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Abstract

Influenza virus has the ability to evade host immune surveillance through rapid viral genetic drift and reassortment;
therefore, it remains a continuous public health threat. The development of vaccines producing broadly reactive antibodies,
as well as therapeutic strategies using human neutralizing monoclonal antibodies (HuMAbs) with global reactivity, has been
gathering great interest recently. Here, three hybridoma clones producing HuMAbs against influenza B virus, designated
5A7, 3A2 and 10C4, were prepared using peripheral lymphocytes from vaccinated volunteers, and were investigated for
broad cross-reactive neutralizing activity. Of these HuMAbs, 3A2 and 10C4, which recognize the readily mutable 190-helix
region near the receptor binding site in the hemagglutinin (HA) protein, react only with the Yamagata lineage of influenza B
virus, By contrast, HuMAb 5A7 broadly neutralizes influenza B strains that were isolated from 1985 to 2006, belonging to
both Yamagata and Victoria lineages. Epitope mapping revealed that 5A7 recognizes 316G, 318C and 321W near the C
terminal of HA1, a highly conserved region in influenza B virus. Indeed, no mutations in the amino acid residues of the
epitope region were induced, even after the virus was passaged ten times in the presence of HUMAb 5A7. Moreover, 5A7
showed significant therapeutic efficacy in mice, even when it was administered 72 hours post-infection. These results
indicate that 5A7 is a promising candidate for developing therapeutics, and provide insight for the development of a
universal vaccine against influenza B virus.
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Introduction

Influenza virus remains a constant public health threat. During
annual epidemics 5-15% of the worldwide population are typically
infected, resulting in 3 to 5 million cases of severe illness and
between 250,000 to 500,000 deaths per year [1,2]. While all age
groups are affected by the disease, most influenza-related
hospitalizations in industrialized countries occur in young
children, the elderly, and the immunocompromised [3]. Like H1
and H3 subtypes of influenza A virus, influenza B virus also causes
epidemics in humans [2]. In contrast to influenza A virus,
influenza B virus is found almost exclusively in humans and has a
much slower mutational rate [3-5]. However, cocirculation of two
phylogenetically and antigenically distinct lineages, represented by
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B/Yamagata/16/1988 and B/Victoria/2/1987, has caused anti-
genic variation through genetic reassortment and antigenic drift
from cumulative mutations, leading to annual epidemics [6,7].
Clurrently, two main countermeasures, vaccines and antiviral
drugs, are used against influenza virus [8]. Vaccination has been
the mainstay of infection control. However, the protection
afforded by vaccination varies widely, depending on the antigenic
match between the viral strains in the vaccine and those that are
circulating during a given influenza season, as well as on the
recipient’s age and health status [1,3,9]. Neuraminidase inhibitors,
such as oseltamivir (Tamiflu) and zanamivir (Relenza), and matrix
2 (M2) ion channel inhibitors like amantadine, have been widely
used for the treatment of influenza viral infection and are proven
to be quite effective against susceptible strains [10]. However, they
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Author Summary

Influenza virus is classified into types A, B and C. Influenza
A virus is further divided into many subtypes, all of which
exist in animals, indicating pandemic potential. By
contrast, influenza B virus circulates almost exclusively in
humans and, as there is no evidence for reassortment with
influenza A virus, there is no indication of pandemic
potential. Hence, there is far less accumulated research
information regarding influenza B virus than influenza A
virus. Influenza B virus, which is classified into two
phylogenetic lineages, does, however, cause annual
epidemics in humans and is therefore as essential to
control as influenza A virus. Recently, the development of
a universal vaccine and therapeutic strategies using
human monoclonal antibodies (HuMAbs) has been gath-
ering great interest. The present study reports a HUMAb
neutralizing a wide range of influenza B viruses of both
lineages. This HUMAb recognizes the conserved region of
hemagglutinin. Moreover, therapeutic efficacy of this
HuMAb was also confirmed by in vivo animal experiments.
Thus, this study provides insight for the development of
broad-spectrum therapeutics and a universal prophylactic
vaccine against influenza B virus.

have limited efficacy in delayed administration after the onset of
illness [11], and widespread use has resulted in the emergence of
resistant viral strains, as seen in HIN1 and H3N2 [12-15]. Of
note, M2 blockers are not active against influenza B virus as it has
no equivalent to the M2 ion channel protein of influenza A virus
[16]. Thus, the development of therapeutic approaches and
vaccine design that provide potent and broadly cross-protective
host immunity are a global public health priority [17].

Human monoclonal antibodies (HuMAbs) prepared from
vaccinated donors and patients with viral infections could have
potential therapeutic application, and provide significant informa-
tion on human epitopes that could be important for developing the
next generation of universal vaccines [18,19]. In addition to
classical hybridoma methods [20], recent advances in technology,
such as transgenic mice [21] and yeast or phage display [22,23],
have renewed interest in the development of HuMAbs [17,24,25].
Thus, using phage display or single cell culture methods, several
HuMAbs with broad neutralizing activities have been identified
against the hemagglutinin (HA) protein in influenza A viruses,
including C6261 and F10 which react with group 1 [26,27], and
CR8020 which reacts with group 2 viruses [28]. Another HuMADb,
FI6v3, that neutralizes both group 1 and group 2 influenza A
viruses, has also recently been described [29]. For influenza B
virus, by contrast, broadly neutralizing HuMAbs, CR8033,
CR8071 and CR9114, have firstly reported on September 2012
[30].

A hybridoma method for establishing HuMAbs was developed
previously in this laboratory by fusion of the peripheral blood
mononuclear cells (PBMCs) of influenza-vaccinated healthy
volunteers with the fusion partner cell line SPYMEG, which has
been optimized for higher reliability of cell fusion by overcoming
chromosome deletion problem [31,32]. In this study, three
HuMAbs that neutralize influenza B virus were prepared using
this method. One of the three HuMAbs, 5A7, reacted broadly
with influenza B virus isolates from 1985 to 2006 that belong to
both the Yamagata and Victoria lineages, and recognized a highly
conserved region in the HA protein. Moreover, 5A7 showed
therapeutic efficacy even in mice treated with the HuMAb
72 hours post-infection. These results indicate that 5A7 is a
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promising candidate for developing therapeutics and will provide
insight for the development of the next generation of vaccines
universally effective against influenza B virus.

Results

Preparation of anti-influenza B HuMAbs

Healthy volunteers were vaccinated with the trivalent HA split
vaccine including A/Brisbane/59/2007 (HINI1), A/Uruguay/
716/2007 (H3N2), and B/Florida/4/2006 strains. Then, 1-2
weeks later, the vaccine-derived PBMCs were fused with
SPYMEG cells. After screening for MAb specificity to influenza
viruses, the cells in the specific MAb-positive wells were cloned by
limiting dilution. Ultimately, three hybridoma clones producing
HuMAbs, designated 5A7, 3A2 and 10C4, were established
against influenza B virus. These HuMAbs did not react with
influenza A virus. HuMAD reactivity was tested by immunofluo-
rescence assay (IFA) and western blotting using Madin-Darby
canine kidney (MDCK) cells infected with B/Florida/4/2006,
homologous with the vaccine antigen. All three HuMAbs reacted
with HA protein expressed by transfection into 293T cells (Table
S1). IgG isotyping was performed by ELISA and revealed that
HuMAbs 5A7 and 10C4 were IgG1, and 3A2 was IgG3 (Table
S1). Sequences of the Vi and VT, region of the three HuMAbs
were compared and analyzed to the closest germline sequences
using IgBlast software in NCBI database. These three HuMAbs
were derived from different germ lines except D region in Vg of
3A2 and 10C4 (Figure 1).

Neutralizing activities of HuMAbs

Next, the three HuMAbs were evaluated for their ability to
neutralize influenza B viruses by i vitro virus neutralization (VN)
assay (Figure 2). The VN test was carried out on MDCK cells
infected with influenza B virus under the treatment with serial
four-fold dilutions of HuMAbs. The viruses used were B/Florida/
4/2006, B/Shanghai/361/2002, B/Johannesburg/5/1999, B/
Yamanashi/166/1998 and B/Mie/1/1993 for the Yamagata
lineage, and B/Malaysia/2506/2004, B/Shandong/7/1997 and
B/Victoria/2/1987 for the Victoria lineage. The mouse-adapted
B/Ibaraki/2/1985 in the Victoria lineage, used in the passive
transfer experiment described below, was also subjected to VN
assay. HuMAb 5A7 showed a lower neutralizing activity
compared with 3A2 and 10C4 against the Yamagata lineage;
however, 5A7 neutralized all strains in the Yamagata and Victoria
lineages that were isolated during 1985 to 2006. HuMAbs 3A2
and 10C4 neutralized the Yamagata lineage effectively, whereas
they had little neutralization effect on all the Victoria lineage
viruses. An anti-dengue virus HuMAb (D23-1B3B9) derived from
PBMC:s of a patient infected with dengue virus serotype 2 [33] was
used as a control IgG. It did not neutralize any influenza B viral
strains.

To clarify the mechanism of neutralization by the three
HuMAbs, hemagglutinin inhibition (HI) and fusion inhibition
assays were performed. All three HuMAbs had HI activity; 3A2
and 10C4 showed markedly higher HI titers (0.39 pg/ml) than
5A7 (25.0 pug/ml). Fusion inhibition assay showed that they all had
the ability to inhibit cell-cell fusion; the concentration of HuMAb
necessary for complete inhibition was lower for 3A2 and 10C4
(25 pg/ml) than 5A7 (100 pg/ml) at pH 5.5 (Figure S1). By
contrast, the control IgG did not show any HI or fusion inhibition
activity, even at 100 pg/ml.

