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ABSTRACT

Natural killer (NK) cells keep viral infections under control at the early phase by directly killing
infected cells. Influenza is an acute contagious respiratory viral disease transmitting from
host-to-host in the first few days of infection. Evasion of host innate immune defenses including
NK cells would be important for its success as a viral pathogen of humans and animals. NK cells
encounter influenza virus within the micro-environment of infected cells. It is therefore important
to investigate the direct effects of influenza virus on NK cell activity. Recently we demonstrated
that influenza virus directly infects human NK cells and induces cell apoptosis to counter their
function. Here, we further demonstrated that both the intact influenza virion and free
hemagglutinin protein inhibited the cytotoxicity of fresh and IL-2-activated primary human NK
cells. Hemagglutinin bound and internalized into NK cells via the sialic acids. This interaction did
not decrease NKp46 expression, but caused the down-regulation of £ chain through lysosomal
pathway, which caused the decrease of NK cell cytotoxicity mediated by NKp46 and NKp30. The
underlying dysregulation of signaling pathway involved { chain down-regulation leading to
decreased Syk and ERK activation and granule exocytosis upon target cell stimulation, finally
causing reduced cytotoxicity. These findings suggest that influenza virus may have developed a
novel strategy to evade NK cell innate immune defense which is likely to facilitate viral

transmission and may also contribute to virus pathogenesis.
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INTRODUCTION

Natural killer (NK) cells are key effector cells in the innate immunity, and play a critical role in the
first line of host defense against viral infections by killing infected cells without prior antigen
stimulation (52). NK cells have a complex receptor repertoire, either in activating or inhibitory
form (22). The “missing self”” hypothesis explains how NK cells distinguish target cells from self
cells (51). Upon NK cell stimulation, the activating signaling event leads to a downstream cascade
of kinase activation with the final exocytosis of cytotoxic granules, which results in the killing of
target cells (38, 47, 49). The cytotoxicity of NK cells, however, is tightly controlled by the balance
of inhibitory and activating receptors, as well as various costimulatory molecules (13, 22, 46). A
critical threshold of signaling must be achieved in order for NK cells to mount a productive

response (13, 14, 47).

For a virus to be a successful pathogen it must counter many host defense mechanisms, including
both innate and adaptive immunity (32). During viral infections, viruses and NK cells are in a
constant battle. NK cells respond to eliminate the invading viruses via the recognition of ‘missing
self” or the increased activating signals. However, many viruses have developed a variety of
strategies to modulate NK cell activity (53, 68). These NK cell evasion strategies fall into distinct
mechanistic categories, including direct viral effects on NK cells (42, 62). Although NK

immunoevasion has been intensively investigated for viruses causing chronic infections, like
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herpesviruses, it is likely that even acute viral infections modulate NK cell functions as part of

their anti-immune strategies (32).

Influenza is an acute respiratory virus infection that continues to pose seasonal, zoonotic and

pandemic threats to human health (50). As the illness and virus transmission usually occur in the

first few days of infection, the virus has to devise strategies to evade host innate immune responses.

NK cells are key effector cells in host innate defense against acute viral infections by killing
infected cells (22, 52). Virus infected respiratory epithelial cells release inflammatory chemokines
that recruit NK cells to the site of infection (35). It is therefore not surprising that, for their
survival, viruses have developed numerous strategies to evade NK immunity (42, 53). Patients
with severe influenza infection were shown to have diminished NK cells in peripheral blood and
an almost complete absence of pulmonary NK cells (40, 79). In addition, during influenza
infection, the decrease in NK cell activity was also demonstrated in mice (24, 37, 61). These data

suggest that influenza virus may directly target NK cells as part of its immunoevasion strategies.

Indeed, as a lytic virus, numerous influenza viral particles are released from infected epithelial
cells during infection (26). Free hemagglutinin (HA) protein is also released from disrupted cells
or during the assembly of virus particles (18, 48). In the infected microenvironment, NK cells

undoubtedly encounter these virions and HA protein. It is therefore important to investigate the
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direct interaction of NK cells with influenza virions and viral protein. Recently we demonstrated
that influenza virus infects human NK cells and induces marked cell apoptosis (57), providing the
first evidence that influenza virus directly targets NK cells to counter their function. Thereafter an
in vivo study further confirmed our in vitro findings (37). Apart from the direct infection and
subsequent induction of cell death by influenza virus, in vivo studies also revealed that the
decrease of NK cell activity after influenza virus infection is dose-dependent (24, 61). However

the underlying mechanisms remain to be investigated.

