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The interaction of influenza H5N1 viral hemagglutinin with
sialic acid receptors leads to the activation of human cd T
cells

Yanlai Lu, Zhen Li, Chi Ma, Hao Wang, Jing Zheng, Lianxian Cui and Wei He

Highly pathogenic avian influenza H5N1 epidemics are a significant public health hazard. Genetically engineered H5N1

viruses with mammalian transmission activity highlight the potential risk of a human influenza H5N1 pandemic.

Understanding the underlying principles of the innate immune system in response to influenza H5N1 viruses will lead to

improved prevention and control of these potentially deadly viruses. cd T cells act as the first line of defense against

microbial infection and help initiate adaptive immune responses during the early stages of viral infection. In this study, we

investigated the molecular mechanisms of cd T cells in response to influenza H5N1 viral infection. We found that

recombinant hemagglutinin (rHA) derived from three different strains of influenza H5N1 viruses elicited the activation of

cd T cells cultured in peripheral blood mononuclear cells (PBMCs). Both the cell surface expression of CD69, an early

activation marker on cd T cells, and the production of interferon-c (IFN-c) were significantly increased. Notably, the rHA

protein-induced cd T-cell activation was not mediated by TCRcd, NKG2D or pattern recognition receptors (PRRs) or

NKp46 receptors. The interaction of rHA proteins with sialic acid receptors may play a critical role in cd T-cell activation.

Our data may provide insight into the mechanisms underlying cd T-cell activation in response to infection with H5N1

viruses.
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INTRODUCTION

Because of the high mortality in poultry and several outbreaks

of influenza in China caused by H5N1 viruses transmitted to

humans directly from poultry, highly pathogenic avian influ-

enza H5N1 epidemics are a significant public health hazard.1–3

Two recent studies demonstrated that engineered H5N1

viruses could move between mammals, further emphasizing

the risk of a human influenza H5N1 pandemic.4,5 Therefore,

understanding the pathogenicity, immunogenicity and trans-

missibility of H5N1 viruses is imperative. The disease pheno-

types of H5N1 viruses are associated with mutations in the

hemagglutinin (HA) gene, which encodes the most important

protein in the influenza viral particle.6 Frequent mutation of

HA is a major mechanism of viral escape.7,8 HA is essential for

triggering the host immune response to viral influenza infec-

tion for the production of neutralizing antibodies.9,11

Therefore, understanding the immunogenicity of the H5N1

viral HA proteins is highly important for the development of

immune therapeutics against influenza H5N1 viral infection.

cd T cells are innate-like T cells that act as the first line of

defense against microbial infection and help initiate adaptive

immune responses during the early stages of viral infection.12–14

Recent studies demonstrated that cd T cells can kill both

human and avian influenza virus-infected monocyte-derived

macrophages.15,16 cd T cells from human peripheral blood

mononuclear cells (PBMCs) can be activated by influenza A

infection.17 Human Vc9d2 T cells express both type 1 cytokines

and chemokine receptors in response to influenza A virus

infection and display cytolytic activity against pandemic

H1N1 virus-infected cells.15 These findings suggest that cd T

cells play critical roles in the host defense against influenza

infection. However, little is known regarding the mechanisms
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underlying the activation of cd T cells in response to viral

influenza infection.

In this study, we investigated the molecular mechanisms of

cd T-cell activation in response to H5N1 viral infection. The

results showed that recombinant HA (rHA) proteins derived

from different H5N1 strains activated human cdT cells in

PBMCs. As a result, CD69 expression and interferon-c (IFN-

c) secretion were significantly increased. We found that cd T-

cell activation is not dependent on TCRcd, NKG2D or pattern

recognition receptors (PRRs), such as Toll-like receptor 2

(TLR2), TLR3, TLR4 and Nkp46. Sialic acid receptors may play

critical roles in mediating cd T- cell activation in response to

influenza H5N1 virus infection.

