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The unabated circulation of the highly pathogenic avian influenza A virus/H5N1 continues to be a serious threat to public health
worldwide. Because of the high frequency of naturally occurring mutations, the emergence of H5N1 variants with high virulence
has raised great concerns about the potential transmissibility of the virus in humans. Recent studies have shown that laboratory-
mutated or reassortant H5N1 viruses could be efficiently transmitted among mammals, particularly ferrets, the best animal
model for humans. Thus, it is critical to establish effective strategies to combat future H5N1 pandemics. In this study, we identi-
fied a broadly neutralizing monoclonal antibody (MAb), HA-7, that potently neutralized all tested strains of H5N1 covering
clades 0, 1, 2.2, 2.3.4, and 2.3.2.1 and completely protected mice against lethal challenges of H5N1 viruses from clades 1 and 2.3.4.
HA-7 specifically targeted the globular head of the H5N1 virus hemagglutinin (HA). Using electron microscopy technology with
three-dimensional reconstruction (3D-EM), we discovered that HA-7 bound to a novel and highly conserved conformational
epitope that was centered on residues 81 to 83 and 117 to 122 of HA1 (H5 numbering). We further demonstrated that HA-7 in-
hibited viral entry during postattachment events but not at the receptor-binding step, which is fully consistent with the 3D-EM
result. Taken together, we propose that HA-7 could be humanized as an effective passive immunotherapeutic agent for antiviral
stockpiling for future influenza pandemics caused by emerging unpredictable H5N1 strains. Our study also provides a sound
foundation for the rational design of vaccines capable of inducing broad-spectrum immunity against H5N1.

The unabated circulation of the highly pathogenic avian in-
fluenza A virus (IAV)/H5N1 continues to be a serious

threat to public health worldwide. The transmission of H5N1
virus among humans has been rare, and no human pandemic
has ever occurred as a result of this virus. Nonetheless, the first
human case was reported to the WHO in 2003, and since then,
there have been 608 documented human H5N1 cases with 359
deaths as of 10 August 2012, with a mortality rate approaching
60% (http://www.who.int/influenza/human_animal_interface
/EN_GIP_20120810CumulativeNumberH5N1cases.pdf). Be-
cause of the high frequency of naturally occurring mutations,
the lethality of H5N1 has raised great concerns about the po-
tential transmissibility of the virus in humans.

Recently, two research groups have made significant strides in
the efficient transmission of the laboratory-mutated or reas-
sortant H5N1 virus among mammals, particularly ferrets, which
is the best animal model for humans. Introducing mutations in
H5N1, or creating a “reassortant” of H5N1 and H1N1 viruses
causing the 2009 flu pandemic, makes it possible for the manipu-
lated H5N1 virus to replicate efficiently in these animals (1–4).
These results represent significant breakthroughs in identifying
specific determinants of H5N1 transmission in ferrets but also
stirred a months-long debate on global biosecurity- and biosafety-
related issues (5–8). Therefore, there is a strong need to explore
effective strategies to combat influenza pandemics caused by
H5N1 viruses in the future.

To efficiently prevent a future influenza pandemic, a robust
global surveillance system should be in place for the timely detec-

tion of novel H5N1 virus strains in animals once they arise. Such a
coordinated surveillance and control effort has not always been
successful (9). On the other hand, inactivated virus vaccines and
live-attenuated, cold-adapted H5N1 vaccines could also be devel-
oped for the prevention of H5N1 virus infection via large-scale
vaccination (10–12). Other forms of H5N1 vaccines, including
those based on DNA, proteins, viral vectors, and virus-like parti-
cles as well as a number of combination vaccinations, are in the
developmental stage or in preclinical or clinical trials, some of
which have shown efficacy in preventing H5N1 infections (13–
19). However, such vaccines are not effective enough against di-
vergent strains of H5N1 viruses, thus limiting their ability to pro-
duce broad-spectrum protection.

As an alternative to vaccines, neutralizing monoclonal anti-
bodies (MAbs) represent a passive therapeutic strategy to provide
immediate protection against influenza virus infection. Several
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effective MAbs against hemagglutinins (HA) of multiple strains of
IAVs from group 1 and/or group 2 have been explored, showing
broad-spectrum neutralization of the viruses. It was reported pre-
viously that MAbs F10 and CR6261 were effective against all tested
group 1 IAVs (20, 21), while MAb CR8020 contains broad neu-
tralizing activity against most group 2 viruses, including H3N2
and H7N7 viruses (22). Other reports indicated that MAb F16 was
able to recognize the HAs of all 16 subtypes and neutralize both
group 1 and 2 IAVs (23). Thus, these identified MAbs may be used
as effective passive immunotherapeutics against a broad range of
IAVs during influenza pandemics or epidemics because of their
ability to target a variety of IAVs in addition to H5N1 virus. How-
ever, in the case of a pandemic caused by an emerging unpredict-
able H5N1 strain, MAbs with broad neutralizing activity specifi-
cally targeting H5N1 strains may provide a more effective passive
immunotherapeutic effect.

The HA of influenza virus plays important roles in virus infec-
tion by binding to target cells and subsequently fusing viral and
cellular membranes. It is the major envelope glycoprotein of the
virus for inducing neutralizing antibodies. The trimeric protein of
HA is initially synthesized as a precursor polypeptide, HA0, which
is then activated upon cleavage into two subunits, HA1 and HA2.
The “head,” HA1, is mainly responsible for receptor binding,
while the stem region, HA2, mediates fusion of the viral envelope
and cellular membrane, in which the fusion peptide (FP) at the N
terminus of HA2 plays an important role (24, 25). Compared with
the amino acid sequences of HA2, particularly FP, the sequences
from HA1 are more variable. However, HA1 still has some se-
quences showing high-level conservation among different strains
(26, 27).

In this study, we identified a neutralizing MAb, HA-7, which
targets a novel and highly conserved HA1 epitope of H5N1. The
function and structural basis of this MAb were accordingly ex-
plored and are reported here in detail.

