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Influenza A virus infection is a persistent threat to public health worldwide due to its ability to evade immune surveillance
through rapid genetic drift and shift. Current vaccines against influenza A virus provide immunity to viral isolates that are simi-
lar to vaccine strains. High-affinity neutralizing antibodies against conserved epitopes could provide immunity to diverse influ-
enza virus strains and protection against future pandemic viruses. In this study, by using a highly sensitive H5N1 pseudotype-
based neutralization assay to screen human monoclonal antibodies produced by memory B cells from an H5N1-infected
individual and molecular cloning techniques, we developed three fully human monoclonal antibodies. Among them, antibody
65C6 exhibited potent neutralization activity against all H5 clades and subclades except for subclade 7.2 and prophylactic and
therapeutic efficacy against highly pathogenic avian influenza H5N1 viruses in mice. Studies on hemagglutinin (HA)-antibody
complexes by electron microscopy and epitope mapping indicate that antibody 65C6 binds to a conformational epitope compris-
ing amino acid residues at positions 118, 121, 161, 164, and 167 (according to mature H5 numbering) on the tip of the
membrane-distal globular domain of HA. Thus, we conclude that antibody 65C6 recognizes a neutralization epitope in the
globular head of HA that is conserved among almost all divergent H5N1 influenza stains.

Since 1997, highly pathogenic avian influenza (HPAI) H5N1
virus has infected over 500 million poultry and an increasing

number of humans in Asia, Europe, and Africa. As of 10 October
2011, 566 human H5N1 infections have been confirmed, resulting
in 332 deaths (http://www.who.int/csr/disease/avian_influenza/
country/en/). Although so far all human cases have most likely
been transmitted from avian species, continuous reassortment
and adaptation may evolve new H5N1 strains capable of human-
to-human transmission. A wide spread of such new viruses could
cause significant morbidity and mortality, since humans are im-
munologically naïve to H5N1 viruses.

In humans, HPAI H5N1 virus infection was characterized by
severe pneumonia, lymphopenia, hypercytokinemia, and high vi-
ral loads in the respiratory tract (1, 6, 10, 26, 42). Viruses were
often cultured from cerebrospinal fluid, fecal, throat, and serum
specimens (6). Besides supportive care, current treatment relies
mainly on antiviral drugs. However, some H5N1 isolates are re-
sistant to the ion channel blockers amantadine and rimantadine
(19). Although neuraminidase inhibitors such as oseltamavir and
zanamavir are effective for treatment of seasonal influenza, it is
less clear whether they are effective for treatment of H5N1 viruses.
In animal studies, efficacy of neuraminidase inhibitors is demon-
strated only when the drugs are given before or soon after the
infection (26). In addition, oseltamavir-resistant H5N1 viruses
have also been reported (7). Thus, alternative treatments that can
rapidly control H5N1 virus dissemination in humans after symp-
toms emerge are urgently needed.

Antibody-based treatments using polyclonal antibodies and
monoclonal antibodies (MAbs) have been effectively used pro-
phylactically and therapeutically against many viral diseases, such
as those caused by hepatitis A virus, hepatitis B virus, cytomega-

lovirus, rabies virus, varicella virus, and respiratory syncytial virus
infection (31). In influenza, passive immunization by vertical ac-
quisition of specific antibodies is also associated with influenza
virus immunity in early infancy in humans (27, 30, 37, 38). Trans-
fusion of human blood products from patients who recovered
from the 1918 “Spanish flu” resulted in a 50% reduction in influ-
enza mortality during the pandemic (21). Transfusion of conva-
lescent-phase plasma from a patient recovered from H5N1 infec-
tion resulted in a dramatic reduction of viral loads and complete
recovery (50). In addition, passive immunization using mouse,
ferret, equine, and human antibodies effectively prevents and
treats influenza infection in mice (3–5, 8, 9, 12, 18, 20, 23–25, 29,
32, 33, 35, 36, 39, 44, 48). More recently, Koudstaal et al. reported
that a single injection with 15 mg/kg of a human monoclonal
antibody resulted in much better prophylactic and therapeutic
efficacy against lethal H5N1 and H1N1 challenge in mice than a
5-day treatment with oseltamivir at 10 mg/kg/day (18). Thus, col-
lectively, these observations suggest that passive antibody therapy
against influenza viruses is a viable option for the treatment of
human cases of influenza infection.

On the basis of hemagglutinin (HA) sequences, 10 clades of

Received 26 October 2011 Accepted 22 December 2011

Published ahead of print 11 January 2012

Address correspondence to Paul Zhou, blzhou@sibs.ac.cn, or John J. Skehel,
skeheljj@nimr.mrc.ac.uk.

Supplemental material for this article may be found at http://jvi.asm.org/.

Copyright © 2012, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JVI.06665-11

2978 jvi.asm.org 0022-538X/12/$12.00 Journal of Virology p. 2978–2989

http://dx.doi.org/10.1128/JVI.06665-11
http://jvi.asm.org


H5N1 viruses have emerged in various species since 2000 (34).
Among them, clade 2 is divided into 5 subclades, clade 7 is divided
into 2 subclades, and subclade 2.3 is further divided into subclades
2.3.1, 2.3.2, 2.3.3, and 2.3.4 (34). So far the HPAI H5N1 viruses
isolated from humans fall into clades 0, 1, 2, and 7, and most
recent human isolates from China belong to subclade 2.3.4 (11,
34). Increasingly, subclade 2.3.4 is becoming one of the dominant
strains in poultry and birds in Southeast and East Asia (16). One
study has shown that at least four major antigenic groups exist
among circulating human H5N1 isolates (16).

In this study, using a highly sensitive HA and neuraminidase
(NA) pseudotype-based neutralization (PN) assay and molecular
cloning techniques, we have developed stable Drosophila S2 cell
transfectants secreting three fully human monoclonal antibodies
from the memory B cells of a convalescent individual who had
been infected with an H5N1 virus from subclade 2.3.4 (50). One
such antibody, 65C6, exhibited potent neutralization activity
against all clades and subclades of H5N1 strains except subclade
7.2 as well as prophylactic and therapeutic efficacy against highly
pathogenic avian influenza H5N1 viruses in mice. Studies on HA-
antibody complexes by electron microscopy and epitope mapping
indicate that antibody 65C6 binds to a conformational epitope
comprising amino acid residues at positions 118, 121, 161, 164,
and 167 on the tip of the membrane-distal globular domain of HA.

MATERIALS AND METHODS
Ethics statement. The study protocol for humans was approved by the
Ethical Committee of the Shenzhen Donghu Hospital. The patients pro-
vided written informed consent for research use of blood samples. All
animal experiments were carried out at biosafety level 3 (BSL3) contain-
ment facilities complying with the Ethics Committee regulations of the
Institut Pasteur, Paris, France, in accordance with EC directive 86/609/
CEE and were approved by the Animal Ethics Committee of the Institut
Pasteur in Cambodia (permit number VD100820). Before each inocula-
tion or euthanasia procedure, the mice were anesthetized by intraperito-
neal (i.p.) injection of pentobarbital sodium, and all efforts were made to
minimize suffering.