In the present study, we demonstrated that both the intact influenza virion and HA protein inhibited
primary human NK cell cytotoxicity in a dose-dependent manner. HA was bound and internalized
into NK cells. This interaction caused down-regulation of the { chain via lysosomal pathway,
which led to decreased Syk and ERK phosphorylation and granule exocytosis upon target cell
stimulation resulting in reduced cytotoxicity. These findings suggest that influenza virus have
developed a novel strategy to evade NK cell innate immune defense which is likely to facilitate

viral survival and transmission.
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MATERIALS AND METHODS

Isolation of primary human NK cells. PBMCs were isolated from whole blood samples obtained
from Hong Kong Red Cross by Ficoll-Hypaque (Pharmacia) gradient centrifugation, as described
in our previous study (83). NK cells were magnetically separated from PBMC by negative
selection with NK cell isolation kit II (Miltenyi Biotec). The purity of isolated NK cells was
constantly >97%, as determined by flow cytometry. NK cells were cultured in RPMI 1640
(Invitrogen) media supplemented with 10% autologous serum. The research protocol was
approved by the Institutional Review Board of the University of Hong Kong/Hospital Authority

Hong Kong West Cluster.

Influenza virus preparation and HA treatment of NK cells. As described previously (83),
influenza virus A/Hong Kong/54/98 (HIN1) was cultured in Madin-Darby canine kidney (MDCK)
cells and was purified by adsorption to and elution from turkey red blood cells. The virus titer was
determined by titration in MDCK cells, with daily observation of cytopathic effect, and confirmed
by hemagglutination assay. MDCK cells were routinely maintained in Dulbecco’s modified

Eagle’s medium plus 10% FBS (Invitrogen).

Influenza virus HIN1 was inactivated by UV with energy of 0.2 J or heat at 100°C for 15 min, and

then incubated with NK cells at the indicated multiplicity of infection (MOI). After 1 hour of viral
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adsorption, un-adsorbed virions were washed away by excess PBS. Mock-treated cells were
treated in parallel except that the inactivated virions were not added. For HA treatment, NK cells
were first incubated with recombinant A/New Caledonia/20/99 (HIN1) HA protein (Protein
Sciences) with a cell density of 10 million per milliliter. After 2 hours, the culture was diluted by
10 fold with the final concentration of HA protein as indicated. According to the manufacturer, HA
is a full-length glycosylated recombinant protein with biological activity and tertiary structure

(Protein Sciences).

In some experiments, NK cells were pre-activated by stimulation with 500 U/ml recombinant
human interleukin (IL)-2 (Invitrogen) as previously described (57). For HA immobilization, six
well plates were coated with HA protein or BSA as mock overnight. The plates were carefully
washed to remove the unbound protein and then incubated with NK cells. Cells were cultured for
24 hours. To determine whether HA binding of NK cells was dependent on sialic acid, the cells
were first treated with Arthrobacter ureafaciensialidase (Sigma) for 30 min and then extensively
washed prior to the treatment as previously described (57). In some experiments, NK cells were
pre-incubated with 1 pM filomycin, or with 30 uM E-64 and 100 uM pepstatin A (Calbiochem)

for 30 min prior to HA treatment. The agents were present during the whole process (17, 76).

Flow cytometry. The following monoclonal antibodies were used in this study: anti-CD56
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(NCAM16.2), anti-CD3 (UCHT1), anti-NKp46 (9E2), anti-CD69 (FN50), anti-perforin (G9),
anti-granzyme B (GB11), anti-CD107a (H4A3), anti-phospho-Syk (pY348) and
anti-phospho-ERK1/2 (T202/Y204) (all from BD Biosciences), anti-NKp46 (9E2), anti-NKp30
(p30-15) and anti-CD3-{ (6B10.2) (all from BioLegend), anti-NKp46 (BAB281; Beckman Coulter)
and anti-CD3-{ (6B10.2; Santa Cruz). For surface staining, NK cells were stained with specific
antibody. For intracellular staining, cells were fixed, permeabilized and then labeled with the
indicated antibodies. To avoid non-specific staining, cells were pre-incubated with FcR blocking
reagent (Miltenyi Biotec) prior to specific staining. NK cell apoptosis were determined with the
Annexin V-FITC kit according to the instruction (Beckman Coulter). All data were acquired on a
BD FACSAria with FACS Diva (BD Biosciences) and analyzed using FlowJo software (Tree Star,

Inc.).

