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Antibody Recognition of a Highly
Conserved Influenza Virus Epitope

Damian C. Ekiert," Gira Bhabha,* Marc-André Elsliger,* Robert H. E. Friesen,?
Mandy Jongeneelen,? Mark Throsby,? Jaap Goudsmit,? lan A. Wilson™3*

Influenza virus presents an important and persistent threat to public health worldwide, and current
vaccines provide immunity to viral isolates similar to the vaccine strain. High-affinity antibodies
against a conserved epitope could provide immunity to the diverse influenza subtypes and
protection against future pandemic viruses. Cocrystal structures were determined at 2.2 and

2.7 angstrom resolutions for broadly neutralizing human antibody CR6261 Fab in complexes with
the major surface antigen (hemagglutinin, HA) from viruses responsible for the 1918 HIN1
influenza pandemic and a recent lethal case of H5N1 avian influenza. In contrast to other
structurally characterized influenza antibodies, CR6261 recognizes a highly conserved helical
region in the membrane-proximal stem of HA1 and HA2. The antibody neutralizes the virus by
blocking conformational rearrangements associated with membrane fusion. The CR6261 epitope
identified here should accelerate the design and implementation of improved vaccines that can
elicit CR6261-like antibodies, as well as antibody-based therapies for the treatment of influenza.

ver the past century, three human influ-
O enza A pandemics (1918 HIN1 Spanish,

1957 H2N2 Asian, and 1968 H3N2 Hong
Kong) have killed ~50 million to 100 million
people worldwide. Each pandemic virus was de-
rived, at least in part, from an avian influenza
virus by direct interspecies transmission or ex-
change of genetic material between avian and
human viruses (/—4). In each case, an HA en-
velope glycoprotein was acquired that was anti-
genically distinct from the HAs of the human
viruses in circulation at that time. HA is the
primary target of neutralizing antibodies and rap-
idly and continuously accumulates mutations to
escape recognition by the immune system. In
pandemic years, HAs are shuffled from the vast
reservoir of 16 HA subtypes in avian viruses into
a circulating human virus to evade prevailing im-
munity in the human population. Thus, although
many factors likely contribute to virulence and
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transmissibility, immune evasion is critical for the
rapid spread of pandemic and epidemic viruses.

Several small molecules are in use for treat-
ment of influenza. Most notable are neuraminidase
(NA) inhibitors, oseltamivir (Tamiflu) and zanamivir
(Relenza), which prevent release of nascent viri-
ons, and amantadine (5), which interferes with the
M2 channel proton conducting activity. However,
excessive use leads to resistant viruses (6-8) that
often show surprisingly little attenuation from the
escape mutations, thereby contributing to rapid
spread worldwide (6). Recently, a binding pocket
was characterized on the HA for the fusion in-
hibitor tert-butyl hydroquinone (TBHQ) (9), which
shows great promise but is still in the early stages
of development. Consequently, vaccination re-
mains the most effective countermeasure against
influenza virus.

Current trivalent influenza vaccines elicit a
potent neutralizing antibody response to the vac-
cine strains and closely related isolates but rarely
extend to more diverged strains within a subtype
or to other subtypes (/0). Selection of the ap-
propriate vaccine strains presents many challenges
and frequently results in suboptimal protection
(11, 12). Furthermore, predicting the subtype and
clade of the next pandemic virus, including when
and where it will arise, is currently impossible. A

vaccine that stimulates production of antibodies
capable of neutralizing multiple influenza A sub-
types would eliminate much of the guesswork
associated with strain selection and impede emerg-
ing pandemic viruses. Although a few rare anti-
bodies with broad, heterosubtypic patterns of
neutralization have been reported, their epitopes
remain obscure and have hampered attempts at
rational vaccine design (/3—15).

Antibody CR6261 was isolated from the im-
mune repertoire of a healthy, vaccinated individual
by using phage display selection on recombinant
H5 HA (15). Despite no known exposure to HS
viruses, several clones capable of neutralizing HS
viruses were obtained. Human immunoglobulin
G1 (IgGl) CR6261 neutralizes multiple influenza
subtypes, including H1, H2, HS, H6, HS, and HO,
and protects mice from lethal challenge with
HINT and H5N1 viruses when administered up
to 5 days postinfection (/5). To characterize the
CR6261 epitope on the HA and the mechanism
of neutralization, we determined crystal struc-
tures of CR6261 Fab in complex with HAs from
the human 1918 HIN1 pandemic virus (A/South
Carolina/1/1918; SC1918/H1) and from a highly
pathogenic avian H5N1 virus (A/Vietnam/1203/
2004; Viet04/H5).