Human H5N1 influenza case. The adult blood donor in this study
was diagnosed with HPAI H5N1 virus infection and treated with
convalescent-phase plasma donated by a previously H5N1-infected and
recovered individual in June 2006 at the Shenzhen Donghu Hospital,
Shenzhen, China (50). The blood samples were drawn during early con-
valescence (6 months after illness onset). The plasma was collected, and
the peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll
density gradient centrifugation. Both plasma and cell samples were stored
at �80°C until use (see below).

Animals. All animal protocols were approved by the Institutional An-
imal Care and Use Committee at the Pasteur Institute of Cambodia. Fe-
male BALB/c mice (Mus musculus) at the age of 6 to 8 weeks were pur-
chased from Charles River Laboratories (L’Arbresle, France) and housed
in microisolator cages ventilated under negative pressure with HEPA-
filtered air and a 12/12-hour light/dark cycle. Virus challenge studies were
conducted in BSL3 facilities at the Pasteur Institute of Cambodia. Before
each inoculation or euthanasia procedure, the mice were anesthetized by
i.p. injection of pentobarbital sodium (75 mg/kg; Sigma), and all efforts
were made to minimize suffering.

Cell lines. The packaging cell line 293T was maintained in complete
Dulbecco modified Eagle medium (DMEM) medium [i.e., high-glucose
DMEM supplemented with 10% fetal bovine serum (FBS), 2 mM
L-glutamine, 1 mM sodium pyruvate, penicillin (100 U/ml),) and strep-
tomycin (100 �g/ml); Invitrogen Life Technologies] containing 0.5
mg/ml of G418. Madin-Darby canine kidney (MDCK) cell lines were
maintained in complete DMEM. Drosophila S2 cells were maintained in

complete medium [i.e., Express Five serum-free medium (SFM) with 10%
FBS, 50 U/ml penicillin, 50 �g/ml streptomycin, and 2 mM L-glutamine]
at 28°C.

Viruses. HPAI H5N1 viruses A/Shenzhen/406H/06 and A/Cambodia/
P0322095/05 were originally isolated from human patients at the Donghu
Hospital in Shenzhen, China, and at the Pasteur Institute of Cambodia,
respectively (2, 50). Viruses were propagated in MDCK cells, and virus-
containing supernatants were pooled, clarified by centrifugation, and
stored in aliquots at �80°C. The 50% tissue culture infective dose
(TCID50) was determined by serial titration of viruses in MDCK cells and
was calculated by the method of Reed and Muench (28). To determine the
50% mouse lethal doses (MLD50) of the viruses, groups of 5 mice were
inoculated intranasally (i.n.) with serial 10-fold dilution of virus. After
the inoculation, mice were monitored daily for clinical signs for 14 days.
Mice that lost more than 35% of their original body weight were eutha-
nized and counted as dead. The MLD50 was calculated by the method of
Reed and Muench (28). All research with HPAI H5N1 viruses was con-
ducted under BSL3 laboratory containment.

Generation of an HA/NA pseudotype panel. Table S1 in the supple-
mental material lists a panel of 20 H5 and 1 H1 HAs constructed and used
in this study. The H5 panel covers all 10 clades and all 5 subclades of clade
2 of H5 HA. Among H5 HAs, (sub)clades 0, 1, 2.1, 2.2, 2.3, and 7 were
derived from human isolates and the rest were derived from avian species.
The methods used to generate the codon optimized-H5 and H1 HAs and
Flag epitope-tagged N1 NA [A/Thailand/1(KAN)-1/04] (22) and the
methods used to produce influenza virus HA and NA pseudotypes and the
pseudotype-expressing vesicular stomatitis virus G protein (VSV-G) con-
trol were as described before (43).

PN assay. The pseudotype-based neutralization (PN) assay used to
screen neutralizing-antibody activity in convalescent-phase plasma was
carried out as described previously (43). Neutralizing-antibody activity in
culture supernatants from immortalized B cells and from Drosophila S2
transfectants (see below) was screened by PN assay essentially as described
before (43). Briefly, supernatants were incubated with the HA and NA
pseudotypes (A/Shenzhen/406H/06) for 1 h at 37°C prior to addition
to MDCK cells. After overnight incubation, cells were washed with
phosphate-buffered saline (PBS) and cultured in complete DMEM. Rel-
ative luciferase activity (RLA) was measured at 48 h by a BrightGlo lucif-
erase assay according to the manufacturer’s instruction (Promega). The
percentage of inhibition was calculated as (RLA in pseudotypes and me-
dium control � RLA in pseudotypes and culture supernatants)/RLA in
pseudotypes and medium control.

To test the neutralization activities of purified human monoclonal
antibodies, serially 3-fold-diluted antibodies 65C6, 100F4, and 3C11were
incubated with the pseudotypes for 1 h at 37°C prior to addition to MDCK
cells. After overnight incubation, cells were washed and cultured in com-
plete DMEM. RLA was measured as described above. The 95% inhibitory
concentration (IC95) was calculated as the amount of a given antibody
that resulted in 95% reduction of luciferase activity.

HI assays. Viruses were diluted to 8 HA units and incubated with an
equal volume of serially diluted antibody 65C6 at room temperature. An
equal volume of 0.5% horse red blood cells was added to the wells, and
incubation was continued on a gently rocking plate for 30 min at room
temperature. Cell button formation was scored as evidence of hemagglu-
tination inhibition (HI).

Construction of Drosophila S2 cell expression cassettes containing
the constant regions of the heavy and light chains of human immuno-
globulin. To facilitate molecular cloning of human monoclonal antibod-
ies, total RNA was isolated from Epstein-Barr virus (EBV)-transformed
human B cells and cDNA was generated by reverse transcription. Gene
segments encoding the constant regions of the human �1, �1, and �1
chains were PCR amplified using pairs of primers listed in Table S2 in the
supplemental material and inserted into the TA vector for sequencing.
The correct sequences of the human �1 and �1 chains were inserted into
the BglII and PmeI sites of the pMT/Bip vector (Invitrogen), and the
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correct sequence of the human�1 chain was inserted into the XhoI and
PmeI sites of the pMT/Bip vector. The resulting vector cassettes were
designated pMT/Bip/�1 constant, pMT/Bip/�1 constant, and pMT/
Bip/�1 constant, respectively.