MATERIALS AND METHODS

Expression of rHA proteins

rHA proteins were expressed and purified using a baculovirus/

insect cell system (Invitrogen, BD Biosciences, San Diego, CA,

USA) as described previously.18,19 Briefly, HA ectodomain DNA

fragments from three H5N1 strains were cloned into the transfer

vector PacGP67b (BD Biosciences, San Diego, CA, USA) and co-

transfected with linearized baculovirus DNA into Sf-9 cells for

the production of recombinant baculoviruses containing the HA

genes. The transfected Sf-9 cells were cultured at 27 uC in Sf-900

II SFM for 4 h before replacement with fresh medium. The viral

supernatant was collected at 72 h post-infection and incubated

on a Ni1 column (GE Healthcare, Pittsburgh, PA, USA) for the

purification of rHA proteins with a 6-His tag at the C-terminus.

A western blot was performed with either anti-His antibodies or

anti-HA antibodies to identify the rHA proteins.

Isolation of human PBMCs and cd T cells

Fresh PBMCs were isolated from adult healthy donors by Ficoll-

Hypaque (Pharmacia, TBD, Tianjin, China) density gradient

centrifugation as described previously.20 The PBMCs were cul-

tured and maintained in RPMI-1640 medium (Gibco BRL,

Gibco, Gaithersburgh, MD, USA) with 10% fetal calf serum.

The cd T cells were purified by negative selection using a

TCRcd T-cell isolation kit (Miltenyi Biotec, Miltenyi, Bergisch

Gladbach, Germany) in accordance with the manufacturer’s

instructions.

Flow cytometry analysis

Cultured or freshly isolated human PBMCs were resuspended in

phosphate-buffered saline (PBS) containing 1% bovine serum

albumin. For cell surface marker staining, the cells were incubated

with FITC-, PE- and APC-conjugated monoclonal antibodies or

isotype control antibodies for 20 min at 4 uC. For intracellular IFN-

c staining, the cells were stimulated with rHA or control proteins in

the presence of Brefeldin A Solution (BioLegend, San Diego, CA,

USA) for 6 h before fixation and permeabilization according to the

manufacturer’s instructions. The cells were then stained with cyto-

kine specific antibodies. The following antibodies were used:

FITC-anti-human TCR Pancd (IMMU510) from Immunotech,

PE-anti-NKG2D (1D11), FITC-anti-NKp46 (9E2), APC-anti-

CD69 (FN50), PE-anti-CD25 (BC96), PE-anti-TLR2 (TL2.1),

PE-anti-TLR3 (TLR-104), PE-anti-TLR4 (HTA125) and PE-

anti-IFN-c (B27) and the respective isotypes from Biolegend, as

well as SNA-FITC and MAA-FITC from Vector. The cells were

washed with PBS and fixed with methanol before analysis on an

Accuri C6 flow cytometer. The data are represented as the percent-

age positive or the mean fluorescence intensity.

Expression of the TCRc9/d2 (OT3)–Fc fusion protein

TCRc9/d2 (OT3)–Fc fusion proteins were expressed and puri-

fied by Sino Biological Inc. (Beijing, China). Briefly, the

TCRc9d2 (OT3)-Fc heterodimer was constructed by fusing

the extracellular domains of the c9 and d2 chains of TCRc9/

d2 (OT3) with the hinge region, CH2 and CH3 domains of the

human IgG1 H chain.

ELISA assay

TCRc9/d2 (OT3)–Fc fusion proteins (1 mg/well) were coated

onto polystyrene 96-well plates at 4 uC overnight. The plates

were blocked with 5% bovine serum albumin (Sigma) at 37uC
for 2 h before the addition of His-tagged rHAs (10 mg/ml),

control protein (10 mg/ml) or anti-TCRc/d mAb (5 mg/ml).

After 1 h of incubation at 37 uC, horseradish peroxidase-

conjugated anti-His mouse monoclonal antibodies (CWbiotech,

Beijing, China) or horseradish peroxidase-conjugated anti-mouse

IgG (Fab-specific) goat polyclonal antibodies (Sigma, St Louis,

MO, USA) were added to each well for color development with

OPD/H2O2. The reaction was halted by the addition of H2SO4.

