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ABSTRACT 20 

Natural killer (NK) cells keep viral infections under control at the early phase by directly killing 21 

infected cells. Influenza is an acute contagious respiratory viral disease transmitting from 22 

host-to-host in the first few days of infection. Evasion of host innate immune defenses including 23 

NK cells would be important for its success as a viral pathogen of humans and animals. NK cells 24 

encounter influenza virus within the micro-environment of infected cells. It is therefore important 25 

to investigate the direct effects of influenza virus on NK cell activity. Recently we demonstrated 26 

that influenza virus directly infects human NK cells and induces cell apoptosis to counter their 27 

function. Here, we further demonstrated that both the intact influenza virion and free 28 

hemagglutinin protein inhibited the cytotoxicity of fresh and IL-2-activated primary human NK 29 

cells. Hemagglutinin bound and internalized into NK cells via the sialic acids. This interaction did 30 

not decrease NKp46 expression, but caused the down-regulation of  chain through lysosomal 31 

pathway, which caused the decrease of NK cell cytotoxicity mediated by NKp46 and NKp30. The 32 

underlying dysregulation of signaling pathway involved  chain down-regulation leading to 33 

decreased Syk and ERK activation and granule exocytosis upon target cell stimulation, finally 34 

causing reduced cytotoxicity. These findings suggest that influenza virus may have developed a 35 

novel strategy to evade NK cell innate immune defense which is likely to facilitate viral 36 

transmission and may also contribute to virus pathogenesis. 37 
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 3 

INTRODUCTION 38 

Natural killer (NK) cells are key effector cells in the innate immunity, and play a critical role in the 39 

first line of host defense against viral infections by killing infected cells without prior antigen 40 

stimulation (52). NK cells have a complex receptor repertoire, either in activating or inhibitory 41 

form (22). The “missing self” hypothesis explains how NK cells distinguish target cells from self 42 

cells (51). Upon NK cell stimulation, the activating signaling event leads to a downstream cascade 43 

of kinase activation with the final exocytosis of cytotoxic granules, which results in the killing of 44 

target cells (38, 47, 49). The cytotoxicity of NK cells, however, is tightly controlled by the balance 45 

of inhibitory and activating receptors, as well as various costimulatory molecules (13, 22, 46). A 46 

critical threshold of signaling must be achieved in order for NK cells to mount a productive 47 

response (13, 14, 47). 48 

 49 

For a virus to be a successful pathogen it must counter many host defense mechanisms, including 50 

both innate and adaptive immunity (32). During viral infections, viruses and NK cells are in a 51 

constant battle. NK cells respond to eliminate the invading viruses via the recognition of ‘missing 52 

self’ or the increased activating signals. However, many viruses have developed a variety of 53 

strategies to modulate NK cell activity (53, 68). These NK cell evasion strategies fall into distinct 54 

mechanistic categories, including direct viral effects on NK cells (42, 62). Although NK 55 

immunoevasion has been intensively investigated for viruses causing chronic infections, like 56 
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 4 

herpesviruses, it is likely that even acute viral infections modulate NK cell functions as part of 57 

their anti-immune strategies (32). 58 

 59 

Influenza is an acute respiratory virus infection that continues to pose seasonal, zoonotic and 60 

pandemic threats to human health (50). As the illness and virus transmission usually occur in the 61 

first few days of infection, the virus has to devise strategies to evade host innate immune responses. 62 

NK cells are key effector cells in host innate defense against acute viral infections by killing 63 

infected cells (22, 52). Virus infected respiratory epithelial cells release inflammatory chemokines 64 

that recruit NK cells to the site of infection (35). It is therefore not surprising that, for their 65 

survival, viruses have developed numerous strategies to evade NK immunity (42, 53). Patients 66 

with severe influenza infection were shown to have diminished NK cells in peripheral blood and 67 

an almost complete absence of pulmonary NK cells (40, 79). In addition, during influenza 68 

infection, the decrease in NK cell activity was also demonstrated in mice (24, 37, 61). These data 69 

suggest that influenza virus may directly target NK cells as part of its immunoevasion strategies.  70 

 71 

Indeed, as a lytic virus, numerous influenza viral particles are released from infected epithelial 72 

cells during infection (26). Free hemagglutinin (HA) protein is also released from disrupted cells 73 

or during the assembly of virus particles (18, 48). In the infected microenvironment, NK cells 74 

undoubtedly encounter these virions and HA protein. It is therefore important to investigate the 75 
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 5 

direct interaction of NK cells with influenza virions and viral protein. Recently we demonstrated 76 

that influenza virus infects human NK cells and induces marked cell apoptosis (57), providing the 77 

first evidence that influenza virus directly targets NK cells to counter their function. Thereafter an 78 

in vivo study further confirmed our in vitro findings (37). Apart from the direct infection and 79 

subsequent induction of cell death by influenza virus, in vivo studies also revealed that the 80 

decrease of NK cell activity after influenza virus infection is dose-dependent (24, 61). However 81 

the underlying mechanisms remain to be investigated. 82 

 83 

In the present study, we demonstrated that both the intact influenza virion and HA protein inhibited 84 

primary human NK cell cytotoxicity in a dose-dependent manner. HA was bound and internalized 85 

into NK cells. This interaction caused down-regulation of the  chain via lysosomal pathway, 86 

which led to decreased Syk and ERK phosphorylation and granule exocytosis upon target cell 87 

stimulation resulting in reduced cytotoxicity. These findings suggest that influenza virus have 88 

developed a novel strategy to evade NK cell innate immune defense which is likely to facilitate 89 

viral survival and transmission. 90 

 91 
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MATERIALS AND METHODS 92 