To examine phospho-kinase expression, after incubated with HA for 24 hours, NK cells were
collected and stimulated with or without K562 cells for 5 minutes. Cells were then fixed by Fix
Buffer I, permeabilized by Perm Buffer III (both from BD Biosciences), and stained for
phospho-Syk or phospho-extracellular signal-regulated kinase (ERK). Samples were analyzed for
the percentage of phospho-kinase-positive population in NK cells by flow cytometry. The increase
in percentage of phospho-kinase expression in stimulated NK cells relative to resting cells was

calculated.
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Cytotoxicity assay. The treated NK cells were collected and determined for their cytotoxicity with
LIVE/DEAD Cell-Mediated Cytotoxicity Kit (Molecular Probes) as previously reported (75, 82).
Briefly, target cells were stained with DioC18, and then co-cultured with NK cells at specific
effector cell/target cell (E/T) ratio in the presence of propidium iodide (PI) for 2 hours. After
incubation, the cytotoxicity was analyzed by flow cytometry and calculated as the percentage of
Dio"PI" cells out of total Dio* cells. In the case of virus-infected cells as target cells, THP-1
macrophages were infected with HIN1 virus. Infection of the THP-1 cells was essentially the same
as that of monocyte-derived macrophages described in our previous study (66, 83). For the
redirected cytotoxicity assay, murine FcyR-positive P815 cells were first incubated with
anti-NKp46 or anti-NKp30 monoclonal antibody, and then co-cultured with NK cells to assay cell

cytotoxicity (71, 77).

Statistical analysis. Data were expressed as mean + SEM. Statistical analysis was performed by
Student’s t test or one-way analysis of variance (ANOVA) with Tukey multiple-comparison test

using Prism 5 (GraphPad Software). A P of <0.05 was considered significant.
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RESULTS

Influenza virion inhibits primary human NK cell cytotoxicity

We first determined whether influenza virus could modulate NK cell activity. Since the live virus
can directly infect and kill NK cells (57), the effects of inactivated virus on NK cell activity were
studied in order to exclude the effects of direct infection-induced apoptosis. Freshly isolated
primary human NK cells were incubated with inactivated virus at the indicated MOI for 1 hour,
washed and then cultured for 24 hours. NK cells were collected and determined for their
cytotoxicity against K562 target cells. As shown in Fig. 1A, the virion inactivated by heat at 100°C
did not reduce NK cell cytotoxicity; however, UV-inactivated influenza virion inhibited NK cell
cytotoxicity in a dose-dependent manner. The virion at a MOI of 2 reduced NK cytotoxicity by

about a half (Fig. 1B).

The reduced NK cell cytotoxicity was not due to NK cell death, as both the UV- and
heat-inactivated virions did not induce NK cell apoptosis (Fig. 1C). Consistent with previous
report (77), we found that NKp44 was absent on fresh NK cells (data not shown). NKp46 is the
major lysis receptor for fresh NK cells and plays a central role in the cell cytotoxicity (70, 71).
Thus, we examined NKp46 expression on NK cells and found that NKp46 expression was not

altered by the inactivated influenza virions (Fig. 1D).
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Influenza HA binds NK cells through the sialic acid

Since UV does not alter viral proteins of fusion activity while 100°C heat-treatment denatures HA

protein (15), we were prompted to investigate the regulation of NK cell activity by free HA protein.

The interaction of HA and NK cells was first determined. After incubation with influenza HA, NK
cells were stained by anti-HA antibody. Flow cytometry analysis showed that HA bound to NK
cell surface (Fig. 2A), which is consistent with previous reports (5, 56). Intracellular staining also

demonstrated the presence of HA in NK cells (Fig. 2A).

Influenza virus infection and entry into target cells are mediated through the sialic acid on cell
surface. Upon viral HA binding to the sialic acid, the virus is internalized by receptor-mediated
endocytosis. We then examined the role of sialic acid in the free HA protein binding of NK cells
by treating cells with the sialidase. As shown in Fig. 2B, the expressions of both surface and
intracellular HA were significantly decreased by sialidase treatment. These data suggested that the
free HA binding and internalization into NK cells were also mediated through the sialic acid. The

viability of NK cells was not affected by sialidase treatment as previously described (57).