In addition, HuMAbs 5A7, 3A2 and 10C4 were subjected to
surface plasmon resonance analysis to examine their binding
affinities. Each HuMAb was immobilized on the surface of the
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Figure 1. Nucleotide and amino acid sequences of the V, and V, of three HuMAbs 5A7 (A), 3A2 (B) and 10C4 (C). Closest germline
sequences in NCBI database by IgBlast softwares were aligned. Complementarity-determining regions (CDRs) are indicated in red, blue and pink
(CDRs 1, 2 and 3, respectively). V-D and D-J junctions in VH and V-J junctions in VL are shown in white, light gray and dark gray colors, respectively.
doi:10.1371/journal.ppat.1003150.9001
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Figure 2. Reactivity of three HuMADbs. In vitro VN assay was performed with HuMAbs 5A7 (red), 3A2 (blue),10C4 (green) and control IgG (D23-
1B3B9; black). HuMAbs (100 pg/ml) were serially four-fold diluted. The percentage of neutralization was estimated as the viral infectivity under
HuMADb-treated conditions compared with that without HuMAb. Upper panels are Yamagata lineage viruses and lower panels are Victoria lineage

viruses.
doi:10.1371/journal.ppat.1003150.9g002

sensor chip. The vaccine antigen, HA protein of B/Florida/4/
2006, at concentrations 12.5, 25, 50, 100 and 200 nM was
consecutively injected on the chip surface and the association and
dissociation phases were monitored. Kp value could not be
calculated for 5A7 precisely as it was difficult to dissociate from
HA (Table 1 and Figure S2). However, the estimated Kp value of
5A7 (less than 5.6 x10™° M) was similar to that of 10C4 (1.8 x 107°
M). By contrast, the control IgG did not associate with HA at all
(data not shown).

Epitope mapping of three HuMAbs

Next, the epitope regions recognized by the three HuMAbs
were determined. At first, escape mutants were selected by
culturing B/Florida/4/2006 in the presence of serial ten-fold
diluted HuMAb. MDCK cells were infected with the mixture in a
24-well plate and 72 hours later the supernatants were subjected
to VN and HI assays, and direct sequencing analysis of the HA
gene (Figure S3). Escape mutants were not established for 5A7,

Table 1. Kinetic constants of HuMAbs binding to influenza B
virus-derived HA.

kon' () koff? (M7's7) Ko (M)
5A7 1.8x10° <1.0x107° <5.6x107°
3A2 53x10* 21x107% 40x107"°
10c4  16x10° 28x107° - 18x107° -

! Association rate constant.
2Dissociation rate constant.
doi:10.1371/journal.ppat.1003150.t001
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even after the virus was serially passaged 10 times in the presence
of this HuMAb. 5A7 reacted with the HA protein by western
blotting under reducing conditions. Therefore, the region of 5A7
involved in recognition was refined using HA truncation vectors
containing HA segments of varying length (Figure 3A). Western
blotting with 5A7 was carried out on 293T cells transfected with
the truncated HA expression vectors. HuMADb 5A7 reacted with
truncated HA segments that included amino acid residues 1-324
but not with those with residues 1-314 (Figure 3A): amino acid
numbering was started after the signal peptide [34]. These results
indicate that 5A7 recognizes amino acid residues between 315 to
324 (IGNCPIWVKT) in the HA protein, which locates near the C
terminal of the HAI protein. The epitope region of 5A7 was
determined by mutating each of the 315-324 amino acid residues
singly. Each residue was replaced by alanine using a site-directed
mutagenesis method. Mutant HAs expressed in 293T cells were
tested for reactivity with 5A7 by IFA. Mutants G316A, C318A
and W321A did not react with 5A7 (Figure 3B), indicating that
316G, 318C and 321W amino acids critically affected the
structure of the epitope of 5A7. To estimate the conservation of
the amino acid sequences in the epitope of 5A7, HA sequences of
influenza B virus were extracted from the NCBI database.
Notably, 2,851 among 2,853 viral sequences (99.93%) showed
an identical amino acid sequence in the epitope region (Table S2).
Among the Yamagata and Victoria lineages, there was only 1
divergent strain, respectively.

By contrast, escape mutants were obtained in the presence of
3A2 and 10C4. They showed four-fold reduced VN and HI
activities compared with the parent virus after just one passage of
the virus (Figure S3). Each escape mutant obtained in the presence
of 3A2 and 10C4 had amino acid substitutions at identical
positions, 194D and 196T (Figure S4), both located in the readily
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Figure 3. Epitope mapping of HuMAbs. (A) Reactivity of 5A7 with truncated HA. A series of truncated forms of HA (a to f) were prepared in an
expression plasmid as depicted in the diagram. Transfected 293T cells were subjected to western blotting with 5A7 or serum from a mouse infected
with B/Ibaraki/2/1985 as a control (Ms serum). Black bars in the HA diagram indicate reactivity with 5A7. Arrowed region is the estimated region
involved in recognition. (B) Expression plasmids bearing one point mutated B/Florida/4/2006 HA protein were prepared. 293T cells expressing the
mutated HA were subjected to IFA with 5A7 (upper panels) or Ms serum as a control {lower panels). Wild type B/Florida/4/2006 (wt) and pCAGGSII
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vector without an insertion (empty) were used as controls. (C) Epitope map of the HuMADbs in the three-dimensional structure of the HA trimer (left
models) and monomer (right models). The amino acid positions identified by epitope mapping are 315 to 324 (dark yellow), 316, 318 and 321 (pink),
194 and 196 (blue), 131 and 227 (green). The epitope region of each HUMAD is circled.

doi:10.1371/journal.ppat.1003150.g003

mutable 190-helix antigenic site near the receptor binding site
[34]. In addition, the different amino acid residues in Vi and Vg,
of 3A2 and 10C4 (Figure 1) indicated that these two HuMAbs
were derived from different germ lines. These results are consistent
with 3A2 and 10C4 reactivity with only the Yamagata strains,
since Yamagata and Victoria strains differ in amino acid sequence
at this position. HuMAb 3A2 showed low reactivity against B/
Shanghai/361/2002 (Figure 2A) and was therefore examined for
an additional distinct epitope region. To do this, various chimeric
sequences of HA were constructed from B/Florida/4/2006 and
B/Shanghai/361/2002, which differ at seven residues (positions
37, 40, 88, 131, 227, 249 and 456), expressed in plasmids, and
transfected into 293T cells. IFA of the chimeric HA proteins
expressed in 2937 cells showed that 131P and 227S were essential
for reaction with 3A2 (Figure S5). These results indicate that the
epitope of 3A2 is dependent on residues at positions 131, 194, 196
and 227, and the epitope of 10C4 is dependent on residues at
positions 194 and 196.

The epitope regions to which the three HuMAbs map are
shown in an HA monomer and trimer three-dimensional models
in Figure 3C. HuMAbs 3A2 and 10C4 recognized the top of the
globular head including the 190-helix antigenic site, whereas 5A7
reacted with the stalk region distant from the viral membrane.

Therapeutic efficacy of 5A7 in vivo

The evaluation of 5A7 as a passive transfer therapy for influenza
B viral infection was examined in mice. Six-week-old mice were
treated intraperitoneally with 5A7 at 1, 5, 10 or 15 mg/kg or with
control IgG at 10 mg/kg, 4 hours after an intranasal injection
with a lethal dose (1.47x10® 50% mouse lethal dose (MLDsg)/
mouse) of mouse-adapted B/Ibaraki/2/1985. Survival rate and
body weight change were checked daily. When body weight
decreased to less than 60% of starting weight, mice were sacrificed.
With respect to survival rate, complete therapeutic efficacy against
the virus challenge was seen with 5, 10 and 15 mg/kg of 5A7
examined (Figure 4A, Upper panel). The weight change was mild
in the groups, especially in those treated with 5A7 at 10 or 15 mg/
kg (Figure 4A, lower panel).

Next, viral load in the lungs was titrated. Mice infected with
mouse-adapted B/Ibaraki/2/1985 (1.47x10® MLDs,/mouse), or
B/Florida/4/2006 that had been passaged eight times in mice
lungs (5.0><103 focus-forming units (FFU)/mouse), were treated
with 5A7 or control IgG at 10 mg/kg 4 hours post-infection, and
then sacrificed on day 3 and day 6 post-infection. The lungs were
homogenized and tested in focus-forming assays with MDCK
cells. The viral titers were significantly lower in 5A7-treated mice
compared to the control IgG-treated group for both viral
infections (Figure 4B). Finally, mice were treated with 5A7 or
control IgG at 10 mg/kg intraperitoneally at 4, 24, 48 or 72 hours
after an intranasal injection with a lethal dose (1.47 x10® MLDso/
mouse) of mouse-adapted B/Ibaraki/2/1985. Survival rate and
body weight change were monitored (Figure 4C). Two indepen-
dent experiments were similarly performed for 5A7 treatment with
five mice/group/experiment (Experiments 1 and 2 in Figure 4C).
When administered 4 hours post-infection, 5A7 treatment showed
complete therapeutic efficacy, as was observed above (shown in
Figure 4A). Notably, 80% of mice were alive in the group treated
with 5A7 24 hours post-infection. Moreover, several mice survived
after treatment with 5A7 48 hours post-infection and, surprisingly,
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more mice survived when treated 72 hours post-infection. By
contrast, 80% of mice treated with control IgG at 4 hours post-
infection died and the surviving 20% did not show recovery of
body weight during the experiment. All of mice died by 8 days
post-infection in the groups treated with control IgG after
24 hours post-infection (control IgG in Figure 4C).

Discussion

A broadly neutralizing HuMAb, 5A7, was established using
PBMC from a vaccinated healthy volunteer. This antibody
neutralizes influenza B virus strains isolated between 1985 and
2006 that belong to the Yamagata or Victoria lineage. Moreover,
therapeutic efficacy was shown in mice even when the HuMAb
was administered 48 or 72 hours after viral challenge. As
previously reported for almost all MAbs broadly neutralizing
influenza virus, 5A7 recognized the stalk region of the HA protein
[26-29]. Importantly, the epitope region recognized by 5A7 is
highly conserved in influenza B virus and the divergent strains
occur only sparsely (Table S2). Although influenza B virus has a
much slower mutational rate than that observed for influenza A
subtypes like H1 and H3, cocirculation of two phylogenetically
and antigenically distinct lineages of influenza B virus leads to
annual epidemics in humans [6,7]. Dreyfus ¢ al. first reported
broadly neutralizing HuMAbs against influenza B virus in
September 2012 [30]. The epitope regions they identified were
distinct from that of our HuMADb, 5A7. Characterization of the
epitope region recognized by such a HuMAb could therefore
provide insight for the development of a universal vaccine.

