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Abstract

Despite available antivirals and vaccines, influenza infections continue to be a major cause of
mortality worldwide. Vaccination generally induces an effective, but strain-specific antibody
response. As the virus continually evolves, new vaccines have to be administered almost annually
when a novel strain becomes dominant. Furthermore, the sporadic emerging resistance to
neuraminidase inhibitors among circulating strains suggests an urgent need for new therapeutic
agents. Recently, several cross-reactive antibodies have been described, which neutralize an
unprecedented spectrum of influenza viruses. These broadly neutralizing antibodies generally
target conserved functional regions on the major influenza surface glycoprotein hemagglutinin
(HA). The characterization of their neutralization breadth and epitopes on HA could stimulate the
development of new antibody-based antivirals and broader influenza vaccines.

Infections with influenza virus have a major impact on human health and economy. The
annual epidemics result in a substantial number of hospitalizations with an estimated 3 to 5
million cases of severe disease, and 300,000 to 500,000 deaths globally. Furthermore, during
the 20t century, three major influenza pandemics have occurred with a total mortality of 50
—100 million people (Lambert and Fauci, 2010). Influenza types A and B are enveloped
RNA viruses and belong to the Orthomyxoviridae family and can lead to respiratory or
gastro-intestinal tract infections in mammalian or avian species. Both types are responsible
for recurrent annual influenza epidemics, but only influenza A has so far lead to pandemics.
Influenza A viruses circulates in a variety of animals including birds, humans, horses, pigs
and sea mammals, while influenza B is restricted to humans and seals (Osterhaus et al.,
2000; Webster et al., 1992). Influenza A and B viruses contain two surface glycoproteins,
hemagglutinin (HA) and neuraminidase (NA), that are embedded in the viral membrane
envelope. HA mediates binding to sialic acid receptors on host cells and subsequent fusion
between the virus and host membranes, while NA is responsible for virus progeny release.
There are 17 different subtypes of influenza A HA (H1-H17), which are divided into two
markedly distinct antigenically phylogenetic groups, group 1 (H1, H2, H5, H6, H8, H9,
H11-H13, H16 and H17) and group 2 (H3, H4, H7, H10, H14 and H15). Most subtypes are
present in the avian host, but only H1, H2 and H3 are or have been resident in the human
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population. Influenza B is classified in two distinct phylogenetic lineages, the Yamagata and
Victoria lineages (Yamashita et al., 1988). HA is synthesized as a single polypeptide and
folds into a trimeric spike (HAQ) that is cleaved by host proteases into HA1 and HA2
subunits. Each trimer comprises a membrane distal globular head composed of HA1, which
contains the receptor-binding site, and a stem region, which houses the fusion machinery
(Wilson et al., 1981) (Fig. 1). The receptor-binding site is located in a small depression on
the head of the HA and mediates virus binding to host cell sialic-acid receptors. The stem
region is primarily composed of HA2 and some HAL residues and is mostly helical. Like the
surface spikes of many other viruses, HA is highly glycosylated (Wiley et al., 1981; Wilson
etal., 1981). Although some glycans may be required for correct protein folding (Roberts et
al., 1993), most are used as a mean for the virus to circumvent the immune response. The
glycans are synthesized by host enzymes and are observed by the immune system as “self-
structures” and do not normally induce an adaptive immune response. Moreover, glycans
can directly shield vulnerable epitopes on HA and thereby prevent immune recognition.

Vaccination provides the best method for prevention and control of influenza and normally
elicits a potent neutralizing antibody response. Most vaccines are trivalent and contain
representative HAs from two influenza A strains and one influenza B strain. However, FDA
recently approved quadrivalent influenza vaccines containing two influenza A strains and
two influenza B strains. Current licensed vaccines include trivalent inactivated vaccines,
live-attenuated vaccines and subunit vaccines. The trivalent inactivated vaccines contain
killed influenza viruses and induce a protective serum antibody response, but a poor cell-
mediated response, while the live attenuated vaccine contains weakened viruses and induce
both a humoral and cellular immune response. These vaccines are grown in chicken eggs,
which is relatively time consuming. The subunit vaccine contains purified baculovirus-
expressed HAOQ protein and, thus, circumvents the lengthy process of egg adaption of
influenza virus (He et al., 2006). Most antibodies, which are generated upon vaccination or
infection, are targeted towards the highly variable head of HA and are often strain specific.
As a consequence, new formulations of the vaccine are generated almost annually when a
new strain starts to dominate (Fiore et al., 2010). The strains to include in the upcoming
vaccine are predicted by the WHO and the efficiency of the vaccine thus depends on the
match between the vaccine strains and the circulating strains. Influenza undergoes continual
antigenic drift where mutations are accumulated in HA due to an error prone influenza RNA
polymerase, and the selective pressure from the host immune system. Additionally, co-
infection of a single host with more than one virus strain can result in an antigenic shift,
where re-assortment of genes from different viruses generates novel subtypes (Carrat and
Flahault, 2007). As a result, cross-species transmission of newly adapted strains might
occur, as in the case of the highly pathogenic avian H5N1 (Claas et al., 1998). If minor or no
immunity exists in the bulk of the human population, as with the 1918 Spanish flu, new
pandemics can arise. Thus, the emergence of new influenza strains and lack of herd
immunity in the population remains a persistent threat to human health.