MATERIALS AND METHODS
Ethics statement. Four- to eight-week-old female BALB/c mice were used
for MAb generation and virus challenge. The animal studies were carried
out in strict accordance with recommendations in the Guide for the Care
and Use of Laboratory Animals of the National Institutes of Health (28)
and of the State Key Laboratory of Pathogen and Biosecurity at the Beijing
Institute of Microbiology and Epidemiology of China. All experiments
related to influenza viruses were performed in approved biosafety level 3
(BSL-3) laboratories or BSL-3 animal facilities.

Generation of HA-specific MAbs. Mouse vaccination and HA-spe-
cific MAb generation were performed according to our previously de-
scribed protocols, with some modifications (29). Briefly, five BALB/c mice
were subcutaneously (s.c.) vaccinated with a recombinant protein ex-
pressing codon-optimized HA1 of A/Anhui/1/2005(H5N1) (GenBank ac-
cession no. ABD28180) fused with foldon (Fd) and Fc of human IgG1
(HA1-Fdc), as described previously (30). Vaccinated mice were sacrificed
10 days after the last boost, and the splenocytes were fused with mouse
myeloma cells (SP2/0). For HA-specific MAb screening, positive hybrid-
omas were screened by an enzyme-linked immunosorbent assay (ELISA)
by coating the plates with a recombinant protein containing the above-
mentioned HA1 fragment without the Fd and Fc fusion (HA1-His) as well
as an inactivated homologous H5N1 virus. Positive cells were expanded,
retested, and subcloned to generate stable hybridoma cell lines. The MAbs
were purified from culture supernatants using protein A and G Sepharose
4 Fast Flow (GE Healthcare, Piscataway, NJ).

HA pseudovirus neutralization assay. An assay of the neutralizing
activity of MAb HA-7 against infection by divergent clades of HA

pseudovirus was performed as previously described (29). Briefly, 293T
cells were cotransfected with a plasmid encoding an Env-defective,
luciferase-expressing HIV-1 genome (pNL4-3.luc.RE) and each of the
plasmids encoding HAs of homologous A/Anhui/1/2005 (AH-HA)
(clade 2.3.4) and heterologous A/Xinjiang/1/2006 (XJ-HA) (clade
2.2), A/Qinghai/59/05 (QH-HA) (clade 2.2), A/Hong Kong/156/97
(HK-HA) (clade 0), and A/Hubei/1/10 (HB-HA) (clade 2.3.2.1) vi-
ruses, respectively. The classification of the H5N1 pseudovirus was
based on WHO recommendations (http://www.who.int/influenza
/resources/documents/2011_09_h5_h9_vaccinevirusupdate.pdf). The
full-length gene sequences of HB-HA were downloaded from the
GISAID EpiFlu Database (http://www.gisaid.org/). Exogenous bacte-
rial neuraminidase (NA) (Sigma) was added 24 and 48 h after trans-
fection, and supernatants were harvested at 72 h posttransfection for
single-cycle infection. Pseudovirus-containing supernatants were in-
cubated with serially diluted H5N1 HA MAb at 37°C for 1 h before
being added to 293T cells preplated in 96-well culture plates (104 cells/
well). Twenty-four hours later, cells were refed with fresh medium,
which was followed by lysing cells 72 h later with cell lysis buffer (Promega)
and transferring the lysates into 96-well luminometer plates. Luciferase sub-
strate (Promega) was added to the plates, and relative luciferase activity was
determined by using an Ultra 384 luminometer (Tecan). The neutralization
of HA pseudovirus was then calculated (31).

Live-virus-based neutralization assay. Neutralizing antibody titers of
MAb HA-7 were further detected by a live-virus-based neutralization as-
say, as previously described (30). Briefly, serially 2-fold-diluted MAb was
incubated with 50% tissue culture infective doses (100 TCID50) of influ-
enza viruses for 2 h at 37°C prior to its addition to a monolayer of Madin-
Darby canine kidney (MDCK) cells. The tested influenza viruses included
H5N1 viruses A/VietNam/1194/2004 (VN/1194), A/Shenzhen/406H/06
(SZ/406H), and A/Hong Kong/213/03 (HK/213); 2009 swine-origin in-
fluenza A virus (S-OIV H1N1 virus); and seasonal influenza A virus (sea-
sonal IAV). Virus supernatant was removed and replaced with fresh me-
dium. The virus-infected cells were incubated for 72 h at 37°C. Infectivity
was identified by the presence of viral cytopathic effect (CPE) on day 4,
and the titer was calculated by the Reed-Muench method.

Passive immunization and virus challenge. The protective potential
of MAb HA-7 against H5N1 influenza virus infection was detected in
mice. BALB/c mice were infected with 5 50% lethal doses (LD50) of VN/
1194 or SZ/406H of H5N1 virus. Twenty-four hours later, the mice were
intravenously (i.v.) injected with 0.5 ml (containing 1 mg) of purified
MAb HA-7. The control group was given the same amount of MAb spe-
cific to the receptor-binding domain (RBD) of severe acute respiratory
syndrome coronavirus (SARS-CoV). Six infected mice per group were
observed daily for 14 days to calculate the survival rate and body weight
change. Six mice from each group were sacrificed on day 5 postchallenge,
and lung samples were collected for virological detection and histopatho-
logical evaluation.

Virus titer detection. Virus titers were detected as previously de-
scribed (30, 32–34). Briefly, lung tissues from euthanized mice were asep-
tically removed and homogenized in minimal essential medium (MEM)
containing antibiotics to achieve 10% (wt/vol) suspensions of lungs. In
96-well cell culture plates, 10-fold serial dilutions of samples were added
to the monolayer of MDCK cells in quadruplicate and allowed to absorb
for 2 h at 37°C in the presence of 5% CO2. Supernatants were then re-
moved and replaced with fresh MEM, and MDCK cells were incubated as
described above for 72 h. CPE was observed daily, and virus titer was
determined by the HA test. For the HA test, 50 �l of 0.5% turkey red blood
cells (Lampire Biological Laboratories, Pipersville, PA) was added to 50 �l
of cell culture supernatant and incubated at room temperature for 30 min.
Wells containing HA were scored as positive. The virus titer was calculated
by the Reed-Muench method and expressed as log10 TCID50/g of lung
tissues.

