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Structural and functional bases for broad-spectrum
neutralization of avian and human influenza A viruses
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Boguslaw Stec?, Greg Cadwell?, Maryam Ali', Hongquan Wan?, Akikazu Murakami', Anuradha Yammanuru!,

1

Thomas Hanl, Nancy J Cox3, Laurie A Bankston2, Ruben O Donis?, Robert C Liddington2

& Wayne A Marasco!

Influenza virus remains a serious health threat, owing to its ability to evade immune surveillance through rapid genetic drift and
reassortment. Here we used a human non-immune antibody phage-display library and the H5 hemagglutinin ectodomain to select
ten neutralizing antibodies (nAbs) that were effective against all group 1 influenza viruses tested, including H5N1 ‘bird flu” and
the HIN1 ‘Spanish flu’. The crystal structure of one such nAb bound to H5 shows that it blocks infection by inserting its heavy
chain into a conserved pocket in the stem region, thus preventing membrane fusion. Nine of the nAbs employ the germline gene
VH1-69, and all seem to use the same neutralizing mechanism. Our data further suggest that this region is recalcitrant to
neutralization escape and that nAb-based immunotherapy is a promising strategy for broad-spectrum protection against seasonal

and pandemic influenza viruses.

Seasonal influenza A is a scourge of the young and old, killing more
than 250,000 worldwide each year, while creating an economic burden
for millions!. Pandemic influenza, which occurs when a new virus
emerges and infects people globally that have little or no immunity,
represents a grave threat to human health; for example, the 1918
Spanish Flu pandemic caused an estimated 50 million deaths®?.
Vaccines have historically been the mainstay of infection control.
However, owing to rapid antigenic drift, the vaccine antigen must
be updated annually based on global influenza surveillance*?, and it is
not always fully successful. In addition, some recent H5N1 vaccines
have shown promising results®®, but none has been reported to elicit
a broad neutralizing response in humans. Neuraminidase inhibitors,
especially oseltamavir (Tamiflu), remain the primary treatment, but
they have limited efficacy if administered late in infection, and
widespread use is likely to result in the emergence of resistant
viral strains!®!1,

Influenza A is subclassified by its two major surface proteins:
hemagglutinin, which mediates cell entry, first by recognizing host
proteins bearing sialic acid on their surface, and second by triggering
the fusion of viral and host membranes following endocytosis,
allowing viral RNA to enter the cytoplasm; and neuraminidase,
which cleaves sialic acid from host and viral proteins, facilitating cell
exit'2. There are 16 hemagglutinin subtypes (H1-16) and 9 neurami-
nidase subtypes (N1-9) that make up all known strains of influenza A

viruses by various combinations of hemagglutinin and neuramini-
dase!? (Supplementary Fig. 1 online).

The recent spread of highly pathogenic avian influenza (HPAI),
caused by the H5NI1 strain, across Asia, Europe and Africa raises the
specter of a new pandemic, should the virus mutate to become readily
transmissible from person to person. The evolution of H5N1 into a
pandemic threat could occur through a single reassortment of its
segmented genome or through the slower process of genetic drift!>!3,
Nearly 400 human H5NI1 infections have been reported since 1997
from 14 countries, with a case mortality rate in the immunocompe-
tent population above 60%*.

New therapeutic strategies that provide potent and broadly cross-
protective host immunity are therefore a global public health priority.
Human mAb-based ‘passive’ immunotherapy is now being used to
treat numerous human diseases, including respiratory syncytial virus
infection, and we have proposed how immunotherapy could be used
strategically in a viral outbreak setting!“.

In the present study, we first used a phage-display antibody library
and recombinant H5 trimeric ectodomain to isolate a group of high-
affinity nAbs that were potent inhibitors of H5N1 viral infection
in vitro and in vivo. On the basis of crystallographic and functional
studies, we showed that the nAbs bind to a common epitope—
a highly conserved pocket in the stem region of hemagglutinin
containing the ‘fusion peptide’—that rationalizes their ability to block
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membrane fusion rather than cell attachment. Sequence and structural
analysis of all 16 hemagglutinin subtypes point to the existence of just
two variants of this epitope, corresponding to the two classic phylo-
genetic groupings of hemagglutinin (groups 1 and 2). We therefore
tested eight more group 1 hemagglutinin subtypes and demonstrated
an unprecedented cross-subtype binding and/or neutralization spec-
trum. Because we had used a group 1 subtype (H5) for our panning,
our nAbs, as expected, failed to neutralize group 2 subtypes H3 and
H7. These results nevertheless raise the possibility that a cocktail
comprising a small subset of nAbs raised against representatives of the
two groups could provide broad protection against all seasonal and
pandemic influenza A viruses.