Isolation of primary human NK cells. PBMCs were isolated from whole blood samples obtained 93 

from Hong Kong Red Cross by Ficoll-Hypaque (Pharmacia) gradient centrifugation, as described 94 

in our previous study (83). NK cells were magnetically separated from PBMC by negative 95 

selection with NK cell isolation kit II (Miltenyi Biotec). The purity of isolated NK cells was 96 

constantly >97%, as determined by flow cytometry. NK cells were cultured in RPMI 1640 97 

(Invitrogen) media supplemented with 10% autologous serum. The research protocol was 98 

approved by the Institutional Review Board of the University of Hong Kong/Hospital Authority 99 

Hong Kong West Cluster. 100 

 101 

Influenza virus preparation and HA treatment of NK cells. As described previously (83), 102 

influenza virus A/Hong Kong/54/98 (H1N1) was cultured in Madin-Darby canine kidney (MDCK) 103 

cells and was purified by adsorption to and elution from turkey red blood cells. The virus titer was 104 

determined by titration in MDCK cells, with daily observation of cytopathic effect, and confirmed 105 

by hemagglutination assay. MDCK cells were routinely maintained in Dulbecco’s modified 106 

Eagle’s medium plus 10% FBS (Invitrogen). 107 

 108 

Influenza virus H1N1 was inactivated by UV with energy of 0.2 J or heat at 100°C for 15 min, and 109 

then incubated with NK cells at the indicated multiplicity of infection (MOI). After 1 hour of viral 110 
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 7 

adsorption, un-adsorbed virions were washed away by excess PBS. Mock-treated cells were 111 

treated in parallel except that the inactivated virions were not added. For HA treatment, NK cells 112 

were first incubated with recombinant A/New Caledonia/20/99 (H1N1) HA protein (Protein 113 

Sciences) with a cell density of 10 million per milliliter. After 2 hours, the culture was diluted by 114 

10 fold with the final concentration of HA protein as indicated. According to the manufacturer, HA 115 

is a full-length glycosylated recombinant protein with biological activity and tertiary structure 116 

(Protein Sciences).  117 

 118 

In some experiments, NK cells were pre-activated by stimulation with 500 U/ml recombinant 119 

human interleukin (IL)-2 (Invitrogen) as previously described (57). For HA immobilization, six 120 

well plates were coated with HA protein or BSA as mock overnight. The plates were carefully 121 

washed to remove the unbound protein and then incubated with NK cells. Cells were cultured for 122 

24 hours. To determine whether HA binding of NK cells was dependent on sialic acid, the cells 123 

were first treated with Arthrobacter ureafaciens sialidase (Sigma) for 30 min and then extensively 124 

washed prior to the treatment as previously described (57). In some experiments, NK cells were 125 

pre-incubated with 1 µM filomycin, or with 30 µM E-64 and 100 µM pepstatin A (Calbiochem) 126 

for 30 min prior to HA treatment. The agents were present during the whole process (17, 76). 127 

 128 

Flow cytometry. The following monoclonal antibodies were used in this study: anti-CD56 129 
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 8 

(NCAM16.2), anti-CD3 (UCHT1), anti-NKp46 (9E2), anti-CD69 (FN50), anti-perforin (G9), 130 

anti-granzyme B (GB11), anti-CD107a (H4A3), anti-phospho-Syk (pY348) and 131 

anti-phospho-ERK1/2 (T202/Y204) (all from BD Biosciences), anti-NKp46 (9E2), anti-NKp30 132 

(p30-15) and anti-CD3- (6B10.2) (all from BioLegend), anti-NKp46 (BAB281; Beckman Coulter) 133 

and anti-CD3- (6B10.2; Santa Cruz). For surface staining, NK cells were stained with specific 134 

antibody. For intracellular staining, cells were fixed, permeabilized and then labeled with the 135 

indicated antibodies. To avoid non-specific staining, cells were pre-incubated with FcR blocking 136 

reagent (Miltenyi Biotec) prior to specific staining. NK cell apoptosis were determined with the 137 

Annexin V-FITC kit according to the instruction (Beckman Coulter). All data were acquired on a 138 

BD FACSAria with FACS Diva (BD Biosciences) and analyzed using FlowJo software (Tree Star, 139 

Inc.). 140 

 141 

To examine phospho-kinase expression, after incubated with HA for 24 hours, NK cells were 142 

collected and stimulated with or without K562 cells for 5 minutes. Cells were then fixed by Fix 143 