Histopathological analysis. The lung tissues of challenged mice were
immediately fixed in 10% formalin and embedded in paraffin wax. Sec-
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tions 4 to 6 mm in thickness were made and mounted onto slides. Histo-
pathological changes caused by H5N1 virus infection were examined by
hematoxylin and eosin (H&E) staining and viewed under a light micro-
scope, as previously described (30, 35).

Reactivity detection and epitope mapping of MAb HA-7 by ELISA.
The reactivity detection and epitope mapping of MAb HA-7 were done by
using ELISA plates coated with truncated protein fragments and synthetic
peptides covering the full-length HA proteins of A/Anhui/1/2005(H5N1)
as well as inactivated IAVs, as described previously (30, 36–38). Briefly,
96-well ELISA plates were respectively coated with recombinant HA pro-
teins (1 �g/ml), overlapping peptides (10 �g/ml), or inactivated IAVs
overnight at 4°C and blocked with 2% nonfat milk for 2 h at 37°C. Re-
combinant human IgG1-Fc2 protein (rFc), commercial human IgG Fc
protein (IgG-Fc), Fd fused with HIV-1 gp41 (HIV-Fd), and SARS-CoV
RBD protein were used as the controls. Serially diluted MAb was added to
the plates and incubated for 1 h at 37°C. The plates were washed three
times with phosphate-buffered saline (PBS)-Tween (PBST) and incu-
bated with horseradish peroxidase (HRP)-conjugated goat anti-mouse
IgG (1:2,000), IgG1 (1:2,000), IgG2a (1:5,000) (Bethyl Laboratories,
Montgomery, TX), and IgG2b (1:2,000) (Invitrogen), respectively, for 1 h
at 37°C. For IgG3 detection, the plates were sequentially incubated with
goat anti-mouse IgG3 (1:1,000) and anti-goat HRP-conjugated antibody
(1:5,000) for 1 h at 37°C. The reaction was visualized by using the sub-
strate 3,3=,5,5=-tetramethylbenzidine (TMB) (Invitrogen) and stopped
with 1 N H2SO4. The A450 was measured by using an ELISA plate reader
(Tecan, San Jose, CA).

To detect the reactivity of MAb with denatured HA1 proteins, the
ELISA plates were coated with recombinant HA1 proteins (1 �g/ml) over-
night at 4°C, followed by treatment of the plate with dithiothreitol (DTT)
(10 mM) for 1 h at 37°C. The plates were then treated with iodoacetamide
(50 mM) for 1 h at 37°C to stop the reaction (39). After three washes, a
regular ELISA was performed, as described above.

Virus binding assay. A virus binding assay was performed by using
QH-HA H5N1 pseudovirus as previously described, with some modifica-
tions (27). Briefly, virus was incubated with serial dilutions of MAb HA-7
or control antibodies in Dulbecco’s MEM (DMEM) containing 1% bo-
vine serum albumin (BSA) overnight at 4°C. MDCK cells were seeded into
96-well plates 24 h before infection and blocked with DMEM containing
1% BSA (100 �l/well) for 1 h at 4°C. The mixture of the virus and MAb
was added to MDCK cells for 2 h at 4°C, followed by washing the cells four
times with PBS containing 1% BSA to remove unbound virus. The lysed
cells were quantified for HIV p24 by ELISA. Percent virus binding was
expressed as a relative percentage of the p24 reading from the cells without
antibodies (no Ab), which was set as 100%.

Postattachment assay. A postattachment assay was performed by us-
ing QH-HA H5N1 pseudovirus as previously described, with some mod-
ifications (21, 27). Briefly, virus was added to MDCK cells plated 18 h
before testing and incubated for 6 h at 4°C. Cells were washed three times
with cold PBS, followed by the addition of serially diluted MAb HA-7 and
control antibodies to the MDCK monolayer for 2 h at 4°C. After the
addition of fresh DMEM, the cells were incubated at 37°C and measured
for luciferase activity at 72 h postinfection. The percentage of viral entry
was expressed as a relative percentage of the luciferase reading from the
cells without antibodies (no Ab), which was set as 100% (% viral entry �
luciferase reading of Ab/no Ab � 100%).

Cloning and sequencing of the genes encoding heavy and light
chains of HA-7Fab. The VL and VH genes of HA-7 were amplified by
reverse transcriptase PCR (RT-PCR). Briefly, total RNA was isolated from
107 hybridoma cells of HA-7 using TRIzol reagent (Invitrogen). The
cDNA was synthesized by using the SuperScript II RT-PCR kit (Invitro-
gen) according to the manufacturer’s instructions. Primers mVH-f (ATG
GRATGGAGCTGGATCTT) and mVH-r (ATAGACAGATGGGGGTGT
CGTTTTGGC) were used to amplify the genes encoding the heavy (H)
chain, and primers mVK-f (ATGGAGWCAGACACACTCCT) and
mVK-r (GGATACAGTTGGTGCAGCATC) were used for the light (L)

chain. The amplified DNA fragments were cloned into T vector (Invitro-
gen), followed by selection of positive clones for sequencing.