RESULTS

Identification of nAbs against H5N1

The current H5N1 epidemics involve viruses derived from a single
lineage of H5 hemagglutinin. Within this lineage, four distinct
clades have been identified as major threats to public health!>16,
We expressed recombinant trimeric ectodomain of H5 hemagglu-
tinin from one of these viruses (strain A/Vietnam/1203/04
(H5N1), ‘H5-VN04, clade 1) in insect cells!” (Supplementary
Fig. 2 online), immobilized it on a plastic surface and selected
antibodies from a ‘non-immune’ human antibody phage-display
library (using single-chain VH-VL fragments (‘scFv’))!8.
Two rounds of panning and the screening of 392 clones identified
10 unique antibodies formed by six distinct VH (variable region of
heavy chain) fragments in combination with ten different VL
(variable region of light chain) fragments (Supplementary
Table 1 online).

We found that all ten nAbs bound trimeric H5-VN04 with similar
avidity, but did not bind monomeric HA1 (Fig. 1a). Presented as
scFv-Fc constructs, they potently neutralized the clade 1 H5 pseudo-
virus, A/Thailand/2-SP-33/2004 (H5N1) (‘H5-TH04’) (Fig. 1b); and,
in a stringent plaque-reduction assay, they all showed high levels of
neutralization against H5-VNO04, as well as the more divergent (clade
2.1) A/Indonesia/5/2005 (‘H5-IN05’) (Fig. 1c,d). We further found
that the nAbs cross-competed with each other in a competition
enzyme-linked immunosorbent assay (ELISA; Supplementary
Fig. 3 online), suggesting that they share a common epitope. On
the basis of this finding, as well as VH sequence diversity
and neutralization potency, we converted three of the nAbs (D8,
F10 and A66) into full-length human IgGls for further studies;

all three IgGls bound to recombinant H5-VN04 with high affinity
(Kqg ~100-200 pM) and slow dissociation rates (kg ~10% s71)
(Supplementary Fig. 4 online).

Prophylactic and therapeutic efficacy in mice

We evaluated the protective efficacy of the three IgG1ls against H5N1
virus infection in a BALB/c mouse model (Fig. 2). Mice were treated
with IgGls before (prophylactically) or after (therapeutically) lethal
viral challenge. Prophylaxis using 10 mg kg=! of IgGls effectively
protected (80-100%) mice when challenged with a high lethal dose of
H5-VN04 (clade 1) or A/HongKong/483/97 (‘H5-HK97’) (clade 0)
(Fig. 2a,b). Therapeutic treatment with 15 mg kg~! (an achievable
dose in humans) of IgG1 24 h post-inoculation (hpi) also protected
80-100% of the mice challenged with either H5-VN04 or H5-HK97
virus (Fig. 2c,d). Mice treated at later times (48 hpi or 72 hpi) with
H5-VN04 showed similar or higher levels of protection (Fig. 2e,f).
Furthermore, surviving mice remained healthy and showed
minimal body weight loss over the 2-week observation period (data
not shown).

Whereas human influenza viruses are typically restricted to the
upper respiratory tract, systemic spread is a typical outcome of H5N1
infection in mice, and it has been reported in some humans. We found
that the three IgGls caused potent suppression of viral replication in
the lungs (measured 4 d after viral challenge) of mice treated within
48 h of viral challenge; and that two IgG1s, F10 and A66, were effective
when given at 72 hpi. The strong impact of antibody therapy on
systemic infection was demonstrated by >1,000-fold suppression of
virus spread to the spleen, even when given 72 hpi (Supplementary
Fig. 5 online). We also observed suppression in the brain, but in
this case, systemic spread was too low in control animals for
accurate quantitation.

nAbs inhibit cell fusion rather than receptor binding

Two ways in which anti-hemagglutinin antibodies can neutralize
infection is by blocking the initial binding of hemagglutinin to its
cellular receptor (sialic acid) or by interfering with the subsequent step
of hemagglutinin-mediated virus-host membrane fusion, which
occurs in acidic endosomes!®?°, We found that none of the nAbs
inhibited virus binding to cells (Fig. 3a) or hemagglutination of red
blood cells (data not shown). However, we were able to show, using a
model system of cell fusion, that the nAbs potently inhibited mem-
brane fusion (Fig. 3b).
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Figure 2 Prophylactic and therapeutic efficacy of anti-H5 nAbs in mice. (a,b)

Percentage of survival of mice treated with anti-H5 nAbs or control mAb 1 h before lethal challenge
by intranasal inoculation with H5-VNO4 (a) or H5-HK97 (b) viruses. (c—f). Therapeutic efficacy. Mice
were inoculated with H5-VNO4 and injected with nAbs at 24 h, 48 h of 72 hpi (c,e,f) or with

H5-HK97 at 24 hpi (d).
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The Met54 sulfur makes IT—aromatic inter-
actions®> with the Trp21, ring, hydrophobic
interactions with Ile45, from helix oA and a
hydrogen bond between Met54 C=0 and the
His38, side chain. (ii) Tyr102 from CDR-H3
extends from the apex of the H3 loop to a
location only ~3 A from Phe55, and it
complements CDR-H2 by cementing together
the fusion peptide (via a main chain hydro-
gen bond to Asp19;) and the oA helix of HA2
(by intercalating between Thr41, and Ile45,).
A large hydrophobic residue at the neighbor-
ing position 103 supports the side chain
conformation of Tyr102. (iii) The CDR-HI1
loop is characterized by small hydrophobic or
polar side chains (notably Val27, Thr28 and
Ser31) such that CDR-HI fits snugly beneath
the hemagglutinin head while packing against
helix ®A. A somatic mutation of conserved
Gly26, G26E, generates a noncanonical con-
formation for H1, with Thr27 pointing out-
ward and making contact H5.