Buffer I, permeabilized by Perm Buffer III (both from BD Biosciences), and stained for 144 

phospho-Syk or phospho-extracellular signal-regulated kinase (ERK). Samples were analyzed for 145 

the percentage of phospho-kinase-positive population in NK cells by flow cytometry. The increase 146 

in percentage of phospho-kinase expression in stimulated NK cells relative to resting cells was 147 

calculated. 148 
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 149 

Cytotoxicity assay. The treated NK cells were collected and determined for their cytotoxicity with 150 

LIVE/DEAD Cell-Mediated Cytotoxicity Kit (Molecular Probes) as previously reported (75, 82). 151 

Briefly, target cells were stained with DioC18, and then co-cultured with NK cells at specific 152 

effector cell/target cell (E/T) ratio in the presence of propidium iodide (PI) for 2 hours. After 153 

incubation, the cytotoxicity was analyzed by flow cytometry and calculated as the percentage of 154 

Dio+PI+ cells out of total Dio+ cells. In the case of virus-infected cells as target cells, THP-1 155 

macrophages were infected with H1N1 virus. Infection of the THP-1 cells was essentially the same 156 

as that of monocyte-derived macrophages described in our previous study (66, 83). For the 157 

redirected cytotoxicity assay, murine FcR-positive P815 cells were first incubated with 158 

anti-NKp46 or anti-NKp30 monoclonal antibody, and then co-cultured with NK cells to assay cell 159 

cytotoxicity (71, 77). 160 

 161 

Statistical analysis. Data were expressed as mean ± SEM. Statistical analysis was performed by 162 

Student’s t test or one-way analysis of variance (ANOVA) with Tukey multiple-comparison test 163 

using Prism 5 (GraphPad Software). A P of <0.05 was considered significant. 164 
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 10

RESULTS 165 

Influenza virion inhibits primary human NK cell cytotoxicity 166 

We first determined whether influenza virus could modulate NK cell activity. Since the live virus 167 

can directly infect and kill NK cells (57), the effects of inactivated virus on NK cell activity were 168 

studied in order to exclude the effects of direct infection-induced apoptosis. Freshly isolated 169 

primary human NK cells were incubated with inactivated virus at the indicated MOI for 1 hour, 170 

washed and then cultured for 24 hours. NK cells were collected and determined for their 171 

cytotoxicity against K562 target cells. As shown in Fig. 1A, the virion inactivated by heat at 100°C 172 

did not reduce NK cell cytotoxicity; however, UV-inactivated influenza virion inhibited NK cell 173 

cytotoxicity in a dose-dependent manner. The virion at a MOI of 2 reduced NK cytotoxicity by 174 

about a half (Fig. 1B). 175 

 176 

The reduced NK cell cytotoxicity was not due to NK cell death, as both the UV- and 177 

heat-inactivated virions did not induce NK cell apoptosis (Fig. 1C). Consistent with previous 178 

report (77), we found that NKp44 was absent on fresh NK cells (data not shown). NKp46 is the 179 

major lysis receptor for fresh NK cells and plays a central role in the cell cytotoxicity (70, 71). 180 

Thus, we examined NKp46 expression on NK cells and found that NKp46 expression was not 181 

altered by the inactivated influenza virions (Fig. 1D). 182 

 183 
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 11 

Influenza HA binds NK cells through the sialic acid 184 

Since UV does not alter viral proteins of fusion activity while 100°C heat-treatment denatures HA 185 

protein (15), we were prompted to investigate the regulation of NK cell activity by free HA protein. 186 

The interaction of HA and NK cells was first determined. After incubation with influenza HA, NK 187 

cells were stained by anti-HA antibody. Flow cytometry analysis showed that HA bound to NK 188 

cell surface (Fig. 2A), which is consistent with previous reports (5, 56). Intracellular staining also 189 

demonstrated the presence of HA in NK cells (Fig. 2A). 190 

 191 

Influenza virus infection and entry into target cells are mediated through the sialic acid on cell 192 

surface. Upon viral HA binding to the sialic acid, the virus is internalized by receptor-mediated 193 

endocytosis. We then examined the role of sialic acid in the free HA protein binding of NK cells 194 

by treating cells with the sialidase. As shown in Fig. 2B, the expressions of both surface and 195 

intracellular HA were significantly decreased by sialidase treatment. These data suggested that the 196 

free HA binding and internalization into NK cells were also mediated through the sialic acid. The 197 

viability of NK cells was not affected by sialidase treatment as previously described (57).  198 