Generation of stable Drosophila S2 cell transfectants that produce
human monoclonal antibodies. In this study, we did two independent
EBV transformation experiments. In the first experiment we screened
8,000 wells in 96-well plates, and in the second experiment we screened an
additional 8,000 wells in 96-well plates. In both experiments CD22� cells
were isolated from the aforementioned patient PBMCs with bead-
conjugated anti-human CD22 antibody (Miltenyi) as described in the
manufacturer’s instructions. Isolated CD22� cells (30 cells per well) were
cultured in complete RPMI 1640 supplemented with 10% FBS and im-
mortalized using EBV in the presence of CpG oligonucleotide 2006 and
irradiated allogeneic PBMCs as described by Traggiai et al. (41). Culture
supernatants were harvested on day 14 and screened for their ability to
neutralize H5N1 pseudotype A/Shenzhen/406H/06 by PN assay (see
above). In the first experiment, cells in the positive wells were harvested

and limiting-dilution assay was performed for 5 cells per well (the first
round of subcloning). Cells in the positive wells after the first-round sub-
cloning were harvested, and again limiting dilution assay was performed
for 1 cell per well (the second round of subcloning). RNA samples from
cells in the positive wells after the second-round subcloning were isolated
using the RNeasy Plus minikit (Qiagen Corporation). In the second ex-
periment, cells in the positive wells were harvested and limiting-dilution
assay was performed for 5 cells per well (the first round of subcloning).
RNA samples from cells in the positive wells after the first round of sub-
cloning were isolated. cDNA was generated by reverse transcription. Vari-
able heavy (VH) and V� and V� gene segments of human immunoglob-
ulin were then PCR amplified using a set of degenerate primer pairs as
described by Tiller et al. (40) (see Table S2 in the supplemental material).
The amplified VH, V�, and V� gene segments were inserted into vector
cassettes pMT/Bip/�1 constant, pMT/Bip/�1 constant, and pMT/Bip/�1
constant, respectively, to generate heavy and � and � light chain gene
libraries (Fig. 1A) (13).

To identify the correct heavy-chain genes, each heavy-chain gene from

FIG 1 Characterization of human monoclonal antibodies 65C6, 3C11, and 100F4. (A) Schematic diagram of Drosophila S2 cell expression vectors (pMT/Bip)
for the heavy chain of IgG1 and the lambda and kappa light chains of antibody molecules. (B) Western blot analysis of binding specificities of antibodies 65C6,
3C11, and 100F4. TG15 is a control antibody that recognizes an epitope in the HP2 domain of HIV-1 gp41. (C) Antibodies 3C11, 65C6, and 100F4 and irrelevant
IgG1 antibody were immobilized on a CM5 sensor chip for surface plasmon resonance (SPR) kinetic binding analysis with the H5 HA proteins. (D) Calculated
values of the on-rate constant (ka), off-rate constant (kd), and KD of antibodies 3C11, 65C6, and 100F4.
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the heavy-chain library paired with the � and � chain library was cotrans-
fected into Drosophila S2 cells using a calcium phosphate precipitation
method. After cells were induced with 5 �M CdCl2 for 72 h, supernatants
were harvested to screen neutralization activity. The heavy-chain genes
from transfected cells whose supernatants showed the highest neutraliza-
tion activity were sequenced and used for subsequent cotransfection (see
below).

Conversely, to identify the correct light-chain genes for pairing, each
light-chain gene from the � or � chain library paired with the heavy-chain
library was cotransfected into Drosophila S2 cells using the same calcium
phosphate precipitation method. After cells were induced with 5 �M
CdCl2 for 72 h, supernatants were harvested to screen neutralization ac-
tivity. The � and � chain genes from transfected cells whose supernatants
showed the highest neutralization activity were then sequenced and used
for subsequent cotransfection (see below).

To generate stable Drosophila S2 cell transfectants, the heavy- and
light-chain gene constructs identified above along with selection vector
pCoBlast (containing the blasticidin resistance gene) were cotransfected
into Drosophila S2 cells to generate stable transfectant cell lines. As a con-
trol Drosophila S2 cells were also cotransfected with IgG1 heavy-chain and
� light-chain genes encoding a human monoclonal antibody (TG15)
which recognizes the HR2 domain of HIV-1 gp41 (51). After overnight
incubation, cells were washed once with PBS and cultured in complete
High Five medium (Invitrogen). Seventy-two hours later, the selection
marker blasticidin was added at 25 �g/ml, and stable S2 transfectant cell
lines were generated in 2 weeks. To test production of human monoclonal
antibodies, transfected cells were induced with 5 �M CdCl2 for 3 days and
the supernatants were tested for neutralization activity. Stable transfectant
clones were generated by limiting-dilution assay. After individual S2
clones were established, culture supernatants were tested for their ability
to neutralize H5N1 pseudotypes. S2 clones designated 65C6, 3C11, and
100F4, which exhibited good neutralization activity, were chosen for hu-
man monoclonal antibody production (see below). The VH, V�, and V�
gene segments of these S2 clones were analyzed for homology to known
human V, D, and J genes using the database at http://www.ncbi.nlm.nih-
.gov/projects/igblast/.

Production and purification of human monoclonal antibodies by
stable S2 clones. WAVE bioreactor 20/50EHT systems with a WAVEPOD
process control unit (GE Healthcare) were used for antibody production
(L. Wang et al., unpublished data). Briefly, 150 ml (1 � 106 to 2 � 106 cells
per ml) of stable S2 clones 65C6, 3C11, and 100F4 were inoculated into
2-liter cell bags along with 300 ml prewarmed fresh SFM. Two days later,
400 ml fresh SFM was added to the cell bags. The agitation settings initially
were 22 rpm (rocking rate) and 8° (angle) and were increased to 26 rpm
and 9° on day 3. Oxygen was provided via headspace aeration using room
air at a flow rate of 0.15 liter/minute, and the pH was between 6.0 and 6.3
during the cultivation. Six days after the initial culture perfusion was
started, the perfusion rate was increased from 0.3 to 1.5 culture volumes
(CV)/day to keep the residual glucose concentration at 4 g/liter. Ten days
after initial culture, 5 �M cadmium chloride was added to the culture
medium to induce antibody production. Five days after the induction,
culture supernatants were collected.

Collected supernatants were clarified by centrifugation at 12,000 � g
for 10 min at 4°C and filtered through a 0.45-�m filter. All filtered super-
natants were concentrated 5-fold using the QuixStand benchtop system
with a 50,000 nominal molecular weight cutoff (NMWC) hollow-fiber
cartridge (model UFP-50-C-4MA). Concentrated supernatants were once
again centrifuged at 12,000 � g for 10 min at 4°C and filtered at 0.45 �m.
Finally, samples mixed with 1 mM phenylmethylsulfonyl fluoride (PMSF)
were loaded onto a HiTrap protein G HP 5-ml column. The eluted frac-
tions were exchanged using a HiTrap desalting column. All equipment
was purchased from GE Healthcare. Antibody concentrations were deter-
mined by enzyme-linked immunosorbent assay (ELISA) (see below).