Structure of the HA-7Fab/H5HA complex determined by 3D-EM.
The HA-7 Fab fragment (HA-7Fab) was prepared from HA-7 IgG by
papain digestion. H5HA (the HA from an H5N1 avian influenza A virus)
was expressed and purified as previously reported (21). H5HA was mixed
with an excess of HA-7Fab and incubated at room temperature for 30
min. The HA-7Fab/H5HA complex was then separated from HA-7Fab by
gel filtration chromatography using a Superdex S200 10/300 column in a
solution containing 10 mM Tris (pH 7.4), 50 mM NaCl, and 1 mM CaCl2.
Negatively stained electron microscopy (EM) specimens were prepared as
described previously (40). Briefly, 3 �l of the HA-7Fab/H5HA complex
(at �0.01 mg/ml) was put onto a freshly glow-discharged carbon-coated
EM grid, blotted with filter paper after 30 s, and stained with 0.75% uranyl
formate. Images were acquired by using a 4,000- by 4,000-pixel TVIPS
charge-coupled-device (CCD) camera (Tietz Video and Image Processing
Systems, Gauting, Germany) on a Tecnai F20 electron microscope (FEI,
Hillsboro, OR) equipped with a field emission electron source operated at
200 kV, at a magnification of ��70,000, resulting in a calibrated pixel size
of 4.28 Å/pixel on the specimen scale. The defocus values were in the range
of 2.0 to 3.2 �m. The electron dosage was �40 electrons/Å2. Image quality
was monitored on the basis of power spectrum quality. Particle boxing,
contrast transfer function (CTF) correction, initial model generation,
three-dimensional (3D) refinement, and resolution assessment were all
carried out with the EMAN2 package (41). Three-fold symmetry was im-
posed during the reconstruction. A data set of 3,172 particles was used for
the final reconstructed map. The resolution was estimated based on the
resolution criteria of Fourier shell correlation (FSC) with a cutoff of 0.5.
Handedness of the map was determined on the basis of the known H5HA
crystal structure.

Visualization, molecular docking, and epitope mapping of HA-7.
The H5HA trimer atomic model was obtained from its published crystal
structure (Protein Data Bank [PDB] accession no. 3FKU). Mouse-origin
HA-7 was found to belong to IgG1. Thus, the molecular structure of
HA-7Fab was obtained by homologous modeling using Swiss-Model
(http://swissmodel.expasy.org/) (42), using the mouse IgG1 crystal struc-
ture (PDB accession no. 1DBM) as a template, together with its deter-
mined primary sequences (see Fig. 4D). The resulting homology model
was adjusted manually with COOT (43) to remove atom clashes and to
improve geometry. Visualization and rigid-body fitting of atomic models
into the 3D-EM density maps were done with UCSF Chimera (44). Mod-
els were first manually docked into their EM density using Chimera, based
on prior knowledge. Their positions were then refined using the fit-in-
map utility in Chimera. After fitting refinement, the positions with the
highest correlation coefficient values were chosen. We first manually put
the HA trimer into the center of the density map with the 3-fold axis
aligned to the EM map’s 3-fold axis. Once HA was docked, the density of
HA-7Fab was obtained by subtracting the density of HA (calculated at 18
Å using the e2pdb2mrc.py utility in EMAN2) from the complex’s EM
density. The Fab molecule was manually put into its density with comple-
mentarity-determining region (CDR) loops pointing to HA. The receptor
of avian influenza virus H5HA (sialic acid) was located according to the
H5HA/receptor complex structure in the Protein Data Bank (accession
no. 1JSN) (45). Antibody epitopes were visually identified as residues
contacted by Fab’s density using Chimera. Molecular figures were pre-
pared by using Chimera.

Protein structure accession number. The 3D-EM density map of the
HA-7Fab/H5HA complex has been deposited in the EMDB database un-
der accession number EMD-2074.

RESULTS
MAb HA-7 potently inhibited entry of H5N1 virus with diver-
gent strains. Monoclonal hybridomas were screened against the
HA1 fragment (HA1-His) and inactivated H5N1 virus by ELISA,
and positive clones in both ELISAs were used to generate stable
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hybridoma cell lines for the production of MAbs, followed by
screening of the inhibition of viral entry using our established
pseudovirus neutralization assay (29). Among 25 selected MAbs
with high titers of antibody responses, HA-7 was shown to inhibit
over 95% of viral entry for both the homologous AH-HA strain
and heterologous strains XJ-HA, QH-HA, HK-HA, and HB-HA
of H5N1 pseudovirus at a concentration as low as 0.7 �g/ml,
reaching inhibitory activity similar to that at 10 �g/ml (Fig. 1A).
Further detection of the neutralizing activity of the MAb against
live influenza viruses indicated that HA-7 could strongly neutral-
ize infection by all tested H5N1 strains, including VN/1194, HK/
213, and SZ/406H. However, no significant inhibition was ob-
served for MAb against other types of IAVs, including the S-OIV
H1N1 (A/Beijing/501/2009) pandemic strain and seasonal influ-
enza virus (Fig. 1B).

The above-described results demonstrate that HA-7 effectively
inhibited the entry of divergent strains of H5N1 virus covering five
different clades, including clade 0 (HK-HA), clade 1 (VN/1194

and HK/213), clade 2.2 (XJ-HA and QH-HA), clade 2.3.4
(AH-HA and SZ/406H), and clade 2.3.2.1 (HB-HA). The inability
of the MAb to neutralize other types of IAVs suggested that MAb
HA-7 is specific to H5N1 virus.

Passive immunotherapeutic effects of MAb HA-7 in vivo. We
then investigated the passive immunotherapeutic effects of MAb
HA-7 in protecting mice against H5N1 virus infection. Mice were
passively immunized i.v. with purified MAb HA-7, and protective
efficacy was evaluated by calculating the survival rate and weight
loss for a period of 14 days. The mice were sacrificed 5 days after
challenge to detect viral titers and pathological changes in the
lungs.

All mice injected with MAb HA-7 survived challenge with VN/
1194 (clade 1) (Fig. 2A) and SZ/406H (clade 2.3.4) (Fig. 2B) H5N1
viruses, while no mice from the control group injected with the
MAb against the RBD of SARS-CoV survived challenge by these
two viruses. In addition, no obvious body weight loss was ob-
served for the mice immunized with MAb HA-7 after challenge
with a lethal infection by the VN/1194 (Fig. 2C) or SZ/406H (Fig.
2D) strain of H5N1 virus, while the mice in the SARS-CoV RBD
control group exhibited a continuous decrease of body weight,
and none of them survived more than 10 days after virus chal-
lenge.