The plates were read on a microplate reader (Labsystem, Thermo

Scientific, Waltham, MA, USA) at 450/630 nm.

Statistical analysis

The data are presented as the mean6s.e.m. Comparisons of the

quantitative data between two groups were performed using

Student’s t-test. A P value less than 0.05 was considered sta-

tistically significant.

RESULTS

The expression and identification of rHA proteins

HA is a major antigen on the surface of influenza viruses and is a

critical protein for inducing the majority of neutralizing anti-

bodies and for cross-protection against influenza viruses.21,22

HA is also the primary component of the currently licensed

influenza virus vaccines.23 Therefore, in this study, we used

rHA proteins to investigate the response of cd T cells to

H5N1 infection. The following HA genes from three H5N1

strains were obtained from Hong Kong University, China’s

Center for Disease Control and the Chinese Academy of

Sciences: A/Bar-headed Goose/Qinghai/2005 H5N1 HA (QH-

HA), A/Xinjiang/2006 H5N1 HA (XJ-HA) and A/Hongkong/

2003 H5N1 HA (HK-HA). The HA ectodomains are responsible

for the primary immunogenicity of the HAs and were expressed

using a baculovirus expression system and purified with an

AKTA chromatography system (Figure 1a and b). Western blot

analysis and Coomassie blue staining confirmed that the rHA

proteins were successfully expressed and purified (Figure 1c).

The hemagglutination test showed that the rHA proteins pos-

sessed hemagglutination activity (Figure 1d).
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rHA proteins trigger the activation of cd T cells in PBMCs in
vitro

Recent studies showed that influenza A infection can induce

the rapid activation of cd T cells in PBMCs.17 To determine

whether HA proteins from the H5N1 strains could induce cd
T-cell activation, PBMCs from healthy adults were incubated

with the rHAs from three different influenza A H5N1 strains,

A/Hongkong/2003 H5N1, A/Xinjiang/2006 H5N1 and A/

Bar-headed Goose/Qinghai/2005 H5N1, or the control pro-

tein. The cell surface expression of the C-type lectin-like gly-

coprotein CD69 on cd T cells was determined by flow

cytometry. CD69 is a sensitive and very early marker of leuko-

cyte activation.24,25 Following exposure to the different rHA

proteins from different strains, the percentages of CD691 cd T

cells reached approximately 60%–70%, representing a twofold

increase compared to the control (Figure 2a and b). The

expression of CD25 was also slightly upregulated following

stimulation with the rHA proteins (Figure 2a and c).

However, no obvious change was observed for the expression

of NKG2D on the surface of cd T cells after incubation with the

rHA proteins (Figure 2a and d).

The production of IFN-c is also an important index of T-cell

functional activation during viral infection. IFN-c plays a key

role in degrading antigens, inhibiting viral proliferation and

promoting the differentiation of lymphocytes. To determine

whether H5N1 viral HA proteins can rapidly induce the

production of IFN-c in cd T cell, intracellular IFN-c staining

was performed to detect the percentage of IFN-c-producing cd
T cells in PMBCs incubated with rHAs. As expected, flow cyto-

metry analysis showed that the H5N1 viral rHA (A/Bar-headed

Goose/Qinghai/2005 H5N1) stimulated the production of

IFN-c in cd T cells. The percentage of IFN-c-producing cd T

cells was increased nearly threefold after rHA stimulation com-

pared to the control (Figure 3a and b). Taken together, these

results demonstrate that human peripheral blood cd T cells are

activated by rHAs from the H5N1 strains.

rHAs directly bind to the surface of cd T cells

The finding that peripheral blood cd T cells are activated by

rHA stimulation led us to seek the underlying molecular mech-

anism. Therefore, we examined whether rHA proteins bind

directly to the surface of cdT cells. cdT cells were freshly sorted

from human PBMCs by flow cytometry and were incubated

with the three H5N1 rHA proteins or the control protein for

30 min at 4 uC. Flow cytometry showed that the majority of cd
T cells were HA-positive (Figure 4), suggesting that the rHA

proteins bind directly to the surface of cd T cells.