The high degree of conservation of amino acid residues in the
epitope region implies that influenza B virus would not easily
induce mutation in this region. Indeed, amino acid residues in the
epitope region did not mutate even when the virus was passaged
ten times under 5A7-treatment conditions. It could be considered
that the poor inhibitory activity of 5A7 (weak HI, fusion inhibition
and VNjsp) is the cause of failure to establish escape mutants.
However, a previous report showed that escape mutants could be
prepared even from an MAb with weak fusion inhibition and
complete neutralizing activities (25 and 50 pg/ml, respectively),
and without HI activity, in order to map its epitope [35,36]. Since
5A7 shows similarly weak activity, we would also expect to have
been able to prepare 5A7 escape mutants and determine the
epitope region. Failure to establish escape mutants in the presence
of 5A7 could be an advantage for its development as a therapeutic
tool, and also for designing the next generation of globally effective
vaccines.

Generally, MAbs recognizing the globular head show strong HI
activity, whereas those against the stalk region usually show none
[35]. Thus, it is considered that MAbs against the globular head
inhibit the receptor binding step, while MAbs against the stalk
region inhibit the fusion step, in viral replication [26,37]. In fact,
HuMAbs, 3A2 and 10C4, that recognize the 190-helix in the
globular head near the receptor binding site, showed strong HI
activity, which suggests that they can inhibit viral binding to the
receptor on the host cells. Their ability to inhibit the fusion process
(Figure S1) implies that they could secondarily disturb the low pH-
dependent structural change in HA by binding to the globular
head. Surprisingly, although 5A7 reacted to the stalk region it also
showed specific and weak HI activity. This suggests that MAb
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Figure 4. Therapeutic efficacy of 5A7 in mice. (A) Mice were treated intraperitoneally with HuMAb 5A7 at 1 (red line), 5 (blue), 10 (green), or 15
{orange) mg/kg or with control IgG at 10 mg/kg (black) 4 hours after intranasal injection of a lethal dose (1.47 x10*> MLD;so/mouse) of mouse-adapted
B/Ibaraki/2/1985. Survival and body weight were checked daily. Each group consists of five mice. Body weight is shown as the mean =+ SEM of five
mice. (B) Mice were treated with 5A7 (+) or control IgG (D23-1B3B9; —) at 10 mg/kg 4 hours post-infection with 1.47 x10® MLDsg/mouse of mouse-
adapted B/lbaraki/2/1985 (left panel) or 5.0x10? FFU/mouse of B/Florida/4/2006 passaged eight times in mouse lung (right panel). The titers in lungs
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were calculated at day 3 and day 6 post-infection. Each group consists of five mice (except control IgG-treated group with mouse-adapted B/lIbaraki/
2/1985 at day 6, which consists of four mice as one accidentally died before the lung could be collected). Black bars are mean values. **; P<0.01
compared to control IgG-treated group. (C) Two independent experiments were similarly performed (Left two panels). Mice were given 10 mg/kg
HuMADb 5A7 at 4 (red line), 24 (blue), 48 (green) or 72 (orange) hours post-infection with mouse-adapted B/Ibaraki/2/1985 (1.47 x10> MLDso/mouse).
Right panel shows 10 mg/kg control IgG-treated group at 4, 24, 48 or 72 hours post-infection. Survival and body weight were checked daily. Each
group consists of five mice per experiment. Body weight is shown as the mean * SEM of five mice.

doi:10.1371/journal.ppat.1003150.g004

recognizing the stalk region distal from the viral membrane could
affect the ability of the virus to bind to the receptor. As reported
for MAbs reacting to the stalk region, 5A7 also showed specific
fusion inhibition activity [28,38]. These results suggest that
HuMAb 5A7 could inhibit viral entry by preventing receptor
binding, and the subsequent fusion process.

Previous reports show that the concentration of MAbs necessary
for viral neutralization was much higher for those recognizing the
stalk region of the envelope protein than for those reacting with
the globular head in influenza viruses [28,36,39], as well as other
viruses [40]. In agreement with these reports, the concentration
required for viral neutralization in this study was higher for 5A7
than 3A2 and 10C4 (Figure 2). Such results can be explained by
either a difference in binding affinity or in physical accessibility of
HuMADbs to the epitope region. 5A7 showed similar Ky with 10C4
in binding kinetics analysis (Table 1 and Figure 82), indicating that
5A7 has more difficulty physically accessing the epitope region of
the HA protein. Modifying the HuMADb structure to enable easier
access to the epitope region and improving its binding affinity, as
described [41,42], could lead to the development of better
therapeutic HuMADbs for influenza.

HuMAb 5A7 had specific therapeutic efficacy in mice even
when administered after viral challenge (Figure 4C). Two
independent passive transfer experiments were performed. Sur-
prisingly, in both experiments, mice treated with 5A7 HuMAb
72 hours post-infection had a better survival rate than those
treated 48 hours post-infection. It is reported that in the first
24 hours after infection, the levels of lymphocyte apoptosis
increase transiently in both nasal-associated lymphoid tissue and
spleen, and cellular immune suppression occurs [43]. Temporal
cellular immune suppression or infection-mediated endogenous
signals could therefore interfere with the efficacy of exogenous
HuMAb. These results imply that the timing of HuMAb treatment
could be critical for efficacy, and therefore, injection at several
time points may be necessary.

Mouse-adapted B/Ibaraki/2/1985 was used to examine the
kinetics of survival rate and body weight change in passive transfer
experiments because other viral strains are not lethal to mice, even
if passaged several times in zivo. HuMAb 5A7 protected mice
against mouse-adapted  B/Ibaraki/2/1985 viral challenge al-
though 5A7 was obtained from a volunteer vaccinated with B/
Florida/4/2006 and had shown the lowest sensitivity to this viral
strain i vitro (Figure 2). These results suggested that 5A7 would
have therapeutic efficacy against a wide spectrum of influenza B
viruses and, in fact, lung viral titers of both mouse-adapted B/
Ibaraki/2/1985 and B/Florida/4/2006 were reduced significantly
under 5A7-treatment conditions (Figure 4B). Further study using
both mice and ferrets with several viral strains is needed to confirm
the wide-ranging therapeutic potential of 5A7 in vivo.

Materials and Methods

Ethics statement

Human materials were collected using protocols approved by
the Institutional Review Boards of the Research Institute for
Microbial Diseases, Osaka University (#19-8-6). Written informed
consent was obtained from the participants. Animal studies were
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conducted under the applicable laws and guidelines for the care
and use of laboratory animals in the Research Institute for
Microbial Diseases, Osaka University. They were approved by the
Animal Experiment Committee of the Research Institute for
Microbial Diseases, Osaka University (#H21-24-0), as specified in
the Fundamental Guidelines for the Proper Conduct of Animal
Experiment and Related Activities in Academic Research
Institutions under the jurisdiction of the Ministry of Education,
Culture, Sports, Science and Technology, Japan, 2006.

HuMADb preparation

HuMAbs were prepared as described previously [31]. Briefly,
10 ml blood was drawn from a healthy volunteer vaccinated in the
2008/2009 winter season with trivalent HA split vaccine, which
included A/Brisbane/59/2007, A/Uruguay/716/2007, and B/
Florida/4/2006 (The Research Foundation for Microbial Diseases
of Osaka University, Osaka, Japan), and PBMCs were collected by
density gradient centrifugation through Ficoll-Paque Plus (GE
Healthcare). SPYMEG cells were used as fusion partner cells.
SPYMEG cells, which are non-secretors of human and murine
immunoglobulins, were established by fusion between mouse
myeloma cell line SP2/0-Agl4 and human megakaryoblastic cell
line MEG-01 [31]. The PBMCs were fused with SPYMEG cells
using polyethylene glycol #1500 (Roche). The fused cells were
cultured in Dulbecco’s modified Eagle medium (DMEM; Invitro-
gen) supplemented with 15% fetal bovine serum and hypoxan-
thine-aminopterin-thymidine. The first screening for antibody
specificity to influenza virus was performed by IFA. Cells in the
specific MAb-positive wells were then cloned by limiting dilution,
followed by a second screening by IFA. Hybridoma cells taken
from IFA-positive wells that had a single colony per well were
cultured and expanded in Hybridoma-SFM (Invitrogen). MAb
was purified from 100 ml hybridoma culture supernatant by
affinity chromatography using HiTrap Protein G HP Columns
(GE Healthcare) and then dialyzed into phosphate buffered saline
(PBS) using Slide-A-Lyzer Dialysis Cassettes (Thermo Scientific).
Control IgG (D23-1B3B9) used in this study was derived from the
PBMG:s of a dengue patient infected with dengue virus serotype 2
[33].

Viruses

Eight influenza B vaccine strains (B/Florida/4/2006, B/
Malaysia/2506/2004, B/Shanghai/361/2002, B/Johannesburg/
5/1999, B/Yamanashi/166/1998, B/Shandong/7/1997, B/
Mie/1/1993, and B/Victoria/2/1987) and a mouse-adapted
influenza B virus strain (B/Ibaraki/2/1985) were used. The B/
Malaysia/2506/2004 and B/Florida/4/2006 strains were kindly
provided by the National Institute of Infectious Diseases, Tokyo,
Japan. The mouse-adapted B/Ibaraki/2/1985 strain was provided
by Dr. S. Tamura, National Institute of Infectious Diseases [44].
Viruses were propagated either in MDCK cells or in 9-day-old
embryonated chicken eggs. Infectivity was titrated by focus-
forming assay: MDCK cells in a 96-well plate were adsorbed with
viruses serially ten-fold diluted at 37°C for 1 hour. The cells were
then washed with PBS and incubated at 37°C for 12 hours. Cells
were fixed and subjected to IFA.
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For IFA, the infected cells were fixed with absolute ethanol for
2 minutes at room temperature and then reacted with hybridoma
supernatant for 30 minutes at 37°C, followed by incubation with
FITC-conjugated anti-human IgG for 45 minutes at 37°C. For
western blotting, the infected samples in a loading buffer
containing 2-mercaptoethanol were used for electrophoresis and
then blotted to PVDF membrane. They were probed with
hybridoma supernatant for 1 hour at 37°C, followed by incuba-
tion with HRP-conjugated anti-human IgG for 1 hour at 37°C.