The SC1918/H1 and Viet04/H5 HA ecto-
domains were expressed in baculovirus, and Fab
CR6261 was expressed in mammalian cells (/6).
Cocrystal structures were determined at 2.2 A
and 2.7 A resolution by molecular replacement
(table S1) (/7) and revealed three antibodies
bound per HA trimer (Fig. 1). Both HAs are very
similar to their unliganded structures (fig. S1)
(18-20). Each HA polypeptide is proteolytically
cleaved during viral maturation to two disulfide-
linked chains, HA1 and HA2. HA1 consists pri-
marily of the membrane-distal receptor binding
and vestigial esterase domains, but its N- and
C-terminal regions extend toward the viral mem-
brane and are intertwined with the exterior sur-
face of HA2. HA2 constitutes the core fusion
machinery in the stalk region and is dominated
by the long, central CD helix (residues 75 to 126)
that forms a trimeric coiled-coil and the shorter A
helix (residues 38 to 58) that packs against the
central helical bundle (27). Exposure to low pH
leads to major structural rearrangements in HA2
that facilitate membrane fusion (22, 23).
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Interpretable density is observed for HA1(11—
325) and HA2(1-172) (SC1918/H1) and HA1
(11-324) and HA2(1-177) (Viet04/HS) [H3
numbering (22, 24)]. The N-terminal fusion pep-

A

tide in HA2 is embedded in the hydrophobic
pocket between adjacent HA2 subunits (fig. S2),
indicating that both HAs are in their prefusion
states. Unlike other structurally characterized neu-

Fig. 1. Crystal structures of broadly neutralizing antibody CRF6261 in complex with $C1918/H1 and
Viet04/H5 HAs. (A) The trimeric CRF6261-SC1918/H1 complex. One HA/Fab protomer is colored with
HA1 in purple, HA2 in cyan, Fab heavy chain in yellow, and Fab light chain in orange; the other two
HA monomers and Fabs in the trimer are colored in gray for clarity. Glycans are depicted as their
component atoms (carbon in green, oxygen in red, and nitrogen in blue) with their van der Waals
radii. (B) The trimeric CRF6261-Viet04 complex, colored as in (A). The HA1 globular heads are
located at the top of the figure, and the membrane-proximal stem is at the bottom, where the Fab is

bound.
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tralizing antibodies, CR6261 binds at the mem-
brane proximal end of each HA, roughly parallel
to the plane of the viral envelope (Fig. 2A) (25-28),
within ~25 A of the bilayer. CR6261 interacts
primarily with the HA2 A helix but also contacts
HAT1 residues in the stem region. The epitope and
the Fab variable domains are well ordered in both
complexes (fig. S3), but the Fab constant do-
mains in the SC1918/H1 complex are partially
disordered (29). Unexpectedly, the Fab interac-
tion is mediated exclusively by the heavy chain
(Fig. 2B) (30). Furthermore, the relatively modest
buried surface area [680 A% on HA (70% HA2),
624 AZ on the Fab, and 116 van der Waals con-
tacts] presents fewer possibilities for escape mu-
tations, particularly for highly conserved epitopes
that are functionally important, and may also re-
duce the ability of masking glycans to interfere
with antibody binding. Consistent with this no-
tion, a universally conserved glycan on HA2
Asn'** lies directly between the CR6261 light
chain variable region (V) and the HA (Fig. 2B
and fig. S4) (31). The selection of heavy chain—
dominant antibodies may also be enhanced as a
consequence of the large, diverse repertoire that
can be accessed from the combinatorial pairings
of heavy and light chains in the construction of
phage libraries (32, 33).

