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Abstract To test the role of neutralizing antibodies (nAbs)

and receptor adaptation in interspecies transmission of

influenza virus, two H5N1 strains, isolated from human and

avian hosts, with four amino acid differences in hemagglu-

tinin (HA) and seven HA mutations were studied. We found

that a mutation at amino acid position 90 in the H5N1 HA,

outside the receptor-binding domain (RBD), could simul-

taneously induce changes in the RBD conformation to

escape from nAb binding and alter the receptor preference

through long-range regulation. This mutation was deemed a

‘‘key event’’ for interspecies transmission. It is likely a result

of positive selection caused by antibodies, allowing the

original invasion by new species-specific variants. A

mutation at amino acid position 160 in the RBD only

induced a change in receptor preference. This mutation was

deemed a ‘‘maintaining adaptation’’, which ensured that

influenza virus variants would be able to infect new organ-

isms of a different species successfully. The mutation is the

result of adaptation caused by the receptor. Our results

suggest that continuing occurrence of these two types of

mutations made the variants persist in the new host species.

Abbreviations

HPAI Highly pathogenic avian influenza

HA Hemagglutinin

RBD Receptor binding domain

SA Sialic acid

Introduction

Highly pathogenic avian influenza (HPAI) H5N1 infection

represents a significant public-health risk in both poultry

and humans. Lately, there has been much debate on whe-

ther avian H5N1 influenza virus can evolve into human

H5N1 influenza viruses and result in major human pan-

demics. The recent global pandemic of swine influenza

H1N1 virus further emphasizes the likelihood of an avian

influenza pandemic. As a zoonotic disease, understanding

the role of avian influenza virus evolution in interspecies

transmission is essential for designing effective preventive

measures [10].

Phylogenetic analysis has shown a strong association

between viral variation and amino acid changes in the viral

hemagglutinin (HA) [27]. Viral variation can be driven

both by selective pressure by antibodies and receptor

adaptation [25, 31]. The receptor of influenza virus consists

of glycans terminated by sialic acid (SA) on the epithelial
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cell. Although a switch in the receptor specificity of avian

influenza from Neu5Aca2-3Gal (a-2,3)-linked SA to

Neu5Aca2-6Gal (a-2,6)-linked SA is considered a sign of

evolution from avian to human host specificity [22, 31],

antiviral neutralizing antibodies [1, 5, 8, 14, 15, 20, 22]

were shown recently to be an important factor responsible

for avian influenza virus variation during interspecies

transmission. Evidence from the examination of infected

human and avian serum samples also provides clues to the

propensity of a virus to escape neutralization [12].

Small genetic changes sometimes have major effects on

antigenicity [7, 16, 18, 30]. Here, we used natural H5N1

strains isolated from humans and birds with a panel of

monoclonal antibodies (mAbs) to examine amino acid

mutations and their impact on receptor adaptation and nAb

reactivity. Two H5N1 strains, A/Bar-headed Goose/Qing-

hai/1/05 (QH) and A/Xinjiang/1/2006 (XJ), isolated from a

bird and a human, respectively, with four amino acid dif-

ference in their HAs provided a good system for us to

explore the mechanism of H5N1 to cross the species bar-

rier. Based on sequence comparison, we generated seven

QH HA mutants that mimicked the natural mutations. We

also produced monoclonal antibodies against QH and XJ

H5N1 HA. Using a panel of mAbs, we analyzed the

binding and neutralization activities of these HA and HA

mutants. We found that a mutation at aa 90 in the H5N1

HA, outside the receptor binding domain (RBD), could

induce a conformational change of the RBD that allowed

that virus to escape neutralization and, at the same time,

change its receptor preference. This aa 90 mutation was

deemed a ‘‘key event’’, particularly during interspecies

transmission, to break the species barrier. It was the result

of positive selection caused by antibodies. A mutation at aa

160 in the RBD that only induces a change in receptor

preference was deemed a ‘‘maintaining adaptation’’ to

ensure that influenza virus variants would be able to suc-

cessfully infect organisms of a different species. This was

the result of an adaptation caused by the receptor. Our

results suggest that the continuing occurrence of these two

types of mutations made the variants persist in a new host

species. Our observations provide insights on the pathway

of viral evolution in interspecies transmission, which may

also provide strategies to anticipate and address upcoming

epidemics of avian influenza.