ELISA. An ELISA kit specifically measuring human IgG was purchased
from Mabtech AB (Sweden). First, anti-human IgG antibody (1 �g/ml) in

phosphate-buffered saline (PBS) at pH 7.4 was applied to microtiter wells
overnight at 4°C. Unbound protein was discarded. The coated plate was
washed with PBS and blocked with 0.1% bovine serum albumin (BSA),
according to the manufacturer’s recommendation. Serially 10-fold di-
luted culture supernatants collected from S2 transfectant clones or
purified human monoclonal antibodies were added to wells along with
human antibody standards at concentrations of from 0.1 to 500 ng/ml.
After incubation at room temperature for 2 h, the wells were washed 5
times using PBS-Tween 20 (PBST), and alkaline phosphatase (ALP)-
conjugated anti-human IgG antibody diluted to 1:1,000 in PBST plus
0.1% BSA was added and incubated for 1 h at room temperature. After
this, the wells were washed 5 times with PBS-Tween 20, and the sub-
strate p-nitrophenylphosphate was added for optical density measure-
ment at 405 nm.

Western blotting. To determine the binding specificities of human
monoclonal antibodies, HIV-1 and H5N1 virus-like particle (VLP) sam-
ples were incubated for 15 min at 90°C in loading buffer containing SDS
and 0.6 M dithiothreitol (DTT) and loaded for 12% SDS-PAGE. Gels were
transferred onto polyvinylidene difluoride (PDVF) membranes, and the
membranes were blocked with Tris-buffered saline containing 0.1%
Tween 20 (TBST) and 5% nonfat dry milk for 1 h at room temperature.
The membranes were subsequently incubated with 3 ml (0.5 �g/ml) of
purified human monoclonal antibodies TG15, 3C11, 100F4, and 65C6 for
2 h at room temperature. After being washed twice with TBST, the mem-
branes were probed with ALP-conjugated goat anti-human IgG antibody
(Southern Biotech).

SPR analysis of monoclonal antibodies. Surface plasmon resonance
(SPR) analysis was performed on a Biacore T100 (Biacore AB, Sweden)
according to the manufacturer’s instructions. Antibodies 3C11, 65C6, and
100F4 and an irrelevant IgG1 antibody were immobilized on a CM5 sen-
sor chip using an amine coupling kit. Serial dilutions (from 2090 nM to 84
nM) of soluble recombinant HA derived from the A/Anhui/05/01 strain
were injected at a constant flow rate of 50 �l/min for 180 s at 25°C.
Dissociation was facilitated with glycine HCl (pH 2.5) for 900 s, followed
by regeneration using HPS-EP (0.01 M HEPES [pH 7.4], 0.15 M NaCl, 3
mM EDTA, 0.005% [vol/vol] surfactant P20) for 600 s. The experiment
was repeated twice. The data were acquired and analyzed using Biacore
T100 evaluation software (version 3.2).

Characterization of antibody 65C6-HA complexes by negative-stain
electron microscopy. Hemagglutinin (HA) from strain A/Shenzhen/
406H/06 (H5N1) was prepared by disrupting purified virus in 1% N,N-
dimethyl dodecylamine-N-oxide (LDAO) (Fluka)–10 mM Tris (pH 8.0)
for 30 min at 4°C. HA and NA glycoproteins were recovered from the
55,000 rpm (10 min) supernatant, and HA was purified by sucrose gradi-
ent centrifugation and ion-exchange chromatography as described before
(11a). The generation of HA-antibody immune complexes was performed
as described before (46). Briefly, HA was diluted in PBS (pH 7.2) to 50
�g/ml for optimum spreading on carbon support films. Antibody 65C6
was added in increasing amounts until only a few molecules remained
unbound to HA. HA-antibody complex suspensions were absorbed to
thin carbon films freshly stripped from mica, floated on a 1% (wt/vol)
solution of sodium silicotungstate (pH 7.0), and air dried. Micrographs
were taken under minimum-dose conditions known from analyses of
periodic specimens to preserve detail.

Epitope mapping of 65C6 using yeast display. Epitope mapping of
65C6 was carried out at two levels, the domain level and the fine-epitope
level. To do the domain-level epitope mapping of 65C6, a previously
generated combinatorial library of H5 HA fragments displayed on the
surface of yeast (Saccharomyces cerevisiae) cells was used as described be-
fore (52). Briefly induced yeast cells (106 to 107) were collected by centrif-
ugation (12,000 rpm/s, 1 min), washed once with PBS, and incubated with
500 ng of antibody 65C6 on ice for 1 h. Cells were washed twice with cold
PBS and then incubated with phycoerythrin (PE)-labeled anti-human IgG
(1:200 dilution) on ice for 45 min. Cells were then washed twice with cold
PBS and analyzed by fluorescence-activated cell sorting (FACS) using an
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Aria II instrument (BD). PE-positive yeast clones were sorted and se-
quenced.

To do the fine-epitope mapping of 65C6, a random mutagenesis li-
brary was constructed using error-prone PCR. The template used for li-
brary construction was the HA fragment from position 51 to 260 defined
by the above-described domain-level epitope mapping. The PCR prod-
ucts were gel purified and extracted using a QIAquick gel extraction kit
(Qiagen). The construction, growth, and expression of the library using
yeast surface display were carried out as described before (52). Briefly,
induced yeast cells (106 to 107) were collected by centrifugation, washed
once with PBS, and incubated with 500 ng of antibody 65C6 and anti-c-
myc chicken IgY (1:200 dilution) on ice for about 1 h. Cells were washed
twice with cold PBS and then incubated with PE-labeled anti-human IgG
(1:200 dilution) and Alexa Fluor 488-labeled goat anti-chicken IgG (1:400
dilution) on ice for 45 min. Cells were then washed twice with cold PBS
and analyzed by FACS using an Aria II instrument (BD). PE-negative
yeast clones were sorted and sequenced.

Prophylaxis and therapy in mice with antibody 65C6. To test the
prophylactic effect of 65C6, four groups of female BALB/c mice (12 mice
per group; 6 to 8 weeks old; average weight, 20 g) were inoculated i.p. with
1 ml PBS containing 15 mg/kg, 5 mg/kg, and 1 mg/kg of 65C6 or 15 mg/kg
of control antibody TG15. After 4 h, 6 mice in each group were i.n. inoc-
ulated with 50 �l PBS containing 5 MLD50 of HPAI H5N1 A/Shenzhen/
406H/06 virus and the other 6 mice in each group were i.n. inoculated
with 50 �l PBS containing 5 MLD50 of HPAI H5N1 A/Cambodia/
P0322095/05 virus. Mice were monitored daily for survival and weight
loss until day 14 postinfection. Mice that lost more than 35% of their
initial body weight were euthanized according to the study protocol.
To measure the therapeutic effect of human monoclonal antibodies,
two groups of female BALB/c mice (24 mice per group; 6 to 8 weeks
old; average, weight 20 g) were i.n. inoculated with 50 �l PBS contain-
ing 5 MLD50 of HPAI H5N1 A/Shenzhen/406H/06 or A/Cambodia/
P0322095/05 virus, respectively. After 24, 48, or 72 h, 6 mice from each
group were injected i.p. with 1 ml of control antibody TG15 or anti-
body 65C6 at 40 mg/kg. Mice were monitored daily for survival and
weight loss until day 14 postinfection. Mice that lost more than 35% of
their preinfection body weight were euthanized.