TCRcd and NKG2D are not necessary for rHA protein

recognition by cd T cells

TCRcd is the most important receptor on the surface of cd
T cells and is responsible for recognition of the majority of
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Figure 1 Expression of recombinant H5N1 HA proteins. (a) Representative images of Sf-9 cells before (left) and after (right) transfection of the
recombinant baculovirus. (b) The elution curve of rHA proteins from an AKTA affinity chromatography system. (c) Purified rHA proteins were
analyzed by western blot (left) with anti-HA antibodies and Coomassie blue staining of SDS–PAGE (right). M: protein marker. The arrows show the
locations of the rHA proteins. (d) Hemagglutination activity analysis of the rHA proteins. HA, hemagglutinin; rHA, recombinant hemagglutinin.
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antigen ligands, such as major histocompatibility complex class

I-related proteins A and B (MICA/B), phosphoantigens and

several glycoproteins and lipoproteins.26–31 Antigen recog-

nition by TCRcd is not major histocompatibility complex-

restricted and is more similar to an ‘antibody-like’ res-

ponse.32–35 Therefore, using a CDR3d grafted TCRc9/d2–Fc

fusion protein technology system, we constructed a TCRc9/

d2 (OT3)–Fc fusion protein to determine whether rHA binds

directly to TCRcd. TCRc9/d2 (OT3)–Fc has a similar stereo-

chemical structure to TCRcd, with an OT3 fragment at the

CDR3 region.36,37 We measured the binding activity of the

rHA proteins to TCRc9/d2 (OT3)–Fc fusion proteins by

ELISA. The results demonstrated that the three H5N1 strain

rHA proteins did not bind the TCRc9/d2 (OT3)–Fc fusion

protein (Figure 5a), indicating that rHA-induced cd T-cell

activation may be not mediated by TCRcd.

NKG2D is an important costimulatory receptor on cd T cells

and plays a critical role in antigen recognition and cytotoxicity

activation of cd T cells.14,38–42 Therefore, we examined whether

the binding of rHA proteins to NKG2D receptors mediates the

rHA-induced activation of cd T cells. As shown in Figure 5,

although the binding of the anti-NKG2D antibody to the surface

of cd T cells was efficient (Figure 5b and c), the anti-NKG2D

antibody did not block rHA binding to the cdT cells (Figure 5d),

suggesting that NKG2D is not necessary for the rHA-induced

activation of cd T cells. In addition, blocking with anti-TCRcd
antibodies did not change the median fluorescence intensity of

HA-binding to the cd T cells (Figure 5b–d), suggesting that

TCRcd may not mediate the binding of HAs with cd T cells.

cd T-cell activation is not mediated by PRRs during

influenza H5N1 infection

PRRs, including TLR2, TLR3 and TLR4, have been reported to

interact with the HA protein and elicit the activation of myeloid

dendritic cells or alveolar macrophages during influenza viral

infection.43–45 Therefore, we determined whether rHA-induced

cd T-cell activation is mediated by these receptors. We found

no surface expression of TLR2, TLR3 or TLR4 on cd T cells

(Figure 6a). On natural killer (NK) cells, NKp46 is hypothesized

to interact with the HA protein to mediate the activation of NK

cells in response to influenza infection.46 However, our results

indicated that NKp46 was not expressed on the surface of cd T

cells (Figure 6a). These findings suggest that cd T-cell activation

during viral influenza infection is not mediated by these receptors.

Sialic acid receptors mediate HA binding to human cd T cells

Sialic acid receptors on the surface of host cells play a critical

role in the binding of influenza HA and mediate viral entry into
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host bronchial epithelial cells.47,48 Therefore, we determined

whether sialic acid receptors mediate the adhesion or binding

of rHA proteins to the surface of cd T cells and subsequently

mediate rHA-induced activation of cd T cells. Therefore, the

expression of sialic acid receptors on the surface of cd T cells

was examined by flow cytometry. The results demonstrate that

both a-2,3 and a-2,6 sialic acid receptors are highly expressed

on cd T cells (Figure 6b), which was also confirmed by diges-

tion with neuramidase (Figure 6b). After neuramidase diges-

tion, the rHA proteins no longer bound to the cd T cells,

indicating that the sialic acid receptors may also play critical

roles in mediating the binding of HA to cd T cells and cd T cell

activation (Figure 6c).