Materials and methods

HA genes and cells

Two HA genes (plasmids) of representative HPAI H5N1,

A/Bar-headed Goose/Qinghai/1/05 (QH) (accession no.

AAZ17522) and A/Xinjiang/1/2006 (XJ) (accession no.

ACJ68614.1), were obtained from China Center for Dis-

ease Control and Chinese Academy of Sciences, respec-

tively. 293T, MDCK, HeLa and DF-1 cells used in the

pseudotype neutralization test were maintained in DMEM

supplemented with 5% newborn calf serum (Sigma, St.

Louis, MO) and antibiotics at 37�C in 5% CO2.

Expression of recombinant HA proteins

Briefly, Spodoptera frugiperda (Sf9) insect cells were

propagated and maintained in Sf-900 II SFM (Gibco BRL).

The HA ectodomain gene (from aa 17 to 532) was cloned

into the transfer vector PacGP67b (BD Biosciences). The

Sf9 cells were then co-transfected with the transfer vector

and linearized baculovirus DNA (Invitrogen) to produce a

recombinant baculoviruses containing the HA gene. The

supernatant containing the virus was collected at 72 hours

post-infection (PI). rHA proteins were expressed from the

Sf-9 cells after 3 h PI. The supernatant from infected Sf-9

cells was collected and purified by Ni-NTA chromatogra-

phy (GE Healthcare), using 6-His tags that had been added

to the C-termini of the HA proteins. Western blotting using

anti-His or anti-HA polyclonal antibodies was performed to

confirm the rHA proteins.

Production of monoclonal antibodies

We immunized 6-8-week-old female BALB/c mice using

rHAs (1-50 lg) with Freund’s adjuvant (i.h.). After a final

boost, the mice were sacrificed, the splenocytes were fused

with sp2/0 cells, and the hybridoma cells were cultivated in

DMEM supplemented with 5% newborn calf serum at

37�C in 5% CO2. Positive hybridoma clones identified by

ELISA were subcloned twice and conserved in liquid

nitrogen. A protein G column (GE Healthcare) was used to

purify the mAbs from the supernatant.

Peptide synthesis

The following peptides were synthesized, including 11 5-6-aa

peptides (P1-P11) and 4 19-aa peptides (Pa-Pd), and their

sequences were derived from HA. All peptides were bio-

tinylated by adding a biotin tag at the N-terminus for

detection in later assays. Peptides were synthesized by the

Academy of Military Medical Sciences, China. The purity

of each peptide was 90%, as shown by high-performance

liquid chromatography analysis.

Neutralization assay

Full-length HA and neuraminidase (NA) genes were used

to produce HA-pseudotyped viruses. Briefly, all HA, and

NA variants were cloned into the pcDNA3.1 V5His TOPO
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expression vector after being sequenced. Western blotting

was used to confirm the expression of HA and NA in 293T

cells. Three plasmids, pcDNA3.1-HA, pcDNA3.1-NA, and

the backbone plasmid pNL4-3 encoding HIV gag-pol and a

firefly luciferase reporter gene were introduced together

into 293T cells to produce a pseudotype virus. Forty-eight

hours post-transfection, viral supernatants were harvested

for neutralization assay. Test antibodies at different dilu-

tions were incubated with an adequate amount of HA

pseudotype viruses for 30 min at room temperature (RT).

The mixture was then applied to MDCK, HeLa or DF-1

cells in 96-well plates. The infection efficiency was

quantified by measuring the luciferase activity in the target

cells with an EG&G Berthold Microplate Luminometer LB

96V. All experiments with pseudovirus were performed in

a P2 laboratory.

ELISA assay

rHAs were coated onto a polystyrene plate at 4�C over-

night. The plate was blocked with 5% bovine serum

albumin (BSA) (Sigma) at 37�C for 2 h. After washing the

plate, the mAbs (1 lg/ml) were added, and the plate was

incubated at 37�C for 1 h. After washing the plate, HRP-

labeled secondary anti-mouse IgG (1:5000) (Sigma) was

added, and the plate was incubated at 37�C for 1 h. OPD/

H2O2 was added, color development was stopped by

addition of H2SO4, and the plates were read at 450/630 nm.

A competition ELISA assay was used to detect the

blocking effect of peptides against mAbs. Coating HAs

(2 lg/ml) were placed on a polystyrene plate (100 ll/well)

and kept at 4�C overnight. Peptides at a concentration of

10 lg/ml were added, and the plate was incubated at 37�C

for 1 hour (100 ll/well). The plate was then washed, mAbs

(5 lg/ml) were added, and incubation was continued at

37�C for 1 hour.