 199 

Influenza HA inhibits primary NK cell cytotoxicity 200 

The effect of HA protein on NK cell activity was next examined. After incubation with HA at the 201 

indicated concentration for 24 hours, NK cells were collected and determined for their cytotoxicity 202 
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 12

against K562 cells. Like the inactivated influenza virion, HA also inhibited NK cell cytotoxicity in 203 

a dose-dependent manner (Fig. 3A). In addition, we determined the time span required for the 204 

inhibition of NK cells. As shown in Fig. 3B, a significant decrease in NK cell cytotoxicity was 205 

already observed at 6 hours post HA treatment. NK cells have been reported to be capable of 206 

killing influenza virus-infected cells (56). Then we further examined the effect of HA on NK cell 207 

cytotoxicity against virus-infected cells. Macrophages are susceptible to influenza virus infection, 208 

and the inflammation produced from these cells is associated with the immunopathogenesis of 209 

influenza (20, 66, 83); thus macrophages were selected as target cells here. The THP-1 210 

macrophages were infected with influenza virus, and then co-cultured with HA-treated NK cells to 211 

examine NK cell cytotoxicity. As shown in Fig. 3C, HA-treated NK cells showed significantly 212 

lower cytotoxicity against influenza virus-infected macrophages than mock-treated cells. 213 

 214 

We further determined whether the cytotoxicity of activated NK cells could be modulated by HA. 215 

The activated NK cells were obtained by stimulation with recombinant IL-2 as previously 216 

described (57), and expressed the activation marker CD69 on the cell surface (Fig. 3D). After 217 

incubation with HA protein, the activated cells showed the presence of HA both on cell surface 218 

and within cells by surface and intracellular staining (Fig. 3D). Then the effect of HA on cell 219 

cytotoxicity was examined. As shown in Fig. 3E, HA-treated activated NK cells had a significantly 220 

lower cytotoxicity than mock-treated cells. Taken together, these data indicated that HA protein 221 
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 13

inhibited the cytotoxicity of both fresh and IL-2-activated primary human NK cells. 222 

 223 

Influenza HA inhibits granule exocytosis of NK cells upon target cell stimulation 224 

We next investigated the mechanisms underlying the reduced NK cell killing by HA protein. As 225 

with inactivated virions, HA did not increase NK cell apoptosis (Fig. 4A). The possibility that the 226 

reduced killing was due to the masking of NKp46 by HA was excluded by using immobilized HA. 227 

The plate was pre-coated with HA and unbound protein was washed away. NK cells were then 228 

incubated in this plate. After 24 hours, the cells were collected and examined for their cytotoxicity. 229 

As shown in Fig. 4B, the immobilized HA also decreased NK cell cytotoxicity in a dose-dependent 230 

manner. In addition, by staining with anti-NKp46 monoclonal antibodies 9E2 and BAB281, both 231 

of which inhibit NK cell cytotoxicity by masking NKp46 binding of its ligand on target cells (30, 232 

64), we showed that HA-treated NK cells still had similar NKp46 expression as did mock treated 233 

cells (Fig. 4C). Therefore, mechanisms other than masking led to the reduced NK cell cytotoxicity 234 

by HA. 235 

 236 

NK cell cytotoxicity is usually mediated by the complementary action of cytolytic granules, 237 

including granzymes and perforin (41, 55). Although the granules are constitutively expressed in 238 

the secretory lysosomes; upon target cell stimulation, they must fuse with cell membrane, allowing 239 

the release of perforin and enzymes (granule exocytosis) to exert the killing (13, 25). CD107a is a 240 
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lysosomal membrane protein, and redistributes to the cell surface upon granule exocytosis. Thus, 241 

surface expression of CD107a is used as a marker for exocytosis of NK cells (3, 12, 13). We 242 

therefore determined whether these events were involved in the inhibition of NK cell cytotoxicity. 243 

Although HA did not alter the expression levels of intracellular perforin and granzyme B (Fig. 4D); 244 

upon target cell stimulation, HA-treated NK cells showed significantly lower surface expression of 245 

CD107a than mock-treated cells (Fig. 4E), indicating that influenza HA inhibited granule 246 

exocytosis of NK cells. 247 

 248 

Influenza HA down-regulates  chain of NK cells through lysosomal pathway 249 

The killing of K562 cells by fresh human NK cells is mainly mediated by NKp46 receptor (59, 70, 250 

71), in order to define the specificity of the effect of HA on NK cell activity, we further examined 251 

the redirected cytotoxicity of NK cells, which is induced by the monoclonal antibody against a 252 

specific receptor and therefore reflects the specific receptor-mediated cytotoxicity. Murine 253 

FcR-positive P815 cells were first incubated with anti-NKp46 monoclonal antibody, and then 254 

co-cultured with NK cells to determine the cell cytotoxicity. As shown in Fig. 5A, anti-NKp46 255 

antibody induced marked lysis against P815 cells by mock NK cells. However, HA treatment of 256 