The CR6261-SC1918/H1 interaction is de-
picted in Fig. 3, A to C, in which eight hydrogen
bonds are formed with HA2 (table S2), five of
which involve recognition of the A helix by the
heavy chain complementarity determining region
1 (HCDR1), primarily by the main chain (34). In
contrast, CR6261 makes mainly nonpolar con-
tacts with HA1 that can be grouped into two
distinct clusters within the hydrophobic groove at
the junction between the A helix and HA1 (Fig.
3, B and C, and table S3). The first region
consists of HA1 Val*®, Leu*, and Leu®*?, along
with HA2 Thr*, Val’, and 1le’® from the
membrane-distal end of the A helix, which in-
teract with HCDR1 Pro”® and Phe®”. In addition,
Phe’™ in framework region 3 (FR3), reminiscent
of HV4 in T cell receptors (TCRs) (35), interacts
with this first hydrophobic patch, likely because
of the binding interactions being focused exclu-
sively on the heavy chain. The second cluster,
close to the membrane-proximal end of the A
helix, includes His'® and His®® from HA1 and
Trp21, Thr*!, and Ile* from HA2, which interact
with the conserved hydrophobic tip of HCDR2
(Ile> and Phe®*), and Tyr”™® from HCDR3.

To reveal the basis for cross-neutralization
of the HS subtype, we determined the structure
of CR6261 with Viet04/H5 HA. Overall, the
CR6261-Viet04/HS interface is only slightly more
restricted (Fig. 3, D to F, and tables S2 and S3)
with six H bonds to HA2 (36). However, five of
the six H bonds to the A helix are retained with
Viet04/H5, highlighting the importance of the
conserved A helix recognition as the major deter-
minant of specificity. An additional H bond is
formed between HA1 Ser”' and Asp’® (FR3).
Thus, a somewhat peripheral contact with a homo-
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typic antigen (SC1918/H1) is converted to a more
direct and specific one with the heterotypic HA
(Viet04/H5). Otherwise, the interactions with the
two hydrophobic clusters at the junction of the A
helix with HA1 are qualitatively similar, with
similar van der Waals contacts (104 to 122 for the
two independent complexes) in the H5 interaction
(total buried surface of 1220 to 1256 A%; 640 to
656 A? for the HAs and 580 to 600 A? for Fabs).

It is interesting to note that many broadly
neutralizing antibodies, including CR6261, have
preferentially selected the Ig Vyl-69 germline
segment that codes for a conserved hydrophobic
tip on HCDR2. CR6261 was isolated along with
other independent VDJ recombinants, of which
12/13 broadly neutralizing clones were derived
from Vy1-69 (15). Similarly, many CD4-induced
antibodies that target HIV-1 gp120 also use
Vyu1-69 (37-39). Structures of several Ig Vyy1—
69—derived Fabs with their antigens show that
their HCDR2 tips frequently interact with solvent-
exposed hydrophobic clusters that may require
electroneutral interactions (37, 38). Indeed, CR6261
HCDR2 is directed into a hydrophobic pocket
adjacent to the A helix in both structures (fig.
S5), which differs from that proposed from dock-
ing and mutational studies (15, 40). Furthermore,
HCDRI1, which makes the most critical con-
tacts with the highly conserved A helix, is also
germline-encoded (41), although somatic mu-
tations in the Vi;1-69 framework also make im-

portant contributions to binding (42). Perhaps more
unusually, HCDR3 contributes relatively little, in
contrast to its usual dominant role in antigen rec-
ognition (43). Thus, CR6261 binds with nanomolar
affinity primarily by using the germline-encoded
CDRs defined by Ig Vi;1-69 and complemen-
tary mutations in the framework regions with only
a small contribution from HCDR3 and none from
the light chain (75).

Most neutralizing antibodies against influenza
HA recognize epitopes in the hypervariable re-
gions that surround the receptor binding site
and interfere with binding to host cells (Fig. 2A)
(25, 27, 28, 44, 45). However, a few rare anti-
bodies likely interfere with membrane fusion
(13, 46). CR6261 does not inhibit agglutination
of erythrocytes in vitro, suggesting that it might
act by inhibiting membrane fusion (/5). Thus, we
assayed the ability of CR6261 to prevent con-
version of SC1918/H1 and Viet04/HS HAs to
the postfusion state upon exposure to low pH
(47, 48). Both HAs are readily converted to their
protease-susceptible, postfusion form at pH 4.9
or 5.3 butnot at pH 8.0 (Fig. 4, A and B, lanes 7 to
9). CR6261 Fab prevents conversion of both
HAs to their postfusion conformations (Fig. 4, A
and B, lanes 10 to 12).