Observation of the viral titers in the lung tissues of challenged
mice indicated that no virus titer was detectable in HA-7-immu-
nized mice challenged with VN/1194 and SZ/406H viruses, while a
high virus titer was detected in the control mice injected with the
MAb specific to the RBD of SARS-CoV (Fig. 3A). Observation of
the histopathological change from the H&E-stained lung tissues
further revealed that the control mice receiving the SARS-CoV
RBD-specific MAb developed a high degree of histopathological
damage in their lungs after challenge with both the VN/1194 and
SZ/406H strains of H5N1 virus. Serious interstitial pneumonia
and inflammation were observed, with diffused alveolar collapse,
significant lymphocyte infiltration, pulmonary vascular dilatation
and congestion, as well as epithelial cell degeneration. On the con-
trary, mice receiving the HA-7 treatment had significantly dimin-
ished pathological changes caused by VN/1194 (clade 1) and SZ/
406H (clade 2.3.4) virus challenges (Fig. 3B and C). The above-
described results suggest that the identified neutralizing HA-7
MAb could completely protect immunized mice against lethal
challenges with tested strains of clade 1 and clade 2.3.4 of H5N1
virus, indicating their potential passive immunotherapeutic ef-
fects against H5N1 virus infection.

MAb HA-7 is highly specific to HA1 of H5N1 virus. We then
detected the specificity of MAb HA-7 by ELISA, by coating the
ELISA plates with different antigens consisting of HA1 proteins of
H5N1 with or without fusion with Fd and/or Fc or inactivated
IAVs. The HA-7 neutralizing MAb reacted strongly with recom-
binant HA1 proteins respectively fused with the Fc immunoen-
hancer (HA1-Fc), the trimeric Fd sequences (HA1-Fd), or Fd plus
Fc (HA1-Fdc) and HA1 protein without Fd and Fc (HA1-His), but
only background levels of immunoreactivity were seen with rFc,
IgG-Fc, and the recombinant control proteins HIV-Fd and SARS-
CoV RBD (Fig. 4A). In addition, this MAb had strong reactivity
with inactivated H5N1 virus but low to no reactivity with 2009
S-OIV H1N1 and 2009-2010 seasonal IAVs consisting of H1N1
and H3N2 influenza A viruses (Fig. 4B). The above-described re-
sults indicate that the selected MAb is highly specific to the HA1
protein of H5N1 virus. This neutralizing MAb was found to be-

FIG 1 Detection of inhibitory activity of MAb HA-7 on influenza virus entry
by neutralization assays. (A) Pseudovirus neutralization assay. The data are
presented as the mean percentages of neutralization � standard deviations for
duplicate wells of MAb HA-7 at concentrations of 0.7 and 10 �g/ml, respec-
tively, against HAs of H5N1 pseudovirus covering four different clades, in-
cluding homologous strain AH-HA (clade 2.3.4) and heterologous strains
HK-HA (clade 0), XJ-HA (clade 2.2), QH-HA (clade 2.2), and HB-HA (clade
2.3.2.1). (B) Live-virus-based neutralization assay. Shown are data for neutral-
izing activities of HA-7 against strains VN/1194 (clade 1), SZ/406H (clade
2.3.4), and HK/213 (clade 1) of H5N1; S-OIV H1N1 (A/Beijing/501/2009 pdm
strain); and seasonal IAVs. The neutralizing antibody titer was defined as the
highest dilution of MAb that completely suppressed the virus-induced CPE in
50% of the wells. Panels A and B show representative data from three indepen-
dent repeat experiments.
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long to the IgG1 subtype after coating of the ELISA plate with a
HA1-specific recombinant protein (HA1-His) (Fig. 4C). The
amino acid sequences of the heavy (VH) and light (VL) chains of
HA-7Fab were analyzed, and CDR1, CDR2, and CDR3 were la-
beled (Fig. 4D).

MAb HA-7 recognized a highly conserved region in HA1 of
H5N1. The epitope mapping of HA-7 was initially done by using
ELISA plates coated with truncated recombinant HA fragments
covering the full length of the HA1 protein. The results indicated
that HA-7 reacted strongly with the proteins covering full-length
HA1, residues 13 to 325, as well as truncated HA1 fragments con-
taining residues 13 to 263, 38 to 263, 54 to 263, 81 to 263, and 81 to
122 (the sequences were numbered according to the H5 number-
ing system, as previously described [21, 25, 46]). However, the
HA-7 MAb had low to no responses with proteins containing HA
residues 112 to 325 (HA-112–325) and HA-112–263 (Fig. 5A).
These results suggest that the neutralizing HA-7 MAb is specific to
an epitope mapped to residues 81 to 122 (NVPEWSYIVEKANPA
NDLCYPGNFNDYEELKHLLSRINHFEKIQ) of the HA1 region
of H5N1, suggesting that the sequences at residues 81 to 122 of
HA1 were essential for MAb binding. The identified epitopes of
HA-7 were then aligned by comparing a series of representative
sequences covering clades 0 to 9 and their subclades of human and
nonhuman H5N1 viruses, including clades 0, 1, 1.1, 2.2, 2.2.1,
2.2.1.1, 2.2.2, 2.3.2, 2.3.2.1, 2.3.4, 2.3.4.1, 2.3.4.2, 2.3.4.3, 3, 4, 5, 6,
7, 8, and 9. Analysis of the amino acid sequence corresponding to
this epitope indicated that residues 81 to 122 of HA1 are highly
conserved among analyzed strains of H5N1 viruses causing hu-
man and nonhuman infections (see Table S1 in the supplemental
material).