VN assay

The VN test was carried out as described previously [45], with
minor modifications. HuMAb at a concentration of 100 pg/ml
was serially four-fold diluted with Minimum Essential Medium
(MEM,; Invitrogen) and incubated with 200 FFU of viruses at
37°C for 1 hour. Then, MDCK cells were adsorbed with the
mixtures at 37°C for | hour. After incubation for 12 hours, the
cells were fixed and subjected to IFA.

HI assay

First, viral titers were determined with a hemagglutination
assay. Briefly, the viruses were serially diluted two-fold with PBS
and mixed with 0.7% (v/v) human O-type red blood cells. After
incubation at room temperature for 1 hour, hemagglutination
units (HAUs) were estimated. Next, HI titration was performed as
follows: MAb at a concentration of 100 pg/ml was serially two-
fold diluted and mixed with 8 HAU per 50 pl of viral sample.
After incubation at 37°C for 1 hour, the mixtures were further
incubated with 0.7% (v/v) human red blood cells for 1 hour at
room temperature. The lowest concentration of HuMAb that
completely inhibited hemagglutination was designated the HI titer.

Fusion inhibition assay

Cell-cell fusion was accomplished as described previously [35].
Briefly, monkey kidney cell line CV-1 cells were infected with B/
Florida/4/2006 at an MOI of 0.3. After incubation for 24 hours,
the cells were washed with MEM and then incubated for
15 minutes at 37°C in MEM supplemented with 2.5 pg/ml of
acetylated trypsin (Sigma). After washing, the cells were incubated
for 30 minutes with diluted HuMAbs. Thereafter, the cells were
treated for 2 minutes at 37°C with MEM supplemented with
10 mM MES and 10 mM HEPES (pH 5.5). After the medium
was completely removed by washing, the cells were incubated for
3 hours. Then they were fixed with absolute methanol and stained
with Giemsa (Wako).

Surface plasmon resonance analysis (binding kinetics
analysis)

Surface plasmon resonance analysis was performed [46] with a
Biacore T200 (GE Healthcare). Interaction was measured in
running buffer (10 mM HEPES-Na pH 7.5, 150 mM NaCl,
3 mM EDTA, 0.005% Tween 20) at 25°C.. The surface of a CM5
sensor chip was coated with goat anti-human IgG Fcy antibody
(Jackson ImmunoResearch) at a density of 10,000 resonance units
(RU) by an amine coupling technique using 1-ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride and Sulfo-
NHS for activation, and ethanolamine for blocking. As the ligand,
each of the anti-HA HuMAbs was captured on the chip surface via
anti-human IgG Fcy to a density of 10-80 RU. The HA protein of
B/Florida/4/2006 vaccine antigen (The Research Foundation for
Microbial Diseases of Osaka University) was diluted in running
buffer at concentrations of 12.5, 25, 50, 100 and 200 nM (as
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monomers). Each concentration was injected sequentially on to the
chip at a flow rate of 60 pl/min for a contact time of 60 seconds,
and then washed with the running buffer for a dissociation time of
30 minutes. Regeneration of the chip surface was performed with
10 mM glycine-HCl pH 1.5. Binding kinetics were evaluated
using Biacore T200 evaluation software version 1.0 (GE
healthcare) using the single kinetics analysis method with a 1:1
binding model.

Selection of escape mutants

Escape mutants were selected by culturing B/Florida/4/2006
in the presence of HuMAb as described previously [47], with
minor modifications. Viruses (to give final concentrations of 100 to
1,000 FFU/ml) were incubated with HuMADb serially ten-fold
diluted (to give final concentrations of 0.0025, 0.025, 0.25 and
2.5 ug/ml), at 37°C for 1 hour. Then, MDCK cells in a 24-well
plate were inoculated with the mixtures (n=6 for each) and
cultured in DMEM/F-12+GlutaMAX-I supplemented with 0.4%
bovine serum albumin (BSA), antibiotics and 2 pg/ml acetylated
trypsin. After culturing for 72 hours, the supernatants in each well
were collected separately and subjected to VN and HI assays. The
entire HA gene was directly sequenced from the mixed population
in the supernatants of those viral samples that showed a reduced
neutralization and HI titer of more than four-fold.

Direct sequencing analysis

Viral RNA extracted with QJAamp Viral RNA Mini Kit
(Qiagen) was subjected to one step RT-PCR (Superscript III One-
Step RT-PCR System with Platinum 7ag High Fidelity; Invitro-
gen) with the following HA primer set: 5-CAGAATTCAT-
GAAGGCAATAATTGTACTAC-3' forward and 5'-CTCC-
GCGGCCGCTTATAGACAGATGGAGCATGAAACG-3' re-
verse. The PCR products were purified with Qjaquick PCR
Purification Kit (Qiagen). After electrophoresis, the discrete band
was extracted using the Qjaquick Gel Extraction Kit (Qjagen) and
sequenced.

Construction of HA plasmids

HA gene of B/Florida/4/2006 and B/Shanghai/361/2002 was
amplified by one step RT-PCR, as described above, and inserted
into the pGEM-T Easy Vector (Promega). Mutant and truncated
HA genes were generated by site-directed mutagenic PCR
(GeneTailor Site-Directed Mutagenesis System; Invitrogen) and
conventional PCR (Expand High Fidelity™"® PCR System;
Roche), respectively, using the HA plasmid inserted into pGEM-
T easy vector. Each of the plasmids was subcloned into the
expression vector pPCAGGS/MCSII [48]. The expression plas-
mids were transfected into human embryonic kidney 293T cells
with lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s instructions.

Homology of amino acid sequence

Amino acid sequence and sequence information were down-
loaded from the FTP site of Influenza Virus Resource (fip://fip.
ncbi.nih.gov/genomes. INFLUENZA/) on January 31, 2012. HA
sequences of influenza B virus were extracted from the database,
and then aligned using the MAFFT program [49,50]. The number
of variants in the target sequence IGNCPIWVKT) was counted.

IgG isotyping

ELISA microplates (MaxiSorp; Nunc) were coated overnight at
4°C with goat anti-human IgG (Jackson ImmunoResearch
Laboratories) in 0.05 M sodium bicarbonate buffer (pH 8.6).
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After washing with PBS including 0.1% Tween-20, the wells were
blocked with 0.5% BSA in PBS for 1 hour at 37°C. After washing
again, the wells were incubated with hybridoma supernatants or
control serum for 2 hours at 37°C. Following further washing, the
wells were incubated with HRP-conjugated anti-human IgGl,
IgG2, IgG3 or IgG4 (SouthernBiotech) for 1 hour at 37°C. The
wells were washed five times followed by incubation with TMB
peroxidase substrate (KPL) at room temperature in the dark. After
20 minutes, the reaction was stopped with 2N H,SO, solution.
The color development was read at 450 nm in an ELISA
Photometer (Biotek ELISA Reader; Biotek). All samples were

run in triplicate.

Sequencing of HUMAD variable regions

Total RNA extracted from the hybridoma using an RNeasy
Mini Kit (Qiagen) was subjected to RT-PCR using a PrimeScript
RT reagent Kit (Takara) with an oligo (dT) primer. The coding
region of the H- and L-chains of HuMAb was amplified by PCR
with the following primers: 5'-ATGGAGTTTGGGCTGAGC-
TGGGTT-3' (H-chain-forward) and 5'-CTCCCGCGGCTTT-
GTCTTGGCATTA-3' (H-chain-reverse); and 5'-ATGGCCTG-
GRYCYCMYTCYWCCTM-3" (L-chain-forward) and 5'-TGG-
CAGCTGTAGCTTCTGTGGGACT-3' (L-chain-reverse). PCR
products were ligated into pGEM-T Easy Vector (Promega) and
their sequences were analyzed using a BigDye Terminator v3.1
Cycle Sequencing Kit and an ABI Prism 3100 Genetic Analyzer
(Applied Biosystems). Determined sequences were analyzed and
compared to the NCBI database using the IgBlast softwares
(http:/ /www.ncbinlm.nih.gov/igblast/).

Molecular modeling

The HA structure was constructed using Molecular Operating
Environment software (Chemical Computing Group Inc.) based
on the crystal structure of B/Hong Kong/8/1973 (PDB ID:

9RFU) [51].

Passive transfer experiments

All mice used were 6-week-old female BALB/c mice from Japan
SLC Inc. Before infection, mice were anesthetized by intraperi-
toneal administration of pentobarbital sodium (Somnopentyl;
Kyoritsu Seiyaku Corporation). MLDsy was determined by
inoculating intranasally with serial 10-fold dilutions of virus and
calculating with the Reed-Muench method [52]. For passive
transfer experiments, mice were treated with HuMAbD at 1, 5, 10
or 15 mg/kg intraperitoneally at 4, 24, 48 or 72 hours post-
infection with 25 pl mouse-adapted B/Ibaraki/2/1985 virus at a
lethal dose (1.47 x10® MLDs,/mouse). Mice were weighed daily
and sacrificed if they fell to 60% of starting weight. To titrate the
viruses in the infected lungs, mouse-adapted B/Ibaraki/2/1985 or
B/Florida/4/2006 passaged eight times in mice lungs were
infected at 1.47x10° MLDsg/mouse or 5.0x10% FFU/mouse,
respectively. The lungs were harvested on day 3 and day 6 post-
infection and virus titers in lung homogenates were determined by
focus-forming assay.

Statistical analyses

Data are expressed as the means = standard errors of the means
(SEM). Statistical analysis was performed by Student’s ¢ test. A P
value of <0.05 was considered significant.

Accession numbers
The GenBank (http://www.ncbi.nlm.nih.gov/GenBank/) ac-
cession numbers for the genes discussed in this paper are as
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follows: IgG-Vy in clone 5A7 (AB729122), IgG-Vy, in clone 5A7
(AB729123), IgG-Vy in clone 3A2 (AB729120), IgG-Vy, in clone
3A2 (AB729121), IgG-Vy in clone 10C4 (AB729124), and IgG-Vy,
in clone 10C4 (AB729125).