NK cells significantly inhibited their redirected lysis induced by anti-NKp46 antibody. As a 257 

control, anti-CD56 monoclonal antibody did not induce redirected lysis of NK cells against P815 258 

cells (Fig. 5B). 259 
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 260 

NKp46 is a member of the immunoglobulin superfamily, whose intracellular region does not 261 

contain immunoreceptor tyrosine-based activation motifs. It couples with  chain to transduce 262 

activating signals upon NK cell stimulation (64, 77). We therefore determined whether  chain 263 

expression in NK cells was altered by HA treatment. As shown in Fig. 5C and D, flow cytometry 264 

analysis demonstrated that the intracellular expression of  chain in HA-treated NK cells was 265 

significantly lower than that in mock-treated cells at 24 hours post HA treatment. In addition, the 266 

expression of  chain was also reduced at 6 hours post HA treatment (Fig. 5E), which was in 267 

parallel with the decrease of NK cell cytotoxicity at that time point (Fig. 3B). 268 

 269 

Although HA does not recognize NKp30 (6) as a natural cytotoxicity receptor, NKp30 also 270 

transduces signals through the association with  chain (9, 63). We therefore hypothesized that the 271 

down-regulation of  chain by HA would also impair NKp30-specific activity. The HA-treated NK 272 

cells were then determined for NKp30-induced lysis against P815 cells. As expected, HA 273 

treatment of NK cells significantly inhibited their redirected cytotoxicity induced by anti-NKp30 274 

antibody (Fig. 5F). Similar to NKp46, the expression of NKp30 on cell surface was not altered by 275 

HA (Fig. 5G).  276 

 277 

As many receptors undergo ligand-induced endocytosis followed by recycling or degradation, we 278 

 at U
N

IV
 O

F
 H

O
N

G
 K

O
N

G
 on F

ebruary 23, 2010 
jvi.asm

.org
D

ow
nloaded from

 

http://jvi.asm.org


 16

further determined the fate of  chain. It was reported that the acidic luminal environment is 279 

important for the activation of endolysosomal enzymes and proteolysis (65). The vacuolar type 280 

H+-ATPase inhibitor filomycin increases endolysosomal pH and affects the protease activity, 281 

leading to impaired protein degradation (28, 67, 81). Then we first determined the effect of 282 

filomycin on the  chain expression. NK cells were cultured with HA in the presence or absence of 283 

this reagent. After 24 hours, the intracellular expression of  chain was analyzed. As shown in Fig. 284 

5H, HA-induced down-regulation of  chain was fully restored by incubation with the H+-ATPase 285 

inhibitor. In addition, the inhibitors of lysosomal protease also partially rescued the  chain 286 

down-regulation (Fig. 5I). Therefore, these data indicated that HA induced  chain degradation 287 

through the lysosomal pathway. 288 

 289 

The correlation of HA binding,  chain expression and NK cell cytotoxicity 290 

Our present data demonstrated that HA bound to NK cells and induced the down-regulation of  291 

chain, which led to the inhibition of the specific cytotoxicity of NK cells. To define the correlation 292 

among them, NK cells were cultured with HA at serial concentrations, and then determined for HA 293 

presence,  chain expression and NKp46-induced cytotoxicity. As shown in Fig. 6A, with the 294 

increase of HA concentration, the binding of HA to NK cell surface increased. The intracellular 295 

presence of HA in NK cells was also increased. Correspondingly, the  chain expression and 296 

redirected cytotoxicity of NK cells induced by anti-NKp46 were decreased in a dose-dependent 297 
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manner (Fig. 6B and C). Therefore, the more HA binding, the more down-regulation of  chain, 298 

and the more inhibition of NK cell cytotoxicity. 299 

 300 

Influenza HA inhibits Syk and ERK phosphorylation induced by target cell stimulation 301 

The development of NK cell cytotoxicity against target cells is a multiple-step process. Upon 302 

target cell stimulation, the activating signaling event in NK cells leads to a cascade of kinase 303 

activation and final exocytosis of cytolytic granules, resulting in the killing of target cells (38, 47, 304 

49). During the process, Syk activation via tyrosine phosphorylation is an early and required 305 

signaling event (11). It leads to the activation of downstream signaling pathways through 306 

phosphorylation of signaling proteins, among which, ERK is one such member and its activation 307 

plays a crucial role and is required for the polarization of cytolytic granules and therefore NK cell 308 

cytotoxicity (19, 38, 73, 78). To detail the mechanisms underlying the reduced NK cell 309 

cytotoxicity by HA, we explored the signaling pathway by flow cytometry. Following target cell 310 

stimulation, HA-treated NK cells lost the increase of Syk phosphorylation that was observed in 311 

mock-treated cells (Fig. 7A and C). Correspondingly, HA-treated NK cells also showed 312 

significantly lower ERK phosphorylation than mock-treated cells (Fig. 7B and D). 313 
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DISCUSSION 314 

At the early phase of viral infections, NK cells respond to eliminate the invading viruses. For their 315 

survival, viruses have developed numerous strategies to evade NK cell immunity (42, 53, 62, 68). 316 

In this study, we demonstrated for the first time that both the intact influenza virions and free viral 317 

HA markedly inhibited the natural and specific receptor-redirected cytotoxicity of primary human 318 