Statistical analysis. The weight and the survival of each individual
animal were counted as an individual value for statistical analysis. Kaplan-
Meier survival curves were used to measure differences between the dif-
ferent prophylactic and therapeutic groups.

Nucleotide sequence accession numbers. Antibody sequences have
been deposited in GenBank (accession no. JF274048 to JF274053).

RESULTS
Development of human monoclonal antibodies 65C6, 100F4,
and 3C11. A blood sample from a Chinese adult who had recov-
ered from subclade 2.3.4 H5N1 infection (50) was collected at 6
months postinfection. The plasma derived from the blood sample
exhibited high neutralizing-antibody titers against both clade 1
and subclade 2.3.4 H5N1 viruses (P. Zhou et al., data not shown).
Memory B cells isolated from patient PBMCs were immortalized
with EBV in the presence of CpG as described by Traggiai et al.
(41). Culture supernatants were screened by HA and NA
pseudotype-based neutralization (PN) assay as described before
(43). As stated in Materials and Methods, we did two independent
EBV transformation experiments. In our first experiment we ob-
served that neutralizing-antibody secretion by EBV-transformed
cells was not stable. After more than two rounds of subcloning,
neutralization activity in culture supernatants dramatically de-
creased. Therefore, in the second experiment, after one round of
subcloning, total RNA was isolated and VH, V�, and V� gene
segments were RT-PCR amplified with a panel of forward and
reverse primers (see Table S2 in the supplemental material) and

inserted into Drosophila S2 cell expression vectors containing con-
stant regions of human �1, �1, and �1 gene segments (Fig. 1A).
We then performed a pairwise, across-board cotransfection with
heavy- and light-chain gene expression vectors into Drosophila S2
cells to identify the heavy- and light-chain pairs required for the
generation of neutralizing monoclonal antibodies. From approx-
imately 16,000 EBV-transformed B cell supernatant samples, 6
supernatants exhibited at least 2-log10 neutralization activity.
From these positive wells, we isolated RNA, constructed heavy-
and light-chain gene libraries, did across-board cotransfection
into Drosophila S2 cells, and eventually generated 3 stable Dro-
sophila S2 cell transfectant clones that secrete fully human mono-
clonal antibodies 65C6, 100F4, and 3C11 (see Materials and Meth-
ods for details). Among them, antibody 65C6 was generated from
the first experiment, in which two rounds of subcloning were car-
ried out, whereas antibodies 100F4 and 3C11 were generated from
the second experiment, in which only one round of subcloning
was carried out (see Materials and Methods). Stable Drosophila S2
transfectants that secrete human monoclonal antibody TG15 spe-
cific for HIV-1 gp41 were also generated and used as a control.
Using the Wave bioreactor system, stable Drosophila S2 cell trans-
fectant clones that secrete these human monoclonal antibodies
were grown in perfusion culture. Culture supernatants were har-
vested, and the human monoclonal antibodies in these culture
supernatants were purified. The amino acid sequences of the VH
and the VL chains of antibodies 65C6, 100F4, and 3C11 are shown
in Fig. S1 in the supplemental material. The VH chains of 65C6,
3C11, and 100F4 belong to 5-a*03, 5-a*03, and 4-61*03, respec-
tively, and the VL chains of 65C6, 3C11, and 100F4 belong to
V�3D-15*01, V�2D-28*01, and V�1-40*01, respectively. Com-
pared to germ line sequences, the VH and the V� chains of anti-
body 65C6 contain 11 and 5 mutations, respectively, the VH and
the V� chains of antibody 100F4 contain 12 and 7 mutations,
respectively, and the VH and the V� chains of antibody 3C11
contain 14 and 4 mutations, respectively.

Binding specificity and affinity of antibodies 65C6, 100F4,
and 3C11. To test the specific binding of human antibodies, HIV-1,
HA, and NA virus-like particles (VLPs) were electrophoresed on a
10% SDS-polyacrylamide gel and transferred onto a PVDF mem-
brane, and the binding of antibodies 65C6, 100F4, 3C11, and TG15
was measured by Western blot analysis. Mouse immune sera elicited
with H5 HA plasmid DNA were used as a positive control. Figure 1B
shows that the TG15 control specifically binds to envelope protein
derived from HIV-1 VLPs but not to those from influenza virus HA
and NA VLPs, whereas mouse immune sera specifically bind to HA0,
HA1, and HA2 of HA and NA VLPs but not to envelope protein from
HIV-1 VLPs. Antibodies 65C6, 100F4, and 3C11 specifically bind
HA0 and HA1 but not H5 HA2 or HIV-1 envelope proteins. Thus, all
three antibodies 65C6, 100F4, and 3C11 recognize epitopes in the
HA1 domain of HA.

To measure the affinity of the antibodies, surface plasmon res-
onance using recombinant H5 HA (A/Anhui/05/01, subclade
2.3.4) was performed. Figure 1C shows the association and disso-
ciation curves of antibodies 100F4, 65C6, and 3C11 at the indi-
cated concentrations of HA. Based on these curves, the dissocia-
tion constant (KD) values of antibodies 100F4, 65C6, and 3C11
were calculated to be 2.42 � 10�9, 4.14 � 10�8, and 7.02 � 10�8

M, respectively (Fig. 1D).
Neutralization breadths and potencies of antibodies 65C6,

100F4, and 3C11. To determine the breadths and potencies of
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human antibodies 65C6, 100F4, and 3C11, they were titrated in a
PN assay against a panel of 20 H5N1 and 1 H1N1 pseudotypes as
well as a pseudotype expressing VSV-G (see Table S1 in the sup-
plemental material). As shown in Fig. 2, the control antibody

TG15 did not exhibit any neutralization activity against any of
these H5N1 and H1N1 pseudotypes. Antibody 3C11 neutralized
16 H5N1 pseudotypes, with IC50s ranging from 0.018 �g/ml
against A/Hong Kong/156/97 to 62.192 �g/ml against A/Goose/