A solid-phase binding assay with competing glyco-

polymers was performed as described in a previous report

for evaluation of receptor affinity (3). Briefly, HA proteins

(1 lg/ml) were allowed to attach overnight at 4�C in

96-well plates. BSA (5%) was used to block the plates for

2 h at 37�C. Neu5Aca2-6GalNAca-PAA-biotin or Neu5Ac

a2-3GalNAca-PAA-biotin (GlycoTech) was added to the

wells at the indicated concentration for 1 h at 37�C.

Horseradish peroxidase (HRP)-conjugated avidin (1:5000)

was added to the wells for the final coloration. The extent

of the binding effect of the polymers was determined by

measuring avidin activity.

Statistics

An unpaired Student t-test was used for statistical analysis

of differences between NmAbs in binding to HAs.

Results

Neutralization and binding activities of mAbs against

QH and XJ H5N1 HAs

It is known that selection and adaptation during viral

evolution can determine the amino acid changes that

become stable and dominant in a specific host species. The

QH and XJ H5N1 strains, isolated from a bird and a

human, respectively, were utilized to investigate selection-

and adaptation-dependent H5N1 influenza virus evolution.

In 2005, an HPAI H5N1 (A/Bar-headedGoose/Qinghai/1/

05(H5N1)) outbreak killed 6000 wild birds at Qinghai

Lake, northwestern China [11]. Later that year, one

infected human case caused by HPAI H5N1 (A/Xinjiang/1/

2006(H5N1)) was reported in Xinjiang province, north-

western China. Since these two places are close in geog-

raphy, the HA genes isolated from a wild bird and a human

were strikingly similar, with only four amino acid differ-

ences. The 3-D structure of the HA with these four dif-

ferent amino acid changes was determined (Fig. 1A) [24].

Based on this structural information, we generated seven

QH HA mutant pseudotype viruses and proteins with

amino acid changes corresponding to XJ. These included

A90V, A160T, I217L, I316V, VAL (A90V plus I217L),

ATL (A160T plus I217L) and VTI (A90V plus A160T).

The receptor-binding domain (RBD) of HA is comprised of

an a-helix (190-helix) and two loops (130-loop and

220-loop), which function as the domain that recognize the

receptor [24]. Three of the amino acids that differ between

QH and XJ HA, located at aa 90, 160, and 217, were in or

adjacent to the RBD. These amino acid changes may be

related to the ability of avian influenza virus to break the

species barrier. In this study, we focused on these three

positions.

To investigate the role of these mutants on interspecies

transmission, we generated a series of monoclonal anti-

bodies to QH and XJ HA proteins. We selected 12 mAbs

according to their binding regions, which were identified

by three approaches (Fig. S1). These mAbs were catego-

rized into three groups according to the results of a com-

petition assay using synthetic peptides (Table 1). Group I

recognized the lateral part of HA. Group II recognized the

tip of HA. Group III recognized a relatively large region of

HA. Information about the selected mAbs is summarized in

Table 2.

The neutralization capability of 12 mAbs in these three

groups is summarized in Fig. 1B. Neutralization by mAbs

in group III was the strongest. Neutralization of XJ

pseudotype virus by mAbs in group I was relatively strong,

while neutralization of A90V and I217L pseudotype viru-

ses by mAbs in group I was relatively weak. Next,

we examined dose-dependent neutralization using four
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neutralizing mAbs (NmAbs) (Fig. 1C). Two NmAbs,

QH08 and QH06 in group III, showed high neutralizing

activities to all of these HA pseudotype viruses. Escape

mutants were found against XJ04 and XJ15 in groups I and

II: A90V could escape from XJ04, while VTI (A90V plus

A160T) could escape from XJ15. We further analyzed the

binding of 12 mAbs to HA and HA mutant proteins

(Fig. 1D). A90V, I217L, VAL (A90V plus I217L), ATL

(A160T plus I217L) HA mutant proteins had low binding

to these mAbs. The dose-dependent binding of four mAbs

whose binding regions were located near or in the receptor-

binding domain are shown as examples (Fig. 1E). A90V

Fig. 1 Neutralization and binding assays with QH and XJ H5N1

HAs. (A) The 3-D structure of the HA trimer (Protein Database

[PDB] identifier 2IBX) [24] was used as an HA model to visualize the

different aa positions in QH and XJ HA. Four different aa positions in

QH and XJ HA and seven HA mutants are shown. (B) Neutralization

by 12 mAbs in three groups is summarized in a dot-and-whiskers

graph. **Group I vs. group III was P\0.01, while *group II vs. group

III was P\0.05. (C) Dose-dependent neutralization assay carried out

with four mAbs and eight HA pseudotype viruses. The neutralization

activity of mAbs was calculated according to the following formula:

(A-B)/A9100%. A represents the positive wells, which contained

only pseudotype viruses. B represents the test wells, which contained

a mixture of mAb and pseudotype viruses. (D) Twelve mAbs were

used to measure the binding affinity to the HAs. ***A90V, I217L,

VAL and ATL had significantly low binding to these mAbs

(P\0.001). (E) Dose-dependent binding assay using four mAbs and

five HA pseudotype viruses shown here as example. The ELISA assay

was repeated more than three times. The neutralization assay was

performed in triplicate. Results are the means of three similar

experiments run in triplicate
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and I217L showed weak binding to these mAbs, with the

exception of QH05. Since only the QH05 binding site was

a linear epitope in the RBD, and its binding avidity was not

easily affected (Table 2), mutations at aa 90 and 217 must

induce the conformational change of HA that decreases the

binding avidity of mAbs whose binding sites are confor-

mational epitopes.

Taken together, mutations at aa 90 and 217 of QH HA

induced low neutralization, while mutations at aa 160, a

potential glycosylation site, did not show a significant

effect. Since aa 90 and 217 are located in the lateral section

of HA, a change in conformation at the tip of these two HA

mutants must occur, and this may be responsible for their

weak binding to the antibodies tested. Furthermore, since

the 130 loop has been identified as an important neutral-

izing epitope of HA [9, 13], mutations at aa 90 and 217

could affect neutralization through long-range modulation

or an allosteric effect.

Neutralization inhibition and binding effect of blocking

peptides on mAbs

In order to investigate which regions of HA containing aa

90, 160, 217 could affect the binding and neutralization of

mAbs, the HAs were divided into four regions, aa 87-91,

124-129, 158-162, and 214-219, covering the functional

HA regions. We performed a competition ELISA to test the

effect of blocking peptides on binding and neutralization

between mAbs and HAs. The fifteen peptides investigated

are summarized in Table 1. We first tested the ability of the

mAbs to bind to peptides P1-P11. We found that the

inhibition of the peptides with aa 87-162 was relatively

Table 1 Synthetic peptides

used in this study

a The most common sequence

in other HA strains outside of

China

No. Position Peptide Source

P1 87–91 INPAN QH

P2 87–91 ANPAN HK,AH

P3 87–91 INPVN XJ

P4 124–129 SSWSDH QH,XJ,AH

P5 124–129 SSWSSH HK

Pa 145–163 SSFFRNVVWLIKKNNAYPT HK

Pb 145–163 SSFFRNVVWLIKKNNAYPT QH

Pc 145–163 SSFFRNVVWLIKKNNTYPT XJ

Pd 145–163 PSFFRNVVWLIKKNNTYPT AH

P6 158–162 NSTYP Othera

P7 158–162 NNAYP QH,HK

P8 158–162 NNTYP XJ,AH

P9 214–219 VPRIAT Other

P10 214–219 VPKIAT QH,HK,AH

P11 214–219 VPKLAT XJ

Table 2 Summary of mAbs

used in this study

a ‘‘C’’ and ‘‘L’’ in the epitope

column stand for

‘‘conformational epitope’’ and

‘‘linearized epiotpe’’,

respectively
b The amino acid positions in

hemagglutinin where these

mAbs bound when several

synthetic peptides were in the

indicated amino acid positions

mAb Group Epitopea Amino acid positionb

87–91 124–129 158–162 214–219

QH02 I C ? ?

QH07 I C ? ?

QH12 I C ? ?

XJ04 I C ? ?

QH05 II L ?

XJ05 II C ? ?

XJ07 II C ? ?

XJ09 II L ?

XJ13 II C ? ?

XJ15 II L ?

QH06 III C ? ? ? ?