MAb HA-7 recognized conformational structures of HA. In
order to identify the effects of protein conformation on the ability
of the MAb to bind to the specific antigens, ELISA plates were
coated with recombinant HA1 proteins and then treated with
DTT to break the disulfide bonds of these proteins, followed by the
addition of HA-7 to detect reactivity. As shown in Fig. 5B, the
reactivity of MAb HA-7 with DTT-treated HA1 fusion proteins
decreased dramatically, or to an undetectable level, although
HA-7 had strong reactivity with native forms of these HA1 pro-
teins fused with the trimeric motif Fd and immunoenhancer Fc.
Further detection of the reactivity of HA-7 with synthetic peptides
covering the full-length HA protein of H5N1 indicated that this
MAb had very low reactivity with the overlapping peptides con-
taining linear structures of HA (see Fig. S1 in the supplemental
material). The fact that HA-7 had a strong reaction with recom-
binant proteins encompassing different fragments (covering resi-
dues 81 to 122) of H5N1 HA1 but had little to no reactivity with
DTT-denatured HA1 proteins or overlapping peptides covering
this region indicates that the identified neutralizing HA-7 MAb
recognizes conformational structures similar to the structure of
the native HA1 protein rather than linear structures of HA1.

Mechanism of MAb HA-7 inhibition of viral entry. Virus
binding assays and postattachment assays were performed using
QH-HA H5N1 pseudovirus to detect the mechanism of inhibi-
tion. Results from the virus binding assay showed that neither the
presence of MAb HA-7 nor the increase of the HA-7 concentra-
tion decreased the ability of this MAb to bind to the virus, which
are similar to those of the negative-control MAb to SARS-CoV
RBD (33G4) and human IgG-Fc (Fig. 6A), suggesting that the
inhibition of binding of MAb HA-7 to H5N1 viruses might not be

FIG 2 Detection of cross-protection of HA-7 neutralizing MAb against lethal H5N1 virus challenge. (A and B) Survival rate of HA-7-injected mice after challenge
with 5 LD50 of strain VN/1194 (clade 1) (A) or SZ/406H (clade 2.3.4) (B) of H5N1 virus. (C and D) Percent body weight change of HA-7-treated mice after
challenge with 5 LD50 of the VN/1194 (C) and SZ/406H (D) strains of H5N1 virus. A MAb targeting the RBD of SARS-CoV was used as the control (Ctrl). Panels
A to D show representative data from two independent repeat experiments with six mice per group.
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attributed to a blockade of receptor binding. On the contrary,
results from the postattachment process indicated that HA-7 in-
hibited virus entry in a dose-dependent manner, while the nega-
tive-control antibodies 33G4 and human IgG-Fc did not neutral-
ize virus entry, even at the highest concentration of 10 �g/ml (Fig.
6B), confirming that MAb HA-7 inhibited virus entry at the post-
attachment stage rather than through the receptor-binding pro-
cess.

Structural characterization of HA-7Fab/H5HA by 3D-EM.
The HA-7Fab/H5HA complex was well separated from excessive
HA-7Fab by gel filtration chromatography (see Fig. S2A in the
supplemental material). The 2-dimensional EM images of the
negatively stained HA-7Fab/H5HA complex were of high contrast

and immediately showed the characteristic HA1 head binding (see
Fig. S2B and S2C in the supplemental material). Particle boxing
was done semiautomatically, using the EMAN2 package, and then
visually checked. CTF correction was done automatically, fol-
lowed by manual fitting for each micrograph. The initial 3D den-
sity model was unambiguously generated using the reference-free
class-averaged images. Iterative 3D refinement with a total of
3,172 particle images was done by using EMAN2 until it con-
verged with no significant visual changes checked by Chimera.
The effective resolution of this final 3D reconstruction is 18.0 Å
based on the criterion of an FSC coefficient of 0.5 (see Fig. S2D in
the supplemental material). The final 3D-EM map contoured at 2
times the standard deviation is shown in Fig. S2E in the supple-
mental material.

Docking of atomic models of H5HA (X ray) and HA-7Fab
(homology built) was straightforward and unambiguous after us-
ing the fit-in-map utility in Chimera (Fig. 7A and B), based on
correlation coefficient values. From the resulting complex model
(Fig. 7C and D; see also Movie S1 the supplemental material), we
made two major discoveries. First, HA-7Fab binds laterally to the
sides of the H5HA head. It does not contact the receptor-binding
site or potentially interact with the receptor itself (Fig. 7E and F;
see also Movie S1 in the supplemental material), indicating that
HA-7 would not interfere with virus attachment to the host cell
surface. Second, we found that residues 81 to 83 (Asn81, Val82,
Pro82A, and Glu83) and 117 to 122 (His117, Phe118, Glu119, Lys120,
Ile121, and Gln122) constitute the entire core epitope map for HA-7
(Fig. 7E and F). These two segments are in the center of Fab’s
“footprint” on HA1 and are spatially the closest to Fab. The two
segments are 38 amino acid residues away from each other. Resi-
dues 81 to 83 exist as a loop, while residues 117 to 122 adopt a
�-strand conformation. These features manifest the conforma-
tional nature of the epitope. In addition to the core epitope, other
scattered HA1 residues that are peripheral to Fab’s density and
might come into contact with HA-7 include residues Asp77, Glu78,
Ile80, Tyr141, Gln142, Arg149, Tyr256, Lys259, and Val261 of HA1.

DISCUSSION

H5N1 infection has become an increasing threat to public health
worldwide (47–50). If the H5N1 virus, with either naturally oc-
curring mutations or laboratory-generated mutants and/or reas-
sortants, acquires the ability to transmit from human to human
and maintains its current virulence, a potential influenza epi-
demic could emerge, for which the world is inadequately prepared
(6, 51). Thus, it seems prudent to evaluate a series of comprehen-
sive prevention and immunotherapy strategies based on neutral-
izing MAbs specifically targeting the HA of H5N1 virus, a key viral
protein capable of inducing potent neutralizing antibodies against
virus infection.