Influenza HA inhibits primary NK cell cytotoxicity
The effect of HA protein on NK cell activity was next examined. After incubation with HA at the

indicated concentration for 24 hours, NK cells were collected and determined for their cytotoxicity
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against K562 cells. Like the inactivated influenza virion, HA also inhibited NK cell cytotoxicity in
a dose-dependent manner (Fig. 3A). In addition, we determined the time span required for the
inhibition of NK cells. As shown in Fig. 3B, a significant decrease in NK cell cytotoxicity was
already observed at 6 hours post HA treatment. NK cells have been reported to be capable of
killing influenza virus-infected cells (56). Then we further examined the effect of HA on NK cell
cytotoxicity against virus-infected cells. Macrophages are susceptible to influenza virus infection,
and the inflammation produced from these cells is associated with the immunopathogenesis of
influenza (20, 66, 83); thus macrophages were selected as target cells here. The THP-1
macrophages were infected with influenza virus, and then co-cultured with HA-treated NK cells to
examine NK cell cytotoxicity. As shown in Fig. 3C, HA-treated NK cells showed significantly

lower cytotoxicity against influenza virus-infected macrophages than mock-treated cells.

We further determined whether the cytotoxicity of activated NK cells could be modulated by HA.
The activated NK cells were obtained by stimulation with recombinant IL-2 as previously
described (57), and expressed the activation marker CD69 on the cell surface (Fig. 3D). After
incubation with HA protein, the activated cells showed the presence of HA both on cell surface
and within cells by surface and intracellular staining (Fig. 3D). Then the effect of HA on cell
cytotoxicity was examined. As shown in Fig. 3E, HA-treated activated NK cells had a significantly

lower cytotoxicity than mock-treated cells. Taken together, these data indicated that HA protein
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inhibited the cytotoxicity of both fresh and IL-2-activated primary human NK cells.

Influenza HA inhibits granule exocytosis of NK cells upon target cell stimulation

We next investigated the mechanisms underlying the reduced NK cell killing by HA protein. As
with inactivated virions, HA did not increase NK cell apoptosis (Fig. 4A). The possibility that the
reduced killing was due to the masking of NKp46 by HA was excluded by using immobilized HA.
The plate was pre-coated with HA and unbound protein was washed away. NK cells were then
incubated in this plate. After 24 hours, the cells were collected and examined for their cytotoxicity.
As shown in Fig. 4B, the immobilized HA also decreased NK cell cytotoxicity in a dose-dependent
manner. In addition, by staining with anti-NKp46 monoclonal antibodies 9E2 and BAB281, both
of which inhibit NK cell cytotoxicity by masking NKp46 binding of its ligand on target cells (30,
64), we showed that HA-treated NK cells still had similar NKp46 expression as did mock treated
cells (Fig. 4C). Therefore, mechanisms other than masking led to the reduced NK cell cytotoxicity

by HA.

NK cell cytotoxicity is usually mediated by the complementary action of cytolytic granules,
including granzymes and perforin (41, 55). Although the granules are constitutively expressed in
the secretory lysosomes; upon target cell stimulation, they must fuse with cell membrane, allowing

the release of perforin and enzymes (granule exocytosis) to exert the killing (13, 25). CD107a is a
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lysosomal membrane protein, and redistributes to the cell surface upon granule exocytosis. Thus,
surface expression of CD107a is used as a marker for exocytosis of NK cells (3, 12, 13). We
therefore determined whether these events were involved in the inhibition of NK cell cytotoxicity.
Although HA did not alter the expression levels of intracellular perforin and granzyme B (Fig. 4D);
upon target cell stimulation, HA-treated NK cells showed significantly lower surface expression of
CD107a than mock-treated cells (Fig. 4E), indicating that influenza HA inhibited granule

exocytosis of NK cells.

Influenza HA down-regulates ¢ chain of NK cells through lysosomal pathway

The killing of K562 cells by fresh human NK cells is mainly mediated by NKp46 receptor (59, 70,
71), in order to define the specificity of the effect of HA on NK cell activity, we further examined
the redirected cytotoxicity of NK cells, which is induced by the monoclonal antibody against a
specific receptor and therefore reflects the specific receptor-mediated cytotoxicity. Murine
FcyR-positive P815 cells were first incubated with anti-NKp46 monoclonal antibody, and then
co-cultured with NK cells to determine the cell cytotoxicity. As shown in Fig. 5A, anti-NKp46
antibody induced marked lysis against P§15 cells by mock NK cells. However, HA treatment of
NK cells significantly inhibited their redirected lysis induced by anti-NKp46 antibody. As a
control, anti-CD56 monoclonal antibody did not induce redirected lysis of NK cells against P§15

cells (Fig. 5B).
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NKp46 is a member of the immunoglobulin superfamily, whose intracellular region does not
contain immunoreceptor tyrosine-based activation motifs. It couples with { chain to transduce
activating signals upon NK cell stimulation (64, 77). We therefore determined whether £ chain
expression in NK cells was altered by HA treatment. As shown in Fig. 5C and D, flow cytometry
analysis demonstrated that the intracellular expression of { chain in HA-treated NK cells was
significantly lower than that in mock-treated cells at 24 hours post HA treatment. In addition, the
expression of { chain was also reduced at 6 hours post HA treatment (Fig. 5E), which was in

parallel with the decrease of NK cell cytotoxicity at that time point (Fig. 3B).