QH08 III C ? ? ?
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strong, suggesting that the majority of mAbs against QH

and XJ H5N1 HA bind to this region (Fig. 2A). We also

found that the peptides from around aa 217 were unable to

inhibit antibodies against QH and XJ H5N1, so this site

might be of little importance in the evolution of these two

H5N1 strains. We also tested the affinity of these four HA

regions containing mutated residues for binding to the

mAbs. A mutation at aa 90 did not decrease the strong

inhibition of P1, P2 and P3, indicating that the region

around aa 90 had high binding affinity to mAbs in group I

(Fig. 2B). The inhibition by P4 and P5 or by P6, P7 and P8

was significantly different, indicating that the changes at aa

124-129 or 159-162 could impact the binding affinity to

mAbs in group II (Fig. 2B). Also, inhibition by P9, P10 and

P11 was weak. These results indicated that the region

around aa 90 was a potentially important target for

responsive antibodies. In order to confirm the effect of the

HA region containing aa 160 on binding and neutralization

of mAbs, we used four 20-aa peptides to confirm the

blocking effect of peptides around aa 144-163 (Fig. 2C).

Only one aa change in these 20-aa peptides could affect

their ability to block binding to QH or XJ HA. Thus, a

mutation at aa 90 that could induce the conformational

change of HA still retained high binding affinity to mAbs

in group I. In contrast, a mutation at aa 160 that should not

induce a conformational change affected its binding affin-

ity to mAbs in group II.

In order to investigate the effect of glycosylation of

residue 160 on neutralization, the neutralizing mAb XJ15,

with its binding region adjacent to aa 160, was studied

(Fig. 2D). The neutralization of XJ15 against QH and XJ

pseudotype viruses could be blocked by P6, Pb, and Pc. Pb

and Pc, containing 19 amino acids and the 5 amino acids in

P6, were used to confirm the result for P6. The blocking

effect of Pb and Pc, with only one amino acid difference at

aa 160, from Ala to Thr, was different. These results show

that even one amino acid difference at aa 160 could affect

neutralization, suggesting that glycosylation at aa 160

could play an important role in the process of viral binding

and entry.

Fig. 2 Blocking effect of peptides in neutralization and binding of

mAbs and HAs. (A) Inhibition of 11 peptides in four regions against

the binding of 12 mAbs in three groups and their corresponding HAs,

summarized in a dot-and-whiskers graph. Statistical analysis was

done using one-way ANOVA. DDThe inhibition of peptides in aa

214-219 was significantly low (P\0.01). (B) Inhibition of binding of

11 individual peptides with mutated residues in QH HA to several

mAbs. P1, P2, and P3 were detected using QH02; while P4 and P5

were detected using QH03; P6, P7, and P8, using QH05; and P9, P10,

and P11, using QH12. The inhibition activity of peptides was

calculated according to the following formula: (A-B)/A900%.

A represents positive wells without peptides. B represents the test

wells containing blocking peptides. (C) Twenty-amino-acid peptides

were used to block the binding of mAb to HAs. Numbers at the

bottom of the abscissa indicate the aa position in HA. QH05 was used

in this assay. An unpaired Students t-test was used for statistical

analysis. The inhibition efficiency of Pb, Pc and Pd against the

binding of QH05 to QH or XJ HA was significantly different

(P\0.01). The inhibition of Pc was the strongest (P\0.01). The

competition ELISA assay was repeated more than three times. Data

are shown as the mean±s.d. of triplicate experiments. (D) The

blocking effect of peptides on neutralization of XJ15 and QH or XJ

pseudotype viruses was compared. If the peptide enhances neutral-

ization, the inhibition percentage is a negative value
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Identification of receptor specificity of HA proteins

and pseudotype viruses

We further investigated the role of these sites in HA in

determining receptor specificity using sialic acid (SA)-

binding and infection assays. The SA specificity of the

different HAs was analyzed using a simplified glycan

microarray method [29, 31]. Two major linkages between

SA and the penultimate galactose residues of carbohydrate

side chains are found in nature, Neu5Aca2-6Gal (a-2,6)