Supporting Information

Figure S1 Cell-cell fusion inhibition assay. CV-1 cells
were infected with B/Florida/4/2006 treated with HuMAbs 5A7,
3A2, 10C4 or control IgG at pH 5.5. HuMAbs (100 pg/ml) were
serially four-fold diluted. As a control for pH, assay with 5A7 was
also performed at pH 7.0 (second row). Mock/— (bottom left
panel) is a mock-infected sample without HuMAb at pH 5.5.
Infection/— (bottom right panel) is an infected sample without
HuMADb at pH 5.5, as a positive control. Arrowheads show major
cell-cell fusion bodies.

(PDF)

Figure 82 Surface plasmon resonance analysis of bind-
ing affinity between HuMAbs and the HA protein of B/
Florida/4/2006. HuMAbs 5A7, 3A2 or 10C4 were immobi-
lized on the surface of a CMD5 chip via pre-crosslinked anti-human
IgG Fcy antibody. The HA protein at concentrations of 12.5, 25,
50, 100 and 200 nM were consecutively injected onto the chip
surface and the association and dissociation phases were
monitored. Signal from the chip surface without anti-HA antibody
(the reference value) was subtracted from each reading.

(PDF)

Figure 83 Diagram showing how the escape mutants
were obtained. Four HuMAD concentrations prepared by serial
ten-fold dilutions (right lower diagram) were mixed with B/
Florida/4/2006 for 1 hour. Then, each mixture was used to infect
MDCK cells in six wells (ie., four groups of six wells) and
incubated for 72 hours (for details, see Materials and methods).
Groups were graded according to cytopathic effects: all six wells
showing no cytopathic effects (white), some wells showing
cytopathic effects (gray), and all wells showing cytopathic effects
(black). Supernatants from wells colored gray were collected
separately and measured for VN and HI activities. When a four-
fold reduction in VN and HI assays was not shown by any of
supernatants, one sample was mixed with HuMAbs serially 10-fold
diluted described above and infected to newly prepared MDCK
cells. P1 to P10 indicates passage number. Out of 12 gray wells,
two wells for 3A2 and one well for 10C4 (colored red) showed a
four-fold reduction in VN and HI activities compared with the
parent virus. Gray wells at P10 of 5A7 and gray and red wells at
P1 of 3A2 and 10C4 were subjected to direct sequencing analysis
of the HA gene.

(PDF)

Figure S4 The epitope region of 3A2 and 10C4. Escape
mutants were selected by incubation of B/Florida/4/2006 with
HuMAbs. Amino acid sequences of the HA protein in the escape
mutants were compared with the original B/Florida/4/2006.
Asterisks indicate amino acid residues that differed between the
original virus and the escape mutants.

(PDF)

Figure S5 The additional epitope region of 3A2. Expres-
sion plasmids bearing chimeric HA protein were prepared from
B/Shanghai/361/2002 (Sh/02) and B/Florida/4/2006 (Flo/06).
293T cells expressing the chimeric protein were subjected to IFA
with 3A2 (left panels). White bars represent the amino acid
sequence in Sh/02, and black bars represent the amino acid
sequence in Flo/06. The different amino acid residues in the HA
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protein from each of the two viral strains are shown in the top and
bottom bars.

(PDF)

Table S1 Pattern of reactivity of HuMAbs.

(PDF)

Table S2 Homology of the epitope region of HuMAb 5A7
among the corresponding sequences derived from NCBI
database.

(PDF)

Acknowledgments

We thank Dr. Shin-ichi Tamura (the National Institute of Infectious
Diseases) for providing viral strains. We also thank Ms. Natsuko Fukura,

References

1. Lambert LC, Fauci AS (2010) Influenza vaccines for the future. N Engl ] Med
363: 2036-2044.

2. WHO (2009) Influenza (Seasonal). Available: http://www.who.int/
mediacentre/factsheets/fs211/en/.

3. Carrat F, Flahault A (2007) Influenza vaccine: the challenge of antigenic drift.
Vaccine 25: 6852-6862.

4. Nobusawa E, Sato K (2006) Comparison of the mutation rates of human
influenza A and B viruses. J Virol 80: 3675-3678.

5. Webster RG, Berton MT (1981) Analysis of antigenic drift in the haemagglutinin
molecule of influenza B virus with monoclonal antibodies. J Gen Virol 54: 243~
251.

6. Hay AJ, Gregory V, Douglas AR, Lin YP (2001) The evolution of human
influenza viruses. Philos Trans R Soc Lond B Biol Sci 356: 1861-1870.

7. Lin YP, Gregory V, Bennett M, Hay A (2004) Recent changes among human
influenza viruses. Virus Res 103: 47-52.

8. Sym D, Patel PN, El-Chaar GM (2009) Seasonal, avian, and novel HINI
influenza: prevention and treatment modalities. Ann Pharmacother 43: 2001-
2011.

9. Belshe RB (2010) The need for quadrivalent vaccine against seasonal influenza.
Vaccine 28 Suppl 4: D45-53.

10. Nicholson KG, Aoki FY, Osterhaus AD, Trottier S, Carewicz O, et al. (2000)
Efficacy and safety of oseltamivir in treatment of acute influenza: a randomised
controlled trial. Neuraminidase Inhibitor Flu Treatment Investigator Group.
Lancet 355: 1845-1850.

11. Aoki FY, Macleod MD, Paggiaro P, Carewicz O, El Sawy A, et al. (2003) Early
administration of oral oseltamivir increases the benefits of influenza treatment.
J Antimicrob Chemother 51: 123-129.

12. Kiso M, Mitamura K, Sakai-Tagawa Y, Shiraishi K, Kawakami C, et al. (2004)
Resistant influenza A viruses in children treated with oseltamivir: descriptive
study. Lancet 364: 759-765.

13. Lowen AC, Palese P (2007) Influenza virus transmission: basic science and
implications for the use of antiviral drugs during a pandemic. Infect Disord Drug
Targets 7: 318-328.

14. Reece PA (2007) Neuraminidase inhibitor resistance in influenza viruses. J] Med
Virol 79: 1577-1586.

15. Suzuki Y, Taira K, Saito R, Nidaira M, Okano 8§, et al. (2009) Epidemiologic
study of influenza infection in Okinawa, Japan, from 2001 to 2007: changing
patterns of seasonality and prevalence of amantadine-resistant influenza A virus.
J Clin Microbiol 47: 623-629.

16. Jing X, Ma C, Ohigashi Y, Oliveira FA, Jardetzky TS, et al. (2008) Functional
studies indicate amantadine binds to the pore of the influenza A virus M2
proton-selective ion channel. Proc Natl Acad Sci U S A 105: 10967-10972.

17. Marasco WA, Sui J (2007) The growth and potential of human antiviral
monoclonal antibody therapeutics. Nat Biotechnol 25: 1421-1434.

18. Campas-Moya C (2010) Golimumab: A novel anti-TNF-alpha human
monoclonal antibody for rheumatoid arthritis, psoriatic arthritis and ankylosing
spondylitis. Drugs Today (Barc) 46: 13-22.

19. Cheson BD (2010) Ofatumumab, a novel anti-CD20 monoclonal antibody for
the treatment of B-cell malignancies. J Clin Oncol 28: 3525-3530.

20. Shirahata S, Katakura Y, Teruya K (1998) Cell hybridization, hybridomas, and
human hybridomas. Methods Cell Biol 57: 111-145.

21. Lonberg N (2005) Human antibodies from transgenic animals. Nat Biotechnol
23: 1117-1125.

22. Clackson T, Hoogenboom HR, Griffiths AD, Winter G (1991) Making antibody
fragments using phage display libraries. Nature 352: 624-628.

23. McCafferty J, Griffiths AD, Winter G, Chiswell DJ (1990) Phage antibodies:
filamentous phage displaying antibody variable domains. Nature 348: 552-554.

24. Jin A, Ozawa T, Tajiri K, Obata T, Kondo S, et al. (2009) A rapid and efficient
single-cell manipulation method for screening antigen-specific antibody-
secreting cells from human peripheral blood. Nat Med 15: 1088-1092.

25. Nelson AL, Dhimolea E, Reichert JM (2010) Development trends for human
monoclonal antibody therapeutics. Nat Rev Drug Discov 9: 767-774.

PLOS Pathogens | www.plospathogens.org

Universal Neutralizing HuMAb against Influenza B

Dr. Azusa Asai and Dr. Yohei Watanabe for their helpful advice and
technical assistance; Dr. Pratap Singhasivanon for his continuous
encouragement and valuable discussion about this project; and Dr.
Pathom Sawanpanyalert and Dr. Jotika Boon-Long for the coordination of
the JST/JICA, SATREPS projects.

Author Contributions

Conceived and designed the experiments: MY KI. Performed the
experiments: MY RKK AD TS MN RM NB. Analyzed the data: MY
AY NK KF YO TN KI. Contributed reagents/materials/analysis tools:
MK. Wrote the paper: MY KI. Performed the molecular modeling: NK.

26. Ekiert DC, Bhabha G, Elsliger MA, Friesen RH, Jongeneelen M, et al. (2009)
Antibody recognition of a highly conserved influenza virus epitope. Science 324:
246-251.

27. Sui J, Hwang WC, Perez S, Wei G, Aird D, et al. (2009) Structural and
functional bases for broad-spectrum neutralization of avian and human
influenza A viruses. Nat Struct Mol Biol 16: 265-273.

28. Ekiert DC, Friesen RH, Bhabha G, Kwaks T, Jongeneelen M, et al. (2011) A
highly conserved neutralizing epitope on group 2 influenza A viruses. Science
333: 843-850.

29. Corti D, Voss J, Gamblin 8], Codoni G, Macagno A, et al. (2011) A neutralizing
antibody selected from plasma cells that binds to group 1 and group 2 influenza
A hemagglutinins. Science 333: 850-856.

30. Dreyfus C, Laursen NS, Kwaks T, Zuijdgeest D, Khayat R, et al. (2012) Highly
conserved protective epitopes on influenza B viruses. Science 337: 1343-1348.

31. Kubota-Koketsu R, Mizuta H, Oshita M, Ideno S, Yunoki M, et al. (2009)
Broad neutralizing human monoclonal antibodies against influenza virus from
vaccinated healthy donors. Biochem Biophys Res Commun 387: 180-185.

32. MBL (2010) Press release (Generation of fully human monoclonal antibodies
neutralizing influenza virus). Available: http://www.mbl.co.jp/e/ir/2010/0112.
html.