Although HA does not recognize NKp30 (6) as a natural cytotoxicity receptor, NKp30 also
transduces signals through the association with £ chain (9, 63). We therefore hypothesized that the
down-regulation of { chain by HA would also impair NKp30-specific activity. The HA-treated NK
cells were then determined for NKp30-induced lysis against P815 cells. As expected, HA
treatment of NK cells significantly inhibited their redirected cytotoxicity induced by anti-NKp30
antibody (Fig. 5F). Similar to NKp46, the expression of NKp30 on cell surface was not altered by

HA (Fig. 5G).

As many receptors undergo ligand-induced endocytosis followed by recycling or degradation, we
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further determined the fate of { chain. It was reported that the acidic luminal environment is
important for the activation of endolysosomal enzymes and proteolysis (65). The vacuolar type
H*-ATPase inhibitor filomycin increases endolysosomal pH and affects the protease activity,
leading to impaired protein degradation (28, 67, 81). Then we first determined the effect of
filomycin on the { chain expression. NK cells were cultured with HA in the presence or absence of
this reagent. After 24 hours, the intracellular expression of { chain was analyzed. As shown in Fig.
5H, HA-induced down-regulation of ¢ chain was fully restored by incubation with the H'-ATPase
inhibitor. In addition, the inhibitors of lysosomal protease also partially rescued the { chain
down-regulation (Fig. 5I). Therefore, these data indicated that HA induced ¢ chain degradation

through the lysosomal pathway.

The correlation of HA binding, { chain expression and NK cell cytotoxicity

Our present data demonstrated that HA bound to NK cells and induced the down-regulation of {
chain, which led to the inhibition of the specific cytotoxicity of NK cells. To define the correlation
among them, NK cells were cultured with HA at serial concentrations, and then determined for HA
presence, { chain expression and NKp46-induced cytotoxicity. As shown in Fig. 6A, with the
increase of HA concentration, the binding of HA to NK cell surface increased. The intracellular
presence of HA in NK cells was also increased. Correspondingly, the £ chain expression and

redirected cytotoxicity of NK cells induced by anti-NKp46 were decreased in a dose-dependent
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manner (Fig. 6B and C). Therefore, the more HA binding, the more down-regulation of { chain,

and the more inhibition of NK cell cytotoxicity.

Influenza HA inhibits Syk and ERK phosphorylation induced by target cell stimulation

The development of NK cell cytotoxicity against target cells is a multiple-step process. Upon
target cell stimulation, the activating signaling event in NK cells leads to a cascade of kinase
activation and final exocytosis of cytolytic granules, resulting in the killing of target cells (38, 47,
49). During the process, Syk activation via tyrosine phosphorylation is an early and required
signaling event (11). It leads to the activation of downstream signaling pathways through
phosphorylation of signaling proteins, among which, ERK is one such member and its activation
plays a crucial role and is required for the polarization of cytolytic granules and therefore NK cell
cytotoxicity (19, 38, 73, 78). To detail the mechanisms underlying the reduced NK cell
cytotoxicity by HA, we explored the signaling pathway by flow cytometry. Following target cell
stimulation, HA-treated NK cells lost the increase of Syk phosphorylation that was observed in
mock-treated cells (Fig. 7A and C). Correspondingly, HA-treated NK cells also showed

significantly lower ERK phosphorylation than mock-treated cells (Fig. 7B and D).
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DISCUSSION

At the early phase of viral infections, NK cells respond to eliminate the invading viruses. For their
survival, viruses have developed numerous strategies to evade NK cell immunity (42, 53, 62, 68).
In this study, we demonstrated for the first time that both the intact influenza virions and free viral
HA markedly inhibited the natural and specific receptor-redirected cytotoxicity of primary human
NK cells. These findings suggest that influenza virus may have developed a novel strategy to
evade NK cell innate immune defense which is likely to facilitate viral transmission and may also

contribute to virus pathogenesis.

