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fall within one of the following groups: Asp/Asn/Glu/Gln,
Phe/Tyr, Ile/Leu/Val/Met, Lys/Arg, or Ser/Thr.

37. . L. Lorieau, ]. M. Louis, A. Bax, Proc. Natl. Acad. Sci. U.S.A.
107, 11341 (2010).

38. Twenty of the first 23 positions in HA2 are well conserved
across all subtypes (fig. S3). Two of the remaining
positions (HA2 positions 12 and 15) have differing,
group-specific residues. The final position, HA2 residue
19, is also conserved as Asp or Asn across most subtypes
from both groups. However, we regard this substitution
as nonconservative in the context of CR8020 because
Asp*®Asn mutations escape virus neutralization.

39. J. Chen, ]. ). Skehel, D. C. Wiley, Proc. Natl. Acad. Sci. U.S.A.
96, 8967 (1999).

40. Although there is clear density for the V,:Arg>® side chain
placing the guanidinium moiety in close proximity to
HA2:Asp™?, the preferred rotamer for the Arg side chain
cannot be assigned unambiguously. Various rotamers
consistent with the observed electron density result in
charged atom contact distances of ~4 to 4.5 A. Although
somewhat longer than expected for a salt bridge that
would make a major contribution to antibody binding,
this discrepancy may be in part due to shielding by a
nearby sulfate from the crystallization solution, which is
sandwiched between the V,:Arg>>-Arg>* side chains.

41. Most of the group 2 HAs with Asp*°Asn are restricted to a
single, geographically restricted lineage of the H7
subtype, and disproportionate sampling in birds in this
region may exaggerate the prevalence of Asp*?Asn
substitutions in the H7 population (35).

42. Neutralization of H15 has not been tested, but the Ky for
CR8020 binding is comparable with that of H7, which
is neutralized.

43. Neutralization of H14 viruses has not been tested, but
comparable binding of CR8020 to H4 and H14 suggests
that H14 will not be neutralized.

44. H14 also has a Glu**°Gly mutation in HA1, which has a
negligible effect on CR8020 binding in a HK68 background.

45. This scenario is reminiscent of the group 1 restriction
of CR6261, which cannot interact with group 2 viruses,

such as H3 and H7, at least in part due to a conserved
glycan at HA1:Asn*® and the more general and
well-documented use of glycans to mask and unmask
surfaces to evade immune recognition, such as vividly
illustrated in the evolution of human HIN1 viruses (12, 56).

46. P. A. Bullough, F. M. Hughson, ]. ]. Skehel, D. C. Wiley,
Nature 371, 37 (1994).

47. In contrast, a control mAb against the HA1 head bound
to A/Wisconsin/67/2005 HA in all three conformations,
and binding was only lost after DTT treatment, which
dissociates HA1 from HA2 in the postfusion state.

48. This is evidenced by the fact that, in this case,
treatment with DTT did not diminish CR8057 binding
to A/Wisconsin/67/2005 HA. In line with its narrow
spectrum of neutralization (table S1), CR8057 did
not bind to any conformation of the HAs of
A/Hong Kong/1/1968 or A/Hong Kong/24/1985.

49. Because the initial crystals only appeared between 3 and
7 days after the start of the experiment, CR8020 must
be capable of retaining HA in the prefusion state for
several days at low pH.

50. R. Xu, I. A. Wilson, J. Virol. 85, 5172 (2011).

51. G. Russ, K. Poldkovd, F. Kostolansky, B. Styk, M. Vancikovd,
Acta Virol. 31, 374 (1987).

52. E. Vareckovd, V. Mucha, S. A. Wharton, F. Kostolansky,
Arch. Virol. 148, 469 (2003).

53. R. Yoshida et al., PLoS Pathog. 5, €1000350 (2009).

54. A. M. Hashem et al., Biochem. Biophys. Res. Commun.
403, 247 (2010).

55. A. Stropkovskd et al., Acta Virol. 53, 15 (2009).

56. C.]. Wei et al., Sci. Transl. Med. 2, 24ra21 (2010).

57. ). ]. Skehel, D. C. Wiley, Vaccine 20 (suppl. 2), S51 (2002).