DISCUSSION

Influenza is a leading prevalent infectious disease that peri-

odically causes pandemics that end with the death of millions of

people.6 The potential emergence of a new pandemic strain

through natural re-assortment is a major public health con-

cern. Highly pathogenic avian influenza H5N1 viruses have

been of particular interest because of their unusual pathogeni-

city in domestic poultry and their extremely high mortality in

humans. According to the World Health Organization, H5N1

viruses have infected 608 people and killed 359 since 2003,

representing a 59% pandemic case-fatality rate. Over the past

500 years of observation, no influenza pandemic is believed to

have caused a case-fatality rate greater than approximately

2%.6 Therefore, among many other important research areas

related to H5N1 viruses, it is necessary to study the immuno-

genicity of the H5N1 virus with an emphasis on H5N1 viral

infection mechanisms leading to hypercytokinemia in humans.

These areas support the development of immune therapeutics

such as vaccines.

In our study, we found that rHA proteins derived from

different H5N1 strains could activate human cd T cells in

PBMCs, indicating that HA immunogenicity may be required

for cd T cell activation in response to influenza H5N1 viruses.

This finding supports the hypothesis that HA proteins may play

an essential role in the initiation of innate immunity against

viral influenza infection.49,50

We also found that recombinant H5N1 HA proteins could

specifically bind to the surface of human cd T cells. However,

the binding activity was not dependent on TCRcd and NKG2D,

suggesting that H5N1 HA-induced activation of cd T cells may

not be mediated via the TCRcd or NKG2D signaling pathway.

PRRs play critical roles in eliciting innate immune responses

in the host against viral infections.45 Myeloid dendritic cells

and alveolar macrophages in the lung express high levels of

TLRs, such as TLR2, TLR3 and TLR4, which are important

for the recognition of influenza viruses.43,44 However, cell sur-

face expression of TLRs in human peripheral blood cd T cells

was nearly undetectable by flow cytometry, indicating that

TLRs may not be involved in the response of cd T cells to

influenza virus and that the PRR-mediated signaling pathway

may not play an essential role in the activation of human cd T

cells in influenza H5N1 virus infection. NK cells, which repre-

sent another important cell population in the innate immune

response to viral infections, are activated by influenza virus HA

proteins through interaction with the NKp46 receptor.46

However, we found that NKp46 receptors were undetectable

on the surface of human cd T cells by flow cytometry. Our

findings suggest that the mechanisms of influenza virus-

induced cell activation may be variable in different cell types.
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Previous studies demonstrated that the HA from influenza A

virus interacts with sialic acid receptors on the cell surface and

mediates the entry of viral particles.50–52 In this study, we found

that human cd T cells expressed high levels of sialic acid recep-

tors that were required for the binding of H5N1 HA to the

surface of human cd T cells. These findings indicate that

H5N1 virus-induced activation of cd T cells may be mediated

by the interaction of H5N1 virus HA with sialic acid receptors

on the surface of cd T cells. Sialic acid receptors are usually

attached by a-2,3 or a-2,6 linkages to the terminal galactose of

the underlying sugar chains of glycoproteins on the cell sur-

face.45 Furthermore, HA from the avian influenza H5N1 virus

preferentially binds to a-2,3 sialic acid receptors, whereas HA

from human isolates preferentially binds to a-2,6 sialic acid
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receptors.51,52 Therefore, the identification of specific glyco-

proteins that interact with H5N1 HA will be critical for under-

standing the mechanism of HA-induced cd T-cell activation.

In conclusion, our findings confirm the importance of HA

protein immunogenicity in initiating the immune response to

influenza virus infection, which supports the development of

vaccines or immune therapeutics based on HA proteins. Our

data may also provide insights into the mechanisms underlying

cd T-cell activation in response to H5N1 virus infection.
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