Previous studies have demonstrated that NK cells are involved in host defenses against influenza
virus infection. Virus infected accessory cells including epithelial cells, dendritic cells and
macrophages, and even T cells induce NK cell activation. The activated NK cells, in turn, kill virus
infected cells (27, 39, 72). However, the activation of NK cells is dependent on the cytokines
released from infected cells, as well as the interaction between NK cell receptors (NKG2D and
NKp46) and the corresponding ligands expressed on the surface of infected accessory cells.
Among the cytokines, interferon o is responsible for enhanced NK cytotoxicity (27, 39, 69). In
order to dissect the direct effects of influenza virus on NK cells, purified primary human NK cells

were used in this study to exclude the effects of accessory cells.
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In response to the pressure of NK cells, influenza virus has developed evasion strategies to counter
their functions, such as direct infection of NK cells, induction of cell apoptosis (37, 57), and the
increase in the binding of NK inhibitory receptors to infected cells for the inhibition of NK cell
cytotoxicity (1). Although NK cell cytotoxicity was increased at two days after influenza infection
in mice, the virus was present in the host until almost one week, suggesting that in vivo NK cell
cytotoxicity may be impaired during virus infection. The fact that NK cell activity was decreased
with a virus dose-dependent pattern following a transient increase after virus infection in mice
further suggested the evasion of NK cell function by influenza virus (24, 61). Contradictory results
have been reported for the effects of influenza virus on NK cell activity (increased or decreased
cytotoxicity) in studies which used peripheral blood mononuclear cells, but not purified NK cells
(2, 7). Then the outcome would reflect the sum of the effect of accessory cells as discussed above
and that of virus itself directly on NK cells. In this study, by using the purified primary human NK
cells, we demonstrated that both the intact virion and HA protein inhibited NK cell cytotoxicity. In
addition, the inhibition was virus dose-dependent, compatible with the in vivo findings (24).
Therefore our data provide the evidence that influenza virus directly acts on NK cells to modulate

their activity.

Previous study reported that NKp46 recognition of surface HA on influenza virus-infected cells

was involved in NK cell killing of infected cells. However, it is unclear whether the interaction of
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NKp46 with cell surface HA is sufficient for triggering lysis (6, 56). The receptors other than
natural cytotoxicity receptor and non-viral ligands altered by the infection would be important in
regulating NK cell lysis of influenza virus-infected cells (6, 56, 72). Virally induced changes in the
expressions of lymphocyte function-associated antigen-3, transferrin receptor and intracellular
adhesion molecule-1 on cell surface have been reported to contribute to the lysis of virus infected
cells by NK cells (29, 33, 54). Indeed, NK cell killing is mediated by the integration of signals
from activating and inhibitory receptors, as well as various adhesion and co-stimulatory molecules
(13, 46). A critical threshold of signaling must be achieved for NK cells to mount a productive

response (13, 14, 47).

In this study, we demonstrated that influenza virion and HA protein alone markedly inhibited the
cytotoxicity of both fresh and IL-2-activated human NK cells. In addition, viral HA not only
inhibited the natural cytotoxicity of NK cells, but also decreased specific redirected lysis induced
by NKp46. This inhibition was not due to NK cell apoptosis, as both the inactivated virion and HA
did not increase NK cell death. Neither was this inhibition caused by the masking of NKp46 by
HA, as evidenced by the fact that the immobilized HA also inhibited NK cell cytotoxicity. NKp46
associates with € chain to transduce signals (77). Upon target cell simulation, activation of the C
chain initiates a cascade signaling pathway, resulting in the final cytotoxicity (11, 49, 73). Here we

found that HA bound to NK cells, which led to the down-regulation of { chain in NK cells.
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Correspondingly, upon target cell stimulation, HA-treated NK cells showed significantly lower
activation of Syk and ERK, resulting in decreased granule exocytosis and, finally reduced NK cell
cytotoxicity, compared to mock-treated cells. Although the enhanced cell apoptosis induced by
virus infection (37, 57) could partly contribute to the decreased NK cell activity (24, 37), our
present findings of the down-regulation of { chain induced by HA would provide a specific

underlying mechanism to account for the specific inhibition of NK cell cytotoxicity.