33. Setthapramote G, Sasaki T, Puiprom O, Limkittikul K, Pitaksajjakul P, et al.
(2012) Human monoclonal antibodies to neutralize all dengue virus serotypes
using lymphocytes from patients at acute phase of the secondary infection.
Biochem Biophys Res Commun 423: 867-872.

34. Wang Q, Cheng F, Lu M, Tian X, Ma J (2008) Crystal structure of unliganded
influenza B virus hemagglutinin. J Virol 82: 3011-3020.

35. Okuno Y, Isegawa Y, Sasao F, Ueda S (1993) A common neutralizing epitope
conserved between the hemagglutinins of influenza A virus H1 and H2 strains.
J Virol 67: 2552-2558.

36. Okuno Y, Matsumoto K, Isegawa Y, Ueda S (1994) Protection against the
mouse-adapted A/FM/1/47 strain of influenza A virus in mice by a monoclonal
antibody with cross-neutralizing activity among H1 and H2 strains. J Virol 68:
517-520.

37. Knossow M, Gaudier M, Douglas A, Barrere B, Bizebard T, et al. (2002)
Mechanism of neutralization of influenza virus infectivity by antibodies.
Virology 302: 294-298.

38. Wang TT, Tan GS, Hai R, Pica N, Petersen E, et al. (2010) Broadly protective
monoclonal antibodies against H3 influenza viruses following sequential
immunization with different hemagglutinins. PLoS Pathog 6: ¢1000796.

39. Yoshida R, Igarashi M, Ozaki H, Kishida N, Tomabechi D, et al. (2009) Cross-
protective potential of a novel monoclonal antibody directed against antigenic
site B of the hemagglutinin of influenza A viruses. PLoS Pathog 5: ¢1000350.

40, Chakrabarti BK, Walker LM, Guenaga JF, Ghobbeh A, Poignard P, et al. (2011)
Direct antibody access to the HIV-1 membrane-proximal external region
positively correlates with neutralization sensitivity. J Virol 85: 8217-8226.

41. Casipit CL, Tal R, Wittman V, Chavaillaz PA, Arbuthnott K, et al. (1998)
Improving the binding affinity of an antibody using molecular modeling and site-
directed mutagenesis. Protein Sci 7: 1671-1680.

42. Chames P, Coulon S, Baty D (1998) Improving the affinity and the fine
specificity of an anti-cortisol antibody by parsimonious mutagenesis and phage
display. J Immunol 161: 5421-5429.

43. Petukhova G, Naikhin A, Chirkova T, Donina S, Korenkov D, et al. (2009)
Comparative studies of local antibody and cellular immune responses to
influenza infection and vaccination with live attenuated reassortant influenza
vaccine (LAIV) utilizing a mouse nasal-associated lymphoid tissue (NALT)
separation method. Vaccine 27: 2580-2587.

44. Chen Z, Kadowaki S, Hagiwara Y, Yoshikawa T, Sata T, et al. (2001)
Protection against influenza B virus infection by immunization with DNA
vaccines. Vaccine 19: 1446-1455.

45. Okuno Y, Tanaka K, Baba K, Maeda A, Kunita N, et al. (1990) Rapid focus
reduction neutralization test of influenza A and B viruses in microtiter system.
J Clin Microbiol 28: 1308-1313.

February 2013 | Volume 9 | issue 2 | e1003150

— 316 —



46.

47.

48.

Chen C, Wang S, Wang H, Mao X, Zhang T, et al. (2012) Potent neutralization
of botulinum neurotoxin/b by synergistic action of antibodies recognizing
protein and ganglioside receptor binding domain. PLoS One 7: ¢43845.
Gulati U, Hwang CC, Venkatramani L, Gulati S, Stray §J, et al. (2002)
Antibody epitopes on the neuraminidase of a recent H3N2 influenza virus (A/
Memphis/31/98). ] Virol 76: 12274-12280.

Ueda M, Daidoji T, Du A, Yang CS, Ibrahim MS, et al. (2010) Highly
pathogenic H5N1 avian influenza virus induces extracellular Ca2+ influx,
leading to apoptosis in avian cells. J Virol 84: 3068-3078.

PLOS Pathogens | www.plospathogens.org

- 317 —

49.

50.

51,

52.

Universal Neutralizing HUMAb against Influenza B

Katoh K, Misawa K, Kuma K, Miyata T (2002) MAFFT: a novel method for
rapid multiple sequence alignment based on fast Fourier transform. Nucleic
Acids Res 30: 3059-3066.

Katoh K, Toh H (2008) Recent developments in the MAFFT multiple sequence
alignment program. Brief Bioinform 9: 286-298.

Wang Q, Tian X, Chen X, Ma J (2007) Structural basis for receptor specificity
of influenza B virus hemagglutinin. Proc Natl Acad Sci U § A 104: 16874—
16879.

Ozanne G (1984) Estimation of endpoints in biological systems. Comput Biol
Med 14: 377-384.

February 2013 | Volume 9 | Issue 2 | 1003150



EMBO

reports

sclence e

society

Evolution and control of H5N1

A better understanding of the evolution and diversity of H5N1 flu virus and its host species in endemic areas
could inform more efficient vaccination and control strategies

Yohei Watanabe, Madiha S. Ibrahim ¢ Kazuyoshi Ikuta

he H5N1 virus has spread across Asia,
TEurope and Africa, and has infected

birds in several endemic areas, includ-
ing China, Indonesia, Vietnam and Egypt.
H5N1 outbreaks pose a massive threat
for the poultry industry and, ultimately,
for human health [1]. However, the rapid
spread of the virus also offers the opportunity
to study and learn from its dynamics in the
wild. The insights gained should inform new
public health policies and preventive actions
against a possible pandemic.

Progress in influenza research has been
impressive. In particular, the application of
reverse genetics has led to the identification
of mutations and reassortment changes that
determine virus virulence. Perhaps the most
significant results come from the two now
infamous studies, published in Nature and
Science, about the generation of recombi-
nant H5N1 viruses that are transmissible in
ferrets [2,3]. These advances show that we
are steadily elucidating influenza virus at
the molecular level. By contrast, our under-
standing of the dynamics of highly patho-
genic influenza virus in the environment
remains limited [4,5].

ighly pathogenic avian influenza
H (HPAI) is an important poultry dis-
ease. The major reservoir of the virus
is wild waterfowl, and infected birds are usu-
ally asymptomatic as a result of long-term
evolutionary adaptation [1,6]. After transmis-
sion from wild waterfowl to poultry, however,
avian influenza viruses occasionally become
highly pathogenic and can cause mortalities
of up to 100% within 48h of infection. The
standard method for controlling an HPAI out-
break is the testing and culling of all infected
poultry, and the setting up of a concentric
control area around the infected flock.

The HPAI H5NT1 virus, circulating in
Eurasia and Africa, emerged in China
around 1997 {1] but it only infected ter-
restrial birds at the time. Continuous trans-
mission in poultry eventually allowed the
virus to evolve, resulting in large outbreaks
in China in 2005 with high mortality in wild
waterfowl. The virus spread rapidly, prob-
ably though migratory birds, to Central Asia,
Europe, the Middle East and Africa. Such
‘east to west’” movements of H5N1 viruses
over comparably long distances have not
since been recorded. Moreover, migrating
wildfowl have begun to spread the virus
intermittently between Asia and Siberia [7].
This H5N1 lineage is the longest-circulating
HPAI virus that has been reported, and it has
reached epizootic levels in both domestic
and wild bird populations.

...the challenge is to understand
the evolution of H5N1 to better
predict new strains that could
become a serious threat for
human health

One of the striking characteristics of
the H5N1 lineage, in contrast with other
HPAI, is its infectivity toward mammals.
H5N1 can be directly transmitted from
birds to humans and cause severe dis-
ease, although it has a significantly lower
transmissibility than seasonal influenza
viruses [1]. So far, 608 cases of human
H5NT1 infections have been reported with
59% mortality [5]. Most human infec-
tions have resulted from close contact with
H5N1-infected poultry or poultry prod-
ucts, and no sustained human-human
transmission has as yet been documented.
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...continuous replication

of H5N1 virus in Egypt has
provided a valuable opportunity
to study the impact of genetic
evolution on phenotypic
variation without reassortment

Nonetheless, a potential H5N1 pandemic
remains a great concern for public health.

The viruses that caused the five influenza
pandemics since 1900 arose by two mecha-
nisms: reassortment among avian, human and
swine influenza viruses, and accumulation of
mutations in an avian influenza virus [1,8].
Triple reassortment between avian H5NT,
swine H3N1 and H1N1 viruses, and double
reassortment between avian H5N1 and HON2
viruses has already been reported in Asia,
which raises concerns about new reassort-
ment viruses that could infect humans [9,10].
Meanwhile, research has identified some
80 genetic mutations that could increase
infectivity of avian influenza viruses in mam-
mals, and thus potentially facilitate avian
influenza evolution to generate a pandemic
strain [8,11]. H5NT1 strains with some of these
mutations have often been found in bird pop-
ulations [5] and in human H5N1 strains [12].
Indeed, specific mutations that could con-
fer switching in receptor-binding specificity
were reported in H5N1-infected patients in
Thailand [13]. The two controversial studies
published in Nature and Science also showed
how a handful of mutations might enable
the H5NT virus to be transmitted between
humans [2,3]. Pathogenic variants of the
H5N1 virus with a higher pandemic poten-
tial could naturally evolve; the challenge is
to understand the evolution of H5N1 to bet-
ter predict new strains that could become a
serious threat for human health.
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he evolutionary dynamics of the
TEgyptian H5NT1 strains provide clues

to understanding the pandemic
potential of H5N1. The virus was intro-
duced only once in Egypt, in early 2006,
and spread among a variety of bird species,
including chickens, ducks, turkeys, geese
and quail [14]. The virus rapidly evolved
to form a phylogenetically distinct clade
that has since diverged into multiple sub-
lineages [15]. Thus, continuous replica-
tion of H5N1 virus in Egypt has provided a
valuable opportunity to study the impact of
genetic evolution on phenotypic variation
without reassortment.