Given the sporadic occurrence of oseltamivir-resistant viruses, the characterization of
zanamivir-resistant viruses and the lack of heterovariant vaccines, alternative treatment
strategies for influenza are urgently needed (de Jong et al., 2005; Hurt et al., 2009; Monto et
al., 2006). Immunotherapy with monoclonal antibodies represents a complementary strategy
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to current antivirals. The use of monoclonal antibodies for treatment of medical conditions,
including viral diseases like hepatitis and respiratory syncytial virus, is well established
(Sawyer, 2000).

Monoclonal antibody therapy could be employed alone for the treatment of influenza
infections with strains that are resistant to current antivirals or in combination with antivirals
in the case of terminal patients with severe influenza infections. Prophylactic administration
of antibodies could be valuable in the case of a pandemic with a highly pathogenic virus like
H5N1 especially for persons which are particular susceptible to illness like elderly and
immunocompromised individuals, and people with a higher risk of getting infections as
health-related and hospital workers.

Recently, exciting new influenza monoclonal antibodies have been identified that are
capable of neutralizing a wide range of influenza viruses (Corti et al., 2011; Dreyfus et al.,
2012; Ekiert et al., 2009; Ekiert et al., 2011; Ekiert et al., 2012; Krause et al., 2012; Lee et
al., 2012; Sui et al., 2009; Tan et al., 2012; Throsby et al., 2008; Tsibane et al., 2012; Wang
et al., 2010b; Yoshida et al., 2009). These broadly neutralizing antibodies show an
unprecedented breadth of cross reactivity enabling them to neutralize many different strains
within a subtype, group or even between groups and different types of influenza virus. The
therapeutic and prophylactic efficiency of theses antibodies have been characterized in both
mouse and ferret models and shows promising results. Furthermore, the molecular basis of
influenza virus recognition has been elucidated for many of these antibodies through
biochemical and structural studies and will be discussed in this review.

Antibody recognition of the HA head

The globular membrane distal head of HA is highly immunogenic and is the main target of
antibodies generated during vaccination. However, the variability of HA leads to annual
influenza epidemics. Five distinct antigenic sites have been characterized for the H1 subtype
in the head and are designated Sa, Sh, Cal, Ca2 and Cb, while those in the H3 subtype are
called A through E (Caton et al., 1982; Wiley et al., 1981) (Fig. 1B). These sites are
hypervariable and are the prime locations for escape from the host immune detection. In
contrast, the receptor-binding site is relatively conserved as it is functionally constrained.
The receptor-binding site is located in a small, shallow pocket at the top of the HA and is
bordered by the 130-loop, the 150-loop, the 190-helix and the 220-loop. This site represents
a possible target for broad-spectrum antibodies. However, the typical footprint of an
antibody is rather large and would inevitably contact the less conserved areas outside the
receptor-binding site. Notwithstanding, broadly neutralizing antibodies, which target the
receptor-binding site and its surroundings, have recently been identified (Ekiert et al., 2012;
Lee et al., 2012; Tsibane et al., 2012; Whittle et al., 2011). These antibodies all insert a CDR
loop into the receptor-binding site to contact conserved residues.