It is interesting that influenza HA induced { chain down-regulation in NK cells. Indeed, the
down-regulation of { chain was frequently described for T cells in cancer, infection and
autoimmune disorders, associated with impaired cell function (8, 10). For NK cells, the { chain
down-regulation has been reported in patients with a variety of cancers, which was related with the
cell dysfunction (21, 44, 45, 58, 60). NK cells from HIV-infected patients also showed
considerably lower level of { chain and decreased cytotoxicity (34). Here we found that influenza
HA induced the down-regulation of { chain, which was shown to be mediated through lysosomal
pathway. We further demonstrated the correlation among HA binding, ¢ chain expression and NK
cell cytotoxicity. Like NKp46, NKp30 is a natural cytotoxicity receptor and associates with {
chain to transduce activating signals (9, 63). Influenza HA does not recognize NKp30 (6), and was
also shown here not to change NKp30 expression on NK cells; however, due to the

down-regulation of £ chain by HA, as expected, HA-treated NK cells presented a significantly
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decreased redirected lysis induced by anti-NKp30 antibody

Indeed, virus-mediated inhibition of NK activating receptor function is an important NK
immunoevasion strategy, and has been commonly reported in cancer and virus infections (42, 62).
Although the ligand engagement by NKG2D leads to NK cell killing of target cells, tumor-derived
free MHC class I chain-related molecule impaired NK cytotoxicity through the recognition of
NKG2D as a tumor immunoevasion mechanism (36). In virus infection, an orthopoxvirus protein
was reported to inhibit NKG2D-dependent NK cell killing via binding to NKG2D (16). Human
CMV pp65 protein is one of the two currently known ligands for natural cytotoxicity receptors,
and was also demonstrated to inhibit NK cell cytotoxicity via binding NKp30 activating receptor,
acting as a NK evasion mechanism (4). Previous data showed that an envelope protein of hepatitis
C virus inhibited NK cell activity (23, 74), while the whole virion did not alter the cell function
(80). Investigating the direct effects of influenza virus on NK cells, we demonstrated here the
identical impact of UV-inactivated influenza virus particle and viral HA protein. Live influenza
virus induces NK cell apoptosis and reduces cell cytotoxicity (57), while the inactivated intact
virion and HA inhibited primary human NK cell cytotoxicity. Therefore, considering the constant
battle and co-evolution between viruses and NK cells, we speculate that our findings here may

represent a novel strategy of influenza virus to evade NK cell immunity.
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The contest between NK cells and invading viruses is crucial in determining the outcome of an
acute viral infection (62, 68). Here, we revealed a novel NK cell immunoevasion mechanism of
influenza virus. This viral evasion strategy will allow the virus to replicate to high titers necessary
for successful transmission to new hosts before the onset of specific immune responses (42). Such
an innate immune evasion strategy is particularly beneficial for virus transmission and may also
contribute to virus pathogenesis (31, 42, 43). With the looming threat of current HIN1 influenza
virus pandemic, a full investigation of the interaction of influenza viruses and NK cells is
important for better understanding influenza pathogenesis and for developing more effective

prophylaxis and treatment of this disease.
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Figure legends

Figure 1. Influenza virion inhibits primary human NK cell cytotoxicity

Influenza HIN1 virus was inactivated by UV or heat at 100°C. Fresh primary human NK cells
were treated with the inactivated virus at a MOI of 2 (A, C and D) or the indicated MOI (B) for 1
hour, extensively washed and then cultured for 24 hours. (A and B) NK cells were collected and
examined for their cytotoxicity against K562 cells. Samples were analyzed by flow cytometry for
the percentage of specific lysis. (C and D) After treated by inactivated influenza virus, NK cells
were examined by flow cytometry for annexin V binding and PI uptake (C) or surface NKp46
expression (D). The data shown are mean £ SEM from 4 different donors. *P < 0.05, **P < 0.01,

*#*P < 0.001. Images are representatives of at least three independent experiments.

Figure 2. Influenza HA binds NK cells through the sialic acid

(A) Fresh primary human NK cells were incubated with or without 1pg/ml recombinant HA for 6
hours. The cells were stained for surface HA binding (left), or fixed, permeabilized for intracellular
staining of HA (right). Samples were analyzed by flow cytometry. (B) NK cells were pretreated
with 0.5 U/ml Arthrobacter ureafaciensialidase for 30 min at 37°C, extensively washed, and then
treated with 1pg/ml recombinant HA protein. After 6 hours, samples were examined by flow
cytometry for the presence of surface or intracellular HA. Images are representatives of samples

from 3 independent experiments.
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Figure 3. Influenza HA inhibits primary NK cell cytotoxicity