An N-terminal hairpin (residues Ile29, and

Met30,) from HA2 of the counterclockwise
neighbor packs against the other side of helix
oA at this point, wrapping around its fusion
peptide and further locking it into place
(Fig. 4a,c). Thus, the F10 nAb may stabilize
the fusion peptide of more than one subunit.
One framework (FR3) residue, GIn74, seems
to be especially important in stabilizing the

Prophylactic efficacy.

Structural characterization of the nAb epitope

To provide a structural basis for neutralization and to explore the
prospects for developing even broader-spectrum therapeutics, we
determined the crystal structure of F10 (as the scFv fragment) in
complex with the H5 (H5-VN04) ectodomain (Fig. 4 and Supple-
mentary Table 2 online). We used H5 activated by cleavage of the
single-chain precursor, HAO, into two polypeptides, HA1 and HA2.
Cleavage leads to the partial burial of the fusion peptide (the first ~21
residues of each HA2) into the stem!%2!, which also contributes to the
formation of each of three hydrophobic ‘pockets’ located below the
large trimeric receptor binding head. In the complex, one F10 nAb
binds into each pocket, burying ~ 1,500 A2 of protein surface. Only
the heavy chain (VH) participates directly in binding, using all three of
its complementarity-determining regions (CDRs). The light chain
(VL) points out into solution and makes only nonspecific
contacts with the distal end of the oligosaccharide of glycosylated
residue Asn33; from a neighboring monomer. The epitope on H5
encompasses the entire pocket, which is formed by the HA2 fusion
peptide flanked by elements of HA1 on one side and helix oA of HA2
on the other.

The key interactions are as follows (Fig. 4b). (i) CDR-H2 adopts the
‘type 2’ conformation?2. Two hydrophobic residues, Met54 and Phe55,
from the tip of H2 insert into the pocket. Phe55 lies across a flat
hydrophobic surface formed by the main chain of the fusion peptide,
residues 18,-21,; it also makes favorable orthogonal aromatic inter-
actions?® with the side chains of Trp21, at the back of the pocket and
His18; at the front (subscripts 1 or 2 refer to HA1 or HA2, and the
numbering scheme follows the structure of H3 (PDB 2HMG)!7:%4).

CDR-H1 and CDR-H2 loop conformations,
by forming hydrogen bonds to the main
chain C = O groups of Pro53 and Met54, as well as the side chain
of Ser30. The FR3 residue at position 72 is the major determinant of
the choice between two distinct conformations of the H2 loop?2.

Consistent with the structural data, mutations in three H5 residues
on HA2 oA, Val52;, Asn53, and Ile56,, which make important
interactions with F10, greatly reduce or ablate nAb binding, whereas
the conservative mutation V52L has no effect (Fig. 4c,d). Mutations to
other surfaces of the oA helix either have no effect (typically exposed
residues) or lead to increased nAb binding, perhaps by subtly
increasing the flexibility of the epitope (Fig. 4d). Notably, the nine
other nAbs show similar mutant binding profiles. Together with the
cross-competition noted above, this strongly suggests that the epitopes
for all ten nAbs overlap very closely indeed, and that the nAbs bind in
a similar location and orientation.

Structural basis of H5 neutralization by the nAb panel

The broad neutralizing behavior against H5 may be attributed in part
to the exclusive role of VH in antigen binding and the use of a
common germline gene, VHI-69, in five out of the six VHs, although
their CDR3 loops are variable in sequence and length (13-17 residues)
(Supplementary Fig. 6 and Supplementary Table 1 online). In
addition, free-energy calculations®® point to dominant binding con-
tributions (~70% of the total favorable free energy) of the three
conserved residues in the VH segment (Fig. 4b). In CDR-H2 derived
from germline VHI-69, position 55 is always phenylalanine, and
position 54 is always hydrophobic (methionine, isoleucine, leucine
or valine). In our nAbs, CDR-H3 always has a tyrosine predicted to lie
at the tip of the CDR3 loop (conserved at the position 6). The
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a Binding inhibition of H5-pseudotyped
200 viruses to cells by anti-H5 nAbs
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conformation and sequence of the CDRI1 loop does not seem to be
critical, because the other antibodies we isolated do not contain the
somatic mutation (G26E) found in F10 and are predicted to have
canonical structures. The sixth VH gene we isolated is derived from
the germline gene VHI-2; its H2 loop has the same length as VHI-69,
but by virtue of a change from alanine to arginine at position 72
(ref. 22) it is predicted to adopt a distinct conformation (‘type 3’) that
presents loop residues 3 and 4 to the antigen (rather than residues 4
and 5 in type 2 loops). The specific somatic mutation at position 4,

Figure 4 Structure of the H5-F10 complex. a
(@) Structure of the H5 trimer bound to F10

(scFv). H5 is similar to the uncomplexed

structure3® (pairwise r.m.s. deviation (Ca) = 1.0

and 0.63 A for two independent trimers). HAL,

HA2, the oA helix of HA2, the fusion peptide

(FP) and F10 (VH and VL) are color coded. The

third F10 molecule is hidden behind the stem.