and Neu5Aca2-3Gal (a-2,3). Different HAs have different

recognition specificities for these linkages [19, 23]. In this

study, Neu5Aca2-6GalNAca-PAA-biotin and Neu5Aca2-

3GalNAca-PAA-biotin were used to study the receptor

specificity of these HA proteins. As expected, QH-HA

showed higher binding affinity for Neu5Aca2-3GalNAca-

PAA-biotin than Neu5Aca2-6GalNAca-PAA-biotin, while

XJ-HA had the opposite SA binding affinity pattern, pref-

erentially recognizing the Neu5Aca2-6GalNAca-PAA-

biotin (Fig. 3A). The receptor specificity of H5N1 strains

changed in the evolution process from avian to human, and

this is attributed to antigenic drift. However, according to

Fig. 3 Receptor and species

specificity assay for QH and XJ

H5N1. (A) Two analogs of

sialic acid, Neu5Aca2-

6GalNAca-PAA-biotin and

Neu5Aca2-3GalNAca-PAA-

biotin, were used to determine

the receptor specificity. Biotin

was used as a negative control.

The ELISA assay was repeated

more than three times. (B) HeLa

and DF-1 cells, from a human

and a bird, respectively, were

used to compare the infection

efficiency of HA and HA

mutant pseudotype viruses.

Luciferase activities (raw light

units [RLU]) of HeLa and DF-1

cells infected with nine HA

pseudotype viruses are shown.

Data are the mean ± s.d. of

three similar experiments run in

triplicate
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previous structural studies [23], the SA substituents and the

HA residues around the RBD that are involved in recog-

nition undergo low-affinity interactions. Between QH and

XJ HAs, the binding affinity to three mutants did not differ

significantly (Fig. 3A).

Recently, several studies have suggested that different

SAs on human and avian cells may not be the only major

factor limiting the transmission of avian influenza viruses

to humans [4]. The different glycan topology of the RBD

between human and avian influenza viruses may also play a

critical role in determining the species specificity [2]. In

order to determine the role of glycans in receptor speci-

ficity, HeLa and DF-1 cells, which are from a human and a

bird, respectively, were used to compare the efficiency of

infection of these HA pseudotype viruses (Fig. 3B). As

expected, QH pseudotype virus had high infection effi-

ciency in DF-1 cells, while XJ pseudotype viruses had high

infection efficiency in HeLa cells. Furthermore, mutations

at aa 90 or 160 affected the ability of QH pseudotype virus

to infect DF-1 cells. Interestingly, VAL (A90V plus I217L)

and VTI (A90V plus A160T) could easily infect DF-1

cells, while ATL (A160T and I217L) could easily infect

HeLa cells.

Amino acid 90 is on the side of the distal tip of the HA

monomer on the membrane. That location makes it difficult

to interact directly with SA receptors, while aa 160 is on

the distal tip of the HA monomer on the membrane and

therefore can easily make contact with SA receptors and

antibodies. Both of these mutations could induce a change

in SA binding and change the species tropism through

different mechanisms (allosteric vs. direct).

Comparison of HA sequences circulating in nature

To confirm our experimental results, 103 human H5N1 HA

genes and 70 avian H5N1 HA genes from 2006-2008 were

analyzed for the frequency of amino acid changes at these

positions (Table 3). For aa 90, the frequency of Thr was

highest in human H5N1 strains, while Ala was highest in

avian H5N1; for aa 160, Thr was highest in human H5N1,

while Ala was highest in avian H5N1. The mutations at aa

90 and 160 from QH to XJ were consistent with viral

evolution in the direction of avian to human. However,

217Leu and 316Val were not found in human H5N1, while

only two strains of avian H5N1 with 217Ile and 100 strains

of avian H5N1 HA genes with 316Ile appeared in more

than 2000 H5N1 HA genes. These results suggest that the

mutations in aa 90 and 160, but not 217 and 316, are

important in QH and XJ H5N1 interspecies transmission.

Our results also support this evolution pathway.

Discussion

Although there have been several research reports on

changes in hemagglutinin receptor binding and neutralizing

antibodies related to influenza virus evolution [6], our

study further establishes the relationship between escape

mutation and receptor adaptation. Two important factors

determine the direction of viral variation: selective pressure

by antibodies and receptor adaptation. A potential role of

human nAbs in driving SARS-CoV evolution had been

reported [25], and receptor adaptation as a driving force

has also been suggested [31]. In the present study, two new

observations related to the crucial factors involved in viral

variation are presented. First, two mutations that are

important for avian-to-human interspecies transmission

were identified. Second, an evolution pathway from QH

H5N1 to XJ H5N1 was outlined.