Acidification of endosomal compartments dur-
ing endocytosis of influenza virus particles results
in major structural rearrangements in HA2, lead-
ing to fusion of the viral envelope with internal,

N B

CR6261

host cell membranes (23). Most notably, low pH
exposure converts the connecting segment between
the A and CD helices to an additional a-helical
segment, extending the central HA2 trimeric
coil toward the target endosomal membrane and
dragging the A helix and the N-terminal fusion
peptide along with it (Fig. 4, E and F). Sub-
sequent HA2 rearrangements are thought to bring
the viral and target membranes into close prox-
imity for fusion (23, 49). The SC1918/H1 HA in
complex with CR6261 is essentially identical to
the unliganded, prefusion HA structure (fig. S1),
despite the crystals being grown at pH 5.3, well
below the pH of membrane fusion. Exposure of
SCI1918/H1 HA to a range of pH conditions
resulted in a dose-response curve with a pH of
5.76 for 50% conversion in 1 hour (95% con-
fidence interval, 5.70 to 5.82; Fig. 4C). Because
crystals did not appear for 2 to 3 days at pH 5.3,
SC1918 HA would have been expected to adopt
a postfusion conformation in the crystals. There-
fore, CR6261 appears to neutralize the virus
by stabilizing the prefusion state and preventing
the pH-dependent fusion of viral and cellular
membranes.

In addition to its key role in receptor binding,
HAL1 is believed to act as a latch that locks HA2
in its prefusion conformation and prevents pre-
mature triggering of the fusion machinery. Around
pH 7, the HA1 globular heads tightly pack atop
HAZ2. However, pre- and postfusion structures

Helix A Helix CD

Fig. 2. Broadly neutralizing CR6261 binds in the HA stem distant
from other strain-specific antibodies by using only its heavy chain. (A)
Comparison of the binding sites of Fab CR6261 (yellow and orange, as
in Fig. 1) that recognizes the HA stem and strain-specific antibodies
that bind to the HAL globular head domain. The strain-specific
antibody structures are depicted in green (BH151, PDB code 1EQ8),
copper (HC63, PDB code 1KEN), dark red (HC45, PDB code 1QFU),
and blue (HC19, PDB code 2VIR). The HA trimer is shown as a surface
representation, with the HA1 and HA2 from one protomer colored in
purple and cyan, respectively. (B) A close-up view of the interaction of CR6261 with the A helix. HA1 and

HA2 are colored in purple and cyan, respectively. The HCDRs 1, 2, and 3 of the CR6261 V,; domain are
highlighted in red, blue, and green, respectively. In addition, the 72—73 loop from FR3 of Vy, which is
structurally analogous to the CDR HV4 of a TCR, is indicated in purple. CDR1 runs along the side of the A
helix, interacting with five consecutive helical turns. In contrast, the light chain makes no contacts with the HA and is separated from the nearest HA side chain by ~8 A.
The N-linked carbohydrate attached to Asn*>* (N154) that prevents the light chain from making contact with the HA is shown in red (oxygen) and green (carbon) balls.
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reveal that the HA 1 heads must disassemble from
the central threefold axis to initiate refolding of
HA2 during membrane fusion (Fig. 4, E and F).
The electron density maps for CR6261-Viet04/HS
(crystals grown at pH 6.4) are consistent with a
rigid molecule in a single conformation. However,
although the SC1918/H1 maps (crystals grown
at pH 5.3) are also excellent throughout the
HA2/HA1 stem and Fab variable domains, they
deteriorate toward the globular heads containing
the receptor binding site at the membrane-distal
end of the trimer (fig. S6) (50). Therefore, we
conclude the HA1 heads are flexible and adopt
multiple conformations in our crystals, with a
pivot axis running roughly through Val*® and
Glu*"! of HA1 in the base of the vestigial esterase
domain (57). This pivot is suggestively located in
the region where HA1 would be expected to peel
away from HA2 during the fusion process and
may indicate that the low pH has loosened the
HAI interdomain associations. Because CR6261
lies just below the hinge, it is well positioned to
act as a molecular buttress to oppose the dis-
sociation of the HA1 heads and inhibit mem-
brane fusion. Consistent with this hypothesis,
CR6261 Fab neutralizes virus as potently as in-
tact IgG, suggesting that cross-linking adjacent
HA protomers and interference by the Fc region
are not critical for inhibition.