Broad H1 neutralization by antibody CH65

In 2011, Whittle et al. (2011) described the identification and characterization of the human
monoclonal antibody CH65, which in a microneutralization assay neutralizes a broad
spectrum of H1 viruses spanning more than three decades. The antibody was isolated from a
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recipient of the 2007 trivalent vaccine by screening single sorted plasma cells. CH65 binds
to the head of HA with an epitope covering the receptor binding site and antigenic sites Sa,
Sh and Ca2 (Fig. 2A) and buries a total surface area of 748 A2 on HA, using five out of six
possible CDR loops. The most substantial contacts are made by a 19-residue HCDR3, which
inserts into the receptor-binding site, and displays receptor mimicry by making similar
interactions with many of the conserved residues involved in sialic-acid binding. However,
the variability of the H1 strains in and around the receptor pocket dictate binding selectivity
of CH65. Most often, insertion of a basic amino acid at position 133a (between residues 133
and 134), which is present in ~ 75 % H1, ~ 94 % H5, all H6 and all H10 viruses, will clash
with CH65 and result in escape from neutralization (Whittle et al., 2011).

Heterosubtypic neutralization by avidity

The mouse monoclonal antibody S139/1 was initially described in 2009 and followed by
structural characterization in complex with HA in 2012 (Lee et al., 2012; Yoshida et al.,
2009). The antibody shows hemaglutination inhibition (HI) against particular viruses from
H1, H2, H3, and H13 subtypes with high HI titers to one H1 strain and several H3 strains,
and moderate activity against H2 and H13 strains tested. Passive immunization of mice by
intraperitoneal injection of S139/1 1gG (200 ug) one day before or after challenge with 10
times the 50% mouse infectious dose of HLIN1 and H3N2 viruses significantly reduces viral
lung titers. Neutralization escape mutants of H1, H2 and H3 were selected in the presence of
S139/1, which acquired mutations in antigenic sites B (H3) and Sb (H1).

S139/1 binds the HA head using both its heavy and light chain and five of its six
complementarity determining region (CDR) loops (Fig. 2B) (Lee et al., 2012). The epitope
maps onto highly conserved residues in the receptor-binding site and contacts antigenic sites
A, B and D (H3 designation). Like CH65, S139/1 competes directly with the receptor by
inserting a CDR loop (in this case HDCR?2) into the receptor pocket. Additional interactions
include contacts to the antigenic site B made by LCDR1 and LCDR3 that binds to the 150-
loop as well as HCDR3, which interacts with conserved residues in the 190-helix. Several
changes in the epitope surrounding the receptor-binding site lead to resistance of
neutralization by S139/1. As for CH65, an insertion at 133a abolishes binding due to steric
hindrance. Furthermore, an insertion in the 150-loop observed in almost all H4, H6-H8,
H10, H14 and H15 subtypes most likely contributes to the lack of neutralization of these
viruses by S139/1.

Interestingly, although the S139/1 Fab fragment shows a wide range of binding affinities for
different subtypes (2 uM -10 nM), all of these subtypes (H1, H2, H3, H13 and H16) are
neutralized by S139/1 IgG in a plaque reduction assay. Thus, for all strains tested, low
affinity binding with monovalent Fab is effectively converted into high avidity through 1gG
multivalency. The orientation of S139/1 in respect to HA likely prevents protomer cross-
linking within a single HA trimer by IgG, suggesting that the IgG binding cross-links
adjacent trimers on the virus surface. Thus, the bivalent nature of IgG broadens the
neutralization potential significantly by making S139/1 more permissive towards minor
changes in the epitope that would otherwise reduce monovalent Fab binding (Lee et al.,
2012).
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Neutralization by a single antibody loop

Recently, a monoclonal antibody capable of binding HA using a single CDR loop was
characterized. Antibody CO05 neutralizes H1-H3 and H9 viruses in vitro as shown by HI or
microneutralization using MDCK cells. Prophylactic peritoneal injection of 1 mg/kg and 10
mg/kg CO5 prior to lethal challenge with HIN1 and H3N2 viruses, respectively, protected
100 % of mice from death. Administration of 15 mg/kg 1gG at 1, 2 or 3 days after lethal
challenge of mice with HIN1 or H3N2 viruses provided full protection (Ekiert et al., 2012).
CO05 was isolated using a vary large phage display library derived from the bone marrow of a
person that was identified from an advertisement on Craigslist placed by Sea Lane for an
individual previously infected with certain strains of influenza virus. The antibody contains
a 24-residue HCDR3 and a five-residue somatic insertion in LCDR1. The crystal structure
of CO5 in complex with HA revealed that the antibody binds to HA primarily with its
HCDR3, which is inserted into the receptor-binding site (Fig. 2C). Only minor additional
interactions are made from HCDR1 to the 190-loop in antigenic site B. As a result, the
buried surface area on HA (550 A2) upon complex formation is substantially smaller that the
footprint of a typical antibody to a protein. C05 inhibits receptor binding by steric hindrance,
but does not directly mimic the receptor as in the case of CH65. Similar to S139/1, C05
employs avidity by cross-linking HA spikes on the surface of influenza virus. Common
insertions in the loops surrounding the receptor-binding site affect the C05 interaction. Like
CH®65 and S139/1, the 133a insertion abolishes CO5 binding due to steric clashes. Likewise,
insertions around residue 158 and in the 220-loop explain why CO5 does not neutralize H4,
H6, H7, H10, H14 and H16 viruses (Ekiert et al., 2012).