Two important mutations for avian influenza H5N1 HA

identified in this study involved aa 90 and aa 160. A

mutation at aa position 90 in the H5N1 hemagglutinin

(HA), outside the receptor binding domain (RBD), could

simultaneously induce a conformational change in the

RBD that allowed escape from neutralization as well as a

change in receptor preference through long-range regula-

tion. A mutation at aa position 160 in the RBD only

induced a change in receptor preference. Other research has

also demonstrated that aa position 160 is essential for the

receptor specificity [3]. From the results of this study, we

could conclude that mutations distant from the RBD can

induce a conformational change in the RBD to allow

escape from nAbs and change the receptor preference

simultaneously. These mutations are deemed ‘‘key events’’,

particularly during interspecies transmission, and they

ensure that the original invasion is successful, i.e., the

mutation at aa 90 on QH H5N1 HA. They are the result of

positive selection caused by antibodies. Some mutations in

Table 3 The frequency of amino acids at indicated positions in H5N1 HAs isolated from humans and birds

Frequency of occurrence (%)

Position 90 128 159 160 217 316

aa Ala Val Thr Asp Ser Asn Ser Asp Ala Thr Ile Leu Ile Val

Human 29.1 16.5 54.4 79 21 24.2 75.8 0 16.5 83.5 100 0 100 0

Avian 88 12 0 81 19 53 15 32 65 35 99 1 95 5
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the RBD could only induce a change in receptor prefer-

ence, and these are deemed ‘‘maintaining adaptations’’ to

ensure that the variants circulate in the new species, i.e.,

the mutation at aa 160 on QH H5N1 HA. They are the

result of adaptation caused by the receptor. After global

change of the tip of HA by the aa 90 mutation, and then the

local readjustment of RBD by the aa 160 mutation, avian

influenza virus would be more suitable for a mammal-like

binding pocket, and this would make infection of humans

successful. The continuing appearance of these two types

of mutations make the variants persist in the new host

species.

The interspecies transmission of QH H5N1 might start

from the mutation at aa 90. The region adjacent to aa 90 of

HA showed high binding affinity for mAbs. The location of

antigen E of H3N2 HA was similar to the region containing

aa 90 of avian influenza virus. A high-binding-affinity mAb

to antigen E of H3N2 has been reported [21, 28]. To

decrease lethality for the host, cytopathic viruses have to

evolve to exhibit neutralizing determinants that are bound

with high avidity by the available B-cell repertoire of

higher vertebrates [5]. The region of position 90 possesses

a high affinity for antibodies. It has been shown that anti-

bodies with high binding affinity push viral variation to

escape host immune clearance, and these mutants stimulate

the host to produce nAbs with strong neutralization activity

to keep the balance between virus and host. Furthermore,

amino acid mutations at epitopes C and E of the HA of

influenza A/H3N2 viruses may lead, on average, to an

increase in the neutralization of the mutated viruses [17].

Position 90 of QH H5N1 is in epitope E of HA. High-

binding-affinity antibodies to the region containing aa 90

push QH H5N1 variation to produce XJ H5N1, which can

induce strong neutralizing antibodies.

Our results suggest an evolutionary pathway for HA

from QH H5N1 to XJ H5N1. In this study, the mutation at

aa 90 induced a conformational change in HA to influence

the neutralization and binding capabilities of mAbs and its

species tropism. The mutation at aa 160, which did not

cause a conformational change in HA, changed the species

tropism through the function of glycosylation, since this

position is a glycosylation site. It was a strain similar to QH

H5N1 that induced human infection in Xinjiang province.

This epidemic might have been due to I217L or VAL

(A90V plus I217L) mutants, because these types of muta-

tions lose most binding to mAbs and induce a conforma-

tional change in HA without the species tropism change. A

mutation at aa 217 can potentially occur in poultry or wild

birds as well. After successful invasion, mutations at other

positions are the result of virus-host interactions. Mutations

at aa 90 and 160 were similar to the natural mutation

induced by antigenic drift. H1N1 might use a similar

evolutionary pathway and escape strategy to that of H5N1,

since it belongs to the same group of influenza viruses, and

its HA has similar structural characteristics [26].

In summary, we have investigated the neutralization,

binding activity and specificity of contemporaneous strain-

specific or multi-strain nAbs, stable circulating strains or

their mutants, and their HA receptors. The results reveal

two critical mutation points for the cross-species evolution

of influenza viruses. The results also suggest a potential

viral evolution pathway. This information can be utilized to

design preventive measures for the next pandemic.
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