NK cells. These findings suggest that influenza virus may have developed a novel strategy to 319 

evade NK cell innate immune defense which is likely to facilitate viral transmission and may also 320 

contribute to virus pathogenesis. 321 

 322 

Previous studies have demonstrated that NK cells are involved in host defenses against influenza 323 

virus infection. Virus infected accessory cells including epithelial cells, dendritic cells and 324 

macrophages, and even T cells induce NK cell activation. The activated NK cells, in turn, kill virus 325 

infected cells (27, 39, 72). However, the activation of NK cells is dependent on the cytokines 326 

released from infected cells, as well as the interaction between NK cell receptors (NKG2D and 327 

NKp46) and the corresponding ligands expressed on the surface of infected accessory cells. 328 

Among the cytokines, interferon  is responsible for enhanced NK cytotoxicity (27, 39, 69). In 329 

order to dissect the direct effects of influenza virus on NK cells, purified primary human NK cells 330 

were used in this study to exclude the effects of accessory cells. 331 

 332 
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In response to the pressure of NK cells, influenza virus has developed evasion strategies to counter 333 

their functions, such as direct infection of NK cells, induction of cell apoptosis (37, 57), and the 334 

increase in the binding of NK inhibitory receptors to infected cells for the inhibition of NK cell 335 

cytotoxicity (1). Although NK cell cytotoxicity was increased at two days after influenza infection 336 

in mice, the virus was present in the host until almost one week, suggesting that in vivo NK cell 337 

cytotoxicity may be impaired during virus infection. The fact that NK cell activity was decreased 338 

with a virus dose-dependent pattern following a transient increase after virus infection in mice 339 

further suggested the evasion of NK cell function by influenza virus (24, 61). Contradictory results 340 

have been reported for the effects of influenza virus on NK cell activity (increased or decreased 341 

cytotoxicity) in studies which used peripheral blood mononuclear cells, but not purified NK cells 342 

(2, 7). Then the outcome would reflect the sum of the effect of accessory cells as discussed above 343 

and that of virus itself directly on NK cells. In this study, by using the purified primary human NK 344 

cells, we demonstrated that both the intact virion and HA protein inhibited NK cell cytotoxicity. In 345 

addition, the inhibition was virus dose-dependent, compatible with the in vivo findings (24). 346 

Therefore our data provide the evidence that influenza virus directly acts on NK cells to modulate 347 

their activity.  348 

 349 

Previous study reported that NKp46 recognition of surface HA on influenza virus-infected cells 350 

was involved in NK cell killing of infected cells. However, it is unclear whether the interaction of 351 
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NKp46 with cell surface HA is sufficient for triggering lysis (6, 56). The receptors other than 352 

natural cytotoxicity receptor and non-viral ligands altered by the infection would be important in 353 

regulating NK cell lysis of influenza virus-infected cells (6, 56, 72). Virally induced changes in the 354 

expressions of lymphocyte function-associated antigen-3, transferrin receptor and intracellular 355 

adhesion molecule-1 on cell surface have been reported to contribute to the lysis of virus infected 356 

cells by NK cells (29, 33, 54). Indeed, NK cell killing is mediated by the integration of signals 357 

from activating and inhibitory receptors, as well as various adhesion and co-stimulatory molecules 358 

(13, 46). A critical threshold of signaling must be achieved for NK cells to mount a productive 359 

response (13, 14, 47). 360 

 361 

In this study, we demonstrated that influenza virion and HA protein alone markedly inhibited the 362 

cytotoxicity of both fresh and IL-2-activated human NK cells. In addition, viral HA not only 363 

inhibited the natural cytotoxicity of NK cells, but also decreased specific redirected lysis induced 364 

by NKp46. This inhibition was not due to NK cell apoptosis, as both the inactivated virion and HA 365 

did not increase NK cell death. Neither was this inhibition caused by the masking of NKp46 by 366 

HA, as evidenced by the fact that the immobilized HA also inhibited NK cell cytotoxicity. NKp46 367 

associates with  chain to transduce signals (77). Upon target cell simulation, activation of the  368 

chain initiates a cascade signaling pathway, resulting in the final cytotoxicity (11, 49, 73). Here we 369 

found that HA bound to NK cells, which led to the down-regulation of  chain in NK cells. 370 
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Correspondingly, upon target cell stimulation, HA-treated NK cells showed significantly lower 371 

activation of Syk and ERK, resulting in decreased granule exocytosis and, finally reduced NK cell 372 

cytotoxicity, compared to mock-treated cells. Although the enhanced cell apoptosis induced by 373 

virus infection (37, 57) could partly contribute to the decreased NK cell activity (24, 37), our 374 

present findings of the down-regulation of  chain induced by HA would provide a specific 375 

underlying mechanism to account for the specific inhibition of NK cell cytotoxicity. 376 

 377 

It is interesting that influenza HA induced  chain down-regulation in NK cells. Indeed, the 378 

down-regulation of  chain was frequently described for T cells in cancer, infection and 379 

autoimmune disorders, associated with impaired cell function (8, 10). For NK cells, the  chain 380 

down-regulation has been reported in patients with a variety of cancers, which was related with the 381 

cell dysfunction (21, 44, 45, 58, 60). NK cells from HIV-infected patients also showed 382 

considerably lower level of  chain and decreased cytotoxicity (34). Here we found that influenza 383 