A
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To understand why subtypes such as H3 and
H?7 are not neutralized by CR6261, we conducted
an extensive analysis of all nonredundant influ-
enza A HA sequences in the National Center for
Biotechnology Information (NCBI) Flu database
(52, 53). Given its prominent role, we first ex-
amined A helix conservation. The CR6261 bind-
ing surface on the A helix is almost invariant
across all 16 subtypes, including H3 (Fig. 4D),
whereas the opposite face of the helix, buried in
the trimer interface, is more variable. A single
polymorphism corresponding to Asn* in H3
(Thr in most other subtypes) would still permit
hydrogen bonding interactions with the back-
bone of HCDR1 Arg®® (54). Thus, to explain the
low reactivity of CR6261 with H3 HA, we ex-
panded our analysis to include the surrounding
residues. Once again, most nearby residues
were similar between SC1918/H1 and H3 HAs.
However, whereas HA1 residues 38 and 40 of
SC1918/H1 were His and Val, respectively, the
same positions in H3 were Asn and Thr. There-
fore, Asn®® is subject to N-linked glycosylation,
as observed in H3 HA crystal structures (22, 28).
Because His®® lies near the center of the epitope
and makes direct contact with the Fab heavy
chain in the H1 and H5 complex structures,
Asn®® glycosylation would almost certainly
abolish CR6261 binding to H3 HAs. Indeed, in-

REPORTS I

troduction of this glycosylation site in an H5 HA
reduced CR6261 binding by ~70% (15). The
masking and unmasking of protein epitopes by
carbohydrate to evade immune recognition play
a major role in evolution of viral glycoproteins
such as HA and HIV-1 gpl120 (22, 45, 55).
Asn®® and Thr*” in HA1 occurs only in the H3,
H7, H10, and H15 subtypes (fig. S7) (56) and
correlates with lack of CR6261 binding or
neutralization with H3, H7, and HI10 isolates
(15). Thus, neutralization breadth of CR6261 is
determined in large part by whether glycosylation
is present at Asn®, although isolate-specific
variation in other residues proximal to the epitope
may also influence the interaction. Notwithstand-
ing, CR6261 can likely neutralize isolates from
12 of the 16 influenza A subtypes: H1, H2, H4 to
H6, H8, H9, H11 to H14, and H16.

In light of the persistent threat posed by
zoonotic influenza viruses, such as H5SN1, H7N7,
and HON2 bird flus, and the three major pan-
demics in the last century, a vaccine that can
provide heterosubtypic immunity would be a
tremendous advance for public health. Further-
more, rational vaccine design, using potent and
broadly neutralizing antibodies as a guide, is in-
creasingly seen as the most promising solution
to combat the immense diversity in certain path-
ogens, such as HIV-1 (57, 58). Immunization with

Fig. 3. Interaction of CR6261
with SC1918/H1 and Viet04/H5
HA illustrating the neutralizing
epitope. Surface representations
of the interaction of CR6261
with SC1918/H1 (A to C) and
Viet04/H5 (D to F). The color-
ing in (A), (B), (D), and (E)
corresponds to Fig. 1, with
interacting epitope residues
highlighted in a darker shade.
Atoms making polar contacts
are highlighted in red. (C) and
(F) depict the electrostatic po-
tential surface of the epitope
on the HA (red, negative; blue,
positive; and gray, neutral)
with HCDRs 1, 2, 3, and FR3
(CDR “HV4") represented as
sticks and colored blue, red,
green, and purple, as in Fig. 2.
Key interacting residues on the
antibody and the HA are in-
dicated on the top of the sur-
face with labels (63).
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HIV-1 and influenza leads to a robust response
against hypervariable loops and regions of the
envelope glycoproteins and elicitation of neu-
tralizing antibodies. However, these hyper-
variable regions are generally not functionally
important, and a virus can readily escape anti-
body binding. Occasionally, antibodies may be
found that recognize highly conserved epitopes
on the envelope proteins that are critical for viral
entry. For HIV-1, three such classes of antibodies
include b12 (which recognizes the gp120 CD4
binding site), 2G12 (conserved carbohydrate
clusters on gp120), and 2F5 and 4E10 [mem-
brane proximal regions of gp41 (58, 59) that are
more akin to CR6261]. For influenza, only a
handful of such broadly neutralizing antibodies