(b) Close-up of the epitope showing H5 as a

molecular surface, with selected epitope residues
labeled. The fusion peptide is in green. The tip of

F10 (red ribbon) and selected CDR side chains

are shown. Of 1,500 A2 buried surface at the F10
interface, 43% involves hydrophobic interactions.
(c) Surface of the central stem region, showing
two H5 monomers. One monomer has HA1
(yellow) and HA2 (blue) colored differently; the
path of the FP through the epitope (red) is
outlined, and mutations that do not affect
binding are colored cyan (Fig. 4d). The fusion
peptides (FP and FP’) are labeled in both

l@ © 2009 Nature America, Inc. All rights reserved.
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Figure 3 Neutralization mechanism. (a) nAbs do not inhibit cell binding of
full-length hemagglutinin from H5-THO4—pseudotyped HIV-1 viruses. None
of the three nAb-treated viruses inhibited cell binding. Mouse anti-H5 mAb,
17A2.1.2 and ferret anti-H5N1 serum, which inhibit hemagglutination, were
used as positive controls. Anti-SARS spike protein (80R) and anti-HA1 (2A)
were used as negative controls. Error bars represent s.d. (b) All three nAbs
inhibit cell fusion. HelLa cells were transfected with H5-THO4—expressing
plasmid and exposed to a pH 5.0 buffer for 4 min in the presence or
absence of nAbs. Syncytia formation induced by the brief exposure to

pH 5.0 was completely inhibited by D8, F10 and A66, at 20 pg mi~!
(~0.13 uM), whereas controls (80R and anti-HA1 mAb (2A) at the same
concentration had no effect.

from asparagine to methionine, presumably promotes H5 binding. It
is not possible to predict the structure of the larger H3 loop, but a
tyrosine located at the center of the loop may play an analogous role to
that in F10.

Thus, the F10-H5 crystal structure suggests a common mechanism
of H5 virus neutralization for our nAb panel. They make no contact
with the receptor binding sites in the head and so do not inhibit cell
attachment. Rather, they lock the fusion peptide and helix oA in place,
thereby preventing the large structural reorganizations that are
required for membrane fusion'”!%?7-30, Our data point to this event
occurring at an early step in infection, although we cannot rule out the
possibility that the nAbs act at a later stage, given the close packing of
molecules on the surface of the mature virion, which might restrict
early access to the epitope. The only previously published crystal
structure of a hemagglutinin-nAb complex that inhibits membrane
fusion uses a different mechanism: it prevents conformational changes
by cross-linking the upper surfaces of adjacent subunits in the head>'.

NAbs bind and neutralize a broad range of group 1 viruses

Next we examined all of the available hemagglutinin sequences (total
6,360) in the public influenza sequence database (Supplementary
Table 3 online). Of note, the sequences of the F10 epitope are nearly
always conserved within the H5 subtype. Indeed, many epitope
residues, especially in HA2, are highly conserved across all 16
hemagglutinin subtypes (Fig. 5). This high sequence conservation
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monomers. Epitope residues are labeled white (HA2) or yellow (HA1), and the position of buried residue H111, is shown as a black ball labeled ‘H’.
(d) Binding of the three nAbs to H5 mutants in the oA helix, transiently transfected into 293T cells. Note the similar response to all mutants tested.
Mutations were made either to alanine or to the corresponding H7 residue; 24 h after transfection, nAbs or ferret anti-H5N1 serum was used to stain
the transfected cells. Fluorescent intensity was normalized against ferret anti-serum (100%) to account for different expression levels.
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provides a rationale for the cross-neutralization of the H5NI virus
clades described above, and this prompted us to test our antibodies
against a broader range of hemagglutinin subtypes.

Group 1 viruses, which contain 10 of the 16 subtypes, are further
classified into three ‘clusters: Hla, H1b and H9 (refs. 32,33; Fig. 5).
We tested nAb binding to eight members of clusters Hla, H1b
and H9, which include avian H5 and the most common human
influenza subtypes (the major exception is the group 2 subtype, H3).
In addition to H5, we found that all three IgGls bound to cells
expressing full-length H1 from three different
strains of HIN1, including the 1918 Spanish

them bound to a group 2 subtype, H7 from H7N1 (Supplementary
Fig. 7 online).