HA induced the down-regulation of  chain, which was shown to be mediated through lysosomal 384 

pathway. We further demonstrated the correlation among HA binding,  chain expression and NK 385 

cell cytotoxicity. Like NKp46, NKp30 is a natural cytotoxicity receptor and associates with  386 

chain to transduce activating signals (9, 63). Influenza HA does not recognize NKp30 (6), and was 387 

also shown here not to change NKp30 expression on NK cells; however, due to the 388 

down-regulation of  chain by HA, as expected, HA-treated NK cells presented a significantly 389 
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decreased redirected lysis induced by anti-NKp30 antibody  390 

 391 

Indeed, virus-mediated inhibition of NK activating receptor function is an important NK 392 

immunoevasion strategy, and has been commonly reported in cancer and virus infections (42, 62). 393 

Although the ligand engagement by NKG2D leads to NK cell killing of target cells, tumor-derived 394 

free MHC class I chain-related molecule impaired NK cytotoxicity through the recognition of 395 

NKG2D as a tumor immunoevasion mechanism (36). In virus infection, an orthopoxvirus protein 396 

was reported to inhibit NKG2D-dependent NK cell killing via binding to NKG2D (16). Human 397 

CMV pp65 protein is one of the two currently known ligands for natural cytotoxicity receptors, 398 

and was also demonstrated to inhibit NK cell cytotoxicity via binding NKp30 activating receptor, 399 

acting as a NK evasion mechanism (4). Previous data showed that an envelope protein of hepatitis 400 

C virus inhibited NK cell activity (23, 74), while the whole virion did not alter the cell function 401 

(80). Investigating the direct effects of influenza virus on NK cells, we demonstrated here the 402 

identical impact of UV-inactivated influenza virus particle and viral HA protein. Live influenza 403 

virus induces NK cell apoptosis and reduces cell cytotoxicity (57), while the inactivated intact 404 

virion and HA inhibited primary human NK cell cytotoxicity. Therefore, considering the constant 405 

battle and co-evolution between viruses and NK cells, we speculate that our findings here may 406 

represent a novel strategy of influenza virus to evade NK cell immunity. 407 

 408 
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The contest between NK cells and invading viruses is crucial in determining the outcome of an 409 

acute viral infection (62, 68). Here, we revealed a novel NK cell immunoevasion mechanism of 410 

influenza virus. This viral evasion strategy will allow the virus to replicate to high titers necessary 411 

for successful transmission to new hosts before the onset of specific immune responses (42). Such 412 

an innate immune evasion strategy is particularly beneficial for virus transmission and may also 413 

contribute to virus pathogenesis (31, 42, 43). With the looming threat of current H1N1 influenza 414 

virus pandemic, a full investigation of the interaction of influenza viruses and NK cells is 415 

important for better understanding influenza pathogenesis and for developing more effective 416 

prophylaxis and treatment of this disease. 417 

 418 
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Figure legends 667 

Figure 1. Influenza virion inhibits primary human NK cell cytotoxicity 668 

Influenza H1N1 virus was inactivated by UV or heat at 100°C. Fresh primary human NK cells 669 

were treated with the inactivated virus at a MOI of 2 (A, C and D) or the indicated MOI (B) for 1 670 

hour, extensively washed and then cultured for 24 hours. (A and B) NK cells were collected and 671 

examined for their cytotoxicity against K562 cells. Samples were analyzed by flow cytometry for 672 

the percentage of specific lysis. (C and D) After treated by inactivated influenza virus, NK cells 673 

were examined by flow cytometry for annexin V binding and PI uptake (C) or surface NKp46 674 

expression (D). The data shown are mean ± SEM from 4 different donors. *P < 0.05, **P < 0.01, 675 

***P < 0.001. Images are representatives of at least three independent experiments. 676 

 677 

Figure 2. Influenza HA binds NK cells through the sialic acid 678 

(A) Fresh primary human NK cells were incubated with or without 1µg/ml recombinant HA for 6 679 

hours. The cells were stained for surface HA binding (left), or fixed, permeabilized for intracellular 680 

staining of HA (right). Samples were analyzed by flow cytometry. (B) NK cells were pretreated 681 

with 0.5 U/ml Arthrobacter ureafaciens sialidase for 30 min at 37°C, extensively washed, and then 682 

treated with 1µg/ml recombinant HA protein. After 6 hours, samples were examined by flow 683 

cytometry for the presence of surface or intracellular HA. Images are representatives of samples 684 

from 3 independent experiments. 685 
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 686 

Figure 3. Influenza HA inhibits primary NK cell cytotoxicity 687 

(A) After treated with HA at the indicated concentration for 24 hours, NK cells were collected and 688 

analyzed for their cytotoxicity against K562 cells at an E/T ratio of 20:1. Samples were analyzed 689 

by flow cytometry for the percentage of specific lysis. (B) NK cells were treated with 1µg/ml HA 690 

for 6 or 24 hours, and then determined for their cytotoxicity. (C) NK cells were treated with (HA) 691 

or without (Mock) 1µg/ml HA for 24 hours. The cells were collected and determined for the 692 

cytotoxicity against influenza virus-infected THP-1 macrophages at the indicated E/T ratios. (D) 693 