After diversification in local bird popu-
lations, some new H5 sublineages have
emerged in Egypt with a higher affinity for
human-type receptors. Indeed, since their
emergence in 2008, almost all human H5N1
strains in Egypt have been phylogenetically
grouped into these new sublineages, which
can be transmitted to humans with a higher
efficacy than other avian influenza viruses.
This might explain why, since 2009, Egypt
has had the highest number of human cases
of H5N1 infection, with more than 50% of
the cases worldwide [5]. Fortunately, these
Egyptian H5N1 sublineages still do not have
binding affinity for receptors in the upper
respiratory tract and, therefore, do not sus-
tain transmission in humans. However, it
increases the risk of H5N1 variants that
are better adapted to humans after viral
replication in infected patients.

...Egyptisregarded as the
country with the highest H5N1
pandemic potential worldwide

The Egyptian H5N1 sublineages are also
diversifying antigenically in the field, as
some are no longer crossreactive to other
co-circulating sublineages [15]. Moreover,
faint traces of species-specific evolutionary
changes have been detected [16], imply-
ing a change in their host species. It shows
that the H5N1 virus has undergone sig-
nificant diversification in Egypt during the
past seven years. Of greater concern, how-
ever, are Egyptian H5N1 strains that carry
mammalian influenza virus type PB2 and
have lost the N-linked 158 glycosylation
site in the top region of haemaggluti-
nin [15,17], both of which can potentially
facilitate viral transmission to humans. The
genetic diversification of H5NT virus in
Egypt represents an increasing pandemic

118 EMBO reports VOL 14 | NO 2 | 2013

potential, and Egypt is regarded as the
country with the highest H5N1 pandemic
potential worldwide [18].

A similar situation exists in other geo-
graphical areas. Multiple clades and sub-
lineages of H5N1 are co-circulating in
Asia, occasionally enabling reassortment
events within and beyond the viral sub-
types in the field [19,20]. Several H5N1
strains with enhanced binding affin-
ity to human-type receptors have been
reported in Indonesia [12]. Similarly, avian
and swine H5N1 strains with an altered
receptor-binding preference have been
isolated sporadically in Indonesia and
Laos [21,22]. As in other areas, distinct
groups of H5NT1 viruses are circulating
amongst themselves and with other avian
influenza viruses, generating diverse viral
phenotypes in nature. The evolutionary
dynamics of H5N1 might even accelerate
in the wild. H5N1 viruses diverge geneti-
cally in ducks [23]; they can transfer the
virus over long distances by migration.
Thus, the H5N1 virus has established a
complex life cycle in nature with acceler-
ated evolutionary dynamics. The pandemic
threat of H5N1 remains a serious concern
and might be increasing.

ontrol measures based on isolating
‘ and culling are still the gold stand-

ard for controlling the early phase of
an H5N1 outbreak, and worked against the
H5N1 outbreaks in Hong Kong in 1997 and
inThailand in 2004 [4]. However, this meas-
ure failed in several countries and made
H5N1 endemic. Cross-border circulation
of H5N1 further complicates implementa-
tion of a classical control strategy based on
culling in the infected area.

In response, public health officials in
several countries, including Egypt and
Indonesia, advocate poultry vaccination as
a preventive or adjunct control measure [1].
Although vaccination does not completely
prevent infections, its proper use can help
to control avian influenza outbreaks by
reducing virus transmission from infected
animals. However, it can also increase
vaccine-driven evolution among avian
influenza viruses. The endemic status of
H5N1, which can cause devastating local
epidemics, puts pressure on health offic-
ers to use a vaccine or a vaccination strat-
egy that might eventually increase selective
pressure and thereby accelerate H5NT
evolution. Given the high mutability and
diversity of circulating viruses, it seems best

The evolution of H5N1

to avoid using a vaccine based on a strain
from a different geographical area because
there would only be a partial antigen match;
such a heterologous vaccine would only be
effective in the short term compared with a
homologous vaccine. During past control of
H5N1 epidemics using imported vaccines,
escape mutants have emerged within about
a year of the start of vaccination, which
made the epidemic even worse [14]. When
a vaccination strategy is implemented in
an endemic area, the vaccine seed strain
should be selected from the same geo-
graphical area to try to get the longest possi-
ble protection. Vaccine seed virus selection
must be periodically revised to produce
well-matched and efficacious vaccines.

Close communication and
workshops hold the greatest
potential for controlling the
H5N1 virus

In most cases, H5 vaccine for an
endemic area comes from a foreign sup-
plier. It would be necessary to enable for-
eign manufacturers to produce customized
H5 vaccines based on epidemic strains
from different areas. The best approach
might be a plasmid-based reverse genet-
ics system to construct vaccine seed
viruses [1]. In egg-based production, which
is the basis of flu vaccine production, the
seed virus needs to be adapted for high
growth. This time-consuming step carries
the risk of antigenic changes during vac-
cine production. Yet, advances in influenza
reverse genetics have led to the develop-
ment of cell culture systems to produce
recombinant viruses, which would enable
rapid genetic mutagenesis and reassort-
ment. Once reverse genetics generates
a virus genome that is well adapted to
growth in cell culture, the haemagglutinin
and neuraminidase genes can be easily
interchanged with those of other influenza
viruses. In addition, virus growth in cell
culture can shorten production time, which
increases the probability of selecting a
seed virus antigenically appropriate for the
upcoming flu season, and enables a rapid
increase in production if necessary [24].

A control strategy imposed
without consideration of
regional customs will not be
successful
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Fig 1| Socio-cultural traditions in rearing birds for food in Egypt. (A) Free rearing of backyard birds. (B) Live birds at a downtown market. (C) An example of the
intertwined relationship between birds and humans.

iven the zoonotic risks of influ-

enza viruses to both humans and

animals, the establishment of a
vaccine production system applicable to
both human and animal infections is an
urgent issue. The capacity of vaccine pro-
duction needs to be flexible for seasonal,
pre-pandemic and pandemic vaccines.
Advances in genetic engineering facili-
tate in vitro control of human- and avian-
type receptor expression on cultured cells,
which should allow both human and avian
influenza viruses to grow in the same sys-
tem. As vaccine production capacity based
on cell culture develops, commercial
production of H5N1 vaccines tailored to
each geographical area should become
possible. In addition, emergency vacci-
nation guidelines, such as pre-pandemic
vaccine stockpiling, expanding and accel-
erating vaccine production and setting vac-
cination priorities, should be formulated
in a business—government partnership, to
ensure pandemic preparation. There is no
guarantee that the H5N1 virus will be the
next pandemic influenza strain. However,
exploring options for versatile vaccine man-
ufacturing is a key to controlling zoonotic
influenza viruses, including H5NT.

The complexity of H5N1 ecology also
makes control of endemic H5N1 by vac-
cination a complex task. The problem
is that antigenically different groups of
viruses, which are not crossreactive, are
often co-circulating in endemic areas.
Circulation of viruses in each sublineage is
not restricted in terms of geography or host
species, which complicates efforts to use
a vaccine produced against antigens from

a single virus strain [15]. Of greater con-
cern, H5N1 virus infects a variety of bird
species [1], which means the vaccination
targets have expanded. Bird species differ
in their optimal vaccination protocol—
for example, the single vaccination used
routinely in chickens does not induce an
adequate immune response in turkeys,
which require multi-dose vaccination at
an older age [25]. Furthermore, rearing
many bird species and their hybrid breeds
in uncontrolled confinement is common
in H5N1 endemic countries, especially in
rural areas. Therefore, the immunogenic-
ity of existing vaccines is probably inade-
quate to protect all target species with
a single vaccination scheme. Endemic
H5NT1 already forces public health officials
to redefine vaccine development policy to
improve both vaccine immunogenicity and
vaccination regime.

Unfortunately, it is unlikely
that science will ever produce a
clear answer as to when, where
and how the next pandemic
influenza virus will emerge

Today, there are numerous techniques
that could overcome these problems
by increasing immunogenic potency
and crossreactivity. Innovative vaccine
formats—multivalent,  universal, nasal
and synthetic vaccines—possibly coupled
with the use of adjuvants, could improve
the global vaccine supply [24]. These new
technologies should be applied as soon as
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possible. Nevertheless, no single technique
can probably resolve the underlying com-
plexity of H5N1 dynamics. Over-reliance
on vaccination might therefore only worsen
the situation. Vaccination can help control
endemic H5N1 only when administered as
part of an integrated control programme that
includes surveillance, culling, restricting
host movement and enhanced quarantine
and biosecurity.

he complex evolutionary dynamics
Tof the H5N1 virus are challenging

host species barriers and the ecol-
ogy brings H5NT1 into close proximity to
humans [1]. The close link between the
virus and humans is a multifaceted pheno-
menon that can affect health in myriad
ways. Thus, we need to redefine control
strategies to address the nature of H5NT1
dynamics. Surveillance is the basis of
infection control in the field. Wild birds
and their predators should be included
as surveillance targets, thereby expand-
ing the H5N1 host species range. Another
drawback is the fact that epidemiological
studies focus mainly on virus genotyping.
Although genetic data is informative, the
diversity of H5N1 viruses makes characteri-
zation based only on genetic traits difficult.
Characterization of viral phenotypes—
antigenicity, receptor-binding preference,
pathogenicity and  transmissibility—is
equally important for investigating the
evolutionary dynamics of H5N1 viruses
in nature. We would need techniques to
determine easily viral phenotype, in par
ticular new rapid diagnostic systems that
can be used for timely epidemiological
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Fig 2 | Changing dynamics of H5N1 virus in the field. Endemic H5N1 virus diversifies in nature, making traditional control measures extremely difficult.

investigations and rapid infection control
measures [1]. For example, portable kits
that can determine virus receptor specific-
ity would allow field testing of whether a
particular avian influenza virus strain has
adapted to human-type receptors, thereby
adding a new dimension for characterizing
and assessing H5N1 outbreaks.