The IgGls also neutralized H5-, H1-, H2-, H6- and H11-pseudo-
typed virus infections (Fig. 6a). In a microneutralization assay,
F10-IgG1 also neutralized H5N1, HIN1, H2N2, H6N1, H6N2,
H8N4 and HIN2 influenza viruses (Fig. 6b). However, none of the
nAbs neutralized group 2 viruses, for example, H3N2 (Fig. 6b and
Supplementary Fig. 8 online). Thus, these nAbs recognize an epitope
on hemagglutinin that is conserved among H5 clades and in all
members of group 1 viruses. Finally, we demonstrated the in vivo
protective efficacy of two of the IgGls against two lethal HINT1 viral
strains in a BALB/c mouse model, using the same protocol as for the
H5NI1 studies (Fig. 6c,d).

ﬂu, H2 from H2N2 and H6 from H6N2, the a 120 H5-THO4 ; H1-SC1918 H1-PR34

Cluster 1b subtypes H11 from HI11N9, H13 5100 1 —- D8-IgG1

from H13N6 and H16 from H16N3, and the T 80 1 —A— F10-gG1
g o ] ~@- A66-19GT
%b 20 1 —— Ctrl.-IgG1

Figure 6 Cross-subtype neutralization by nAbs. - _28 ] i

(@) nAbs D8, F10 and A66 all neutralized 120 H2-JP57 H6-NY98 H1-WSN33 H11-MP74

indicated pseudotyped viruses (strains £ 100

described below). Error bars indicate s.d. T 80

(b) Microneutralization assay. Neutralization titers ‘s 60
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Basis of the group-specific broad-spectrum virus neutralization
The ability of our nAbs to recognize all group 1 (cluster Hla/b and
H9) viruses (H12 was not tested) can be attributed to the key
conserved features of the nAbs described above in combination with
the highly conserved pocket on hemagglutinin (Figs. 4 and 5). The
epitope may be divided into three elements. (i) At its center, the
sequence of the N-terminal segment of HA2—fusion peptide residues
18,-21,—is conserved across all hemagglutinin subtypes (note that
the side chain at position 19, does not participate in binding). (ii) A
downstream segment of HA2 adopts part of the oA helix (residues
39,-56,), which is nearly invariant; the only significant difference is a
threonine to glutamine change at position 49, in the untested H9
cluster subtype, H12. Thr49; lies at the periphery of the epitope and
makes one long hydrogen bond (3.5 A) to Ser31. Simple modeling
suggests that there is plenty of space to accommodate the larger
glutamine side chain and that it can make comparable hydrogen
bonds. (iii) Smaller contributions from segments of the HAI chain
(residues 18; and 38;) and a loop at the base of the head (residues
291, and 292,).

Three-dimensional comparisons of the epitope in the five known
crystal structure subtypes (three from group 1 (H1, H5 and H9) and
two from group 2 (H3 and H7)213%34-36) show that they adopt two
distinct structural classes consistent with the phylogenetic group-
ings*>* (Fig. 7). These differences arise from group-specific differ-
ences in the location of buried residues, notably histidines (H111, is
unique to group 1; H17; is unique to group 2) that have been
proposed to be the ‘triggers’ for pH-induced conformational
changes®. The differences cause the side chain of Trp21, to turn
through 90° in group 2 subtypes, eliminating favorable binding to
Phe55 from our nAb panel. In addition, four out of six group 2
subtypes are glycosylated at position 38, at the periphery of the F10
epitope; our modeling studies predict steric clashes with the CDR-H1
loop (data not shown). These structural differences rationalize the
observed lack of binding and neutralization of group 2 hemagglutinin
subtypes and viruses.

Prospects for immune escape

The remarkable transformation to the fusogenic state includes repack-
ing of the central helices of three HA2 protomers to form a new triple-
helical bundle, in which residues 34-37 form an N-terminal cap, and
the creation of C-terminal arms that extend to the N terminus of the
new bundle®’. It is straightforward to model the locations of the F10
epitope residues in this model of the fusogenic state (Supplementary
Note 1 online). All eight epitope residues, which were fully exposed in
the neutral pH structure, become either part of the new hydrophobic
bundle core (Thr41,, lle45,, Val52, and Ile56,) or they make networks

Figure 7 Three-dimensional comparison of the F10 epitope in group 1 and
group 2 hemagglutinins. Stereo overlay of crystal structures of the five
known hemagglutinin subtypes in the region of the F10 epitope, showing
conservation and differences between the two phylogenetic groups. H1, H5
and H9 (group 1) are in shades of red and yellow (PDB 1RU7, 2IBX and
1JSD); H3 and H7 (group 2) are in shades of blue (PDB 1MQL and 1TI8).
R.m.s. differences for pairwise overlays are 0.56 + 0.11 A (observed range,
group 1), 0.75 A (group 2) and 1.21 £ 0.12 A between groups. Consistent
differences between phylogenetic groups include the orientation of Trp21,
and alternative side chain directions at 18; and 384, which are linked to the
packing of buried His111, (the putative pH trigger in group 1; absent in
group 2), and the burial of the larger tyrosine (group 1) versus histidine

(the putative pH trigger in group 2) at 17;. Of particular note, Asn38; is
glycosylated in four members of the group 2 clusters. Other epitope residues
are indicated by numbered light blue circles.

of hydrogen bonds with the C-terminal arms and other elements that
stabilize the new bundle (Lys 38,, GIn42,, Thr49, and Asn53;). The
requirement for adopting two entirely different conformations, each
with a distinct hydrophobic core and hydrogen-bonding network may
place powerful evolutionary constraints on the sequence of the helix,
as evidenced by the almost complete lack of genetic drift within helix
oA among the 16 hemagglutinin subtypes.