IL-2-activated NK cells were examined for the expression of CD69 on cell surface. After treated 694 

with 1µg/ml HA for 6 hours, the IL-2-activated NK cells were examined by flow cytometry for the 695 

presence of surface or intracellular HA. (E) Activated NK cells were incubated with 1µg/ml HA. 696 

After 24 hours, the cells were collected and determined for their cytotoxicity against K562 cells at 697 

an E/T ratio of 10:1. The data shown are mean ± SEM from 4 different donors. *P < 0.05, **P < 698 

0.01, ***P < 0.001. 699 

 700 

Figure 4. Influenza HA inhibits granule exocytosis of NK cells upon target cell stimulation 701 

(A) After treated with or without 1µg/ml influenza HA for 24 hours, NK cells were examined by 702 

flow cytometry for annexin V binding and PI uptake. (B) Six well plates pre-coated with HA 703 

protein were incubated with NK cells for 24 hours. Cells were collected and examined for the 704 
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cytotoxicity against K562 cells at an E/T ratio of 20:1. Samples were analyzed by flow cytometry 705 

for the percentage of specific lysis. (C-E) Primary NK cells were treated with (HA) or without 706 

(Mock) 1µg/ml HA for 24 hours. The cells were examined for the expressions of surface NKp46 707 

with two antibody clones 9E2 and BAB281 (C) and of intracellular perforin and granzyme B (D) 708 

by flow cytometry. (E) The treated NK cells were collected and co-cultured with K562 cells in the 709 

presence of anti-CD107a antibody for 2 hours. Surface expression of CD107a on NK cells were 710 

then analyzed by flow cytometry. The data shown are mean ± SEM from 4 different donors. *P < 711 

0.05, **P < 0.01, ***P < 0.001. 712 

 713 

Figure 5. Influenza HA down-regulates  chain of NK cells through lysosomal pathway 714 

(A-D) Primary NK cells were treated with or without 1µg/ml HA for 24 hours. The cells were 715 

collected and then determined for their redirected lysis against P815 cells in the presence of 716 

anti-NKp46 (A), anti-CD56 (B) or isotype control antibody (A, B) at the indicated E/T ratios (A) 717 

or an E/T ratio of 30:1 (B), and for the intracellular expression of  chain (C) with mean 718 

fluorescence intensity (MFI) being determined (D). (E) After incubation with or without 1µg/ml 719 

HA for 6 or 24 hours, the cells were fixed, permeabilized and examined for  chain expression by 720 

flow cytometry. (F, G) NK cells were treated with or without 1µg/ml HA for 24 hours. The cells 721 

were then determined for their redirected lysis against P815 cells in the presence of anti-NKp30 or 722 

isotype control antibody at the indicated E/T ratios (F), and for the expression of NKp30 on cell 723 
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surface (G). (H, I) After treated with or without filomycin, or E-64 and pepstatin A (EP) for 30 min, 724 

NK cells were incubated or not with 1µg/ml H1N1 HA in the presence or absence of these 725 

reagents for 24 hours. Cells were fixed, permeabilized and determined for  chain expression by 726 

flow cytometry, and the MFI was determined. The data shown are mean ± SEM from 4 different 727 

donors. *P < 0.05, **P < 0.01. 728 

 729 

Figure 6. The correlation of HA binding,  chain expression and NK cell cytotoxicity 730 

Primary NK cells were treated with HA at the indicated concentrations for 24 hours. The cells 731 

were collected and examined for the presence of surface and intracellular HA (A), and for the 732 

intracellular expression of  chain (B). The treated NK cells were also determined for their 733 

redirected cytotoxicity against P815 cells in the presence of anti-NKp46 antibody at an E/T ratio of 734 

30:1. Samples were analyzed by flow cytometry for the percentage of specific lysis (C). The data 735 

shown are mean ± SEM from 4 different donors. *P < 0.05, ***P < 0.001. 736 

 737 

Figure 7. Influenza HA inhibits Syk and ERK phosphorylation induced by target cell 738 

stimulation 739 

Primary NK cells were treated with (HA) or without (Mock) 1µg/ml HA for 24 hours. The cells 740 

were collected and co-cultured with (stimulation) or without (resting) K562 cells at a ratio of 1:1 741 

for 5 min. NK cells were then examined by flow cytometry for the expression of intracellular 742 
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phospho-Syk (A and C) or phospho-ERK (B and D). The increase in the percentage of 743 

phospho-kinase expression in stimulated NK cells relative to resting cells was calculated. Flow 744 

figures are representatives of samples from 4 independent experiments. The data shown are mean 745 

± SEM from 4 different donors. *P < 0.05, **P < 0.01. 746 
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