A
SC1918 HA

CRF6261 -
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] 53+

- -+
® o o
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Trypsin =
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g ¢
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have been described. Most notably, a mouse
monoclonal antibody C179 was reported to neu-
tralize H1, H2, and H5 subtypes (/3, 60) —and,
more recently, two reports describing broadly
neutralizing human antibodies against H1 and
H5 HA (14, 15)—that may well map to the same
or similar epitope as CR6261. Although CR6261
recognizes a conformational epitope between
HA1 and HA2, it consists of two component
parts: (i) the A helix, which accounts for most
of the interacting surface and most of the polar
contacts, and (ii) the HA1 region adjacent to the
A helix, which makes primarily hydrophobic
contacts with CR6261. Thus, it may only be nec-
essary to mimic the A helix as a linear peptide in
any rationally designed antigen (6/). Innovative

6.0
pH

_h“
w

strategies may be required to improve its immu-
nogenicity because the epitope is not particularly
exposed in intact virus, although it is certainly
antigenic because it reacts with high affinity to
CR6261.

The conservation of this epitope suggests a
critical role in membrane fusion. In late stages
of fusion, the HA2 C terminus rearranges (Fig.
4, E and F) and makes extensive contacts with the
A helix. In particular, the residues that mediate
all of the hydrogen bonds between the A helix
and CR6261 form hydrogen bonds and a salt
bridge to this HA2 C-terminal H segment in the
postfusion conformation (Fig. 4G), strongly sug-
gesting that the CR6261 epitope is important in
the membrane fusion process. Thus, identifica-

(94.14)

Fig. 4. CR6261 recognizes a functionally conserved epitope in the stalk
region and inhibits the pH-induced conformational changes in the SC1918/H1
and Viet04/H5 HAs. CR6261 protects SC1918/H1 (A) and Viet04/H5 (B) HAs
from the pH-induced protease sensitivity associated with membrane fusion.
Exposure to low pH renders the S5C1918/H1 and Viet04/H5 HAs sensitive to
trypsin digestion (lanes 7 and 8 versus 9), but CR6261 prevents conversion
to the protease susceptible conformation (lanes 10 to 12). The CR6261-
SC1918-H1 crystals were grown at pH 5.3, which also indicates that CR6261
blocks the extensive pH-induced conformational changes. (C) Titration of
SC1918-H1 trypsin resistance versus varying pH treatments (followed by
neutralization to pH 8.0). The pH resulting in 50% conversion to protease
sensitive conformation is 5.76 (95% confidence interval, 5.70 to 5.82). (D)
Superposition of the A helix from SC1918/H1 (green) and an H3 HA (yellow,
PDB code 2VIU) reveals that the CR6261-interacting surface is highly

conserved among all subtypes. Helix positions are labeled (63) according to
the SC1918/H1 sequence, with the percent similarity across all subtypes (H1
to H16, from an analysis of 5261 sequences) indicated in parentheses. (E
and F) HA2 undergoes a dramatic and irreversible conformational change
between the pre- and postfusion states. This results in the translocation of
the A helix (red) from its initial position near the viral envelope (E) toward
the target membrane at the opposite end of the HA trimer (F). The zipping-
up of coil H along the outside of the A and B helices is thought to drive the
fusion reaction. The orientation of helix C (yellow) is roughly identical in (E)
and (F). (G) Polar residues on the CR6261-interacting surface of the A helix
form a network of interactions with coil H in the postfusion state. These
residues are well positioned to play a critical role in the late stages of
membrane fusion, explaining the exceptional conservation the CR6261
epitope on the A helix.
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tion of the CR6261 epitope provides a lead for
the design of antivirals and takes an important
step toward the development of a durable and
cross-protective “universal” vaccine against in-
fluenza A.
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