To test this hypothesis, we attempted to select neutralization-escape
mutants. We propagated VN/04 (H5N1) virus in MDCK cells for 72 h
in the presence of 40 pug ml~! of each of the 3 nAbs as well as a murine
antibody, 22F, that targets the receptor binding head. Following three
in vitro passages, we readily isolated a mutant VN04 virus (K193E)
that was resistant to 22F. In contrast, we failed to identify any viruses
resistant to any of our three IgGls (D8, F10 or A66). Although these
experiments cannot prove that escape mutants with unimpaired viral
fitness will never arise, they clearly support the notion that the pocket
is more refractory than epitopes in the head. Notwithstanding, if such
mutants should arise, we can use our in vitro approach to find new
reactive nAbs, or further engineer the existing nAbs to have even
broader spectrum reactivity>®.

DISCUSSION

Before the present study, the vast majority of nAbs isolated against
influenza A virus have targeted the receptor binding head and
lacked broad cross-neutralizing activity. However, a murine nAb,
termed C179 (ref. 39), was positively selected on the basis of its
cross-neutralization properties (of H1 and H2 subtypes) and was
subsequently shown to neutralize H5, but not group 2, subtypes®>*0
(Supplementary Note 2 online). Moreover, C179 was shown to block
membrane fusion rather than cell attachment and to protect mice
against viral challenge*!, although a detailed mechanism was not
reported. We compared the activities of C179 and F10 and found
that both showed similar binding toward H5. We also found that F10
efficiently competed with C179 for binding to H5, but not vice versa
(Supplementary Fig. 9 online). Furthermore, the point mutant V52,E
abrogated binding to both antibodies, whereas T318,K affected only
C179 binding. These results suggest that F10 and C179 have partially
overlapping epitopes and that their modes of action are similar.

The manner in which hemagglutinin was presented to the antibody
phage-display library in this study seems to have been crucial in our
success, because similar attempts to isolate broadly nAbs using cell-
surface expressed hemagglutinin showed only partial success against
HS5, and most antibodies recognized linear epitopes42. As noted above,
we repeatedly isolated nAbs that use the same VH germline gene
(IGHVI-69 or ‘VHI-69'). One published study pointed out that this is
the only VH gene that consistently encodes two hydrophobic residues
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at the tip of its CDR-H2 loop*3; indeed, it is the only germline gene to
encode a phenylalanine at this position, which makes several crucial
interactions with H5. Moreover, the ‘type 2> H2 loop, which is long
and compact, is predicted to occur in only 4 out of the ~50 human
germline genes. These factors may explain at least in part the ability of
nAbs derived from this germline gene to cross-react with viral epitopes
through their unusual ability to bind to conserved hydrophobic
pockets. Such pockets are likely to have an important function and
for this reason they are often cryptic in the unactivated state of the
antigen. For example, VHI-69 is the predominant gene used by a
group of CD4-induced nAbs raised against the HIV-1 surface glyco-
protein, gp120, where the pocket is part of a conserved co-receptor
binding site that is exposed only transiently upon binding to its
primary receptor, CD4 (ref. 43). Similarly, an antibody raised against
the HIV gp4l trimeric ‘inner-core’ fusion protein intermediate uses
the hydrophobic tip of its VHI-69 CDR-H2 loop to insert into a
conserved hydrophobic pocket that blocks further assembly to the
fusion-competent six-helix structure*. In vivo, B cells carrying the
VHI-69 gene are the primary mediators of innate defense against
HCV infection, generating antibodies against its membrane-fusion
glycoprotein, E2 (ref. 45), although the epitope and mode of action
have not been determined. Notably, as we found here, VHI-69 is not
the only germline gene that is suitable for achieving neutralization in a
similar manner. Another recent example is a nAb against the Ebola
virus surface glycoprotein, KZ52, which uses the VH3-21 germline
gene®, However, their common ability to lock viral envelope
proteins into a nonfusogenic conformation suggests a general strategy
for broad-spectrum and/or potent viral neutralization.

Recent work using immune-based phage-display libraries generated
from B cell populations of patients who survived H5N1 infection
resulted in the isolation of three human nAbs that neutralized both H1
and H5 viral strains. The authors postulated that the reason for
survival was an effective humoral immune response mediated by such
nAb-generating B cells in vivo*’, although no control populations were
studied. Analysis of their data (Supplementary Note 3 online)
indicates that the antibodies are also derived from the VHI-69
germline gene and share other key characteristics, including the
methionine-phenylalanine pair in CDR-H2 and a tyrosine at the tip
of CDR-H3. Thus it would seem, at least in this case, that our non-
immune (H5-naive) donor library approach generated antibodies
with characteristics similar to those found using immunized donor—
based phage-display libraries derived from H5N1 survivors.