Acknowledgments: We thank H. Tien and D. Marciano of the
Robotics Core at the Joint Center for Structural Genomics
for automated crystal screening; T. Doukov and the staff
of the SSRL BL9-2 for beamline support; X. Dai and
R. Stanfield for excellent assistance with data collection,
processing, and analyses; R. Lerner, ]. Paulson, and D. Burton
for valuable comments and insightful discussion; E. Geelen,
D. Spek, and V. Klaren for excellent assistance and advice;
K. Hegmans, A. Lourbakos, ]. Meijer, and A. Apetri and
their teams for producing the mAbs and Fabs; C. Y. H. Leung
for providing the AWF/Hong Kong/MPA892/06 virus;

E. de Boer-Luijtze and technicians in the groups of P. van
Rossum and S. Riemersma for assistance with the animal
experiments; E. Brown from Ottawa University, Canada
for the mouse-adapted A/Hong Kong/1/68 strain; and

A. Dingemans for critical review of the manuscript. This
project has been funded in part by the National Institute
of Allergy and Infectious Diseases, NIH, Department of
Health and Human Services, USA, under contract
HHSN272200900060C; the Area of Excellence Scheme
of the University Grants Committee, Hong Kong

(grant AoE/M-12/06); a predoctoral fellowship from the
Achievement Rewards for College Scientists Foundation
(D.C.E.); grant GM080209 from the NIH Molecular
Evolution Training Program (D.C.E.); and the Skaggs
Institute (.A.W.). Portions of this research were carried
out at the Stanford Synchrotron Radiation Lightsource, a
national user facility operated by Stanford University on
behalf of the U.S. Department of Energy (DOE), Office of
Basic Energy Sciences. The Stanford Synchrotron
Radiation Lightsource (SSRL) Structural Molecular Biology
Program is supported by the DOE Office of Biological
and Environmental Research and by NIH, National Center
for Research Resources, Biomedical Technology Program,
and the National Institute of General Medical Sciences.
This is publication 20951 from the Scripps Research
Institute. Coordinates and structure factors have been
deposited in the Protein Data Bank (PDB code 3SDY).
Nucleotide sequences for the CR8020 variable regions
have been deposited in GenBank (accession nos.
JN093122, JN093123). A patent application relating to
antibody CR8020 has been filed (International Publication
Number W02010/130636). Sharing of materials will be
subject to standard material transfer agreements.

Supporting Online Material
www.sciencemag.org/cgi/content/full/science.1204839/DC1
Materials and Methods

Figs. S1 to S11

Tables S1 to S7

References

25 February 2011; accepted 10 June 2011

Published online 7 July 2011;
10.1126/science.1204839

A Neutralizing Antibody Selected from
Plasma Cells That Binds to Group 1
and Group 2 Influenza A Hemagglutinins
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The isolation of broadly neutralizing antibodies against influenza A viruses has been a long-sought
goal for therapeutic approaches and vaccine design. Using a single-cell culture method for
screening large numbers of human plasma cells, we isolated a neutralizing monoclonal antibody
that recognized the hemagglutinin (HA) glycoprotein of all 16 subtypes and neutralized both
group 1 and group 2 influenza A viruses. Passive transfer of this antibody conferred protection
to mice and ferrets. Complexes with HAs from the group 1 H1 and the group 2 H3 subtypes
analyzed by x-ray crystallography showed that the antibody bound to a conserved epitope in the
F subdomain. This antibody may be used for passive protection and to inform vaccine design
because of its broad specificity and neutralization potency.

emagglutinin (HA) is the main target of

influenza A virus—neutralizing antibodies
and undergoes continuous evolution driv-
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en by the selective pressure of the antibody re-
sponse, which is primarily directed against the
membrane-distal receptor-binding subdomain of

the molecule (7). Genetically, there are 16 influ-
enza A subtypes of HA, which form two groups
(2, 3). Antibodies elicited by vaccination or in-
fection neutralize primarily homologous strains
within a given subtype, and new vaccines are
produced every year to match these strains (4, 5).
Heterosubtypic antibodies capable of neutraliz-
ing multiple subtypes within group 1 or group 2
have been isolated from immunized mice, phage
libraries, and memory B cells and plasma cells
of immune donors (6-/7). In addition, globular
head-specific antibodies that cross-react with par-
ticular strains of group 1 and group 2 subtypes
have been isolated from immunized mice (/2).
However, influenza A-neutralizing antibodies
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targeting epitopes conserved on all 16 subtypes
of group 1 and group 2 viruses have not been
found so far, and their isolation remains a ma-
jor goal for therapeutic approaches and vac-
cine design.