The studies on S139/1 and C05 show that heterosubtypic neutralizing antibodies that
primarily target the receptor-binding site can be generated. The relative dense clustering of
HA spikes on the virus surface, unlike HIV, can facilitate multivalent binding by 1gG
(Harris et al., 2006; Zhu et al., 2006). The use of avidity allows S139/1 and C05 to be more
permissive to minor changes in the epitope, gaining the ability to bind highly divergent HA
strains. Although the receptor-binding pocket contains residues that are universally
conserved among all influenza A strains sequenced to date, influenza seems to have adapted
especially well to protect this vulnerable site. Thus, subtype differences in the loops and
helices surrounding the receptor-binding site generally makes the head binding antibodies
more restricted in specificity than the stem-targeted antibodies.

Stem reactive broadly neutralizing antibodies

Neutralizing influenza antibodies were initially believed only to be generated against the
immunodominant head of HA. However, in 1993, the first indication emerged that
neutralizing antibodies could also target the highly conserved stem. The mouse antibody
C179 (Okuno et al., 1993) was shown to neutralize viruses from the H1 and H2 subtypes.
C179 does not inhibit hemagglutination and was, therefore, suggested to target the helical
stem region of HA. Recently, several stem-reactive antibodies have been identified, which
have reinvigorated the influenza field (Corti et al., 2011; Dreyfus et al., 2012; Ekiert et al.,
2009; Ekiert et al., 2011; Kashyap et al., 2010; Sui et al., 2009; Tan et al., 2012; Wang et al.,
2010b). In contrast to head binding antibodies, the stem-directed antibodies appear to
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neutralize influenza virus by preventing fusion of the host and virus membranes in a process
that is trigged in the low-pH environment of late endosomes (Fig. 3A and 3B). In each
protomer, the B-loop, which connects helix A and C in the pre-fusion structure, now adopts
a helical conformation at low pH and brings helix A to the top of an extended a-helix that
forms a helical coil-coil in the trimer. The movement of helix A relocates and exposes the
fusion peptide towards the target membrane. Additionally, the lower part of helix C refolds
into a loop allowing helix D to turn toward helix C (Bullough et al., 1994).

Most stem-directed antibodies appear to use a common mechanism of neutralization by
binding the highly conserved HA stem region that is essential for fusion. These antibodies
can lock HA in a pre-fusion conformation and, therefore, prevent the major conformational
changes associated with pH-activation of the fusion machinery, which is indispensible for
the viral entry into the cell.

Group 1 neutralizing antibodies

In 2009, two broadly neutralizing antibodies, CR6261 and F10, against group 1 viruses were
independently functionally and structurally characterized (Ekiert et al., 2009; Sui et al.,
2009). CR6261 and F10 are both derived from the V1-69 germline and were identified by
panning immobilized HA using phage display libraries generated from recently vaccinated
donors. They share a very similar breadth of neutralization, bind to most group 1 viruses,
and protect against HSN1 and H1N1 viruses. F10 neutralizes H5N1, HIN1, H2N2, HEN2,
H8N4 and HON2 viruses in a microneutralization assay. Intraperitoneal injection of 10
mg/kg F10 1gG one hour before lethal challenge with HIN1 or H5N1 viruses protected 80—
100% of mice from death. Therapeutic administration of 15 mg/kg of F10 IgG 24 hours
following lethal challenge with H5 viruses protected 80-100% of mice. Viral replication in
the lungs was substantially suppressed when F10 was given 48 or 72 hours following
inoculation with virus. No neutralization escape variants were generated in the presence of
F10 following 3 passages (Sui et al., 2009).

CR6261 showed heterosuptypic neutralization activity against H1, H2, H5, H6, H8 and H9
viruses in a microneutralization assay (MDCK cells). Prophylaxis by intraperitoneal
injection of CR6261 (5 mg/kg) protected all mice from lethal challenge with H5N1 virus.
Administration of 2mg/kg CR6261 fully protected mice from lethal challenge with HIN1
virus. Therapeutic injection of CR6261 (15 mg/kg) to mice one day following infection with
lethal doses of HIN1 or H5N1 viruses provided full protection. In vitro neutralization
escape variants of HSN1 were were difficult to generate in the presence of CR6261; only
after 10 passages were viruses selected with an H111L mutation (Throsby et al., 2008).