(A) After treated with HA at the indicated concentration for 24 hours, NK cells were collected and
analyzed for their cytotoxicity against K562 cells at an E/T ratio of 20:1. Samples were analyzed
by flow cytometry for the percentage of specific lysis. (B) NK cells were treated with 1pg/ml HA
for 6 or 24 hours, and then determined for their cytotoxicity. (C) NK cells were treated with (HA)
or without (Mock) 1ug/ml HA for 24 hours. The cells were collected and determined for the
cytotoxicity against influenza virus-infected THP-1 macrophages at the indicated E/T ratios. (D)
IL-2-activated NK cells were examined for the expression of CD69 on cell surface. After treated
with 1pg/ml HA for 6 hours, the IL-2-activated NK cells were examined by flow cytometry for the
presence of surface or intracellular HA. (E) Activated NK cells were incubated with 1pg/ml HA.
After 24 hours, the cells were collected and determined for their cytotoxicity against K562 cells at
an E/T ratio of 10:1. The data shown are mean + SEM from 4 different donors. *P < 0.05, **P <

0.01, ***P < 0.001.

Figure 4. Influenza HA inhibits granule exocytosis of NK cells upon target cell stimulation
(A) After treated with or without 1pg/ml influenza HA for 24 hours, NK cells were examined by
flow cytometry for annexin V binding and PI uptake. (B) Six well plates pre-coated with HA

protein were incubated with NK cells for 24 hours. Cells were collected and examined for the
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cytotoxicity against K562 cells at an E/T ratio of 20:1. Samples were analyzed by flow cytometry
for the percentage of specific lysis. (C-E) Primary NK cells were treated with (HA) or without
(Mock) 1pg/ml HA for 24 hours. The cells were examined for the expressions of surface NKp46
with two antibody clones 9E2 and BAB281 (C) and of intracellular perforin and granzyme B (D)
by flow cytometry. (E) The treated NK cells were collected and co-cultured with K562 cells in the
presence of anti-CD107a antibody for 2 hours. Surface expression of CD107a on NK cells were
then analyzed by flow cytometry. The data shown are mean £ SEM from 4 different donors. *P <

0.05, **P < 0.01, ***P < 0.001.

Figure S. Influenza HA down-regulates € chain of NK cells through lysosomal pathway

(A-D) Primary NK cells were treated with or without 1pug/ml HA for 24 hours. The cells were
collected and then determined for their redirected lysis against P815 cells in the presence of
anti-NKp46 (A), anti-CD56 (B) or isotype control antibody (A, B) at the indicated E/T ratios (A)
or an E/T ratio of 30:1 (B), and for the intracellular expression of { chain (C) with mean
fluorescence intensity (MFI) being determined (D). (E) After incubation with or without 1pg/ml
HA for 6 or 24 hours, the cells were fixed, permeabilized and examined for { chain expression by
flow cytometry. (F, G) NK cells were treated with or without 1pg/ml HA for 24 hours. The cells
were then determined for their redirected lysis against P815 cells in the presence of anti-NKp30 or

isotype control antibody at the indicated E/T ratios (F), and for the expression of NKp30 on cell
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surface (G). (H, I) After treated with or without filomycin, or E-64 and pepstatin A (EP) for 30 min,
NK cells were incubated or not with 1pg/ml HIN1 HA in the presence or absence of these
reagents for 24 hours. Cells were fixed, permeabilized and determined for { chain expression by

flow cytometry, and the MFI was determined. The data shown are mean + SEM from 4 different

donors. *P < 0.05, **P < 0.01.

Figure 6. The correlation of HA binding, C chain expression and NK cell cytotoxicity

Primary NK cells were treated with HA at the indicated concentrations for 24 hours. The cells
were collected and examined for the presence of surface and intracellular HA (A), and for the
intracellular expression of € chain (B). The treated NK cells were also determined for their
redirected cytotoxicity against P815 cells in the presence of anti-NKp46 antibody at an E/T ratio of
30:1. Samples were analyzed by flow cytometry for the percentage of specific lysis (C). The data

shown are mean £ SEM from 4 different donors. *P < 0.05, ***P < (0.001.

Figure 7. Influenza HA inhibits Syk and ERK phosphorylation induced by target cell
stimulation

Primary NK cells were treated with (HA) or without (Mock) 1pg/ml HA for 24 hours. The cells
were collected and co-cultured with (stimulation) or without (resting) K562 cells at a ratio of 1:1

for 5 min. NK cells were then examined by flow cytometry for the expression of intracellular
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phospho-Syk (A and C) or phospho-ERK (B and D). The increase in the percentage of
phospho-kinase expression in stimulated NK cells relative to resting cells was calculated. Flow
figures are representatives of samples from 4 independent experiments. The data shown are mean

+ SEM from 4 different donors. *P < 0.05, **P < 0.01.
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