Why broad-spectrum nAbs similar to those identified in our study
are not similarly generated and expanded during successive rounds of
influenza infection and repeated vaccination is not known (Supple-
mentary Note 4 online), and this question warrants further investiga-
tion. It is unlikely that the F10 epitope provokes self-tolerance
mechanism(s) via auto-antigen mimicry*® (Supplementary Note 5
online). Rather, we hypothesize that an immunodominant anti-
body response to the highly exposed globular head may overwhelm
the antibody response to the F10 epitope, although it remains
possible that other immune exclusion mechanism(s) may preclude
natural antibody responses against it. It is not surprising that many
viruses are highly adept at keeping their most crucial (and conserved)
determinants of pathogenesis cryptic, in which case subunit-based
vaccines, using properly presented fragments of F10 or F10-like
epitopes, may offer distinct advantages over whole virus—based
approaches to induce broad spectrum nAbs in vivo*>0,

In summary, we have used in vitro methodologies to isolate a family
of high-affinity broad-spectrum human nAbs against hemagglutinin
that show potent in vitro and in vivo efficacy against both highly
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pathogenic H5N1 and HINI viruses. We show that they inhibit the
post-attachment fusion process by recognizing a highly conserved
epitope within the stem region of hemagglutinin at a point where key
elements of the conformational change are brought into close apposi-
tion. Our initial experiments suggest that this region is recalcitrant to
the generation of escape mutants. The prospects for their use
for passive immunotherapy would therefore seem to be excellent,
either alone or in combination with small-molecule inhibitors
(Supplementary Note 6 online). Finally, our structural work pin-
points the reasons why group 2 hemagglutinins do not bind the nAbs
described here: despite surface sequence similarities, they form a
structurally distinct group, but one that is also highly conserved and
therefore may be amenable to a similar panning discovery approach.

Note added in proof: Throsby et al>! recently identified human nAbs
that recognize a broad range of group 1 influenza A viruses with similar
VHI-69 germline gene usage.

METHODS

Crystallization of the H5-F10 complex. We generated H5-F10 complexes by
incubating the two purified components with an excess of F10 (Supplementary
Methods online) and isolated them by Superdex 200 in Tris-buffered saline
(TBS) buffer. Peak fractions were pooled and concentrated to ~11 mg ml~!.
We examined the integrity of the H5 trimer using gel filtration and SDS-PAGE.
Crystals grew at 22 °C by equilibrating equal volumes of protein and reservoir
solution (12.5% PEG 1K (w/v), 25% ethylene glycol (w/v), 100 mM Tris,
pH 8.5) using the hanging drop vapor diffusion technique.

Data collection, structure determination and refinement. We collected
diffraction data from crystals that were flash frozen at 100 K in the reservoir

Table 1 Data collection and refinement statistics for H5-F10

Native H5-F10

Data collection

Space group c2
Cell dimensions
a b, ch) 205, 119, 339
o, B,y () 90, 99.6, 90
Resolution (A) 3.2 (3.28-3.20)*
Rmerge 0.13(0.81)
I/ ol 9.5(2.0)
Completeness (%) 85 (68)
Redundancy 4.5 (4.5)
Refinement

Resolution (A)
No. reflections
Rwork/ Rfree

50-3.2 (3.28-3.20)
106,885
0.23 (0.32)/0.29 (0.38)

No. atoms
Protein 34,573
Carbohydrate 402
Water 0
B-factors
Protein 83.5
Carbohydrate 123.7
r.m.s. deviations
Bond lengths (A) 0.010
Bond angles (°) 1.31

A single crystal was used for both structure determination at 3.2-A resolution and refinement.
*Values in parentheses are for highest-resolution shell.
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buffer at the Stanford Synchrotron Radiation Laboratory beamline 9.2, set at a
wavelength of 1.0 A and processed with XDS*2 and HKL2000 (ref. 53). The
structure was solved at 3.2-A resolution by molecular replacement with
PHASER using the structures of H5 (A/Vietnam/1194/04; PDB 2IBX) and a
homology model of F10 based on the structure of SARS nAb 80R (PDB
2GHW)>4% as starting models. The asymmetric unit contains two H5 trimers
and three F10 molecules per trimer and was refined using REFMACS (ref. 56)
with simulated annealing in CNS and manual rebuilding with Coot”’ and
Xtalview®®. The final maps are of high quality, and key features such as
the F10 CDR loops and interfacial residues are unambiguous and consistent
in the six copies. The final model includes 503, 503, 503, 497, 497 and
497 residues for the six independent copies of H5; 235, 235, 236, 233, 234
and 234 residues for the six F10scFvs; 24 N-acetyl-p-glucosamine and six
B-p-mannose units, but no water molecules. The Rge. is 0.29 with excellent
geometry as assessed with PROCHECK® and Rampage (Table 1): residues
in the favored, allowed and outlier regions are 90.0%, 9.5% and
0.5%, respectively.