Our perception of H5N1 control
should change from short-term
hunting to long-term control

The large-scale slaughter of all known
and suspected infected birds in H5N1
endemic countries is hugely expensive in
terms of execution costs and compensa-
tion for lost poultry. Financial assistance
from international organizations might be
needed to promote the thorough imple-
mentation of such a policy. However,
H5N1 endemic countries are not all poor
nations and some have already built a
certain level of technology infrastructure.
Thus, transfer of epidemiological skills
and concepts to local health officers and
scientists is a priority. Overseas collabora-
tions between technologically developed
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countries and their institutions, and H5N1
endemic countries and their institutions,
should be established at a functional level.
Close communication and workshops hold
the greatest potential for controlling the
H5N1 virus. Such projects supported by
governments and funding agencies would
encourage establishment of bilateral and
multilateral relationships between devel-
oped countries and the developing coun-
tries, which are the epicentres of H5N1
outbreaks. Sharing information about risk
and risk management is one of the key
methods for reducing the threat of future
H5N1 epidemics.

Globalization has had major benefits
for international travel and trade, and shar-
ing of information. The improvements in
information technology have dramati-
cally increased the speed and ease of data
flow [26]. Intelligence networks facilitate
instantaneous sharing of information and
enable global warnings about poten-
tial hazards as well as problem-solving.
Moreover, collaborative research centres,
which have been established on recipro-
cal bases between scientifically advanced
countries and institutes and overseas part-
ner countries and institutes in Asia, Africa

and Latin America, are important players
in information networking—for instance
the Institute Pasteur Network, the Mahidol
Oxford Tropical Medicine Research Unit
and Japan Initiative for Global Research
Network on Infectious Diseases. Linking
such laboratory-based networks should be
the next step. This would have a profound
synergistic effect by maximizing research
capacity, human resources and geographic
coverage to build a robust global-scale
network for infection control.

owever, regional socio-cultural

issues' can be a significant con-

cern for virus control wherever
accepted values and scientific understand-
ing might differ. Multiple local and regional
factors—customs, religion, politics and
economics—can affect H5N1 control in
an area. Successful implementation of an
H5N1 control strategy depends largely on
mutual understanding and consideration of
local idiosyncrasies.

Some examples from Egypt show how
regional identity can be closely linked with
local public health initiatives. Egypt is an
Islamic nation and bird meat is an impor-
tant source of animal protein, and the only
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source in some rural areas [14]. A large
proportion of Egyptian households in rural
areas raise poultry. Although broiler and
layer chickens are raised under modern
hygienic controls on commercial farms,
backyard birds are raised in open uncon-
trolled farms, leaving them free to interact
with other birds (Fig 1A). The poultry meat
trade depends mainly on live bird markets
in traditional bazaars (Fig 1B), because of
a preference for freshly slaughtered poul-
try. Pigeon towers are built on farms, back-
yards and roofs throughout villages to raise
pigeons for eating. Generally, birds in Egypt
are raised in proximity to humans (Fig 1C),
which presents an increasing risk of human
H5NT1 infection in Egypt and establishment
of endemic H5NT1 in birds nationwide.

Such regional identity is inseparable
from socio-cultural contexts, making fun-
damental change virtually impossible.
Although there are many scenarios in which
a local public health system could be
improved by food safety standards and vet-
erinary inspection or short-term closing of
live bird markets for virus clearance, H5N1
control measures have to be implemented
whilst respecting the intrinsic socio-cultural
traditions in the region. A control strategy
imposed without consideration of regional
customs will not be successful. It is the
local health officers and scientists who are
best suited to address the enormous com-
plexity and breadth of issues required for
H5N1 control. They also experience H5N1
outbreaks in their area on a regular basis
and have a great incentive to be involved in
infection control. Therefore, it is important
to include local expertise in planning and
implementing a control strategy.

cience is frequently looked at as if it

can produce a ‘silver bullet’ to solve

every problem. Early success in vac-
cine and antibiotic development also
created a false sense of optimism that sci-
entific methods could eliminate the risk of
infection. However, the reality has turned
out to be different—some infectious dis-
eases remain uncontrollable and far from
eradication. Given the mutable and diver-
sifying nature of avian influenza viruses,
there is a significant possibility that differ-
ent avian influenza subtypes and strains
do not follow a single evolutionary path-
way. Unfortunately, it is unlikely that sci-
ence will ever produce a clear answer as
to when, where and how the next pan-
demic influenza virus will emerge. Our

perception of H5N1 control should change
from short-term hunting to long-term con-
trol. The ecology of H5N1 virus brings it
into close proximity to humans. The most
important strategy is to minimize contact
between terrestrial poultry and wild water-
fowl to segregate H5N1 in poultry, because
H5N1 spread would be uncontrollable if it
established a stable equilibrium in water-
fowl. For example, H5N1 viruses in Siberia
have not been consistently isolated each
year from carcasses and faeces of wildfowl
migrating from Asia [7]. This implies that
H5NT1 circulation in the wild still largely
depends on occasional introduction from
poultry. It is possible that trials to limit
H5NT1 infection in poultry would lead to a
reduction in viral spread and a dwindling
evolutionary path in nature. Infection con-
trol policy must abandon fixed strategies
in favour of flexible ones to keep pace with
the evolutionary dynamics of pathogens
such as H5N1 (Fig 2).

Science in an area such as
infectious disease research

can no longer be viewed as
independent of societal needs. ..

Today’s infection control strategy is
becoming largely dependent on the reli-
ability and accuracy of information net-
working. However, the vast flood of
scientific information can hide erroneous
information and easily mislead the pub-
lic [26]. Of greater concern, globalization
has prompted the centralization of capi-
tal and resources, which can lead to an
overemphasis on certain research topics.
As a consequence, research projects are
often short term, without consideration of
effects that might have a long-term social
impact [27]. This has led to a debate about
whether to [imit publication of certain types
of research or keep scientific information
completely accessible. There is probably
no easy answer to this. Our global society
needs a more mature approach to support
research projects that are accurate reflec-
tions of societal needs in public health. At
the same time, the increasing links between
science and society put more pressure on
science to play a greater role in society.
This is a serious dilemma—how to use
science to solve societal problems whilst
maintaining its autonomy [27]. Science in
an area such as infectious disease research
can no longer be viewed as independent
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of societal needs; we need to establish a
balance between the pursuit of independ-
ent basic research and its application for
solving clinical problems and crises.
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Highly pathogenic avian influenza A virus subtype H5N1
has been endemic in some bird species since its emer-
gence in 1996 and its ecology, genetics and antigenic
properties have continued to evolve. This has allowed
diverse virus strains to emerge in endemic areas with
altered receptor specificity, including a new H5 subline-
age with enhanced binding affinity to the human-type
receptor. The pandemic potential of H5N1 viruses is
alarming and may be increasing. We review here the
complex dynamics and changing nature of the H5N1
virus that may contribute to the emergence of pandemic
strains.

Influenza A host range

Influenza A viruses are categorized into subtypes based on
the antigenic properties of their two surface glycoproteins:
hemagglutinin (HA) and neuraminidase (NA). To date, 16
HA subtypes and nine NA subtypes have been identified. All
16 HA and nine NA subtypes are maintained in influenza A
viruses in aquatic bird populations, especially ducks, shore-
birds and gulls [1,2]. Wild waterfow] are the major reservoir
ofinfluenza A viruses and infected hosts are usually asymp-
tomatic, indicating a long-standing equilibrium [1]. The
virus has an extremely wide host range, from birds to
various mammalian species including humans, pigs, horses
and dogs [1,3]. We describe here the ecology and dynamics of
avian influenza (Al) viruses, review the latest findings on
the changing nature of highly pathogenic AI (HPAI) viruses
subtype H5N1 in nature, focusing on their HA receptor-
binding specificities, and discuss their pandemic potential
and the strategy for disease control.

Viral transmission of influenza

Al viruses in poultry cause a variety of clinical diseases and
are classified on the basis of their virulence in chickens [4]:
HPALI viruses cause systemic lethal infections with mor-
tality of up to 100% within 48 h post-infection [5], whereas
low pathogenic Al (LPAI) viruses, which are the majority of
Al viruses, cause outbreaks with lower mortality and
rarely generate outbreaks of severe disease in poultry
[1]. HPAI viruses have been reported to emerge after
transmission of LPAI virus subtypes H5 and H7 from wild
reservoirs to gallinaceous birds and subsequent selection of
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mutant viruses [3,4]. LPAI viruses replicate in intestinal
and respiratory organs and are shed mainly in the feces of
infected birds, with some oropharyngeal shedding [6].
Thus, virus transmission occurs primarily by the fecal-
oral route [1]. By contrast, HPAI viruses replicate system-
ically in poultry and are more readily transmitted by nasal
and oral routes [2].

Al viruses have been isolated from various animals
other than aquatic birds, including humans, pigs, horses,
dogs, cats and terrestrial birds, indicative of their inter-
species transmissibility [1,3,7]. However, most Al virus
transfers to primate species have resulted in limited
spread, with infection confined to the initial recipient
and a restricted number of close contacts [3,8]. The viruses
replicate primarily in the upper respiratory organs of these
hosts, causing respiratory disease [1]. Differences in viral
tissue specificity are the result of biological differences
between influenza virus reservoir hosts (donor hosts)
and recipient hosts [9]. Various host factors that affect
the viral life cycle have been identified including cell-
surface receptors [10,11], intracellular environment
[12,13], body temperature [14] and immune responses
[15]. Thus, if a virus infects and adapts to a recipient host,
the virus accumulates nucleotide sequence changes in
different genes at different rates, leading to evolution of
a species-specific virus lineage [8].

Evolution of influenza A viruses
Influenza A viruses contain segmented single-stranded
RNA (ssRNA) and are continuously evolving. Small base
changes occur by point mutations, known as genetic drift,
which is driven by the infidelity of the virus-encoded
polymerase [7,16]. Major changes occur less frequently
by reassortment of genes between two different virus
strains in coinfected cells, leading to a genetic shift [3,7].
Genetic reassortment can result in the emergence of novel
subtypes with completely new antigens [17]. Through
these genetic processes, influenza viruses acquire the abil-
ity to sidestep host immune responses continually, causing
significant seasonal disease and sporadic pandemics.
Pandemic influenza has occurred four times in the last
century: in 1918 (‘Spanish’ flu, HIN1), 1957 (‘Asian’ flu,
H2N2), 1968 (‘Hong Kong’ flu, H3N2), and 1977 (‘Russian’
flu, HIN1) (Figure 1). The data suggest that the 1918
pandemic was caused by an Al virus that had infected
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