FIG 2 Cross clade neutralization by antibodies 65C6, 3C11, and 100F4. A VSV-G pseudotype was used as a negative control.
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Shantou/1621/05, but neutralized only H5N1 pseudotypes
derived from A/Hong Kong/156/97, A/Turkey/65-595/2006,
A/Xingjiang/1/2006, and A/Beijing/01/2003, with IC95 values at
0.516, 4.04, 5.612, and 3.465 �g/ml, respectively (Fig. 2 and Table
1). In contrast, except for A/Chicken/Vietnam/NCVD-016/08
(subclade 7.2), both antibodies 65C6 and 100F4 neutralized all
clades and subclades of H5N1 pseudotypes tested with a higher
degree of potency. Antibody 100F4 at �0.5 �g/ml neutralized 6
H5N1 pseudotypes with the IC95 and at �1 �g/ml neutralized 13
H5N1 pseudotypes with the IC95, while for the remaining 6 H5N1
pseudotypes between 1.022 and 8.122 �g/ml was required to reach
the IC95 (Table 1). Most strikingly, although it had lower binding
affinity to soluble HA than antibody 100F4 (Fig. 1D), antibody
65C6 exhibited higher neutralization activity than antibody
100F4. Antibody 65C6 at �0.5 �g/ml neutralized 16 H5N1 pseu-
dotypes with the IC95 and at �1 �g/ml neutralized 17 H5N1 pseu-
dotypes with the IC95, while for 2 H5N1 pseudotypes, derived
from A/Thailand/KAN-1A/04 and A/Goose/Guiyang/337/06,
1.085 and 1.528 �g/ml were needed to reach the IC95 (Table 1).
None of these three antibodies exhibited any neutralization activ-
ity against H1N1 and VSV-G pseudotypes (Fig. 2 and Table 1).

To further test the breadth and potency of neutralization
activity of 65C6, we performed hemagglutination inhibition
(HI) assays against a panel of influenza A viruses, including
H1N1, H2N2, H3N2, and H5N1. Again depending on the
H5N1 strains, between 0.3 and 2.7 �g/ml of antibody 65C6
completely inhibited all 6 H5N1 viruses tested, while �170
�g/ml of antibody 65C6 still did not inhibit H1N1, H2N2, and
H3N2 viruses, indicating that antibody 65C6 recognizes a con-

served epitope on HAs from almost all clades and subclades of
the H5 subtype and that this epitope is not shared by HAs of
H1, H2, and H3 subtypes (Table 2).

Binding site of antibody 65C6. Figure 3 shows five represen-
tative images of HA-antibody 65C6 complexes obtained by
negative-staining electron microscopy. HA protein was derived
from autologous strain A/Shenzhen/406H/06 (subclade 2.3.4).
Figure 3A to C show that one antibody binds two individual HA
molecules. Each Fab of the antibody binds near an end of HA and
forms a constant angle of about 110° with HA. Figure 3D shows
that one antibody binds to two individual HA molecules in a five-
HA aggregate “rosette.” In this complex, each Fab also binds near
an end of HA and forms a constant angle of about 110° with HA.
Since it is known that the “membrane anchor” regions of HA

TABLE 1 IC50s and IC95s of antibodies 65C6, 100F4, and 3C11 against a panel of H5N1
pseudotypesa

a The doses of antibodies 65C6, 100F4, and 3C11 that result in the IC50 and IC95 to a given H5N1 pseudotype
are shown. n.d., not detected. Green, �1 �g/ml required to reach IC50 and IC95; yellow, between 0.5 and 1 �g/
ml required to reach IC50 and IC95; red, �0.5�g/ml required to reach IC50 and IC95.

TABLE 2 The concentrations of antibody 65C6 required to completely
inhibit hemagglutination of 8 HA units of virus measured by HI assay

Subtype Virus
Clade or
subclade

IgG
(�g ml�1)

H5N1 A/Viet Nam/1194/2004 1 0.66
A/Indonesia/5/2005 2.1 2.7
A/Bar headed goose/Qinghai/1A/2005 2.2 1.3
A/Whooper swan/Mongolia/244/2005 2.2 0.66
A/Turkey/1/2005 2.2 0.33
A/Anhui/1/2005 2.3 0.33

H1N1 A/California/7/2009 �170
H2N2 A/Singapore/1/1957 �170
H3N2 A/Aichi/2/1968 �170
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associate with each other in the absence of detergent to form “ro-
settes,” the binding site on the HA for the Fab is at the membrane-
distal tip of HA.

Epitope mapping of antibody 65C6. To map the neutraliza-
tion epitope of antibody 65C6, yeast display analysis was carried
out at both the domain level and the fine-epitope level as described
before (52). To perform the domain-level epitope mapping, yeast
(Saccharomyces cerevisiae) cells that display a combinatorial li-
brary of H5 HA fragments were incubated with antibody 65C6,
followed by FACS analysis and cell sorting. Sequencing analysis of
HA fragments isolated from PE-positive yeast clones indicated
that the 65C6 epitope resides within the HA fragment comprising
amino acid residues 51 to 260 (T. Zuo et al., data not shown).

To perform the fine-epitope mapping, Saccharomyces cerevisiae
cells that display a random mutagenesis library of the HA fragment
comprising amino acid residues 51 to 260 were constructed and in-
cubated with antibody 65C6, followed by FACS analysis and cell sort-
ing. Sequencing analysis of HA fragments isolated from PE-negative
(65C6-resistant) yeast clones identified 23 amino acid mutations that
abolish the binding of 65C6 (Fig. 4A). Among them, 13 amino acid
residues, at positions 116, 117, 118, 121, 147, 152, 160, 161, 162, 163,
164, 167, and 187 were on the surface of the HA molecule, while the
remaining 10 residues were underneath the surface, suggesting that
they are not directly contacted by antibody 65C6.

To test whether these 13 surface mutations of H5 HA would
affect the neutralization activity of antibody 65C6, genes encoding
13 full-length H5 HA mutants derived from H5N1 strain
A/Beijing/01/03 (subclade 7.1) were constructed and used to gen-
erate H5N1 pseudotypes. The susceptibility of H5N1 pseudotypes
to neutralization by antibody 65C6 was determined by PN assay
(see Fig. S3 in the supplemental material). Compared to the wild-
type H5N1 pseudotype, H5N1 pseudotypes expressing H5 HA
mutants with a mutation at position 116, 117, 147, 152, 160, 162,
163, or 187 were similarly or even more susceptible to neutraliza-
tion by antibody 65C6, whereas H5N1 pseudotypes expressing H5
HA mutants with a mutation at position 118, 121, 161, 164, or 167
were more resistant to neutralization by antibody 65C6 (Fig. 4B).
Interestingly all these resistant amino acid residues are adjacent to

each other on the surface according to the three-dimensional (3D)
structure of the HA model (Fig. 4C, D, and E).