Both antibodies recognize a similar highly conserved epitope in the stem region of HA.
Binding by CR6261 is mediated by the heavy chain using HCDR1-3 and framework region
3 (Fig. 3C). The epitope mainly consists of helix A in HA2 and a few residues in HA1. The
primary interactions are made by HCDR1, which make important contacts to helix A, and
HCDR2, which interact with a hydrophobic pocket in HA1 next to helix A. The base of
HCDR3 makes a few contacts to the lower part of helix A, while framework region 3 makes
minor interactions with the upper region of helix A. Both antibodies do not cross-react with
group 2 H3, H7 and H10 primarily due to presence of a highly conserved glycan on Asn38,
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which is part of the epitope contacted by the heavy chain, as well as some other group
specific residues. Additionally, HCDR2 interacts with Trp21 in HAL, which has a different
conformation in group 2 viruses that cannot be accommodated by the HCDR2 loop (Ekiert
et al., 2009).

Group 2 neutralizing antibodies

Following the characterization of CR6261 and F10, a complementary monoclonal antibody
CR8020 was identified that targets group 2 influenza viruses (Ekiert et al., 2011). CR8020
has neutralizing activity against H3, H7 and H10 viruses in a microneutralization assay and
binds H3, H4, H7, H10, H14 and H15 HAs. Administration of CR8020 (3 mg/kg) one day
before lethal challenge with H3N2 or H7N7 viruses protected all mice from death. No signs
of respiratory distress were observed and all mice showed an increased body weight
following the study. Therapeutic injection of CR8020 (15 mg/kg) 2 days after infection with
H3NZ2 virus prevented death in all animals, whereas treatment 3 days after infection with
H7N7 virus prevented mortality in all animals. Like CR6261 and F10, CR8020 interacts
with the stem of HA, but binds at the base of the stem substantially closer to the viral
membrane than CR6261 and uses both heavy and light chains (Fig. 3D). The epitope is
highly conserved across group 2 viruses and includes residues in the C-terminal region of
the fusion peptide, which is recognized by HCDR1 and HCDR3. By directly contacting
residues in the fusion peptide, CR8020 prevents its release in the endosome and inhibits the
conformational changes in HA that are necessary for fusion. Additionally, CR8020 binds to
HAO and inhibits maturation to HA1 and HAZ2, sterically preventing cleavage by host
proteases (Ekiert et al., 2011). Two neutralization escape mutants (D19N or G33E) located
in the stem region were selected for an H3N2 virus in the presence of CR8020, but only
after 4 passages.

Only two residues are conserved between the epitopes of CR6261 and CR8020, and CR8020
does not neutralize group 1 viruses. More specifically, a conserved glycan at Asn21 in group
1 viruses prevents binding as a result of steric clash with HCDR1. Likewise, a Tyr residue at
position 34 conserved in most group 1 viruses clashes with HCDR3.

Universal influenza A antibodies

For antibody-based influenza treatments, a potent and broad-spectrum antibody capable of
neutralizing all influenza A strains represent the ultimate goal. Remarkably, two antibodies
F16v3 and CR9114 neutralize all group 1 and group 2 viruses tested (Corti et al., 2011;
Dreyfus et al., 2012).

Invitro CR9114 binds HAs from H1-H5, H7 and H9, H10, H12, H13, H15 and H16 viruses
and neutralizes H1-H12 and H14 viruses in a microneutralization assay. Administration of
1.7 mg/kg and 5 mg/kg CR9114 one day prior to challenge with lethal doses of HIN1 and
H3NZ2 viruses, respectively, protected all animals from mortality and resulted in a significant
reduction in weight loss compared to control animals (Dreyfus et al., 2012). CR9114 is
VH1-69 derived, and uses HCDR1-3 and framework 3 for binding. Its epitope is highly
similar to the epitopes of CR6261 and F10 (Fig. 3E) (Dreyfus et al., 2012). However, minor
important differences are present in the way that HA is recognized, allowing CR9114 to
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bind both group 1 and group 2 viruses. In CR6261, the tip of HCDR2 (Phe54) interacts with
Trp21 in HA2, which is orientated slightly differently in group 1 and 2 viruses and thereby
prevents cross-group reactivity. In contrast, the flexibility of HCDR2 in CR9114 and the
different orientation of Phe54 allows it to accommodate the minor differences in the
conformation of Trp21. Furthermore, the glycan at HA1 Asn38 in group 2 HAs, which
interfere with CR6261 and F10 from binding group 2 viruses, is physically displaced by
CR9114 (Dreyfus et al., 2012).