In this study, we generated such a neutralizing MAb, HA-7,
that strongly inhibited the entry of H5N1 virus with all tested
strains covering clades 0, 1, 2.2, 2.3.4, and 2.3.2.1 as well as com-
pletely protected immunized mice against lethal challenge by
tested clade 1 and 2.3.4 strains of H5N1 virus. Interestingly, unlike
other previously reported neutralizing MAbs targeting group 1
and/or group 2 IAVs (21–23, 52), our identified MAb neutralized
only H5N1 virus, rather than other types of IAVs, such as
S-OIV(H1N1) and seasonal influenza virus, indicating that this
MAb is highly specific to the H5N1 virus.

To further characterize the HA-7 neutralizing MAb and map

FIG 3 Virus titers and histopathological changes in the lungs of MAb-treated
mice challenged with H5N1 viruses. HA-7-injected mice were challenged with
5 LD50 of clade 1 strain VN/1194 and clade 2.3.4 strain SZ/406H of H5N1, and
lung tissues were collected at day 5 postchallenge. (A) Detection of viral titers
of VN/1194 and SZ/406H H5N1 viruses in collected lung tissues. Mice injected
with SARS-CoV RBD-specific MAb were used as the negative control (Ctrl).
The data are expressed as means � standard deviations of virus titers (log10

TCID50/g) of lung tissues from six mice per group. The limit of detection is 1.5
log10 TCID50/g of tissues, as shown by the dotted line. The figure shows rep-
resentative data from two independent repeat experiments. (B and C) Evalu-
ation of histopathological changes in collected lung tissues. Lung tissues from
the mice injected with a MAb to the RBD of SARS-CoV and those from unin-
fected mice were used as the negative control (Ctrl) and normal control (Nor-
mal), respectively. Lung tissues were stained with H&E and observed by light
microscopy (magnification, �100). Shown are representative images of histo-
pathological changes from two independent experiments with six mice per
group challenged with VN/1194 (B) and SZ/406H (C) H5N1 viruses, respec-
tively. Serious histopathological damage was seen in the control mice, with
bronchial epithelial cell degeneration, necrosis, and desquamation (solid ar-
rows). Large amounts of exudates and severe edema with infiltration of lym-
phocytes and mononuclear cells were also seen around blood vessels (open
arrows). However, the HA-7-immunized mice showed only mild interstitial
pneumonia changes with focal broadening interstitial spaces and lymphocytic
infiltration (arrowheads).
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FIG 4 Detection of specificity and subtypes of MAb HA-7 by ELISA. (A) Reactivity of total IgG of HA-7 with fusion proteins containing full-length HA1
(residues 13 to 325 of H5 numbering [21, 25, 46], corresponding to HA1 residues �3 to 322 [30]) and truncated fragments of HA1 of A/Anhui/1/2005(H5N1)
virus. ELISA plates were respectively coated with recombinant HA1 proteins fused with human Fc (HA1-Fc), Fd sequence (HA1-Fd), or Fd plus Fc (HA1-Fdc)
and HA1 protein without Fd and Fc (HA1-His). Recombinant hIgG1-Fc2 protein (rFc), commercial human IgG Fc protein (IgG-Fc), Fd fused with HIV-1 gp41
(HIV-Fd), and SARS-CoV RBD protein were used as the controls. (B) Reactivity of total IgG of MAb HA-7 with inactivated IAVs containing H5N1, S-OIV H1N1,
and seasonal influenza viruses (IAVs). (C) Detection of IgG subtypes of MAb HA-7 using recombinant HA1-His protein as the coating antigen. The data are
presented as the mean absorbance at 450 nm (A450) � standard deviations of data from duplicate wells of MAbs at a dilution of 1:3,200. Panels A to C show data
from three independent experiments. (D) Amino acid sequences for HA-7 Fab heavy (VH) and light (VL) chains. CDR1, CDR2, and CDR3 are labeled.

Neutralizing MAb Targets Novel Epitope on H5N1 HA1

February 2013 Volume 87 Number 4 jvi.asm.org 2221

http://jvi.asm.org


its epitope(s), we constructed and expressed a series of recombi-
nant HA protein fragments covering the full-length HA1 protein
(residues 13 to 325) fused with the Fd trimeric motif and Fc im-
munoenhancer, expecting them to maintain the conformational
structures of native HA (30). The detection of MAb with these
recombinant proteins indicated that HA-7 had strong reactivity
with proteins covering residues 81 to 122 of HA1 but little or no
reactivity with the same proteins denatured by DTT or synthetic
overlapping peptides covering this region, further suggesting the
ability of MAb HA-7 to recognize conformational, rather than
linear, structures of HA. This is consistent with the results from
the 3D-EM study of the HA-7Fab/H5HA complex. By aligning the
epitope residue sequences, we confirmed that this newly discov-
ered neutralizing epitope covering residues 81 to 122 of the HA1
subunit, part of the RBD region, particularly its core residues (res-
idues 81 to 83 and 117 to 122), is highly conserved among clades 0
to 9 and their subclades of H5N1 viruses, according to the WHO
and CDC (see Table S1 in the supplemental material). Thus, the
identification of this novel conformation-dependent neutralizing
epitope may guide us to develop effective innovative vaccines, in
consideration of the RBD of HA as the primary target of neutral-
izing antibodies.

The anti-HA antibodies function in two ways to neutralize
influenza virus infection, either by blocking binding of the viral
HA to its cellular receptor (the first step) or by interfering with the
subsequent HA-mediated membrane fusion (the second step)
(21, 53). Unlike some of the other HA-neutralizing MAbs which
block the step of virus attachment and receptor binding (54, 55),
this mechanistic study showed that HA-7 did not inhibit virus
binding to the cells (receptor-binding step) but affected the post-
attachment stage (Fig. 6A and B), indicating that HA-7 inhibits
virus entry, possibly by blocking HA-mediated membrane fusion.
Distinct from the MAb targeting the stalk region of the fusion
peptide of HA2, which usually conferred broad cross-protection
against group 1 and/or group 2 IAVs (21–23), MAbs targeting the
head region have the liability to induce strain-specific immunity
against a particular subgroup of IAVs (26, 27). Here, however, we
showed that the HA1-targeting HA-7 MAb maintains broad neu-
tralization and is specific to the H5N1 virus.