Within amino acid stretches of residues 117 to 121 and 159 to
167 of H5 HA, there are 5 amino acid differences at positions 121,
159, 162, 163, and 165 between 65C6-susceptible strain A/Beijing/
01/2003 (subclade 7.1) and 65C6-resistant strain A/Chicken/
Vietnam/NCVD-016/08 (subclade 7.2). To determine the in-
volvement of these residues in the neutralization epitope of anti-
body 65C6, we constructed 5 HA single mutants and one HA
mutant with mutations in all 5 amino acid by replacing these
amino acids from subclade 7.1 with those from subclade 7.2 and
used them to generate H5N1 pseudotypes. Figure 4F and G show
the neutralization activities of antibody 65C6 against these H5N1
mutant pseudotypes. Compared to the subclade 7.1 wild-type
H5N1 pseudotype, H5N1 mutant pseudotypes with single muta-
tions at positions 159, 163, and 165 exhibited higher neutraliza-
tion sensitivity. In contrast, the H5N1 mutant pseudotype with a
single mutation at position of 121 was resistant (3.37-fold in-
creases at the IC80) to 65C6 neutralization. Most strikingly, the
H5N1 mutant pseudotype with all 5 amino acid mutations was
much more resistant (26-fold increase at the IC80) to neutraliza-
tion by antibody 65C6 than the H5N1 mutant pseudotype with a
single mutation at position 121 (Fig. 4G).

Prophylactic efficacy of antibody 65C6. To determine
whether the potent in vitro neutralization activity displayed by
antibody 65C6 would be predictive of its prophylactic efficacy in
vivo, female BALB/c mice were passively administrated (i.p.) 15, 5,
and 1 mg/kg of antibody 65C6 or 15 mg/kg of control antibody
TG15 and then challenged i.n. with 5 MLD50 of HPAI H5N1
A/Shenzhen/406H/06 and A/Cambodia/P0322095/05 viruses. A
dose of 5 MLD50 was chosen to ensure 100% mortality in the
control group. Figure 5A shows the time course of body weight
changes and Fig. 5B shows the survival rate of each group during
14 days after challenge with HPAI H5N1 A/Shenzhen/406H/06
virus. Figure 5C shows the time course of body weight changes and
Fig. 5D shows the survival rate of each group during 14 days after
challenge with HPAI H5N1 A/Cambodia/P0322095/05 virus. In
the group of mice that were inoculated with 15 mg/kg of control

FIG 3 Binding site of antibody 65C6. Five representative complexes (A to E) of H5 HA and antibody 65C6 determined by negative-staining electron microscopy
are shown. (A, B, and C) Complexes of 2 HA molecules linked to 1 65C6 molecule; (D) complex of 1 65C6 molecule linked to 2 HA molecules of a “rosette” of
5 HA molecules associated through their transmembrane domains; (E) is complex of 2 HA molecules plus 2 65C6 molecules. To aid interpretation, a schematic
diagram for each complex is shown underneath. Blue rectangles, HA protein; white ovals, Fab and Fc domains of antibody 65C6.

A Human MAb Recognizes a Common Epitope on H5 HA

March 2012 Volume 86 Number 6 jvi.asm.org 2985

http://jvi.asm.org


antibody TG15, severe sickness of mice became evident on day 3
after the challenge with H5N1 A/Shenzhen/406H/06, and all mice
died. In contrast, in the group of mice that were inoculated with 1
mg/kg of antibody 65C6, all 5 mice got sick at 4 to 6 days postchal-
lenge and 2 mice died, while the remaining 3 mice survived. In the
group of mice that were inoculated with 5 mg/kg of antibody
65C6, mice got sick at 5 to 7 days postchallenge and 1 mouse died,
while the remaining 4 mice survived. In the group of mice that
were inoculated with 15 mg/kg of antibody 65C6, no mice became
sick or lost weight, and all survived.

In the group of mice that were inoculated with 15 mg/kg of
control antibody TG15, after the challenge with A/Cambodia/
P0322095/05 virus, rates of sickness, weight loss, and death similar
to those for mice infected with A/Shenzhen/406H/06 were ob-
served. In the group of mice that were inoculated with 1 mg/kg of
antibody 65C6, all 5 mice got sick and one mouse died, while the
remaining 4 mice survived. In the groups of mice that were inoc-
ulated with 5 or 15 mg/kg of antibody 65C6, no mice became sick
and all survived.

Therapeutic efficacy of antibody 65C6 in vivo. Having dem-
onstrated potent prophylactic efficacy of antibody 65C6 in vivo,
we next determined whether the potent in vitro neutralization
activity displayed by 65C6 would be predictive of its therapeutic
efficacy in vivo. To accomplish this, female BALB/c mice were

inoculated i.n. with 5 MLD50 of HPAI H5N1 viruses A/Shenzhen/
406H/06 and A/Cambodia/P0322095/05 and then injected i.p.
with 40 mg/kg of antibody 65C6 or control antibody TG15 at 24,
48, and 72 h postinfection. Figure 6A shows the time course of
body weight changes and Fig. 6B shows the survival rate of each
group during 14 days after challenge with HPAI H5N1 A/Shen-
zhen/406H/06 virus. Figure 6C shows the time course of body
weight changes and Fig. 6D shows the survival rate of each group
during 14 days after challenge with HPAI H5N1 A/Cambodia/
P0322095/05 virus. In the group of mice that were injected with 40
mg/kg of control antibody TG15 at 24 h after the infection, severe
sickness, weight loss, and death similar to what was found in pro-
phylactic studies were observed. In contrast, after injection with
40 mg/kg of antibody 65C6 at 24, 48, and 72 h postinfection, all
mice infected with A/Cambodia/P0322095/05 survived with no
weight loss (Fig. 6C and D), and except for one mouse that was
injected with antibody at 72 h postinfection, all mice infected with
A/Shenzhen/406H/06 also survived with no significant weight loss
(Fig. 6A and B).

DISCUSSION

Continuous zoonotic transmission of HPAI H5N1 viruses to hu-
mans, with 60% mortality and for which there are few specific
treatment options, remains a major public health threat. In this

FIG 4 Amino acid residues involved in neutralization epitopes. (A) List of 23 single-amino-acid mutants to which antibody 65C6 can no longer bind, determined
using Saccharomyces cerevisiae cells that display a random mutagenesis library of the HA fragment comprising amino acid residues 51 to 260 in fine-epitope
mapping. Among them, 10 amino acid mutations are underneath the HA surface and the other 13 are on the surface of HA. (B) Concentrations of antibody 65C6
required to reach 95% neutralization (IC95) in PN assay and relative fold increases against 13 single surface amino acid mutants compared to the parental HA.
Red indicates single-amino-acid mutants that are more resistant to neutralization by antibody 65C6. (C) Five amino acid residues, at positions 118, 121, 161, 164,
and 167 (highlighted in red), that are involved in HA derived from H5N1 strain A/Beijing/01/03 (subclade 7.1) as determined by the combined yeast display
screen and PN assay. (D) The 3D structure shows that the 5 amino acid residues 118, 121, 161, 164, and 167 (highlighted in red and blue) are adjacent to each other
on the surface of HA. (E) The 3D structure shows that the 5 amino acid residues 118, 121, 161, 164, and 167 are adjacent to each other as depicted in ribbon
representation. (F) Titration of antibody 65C6 against 5 single HA mutants and one HA mutant with all 5 amino acid substitutions for subclade 7.1 compared
to parental subclades 7.1 and 7.2. (G) Concentrations of antibody 65C6 required to reach 80% neutralization (IC80) in PN assay and relative fold increases against
5 single HA mutants and one HA mutant with all 5 amino acid substitutions for subclade 7.1 compared to parental subclade 7.1. Red indicates single- or
multiple-amino-acid mutants that are more resistant to neutralization by antibody 65C6.
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study, we report the development of three fully human monoclo-
nal antibodies, 65C6, 100F4, and 3C11, from immortalized mem-
ory B cells of an individual who had recovered from infection with
a subclade 2.3.4 HPAI H5N1 virus in China (50).