F16v3 binds H1-H10 HAs in ELISA and stains cells tranfected with genes of H4, and H11-
H16 HAs. In addition, FI6v3 neutralizes H1, H3, H5 and H7 pseudoviruses and viruses.
Prophylatic administration of FI6v2 (4 mg/kg) protected all mice from lethal challenge with
H1N1 and therapeutic administration of FI6v3 (15 mg/mg) 1 or 2 days after lethal infection
with HIN1 was fully protective. FI6v3 also significantly reduced mice lung virus titers
when administered up to 1 day after infection with a lethal dose of HIN1 and reduced
weight loss in mice challenged with an H3 virus. Like CR9114, FI6v3 recognizes an
epitope, which is similar to the epitopes of CR6261 and F10 (Corti et al., 2011). However,
the angle of approach in respect to the HA trimer and the nature of the interaction is
substantially different (Fig. 3F). FI6v3 is rotated approximately 90° compared to CR9114
and uses both heavy and light chain in binding to HA. FI6v3 is V3-30 encoded and has a
long HCDR3 (22 residues) that alone mediates the binding to the hydrophobic groove
between HA1 and helix A. A Phe residue at the tip of the flexible HCDR3 loop interacts
with Trp21 in both group 1 and 2 viruses. Like CR9114, FI6v3 is able to displace the
conserved glycan at Asn38 to avoiding steric clash with group 2 HAs. LCDR1 makes
contacts with helix A at the opposite end of the hydrophobic groove, but also interacts with
the fusion peptide in the neighboring HA monomer. Thus, crosslinking of monomers in the
HA trimer may additionally contribute to inhibition of membrane fusion (Corti et al., 2011).
Remarkably, the CR9114 epitope is conserved between influenza A and B. Electron
microscopy reconstructions show that CR9114 similarly binds and recognizes the stem of
influenza B HA. Moreover, prophylaxis with 5 mg/kg and 15 mg/kg of CR9114 protects
against lethal challenge in mice with influenza B viruses B/Malaysia/2506/2004 and B/
Florida/4/2006, respectively (Dreyfus et al., 2012). In this regard, CR9114 represents the
only universal influenza antibody described to date.

Broadly neutralizing influenza B antibodies

The number of people infected with influenza B virus varies dramatically between each
influenza season and can in some years contribute substantially to the annual epidemic.
Although influenza B is restricted to humans and seals and has not lead to a pandemic, it is
estimated that influenza B accounted for ~ 15 % of all influenza related deaths in the US
between 1990 and 1998 (Ambrose and Levin, 2012; Thompson et al., 2004). Influenza B is
not divided into subtypes and groups, but into two distinct phylogenetic lineages: the
Yamagata lineage and the Victoria linage. The two lineages have co-circulated globally
since 1985 where the Victoria lineage emerged (Rota et al., 1990; Yamashita et al., 1988).
Both contribute to the annual epidemics with one lineage dominating each season. Influenza
B undergoes antigenic variation due to antigenic drift. However, the mutation rate of
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influenza B HA is approximately 4 times less than that of influenza A HA (Nobusawa and
Sato, 2006).

Recently, two influenza B antibodies, CR8033 and CR8071 were identified that neutralize
viruses from both influenza B lineages (Dreyfus et al., 2012). Prophylaxis with 0.6 mg/kg
and 0.2 mg/kg of CR8033 protected all mice from death upon lethal challenge with B/
Florida/4/2006 (Yamagata) and B/Malaysia/2506/2004 (Victoria), respectively.
Administration of 0.6 mg/kg and 1.7 mg/kg of CR8071 prior to lethal challenge with B/
Florida/4/2006 and B/Malaysia/2506/2004 fully protected from mortality. For B/Florida/
4/2006, no neutralization escape variants were generated with CR8033 after 20 passages but
a P161Q escape variant was generated with B/Malaysia/2506/2004 virus following 15
passages. Using CR8071 and B/Florida/4/2006, 15 passages generated K38E and Y40H
escape mutations while no escape variants were observed after 20 passages of B/Malaysia/
2506/2004 virus (Dreyfus et al., 2012).

