3:1 in the presence of either
anti-NKG2D MAb or control IgG1 MAb. (B) Bulk NK cells were preincubated with anti-NKG2D MAb or with anti-CD99 MAb (negative control)
and were tested in killing assays at an E:T ratio of 10:1 against Jeg3/MICB cells that were infected or not infected with A/PR8 or H5N1 influenza
viruses. (C) Anti-NKG2D receptor antibody was injected or not injected into C57BL/6 mice (WT) or C57BL/6 NCR1gfp/gfp mice (KO) 6 h prior
to their intranasal inoculation with 16 TCID50 of the H1N1-2009 virus (isolation number 926)/mouse or with 1.6 TCID50 of the H5N1 virus/mouse.
Five or six days (for avian and H1N1-2009 infections, respectively) after infection the mice were sacrificed, their lungs were homogenized, RNA
was extracted, and the presence of virus in the infected lungs was detected by specific primers using real-time RT-PCR. The virus titer was
determined based on the viral genome copy numbers.
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escape from recognition by cytotoxic T lymphocytes and MAbs
(32). We showed that the influenza virus also induces the
reorganization of major histocompatibility complex (MHC)
class I proteins on the cell surface. MHC class I proteins enter
into rafts early after infection to enhance the recognition by
NK inhibitory receptors (1, 2). On the other hand, we suggest
that NKp46 has evolved to use the conserved ability of various
human HAs to bind �2,6-SA and “utilize” this property to
directly kill the infected cells in an �2,6-SA-NKp46-dependent
manner (4). This is probably why the swine influenza virus,
which interacts with �2,6-SA (19), is directly killed in an
NKp46-dependent manner. Unfortunately, due to the lack of
specific blocking MAbs, we could not directly demonstrate
NKp46-dependent killing of the swine influenza viruses. How-
ever, the direct correlation observed between the binding of
NKp46 and the killing of the H1N1-2009 influenza virus-in-
fected cells, together with the impressive enhancement of viral
load observed in the absence of NKp46, strongly suggests that
similar to other human influenza viruses (4), the interaction
between NKp46 and the swine H1 virus is crucial for the killing
of the infected cells.

With regard to the avian influenza virus, we suggest that
NKp46 did not evolve to interact with avian HA, and therefore
the NKp46 interactions with H5 through its �2,3-SA are insuf-
ficient to activate the NKp46-mediated killing of NK cells. Our
final conclusion is that it might be that the avian H5N1 virus is
so deadly not only due to its ability to infect the lower respi-
ratory track but perhaps also due to its inability to directly
activate NKp46. It is therefore possible that if genetic changes
in the H5N1 virus would occur to enable its transmission from
human to human, the emerging virus would not be more vio-
lent but may be less dangerous, since the infected cells would
be recognized directly by NKp46 and the virus might be better
eliminated, in a similar manner to that of the H1N1-2009
influenza virus.
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