FIG 5 Epitope mapping and detection of reactivity of MAb HA-7 with dena-
tured recombinant proteins by ELISA. (A) ELISA plates were coated with
truncated recombinant HA1 protein fragments covering the full-length HA1
region, followed by the addition of MAb HA-7 to detect the reactivity of total
IgG. The data are presented as mean A450 values � standard deviations of data
from duplicate wells of MAbs at a dilution of 1:3,200. Shown are representative
data from three independent repeat experiments. (B) Reactivity of MAb HA-7
with DTT-denatured recombinant HA1 protein fragments, using correspond-
ing proteins without DTT treatment as a comparison. The data are presented
as mean A450 values � standard deviations of data from duplicate wells of MAb
at a dilution of 1:51,200.

FIG 6 Mechanism study of MAb HA-7 against H5N1 pseudovirus infection.
(A) Virus binding assay with QH-HA pseudovirus-infected MDCK cells. The
antibodies were diluted to 10 �g/ml, 100 �g/ml, and 1 mg/ml, respectively,
and binding ability was measured by quantification of HIV p24 content by
ELISA. A MAb to the RBD of SARS-CoV (33G4) and human IgG-Fc were used
as controls. The data are presented as mean A450 values � standard deviations
of data from duplicate wells. (B) Inhibition by HA-7 of the postattachment
process in QH-HA pseudovirus-infected MDCK cells. A MAb to the RBD of
SARS-CoV (33G4) and human IgG-Fc were used as the negative controls.
No-Ab and no-HA wells were included as the system control. The data are
presented as mean percentages � standard deviations for duplicated wells.
Panels A and B show representative data from three independent repeat ex-
periments.
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A number of neutralizing antibodies were previously reported
to target HA1 of H5N1. It has been shown that neutralizing anti-
body AVFluIgG01 recognized the sequence IIPKSSWS at residues
123 to 128 of HA1, with the key residues I123, I124, P125, W127, S128,
Y168, and T171 (conversion to H5 numbering) (56, 57). Similarly,
MAb 65C6 binds to a conformational epitope comprising residues
P125, S126, K165, Y168, and T171 (conversion to H5 numbering) at
the globular domain of HA (26), with one key overlapping residue
with AVFluIgG01 at P125. Previous reports also showed that neu-
tralizing antibody mAb12-1G6 bound to residues at positions 140
to 145 of H5N1 HA, with amino acids Q142, K144, and S145 being
critical for binding (58), while others demonstrated that H5N1
HA1-specific neutralizing MAbs, such as 9F4, bind the epitope
below the globular head of the HA1 subunit (27). Different from
the above-described HA1-binding neutralizing MAbs, HA-7 tar-
gets a neutralizing epitope at residues 81 to 122 of the HA1 glob-
ular head domain, with N81, V82, P82A, E83, H117, F118, E119, K120,
I121, and Q122 as the core epitope, which was not previously de-
scribed.

Previous cryo-EM studies of influenza virus HA at neutral and
fusogenic pHs indicated that the HA head domain is required to
undergo a conformational change in order for HA to acquire a
fusion-competent status (59). The binding of HA-7 to the head
region may well prevent, or retard, this head domain change and
thus interfere with subsequent membrane fusion needed for viral
infection. Therefore, our 3D-EM results are consistent with the
results of the mechanistic study using a virus binding assay and a
postattachment assay. These results all point to the conclusion
that HA-7 inhibits virus entry at the postattachment membrane

fusion stage rather than the receptor-binding step. We propose
that it is the conservation of the core epitope (residues 81 to 83 and
117 to 122) among avian influenza virus strains that accounts for
the broad neutralization ability of HA-7 and that confers the spec-
ificity of HA-7 for avian influenza viruses. At this point, limited by
the current resolution of the 3D-EM approach, we cannot pin-
point the residues of HA-7 and H5HA which are involved in an-
tibody-antigen binding. More detailed HA1/HA-7 interactions at
atomic resolution can be obtained by further X-ray crystallogra-
phy studies on the HA-7Fab/H5HA complex.

To summarize, this report described the identified neutralizing
MAb, HA-7, which specifically targets a novel and highly con-
served conformational region at the HA1 head of H5N1 virus.
This antibody binds laterally to the “head” of viral HA but does
not interfere with its receptor binding. The core epitope residues
81 to 83 and 117 to 122 of HA1 are conserved at the protein
primary structure level in almost all of the H5N1 stains identified
to date. Furthermore, we have shown that HA-7 specifically tar-
gets and neutralizes H5N1 virus rather than other types of IAVs,
suggesting that HA-7 can be humanized as an effective passive
immunotherapeutic agent for antiviral stockpiling for future in-
fluenza pandemics caused by emerging highly pathogenic avian
H5N1 viruses with unpredictable HA sequences. The identified
epitope would also provide a significant foundation for the design
of novel H5N1 vaccines covering this particular region, which in
turn offers the promise of inducing broad-spectrum immunity for
the prevention of infections caused by divergent H5N1 influenza
virus strains.

FIG 7 3D-EM-based model docking and epitope analysis of HA-7. (A) Docking of H5HA trimer (red) into the EM density map (yellow). (B) Docking of Fab
(green) into its density map (cyan). (C) Threefold top view of the trimeric HA-7Fab/H5HA complex. (D) Side view of the trimeric HA-7Fab/H5HA complex. (E)
Zoom-in side view of the HA/Fab interface. Residues 81 to 83 and 117 to 122 of HA1 (black) are in contact with Fab, while the receptor (sialic acid [blue spheres])
is not. (F) Zoom-in view from Fab showing that residues 81 to 83 and 117 to 122 of HA1 (black) lie at the center of Fab’s “footprint” (yellow) on HA and comprise
the core epitope. The receptor (sialic acid [light blue spheres]) is in the background.
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