Structural analysis by x-ray crystallography and electron microscopy shows that CR8033
and CR8071 recognize two distinct conserved epitopes on influenza B HA. CR8033 binds to
the top of HA, while CR8071 recognizes the vestigial esterase domain in the base of the
head. In contrast to the influenza A antibodies described, CR8071 and CR8033 appear to
uniquely neutralize virus by preventing virus progeny release (Dreyfus et al., 2012). Virus
progeny bud from infected cells, which requires receptor cleavage by NA on the cell
surface. Additionally, the newly synthesized HA and NA may contain sialic acid residues
that need to be cleaved to facilitate virus spread. The neuraminidase inhibitor zanamivir
prevents progeny virus budding by inhibiting receptor cleavage that leads to aggregation of
infected cells (Gubareva et al., 2000). Similarly, when cells infected with influenza B are
incubated with CR8033 or CR8071, cell clumping occur, which may be due to HA trimer
cross-linking during virus budding. In this regard, these antibodies neutralize influenza B
viruses by a mechanism different from the previously described head or stem binding
influenza A antibodies. Whether neutralization of influenza A by egress inhibition
represents an important but previously unrecognized mechanism of neutralization has still to
be determined.

Perspectives and concluding remarks

Drug resistance between circulating HLIN1 and H3NZ2 strains indicates an urgent need for
new antivirals agents (Bright et al., 2005; Kiso et al., 2004). The recent identification of
broadly neutralizing human antibodies has sparked new interest in the use of antibody
therapy in treatment of influenza. Their broad and heterosubtypic reactivity is clearly
beneficial and suggests that these antibodies could be used as novel antivirals against current
and future circulating viruses. Additionally, the information gained from the structural
characterizations may be used as guides for rational design of therapeutic molecules. Indeed,
the structure of CR6261 in complex with HA stimulated the generation of computationally
designed scaffolds that binds to a very similar epitope as CR6261 (Fleishman et al., 2011;
Whitehead et al., 2012). These scaffolds interact with a range of group 1 HAs and inhibit the
conformational change in HA associated with membrane fusion. Likewise, the use of a
single extended loop by CO05 to target the receptor-binding site and the resent description of
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three antibodies, that all targets a conserved pocket in the receptor binding site using an
aromatic residue, indicates that it may be possible to design small molecules or peptides,
which mimic the antibody interactions and thereby compete with receptor binding (Ekiert et
al., 2012; Xu et al., 2013).

Most importantly, the aforementioned discoveries may lead the way for rational structure-
based vaccine design. Although effective strain-specific vaccines exist against influenza
infection, new dominant strains continually arise such that new vaccines have to be
produced regularly. Furthermore, a long period of time is required for vaccine
manufacturing which minimizes the possibility for efficiently controlling a potential
pandemic by vaccination, as herd immunity cannot be generated quickly enough. The most
broadly neutralizing antibody identified so far CR9114 that neutralizes influenza A and B
uses essentially the same conserved epitope as the influenza A group 1 specific CR6261.
However, minor differences in recognition means that CR9114 has acquired the ability to
also cross-react with group 2 influenza A viruses. For vaccine design and elicitation of
broadly neutralizing antibodies, it is interesting that CR9114, CR6261 and F10 all use the
VH1-69 germline segment. Each antibody is relatively conventional with a normal degree of
affinity maturation, which indicates that it might be possible to induce CR6261- or even
CR9114-like antibodies using the appropriate strategy. Indeed, broadly neutralizing stem-
directed antibodies have recently been generated by priming with a DNA vaccine followed
by boosting with a seasonal vaccine (Wei et al., 2010; Wei et al., 2012). The V1-69 gene
codes for hydrophobic residues on the tip of HCDR2 (11e53 and Phe54), that in CR6261 and
CR9114 are directed into a hydrophobic pocket next to helix A on HA. Moreover, the
germline of CR6261 can bind HA when the antibody is expressed as membrane-bound IgM
and triggers B-cell receptor-associated tyrosine kinase signaling. For HA binding, 11e53 and
Phe54 on HCDR2 are indispensible and may provide the essential binding energy in the
initial encounter with antigen, which then stimulates subsequent maturation to a higher
affinity interaction (Lingwood et al., 2012). Thus, by using an immunogen designed to
specifically bind the CR6261 germline, one might be able to focus the B-cell response
towards CR6261-like antibodies. To date, a few “headless” HA immunogens have been
designed to direct the antibody response towards the more conserved areas in the stem.
However, for reasons not fully understood, these immunogens have not yet generated a very
cross-reactive neutralizing antibody response (Bommakanti et al., 2010; Sagawa et al., 1996;
Steel et al., 2010; Wang et al., 2010a). Several fundamental questions vital for vaccine
design still remain unclear and need to be investigated, including how to induce a focused,
broad and long lasting immune response. More research is required to evaluate how to
present specific antigens, how to administer the antigens, and how to predict human immune
responses based on animal studies before a universal influenza vaccine can be formulated.
However, the recent identification of several potent, broadly neutralizing antibodies to
influenza virus has shown that, although the virus is especially well adapted to evade the
host immune system, conserved vulnerable sites on the virus can be targeted by antibodies.
Collectively, this knowledge should be of use in the development of future antivirals and in
structure-based vaccine design.
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Fig. 1.
Crystal structure of HA. (A) Structure of the trimeric HA spike (PDB code; 4FNK) (Ekiert