Phage-display library selection. We produced recombinant trimeric H5-VN04
ectodomain as for crystallization studies except that we did not use furin
co-infection to ensure complete activation. Antibodies were identified by
two rounds of selection of a 27 billion-membered human scFv phage-
display library against recombinant trimeric H5 immobilized on Immunotube
(Nunc), followed by ELISA screening. We identified ten unique anti-
H5 antibodies by sequence analysis of 97 H5-positive clones out of 392
clones screened.

Plaque reduction assay. H5-VN04, H5-INO5 or A/Netherland/219/03 (H7N7)
(H7-NL03) viruses (10,000 plaque forming units (p.f.u.)) were incubated with
anti-H5 scFv-Fcs at three different concentrations (1 pg ml~!, 10 pg ml~lor
100 pug ml™!) at 37 °C for 30 min. We diluted the virus-antibody mixture
logarithmically and transferred the dilutions onto MDCK cell monolayers in
12-well plates, which we then incubated at 37 °C for 1 h. The cells were then
washed and overlaid with agar. After 4 d of incubation, we discarded the
overlay and the plaques were visualized by crystal violet staining.

Microneutralization assay. We carried out the assay as described®®. Briefly, we
mixed 100 TCIDs, (median tissue culture infectious doses) of virus in equal
volume with two-fold serial dilutions of antibody stock solution (0.1 mg ml~!)
in 96-well plates and incubated them for 1 h at 37 °C. Indicator MDCK cells
(1.5 x 10* cells per well) were added to the plates, followed by incubation at
37 °C for 20 h. To establish the endpoint, we washed the cell monolayers with
PBS, fixed the cells in acetone and detected viral antigen by indirect ELISA with
a mADb against influenza A NP (A-3, Accurate).

Viral binding inhibition assay. We incubated 0.5 x 10 293T cells with
H5-THO04—pseudotyped HIV viruses (~ 500 ng of p24) in the presence of anti-
H5 nAbs or control mAbs, or in the absence of antibodies, in PBS buffer
containing 0.5% (w/v) BSA and 0.02% (w/v) NaNj at 4 °C. After 1 h of
incubation, cells were spun down, and the supernatants were tested for p24
levels using an HIV-1 p24©A capture ELISA kit (National Cancer Institute,
US National Institutes of Health) to quantify unbound virus. Cells were
then washed once or twice and lysed to quantify the cell-bound virus using
the same method.

Cell fusion inhibition assay. We transfected HeLa cells, ~90% confluent in
six-well plates, with pcDNA3.1-H5-TH04 plasmid (3 pg total DNA per well)
using lipofectamine 2000 (Invitrogen). After ~30 h of transfection, the culture
medium was supplemented with 1 ml of anti-H5 or control mAbs for 1-2 h,
and cells were then washed and incubated with low-pH fusion buffer (150 mM
NaCl plus 10 mM HEPES, adjusted to pH 5.0) for 4-5 min. Cells were then
returned to the standard culture medium for 2-3 h at 37 °C, and finally fixed
with 0.25% (v/v) glutaraldehyde and stained with 0.1% (w/v) crystal violet.
Photomicrographs were taken at 10x magnification.

Prophylactic and therapeutic efficacy studies in mice. We used female 8-10
weeks old BALB/c mice in all experiments. Mice were weighed on the day of
virus challenge and then daily for 2 weeks. We used body weight as the clinical

endpoint; mice with body weight loss >25% of pre-infection values were
euthanized. Animal studies were conducted as per the approved Institutional
Animal Care and Use Committee protocols.

For the prophylactic efficacy study, three human nAbs (D8-1gG1, F10-IgG1
and A66-IgGl) or control human mAb 80R-IgG1 (ref. 18) at 2.5 mg kg~! or
10 mg kg~! were administered into four groups of five mice each by
intraperitoneal injection in a 0.5 ml volume. At 1 h after mAb administration,
two groups of mice were challenged with H5-VN04 and two groups with H5-
HK97 intranasal inoculation with 10 MLDs in 50 pl volumes per mouse. Mice
were observed and weighed daily for 2 weeks after infection. Analogous studies
were performed to evaluate the protective efficacy of the nAbs against A/Puerto
Rico/8/1934 (HIN1) or A/WSN/1933 (HINI1) viruses.

For the post-exposure therapy efficacy study, the experimental design
recapitulates the prophylaxis study, with the following exceptions. We
first inoculated 12 groups of ten mice intranasally with 10 MLDs, of VNO4.
At 24 h, 48 h and 72 h after H5-VNO4 infection, the mice received
intraperitoneal injections of 15 mg kg~! body weight of one of the nAbs or
control (80R).

Accession codes. Protein Data Bank: Coordinates and structure factors for the
H5-F10 complex have been deposited with accession code 3FKU.

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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