Perhaps, the most important findings of this study are that one
such antibody, 65C6, neutralizes H5N1 strains derived from all
clades and subclades of H5 HA with a high degree of potency,
except for subclade 7.2 (Fig. 2 and Table 1). These findings indi-
cate that the neutralization epitope of 65C6 is conserved among
diverse H5N1 strains. The fact that antibody 65C6 was established
from memory B cells of an individual who had recovered from
HPAI H5N1 virus infection implies that the 65C6 epitope elicits a
neutralizing antibody response during the natural infection. Sim-
ilarly, Whittle et al. (43a) recently described another subtype-
specific broadly neutralizing antibody, CH65, isolated from single
plasma cells of an individual vaccinated against seasonal influ-
enza, that neutralizes 30 out of 36 H1N1 strains from the past 30
years. However, the epitope recognized by antibody CH65 is in the
receptor binding site and the antigenic site of Sb.

Another important finding is that antibody 65C6 exhibits po-
tent prophylactic and therapeutic efficacy in vivo. Intraperitoneal
injection of 65C6 at 1 mg/kg or higher significantly protects mice
from infection with lethal doses of HPAI H5N1 viruses (Fig. 5),
and i.p. injection of 40 mg/kg of 65C6 at 72 h after lethal-dose
infection with HPAI H5N1 viruses significantly protects mice
from weight loss and the requirement for euthanasia (Fig. 6).
Thus, antibody 65C6 could have potential for use in treatment of
human pandemic or zoonotic H5N1 cases.

Although antibody-based therapy is not a new therapeutic
strategy, for severe influenza cases it represents a plausible inter-
vention. For example, passive immunization by vertical acquisi-

tion of specific antibodies has been found to be associated with
influenza immunity in early infancy in humans (27, 30, 37, 38).
Transfusion of human blood products from patients recovered
from the 1918 “Spanish flu” resulted in a 50% reduction in influ-
enza mortality (from 37% to 16%) during the pandemic (21).
Transfusion of convalescent-phase plasma from a patient recov-
ered from H5N1 infection resulted in a dramatic reduction of viral
loads and complete recovery (50). The underlying mechanism of
these clinical observations is that neutralizing antibodies in these
plasma samples modulate the course of viral infection and miti-
gate the development of acute respiratory distress syndrome and
other complications (21). Thus, the human monoclonal antibod-
ies developed in this study and in studies by other investigators (4,
5, 9, 14, 15, 18, 32, 35, 36, 39, 44, 45, 49) offer even better thera-
peutic options than convalescent-phase plasma samples. One of
the advantages of human monoclonal antibodies is that large
quantities of the antibodies can be quickly produced. Indeed, in
our own study we found that over 1 g per liter per day of human
monoclonal antibodies can be produced by these Drosophila S2
transfectants using Wave bioreactor and perfusion culture (Wang
et al., unpublished data). Another advantage is that human mono-
clonal antibodies are free of adventitious agents associated with
preparations of human plasma samples. Still another advantage is
that since the antibodies are human in origin, when they are used
to treat humans the risks of eliciting human immune responses
are minimized compared with those after treatment with antibod-
ies generated from other species.

Electron microscopy and epitope-mapping data show that an-
tibody 65C6 binds to a conformational epitope comprising amino
acid residues at positions 118, 121, 161, 164, and 167 on the tip of
the membrane-distal globular domain of HA (Fig. 4). These

FIG 5 Prophylactic efficacy of antibody 65C6 in mice. (A) Time course of body weight changes. (B) Survival rate of each group challenged with HPAI H5N1
A/Shenzhen/406H/06 virus. (C) Time course of body weight changes. (D) Survival rate of each group challenged with HPAI H5N1 A/Cambodia/P0322095/05
virus. Survival rate was calculated as percent survival within each experimental group (n � 5 mice per experimental group).
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amino acid residues are highly conserved among diverse H5 clades
and subclades, except for subclade 7.2, but quite different from
those of other HA subtypes (see Fig. S4 in the supplemental ma-
terial), which is totally consistent with the neutralization data
shown in Table 1 and Fig. 2. In the three-dimensional structure,
the 65C6 epitope was located in a region similar to that for two
other epitopes recognized by human antibodies 2D1 (47, 49) and
FLD21.140 (17, 32). Antibody 2D1 was isolated from a survivor of
the 1918 Spanish flu and neutralizes both 1918 and 2009 H1N1
viruses (47, 49). Antibody FLD21.140 was isolated from a survivor
of HPAI H5N1 virus infection in Vietnam and neutralizes
(sub)clades 1, 2.2, and 2.3.4. Although it does not neutralize
A/Indonesia/5/05 (clade 2.1) in vitro, it protects mice from lethal
challenge with A/Indonesia/5/05 (32). The fact that these three
subtype-specific broadly neutralizing antibodies isolated from 3
individual patients from three independent laboratories react
with epitopes in a similar region strongly indicates that neutral-
ization epitopes that reside in this region may be immunodomi-
nant epitopes during natural infection. Thus, the unique loop(s)
and antiparallel � sheet structure shown in Fig. 4E may be ex-
ploited for immunogen design to elicit a subtype-specific broad
neutralizing antibody response.

In summary, using a highly sensitive pseudotype-based neu-
tralization assay and molecular cloning techniques, we have de-
veloped three fully human monoclonal antibodies from immor-
talized memory B cells of an individual who had recovered from
HPAI H5N1 virus infection (50). One such antibody, 65C6, that
recognizes a conserved neutralization epitope on the globular
membrane-distal domain of HA1 exhibits broad and potent neu-

tralizing activity against diverse H5N1 strains from all clades and
subclades (except subclade 7.2) in vitro as well as potent prophy-
lactic and therapeutic efficacy in vivo. Thus, on the one hand
antibody 65C6 may potentially be used either alone or in combi-
nation with antibodies of different binding specificities or with
small-molecule inhibitors to treat human cases of various (sub)
clades of H5N1 virus infection, and on the other hand immuno-
gens based on this common H5 HA neutralization epitope may be
developed to elicit broad neutralizing antibody responses against
almost all (sub)clades of H5N1 viruses.
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