etal., 2012). One protomer is colored in cyan (HA1) and light blue (HA2). The receptor
binding site is colored in yellow and the surrounding loops and helix in red. Glycans are
colored brown (left). Surface representation of the receptor binding site and its surroundings
(right). (B) The antigenic sites on HA. Antigenic sites Sa (pink), Sb (cyan), Cal and Ca2
(orange), and Cb (blue) on H1 HAs (left) (PDB code; 3LZG) (Xu et al., 2010). Antigenic
sites A (wheat), B (pink), D (orange), E (blue) and C (red) on H3 HAs (right) (PDB code;
4FNK) (Ekiert et al., 2012).
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Fig. 2.
Structure of HA in complex with head binding antibodies. (A) Structure of Fab CH65 in

complex with H1 HA (PDB code; 3SM5) (Whittle et al., 2011). HA is shown as surface
representation with one protomer colored light blue. Residues in the epitope that are part of
the receptor binding site colored in red. Residues in the epitope adjacent to the receptor-
binding site are colored in blue. The Fab is shown in cartoon with the light chain (LC) in
yellow and the heavy chain (HC) in green (top). CDR loops from the heavy chain (green)
and the light chain (yellow) involved in the interaction with HA are shown. (B) Structure of
Fab S139/1 in complex with H3 HA (PDB code; 4GMS) (Lee et al., 2012). Colored as in
Fig. 2A. (C) Structure of Fab C05 in complex with H3 HA (PDB code 4FQR) (Ekiert et al.,
2012).

Antiviral Res. Author manuscript; available in PMC 2014 June 01.



1duasnuely Joyiny vd-HIN duasnuey Joyiny vVd-HIN

1duasnuely Joyiny vd-HIN

Laursen and Wilson

A

Pre-fusion HA

Antiviral Res. Author manuscript; available in PMC 2014 June 01.

Page 17

Post-fusion HA



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Laursen and Wilson

Page 18

Structures of HA in the pre-fusion and post-fusion conformation, and HA in complex with
stem reactive Fab fragments. (A) Pre-fusion conformation of HA with helices A (red), C
(yellow), and D (blue) and B loop (orange) in one protomer colored distinctly (PDB code;
4FNK) (Ekiert et al., 2012). (B) Post-fusion conformation of HA (PDB code; 1IHTM)
(Bullough et al., 1994). Colored as in (A). Note that most of HA1 is not present in the
structure and the B loop folds into helix B. (C) Structure of Fab CR6261 in complex with
H5 HA (PDB code; 3GBM) (Ekiert et al., 2009). HA is colored as in (A) shown as surface
representation and in the same orientation (left). The epitope recognized by CR6261 is
shown on the right. CDR loops from the heavy chain (green) and the light chain (yellow)
involved in the interaction with HA are shown. The position of the glycan at Asn38 in group
2 viruses is indicated by #. Trp21 is shown by *. The side chain of the Phe residue
interacting with Trp21 is shown (D) Structure of Fab CR8020 in complex with H3 HA (PDB
code; 3SDY) (Ekiert et al., 2011). The glycan at Asn21 in most group 2 viruses is shown by
#and Tyr34 as *, both in red. (E) Structure of Fab CR9114 in complex with H5 HA (PDB
code; 4FQI) (Dreyfus et al., 2012). Colored as in (A). (F) Structure of Fab FI6v3 in complex
with H3 HA (PDB code; 3ZTJ) (Corti et al., 2011). The glycan at Asn38 is shown in brown.
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