Antibody selection from cultures of single
plasma cells. Peripheral blood plasma cells
isolated 1 week after vaccination or infection are
largely antigen-specific and hence they represent
a large repertoire of antibody specificities. Be-
cause pan—influenza A-neutralizing antibodies
might be extremely rare, we developed a high-
throughput culture method to interrogate large
numbers of human plasma cells. The method in-
volves culture of single plasma cells in medium
supplemented with interleukin-6 (IL-6), a cyto-
kine that supports plasma cell survival (/3), fol-
lowed by screening of the culture supernatants
with multiple parallel binding assays (/4) and
rescue of the selected antibodies by single-cell
reverse transcription polymerase chain reaction
(RT-PCR) (I5). We therefore isolated plasma
cells from selected donors who had been pre-
viously found to produce a strong heterosubtypic
antibody response (9), shortly after natural infec-
tion with influenza A or vaccination (/6). Mono-
clonal antibodies derived from the culture of
single plasma cells were tested against the ho-
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Fig. 1. Identification of monoclonal antibodies bind-
ing to group 1 and group 2 HAs in single—plasma
cell cultures. Circulating CD138™ cells were isolated
from a selected donor ~1 week after infection with
SOIV HIN1 (A), and 7 days after vaccination (B),
and cultured at 0.5 cellsiwell for 4 days. Culture
supernatants were tested by ELISA for the presence
of 1gG antibodies that bound to the homologous
recombinant HA molecule (H1 CA/09) or to the
seasonal 2009—10 vaccine, and to the heterologous
group 1 HA (H5 VN/04) and to the heterologous
group 2 HA (H7 NE/03). Each dot represents, for
each of the tested antigens, the optical density
(OD) values of individual cultures. Plasma cells
from selected cultures were harvested, and V}; and
V gene transcripts were retrieved by single-cell RT-
PCR. The red dots indicate cultures that contain IgG
reactive against group 1 and group 2 HAs and
carrying identical Vy and Vi sequences. Dotted
lines indicate background values.
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mologous HA, a heterologous group 1 HA (HS5,
A/Vietnam/1203/04), and a heterologous group 2
HA (H7, A/Netherlands/219/03) (Fig. 1). We
interrogated a total of 104,000 plasma cells from
eight donors. From one donor, we isolated plasma
cells ~1 week after HIN1 swine origin influenza
virus (SOIV) infection in November 2009 and
7 days after vaccination with the seasonal vac-
cine in January 2010. In response to HIN1 SOIV
infection, most of the HA-specific plasma cell—
derived antibodies (89.7%) bound to SOIV HA
(A/California/04/09) and to HS A/Vietnam/1203/04
HA, which indicated that infection with SOIV
boosted a rapid response by cross-reactive mem-
ory B cells. Only a few of these antibodies also
cross-reacted with H7 HA (such as Fl442 and
FI510 in Fig. 1A). This donor’s response to the
seasonal vaccine (containing H1, H3, and in-
fluenza B antigens) was largely vaccine-specific
(98.2%) (Fig. 1B), consistent with a strong recall
response of subtype-specific memory B cells.
There were, however, a few antibodies that cross-
reacted with H5 HA, and of these, two (FI802
and FI804) cross-reacted also with H7 HA (Fig.
1B). These findings demonstrate that rare anti-
bodies recognizing both group 1 and group 2
HAs can be obtained after natural infection or
vaccination.

A neutralizing antibody selected in vivo for
binding to group 1 and 2 HAs. The sequences of
the variable regions of immunoglobulin heavy
chain (Vy) and kappa light chain (Vi) retrieved
from the four plasma cells producing H1/H5/H7
cross-reactive antibodies were identical. The se-
quences encoded an antibody that was named
FlI6 (17). FI6 was made up of Vy3-30*18 and
Vi4-1*01, had a long heavy chain complementarity-
determining region 3 (HCDR3) (22 amino acids),
and had a large amount of somatic mutations in
both Vi and Vi genes (fig. S1). A clonally
related antibody (FI370), carrying the same
rearrangements as FI6 on heavy and light chains
and some shared somatic mutations, was found
among 663 HI/H5-specific plasma cells in the
November 2009 experiment (fig. S1).

The FI6 Vy and Vi genes were cloned into
expression vectors, and recombinant antibodies
were produced by transfecting 293F cells. We
also produced the FI6 germline version (FI6-GL),
the clonally related FI370 antibody, and an anti-
body containing all the mutations shared by FI6
and FI370 that represents the evolutionary branch-
ing point (FI6/370-BP) (fig. S2A). Purified anti-
bodies were tested for binding and neutralizing
activity against multiple HAs and viruses of dif-
ferent subtypes (Fig. 2). FI6 bound all recombi-
nant or purified HAs tested belonging to group
1 (H1, H2, HS, H6, HS, and H9) and group 2 (H3,
H4, H7, and H10) with half maximal effective
concentration (ECsq) values ranging from 10 to
270 ng/ml (Fig. 2A). In addition, FI6 stained cells
transfected with HA genes belonging to group
1 (H11, H12, H13, and H16) and group 2 (H4,
H10, H14, and HI15 (fig. S3). FI6 also neutral-
ized group 1 (H1 and H5) and group 2 (H3 and
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H7) pseudoviruses and viruses, including the
1918 “Spanish flu” isolate (Fig. 2, B and C). In
contrast, FI6-GL and FI370 bound HAs and
neutralized viruses of group 1, but not group 2,
whereas the FI6/370-BP bound group 1 and,
with low efficiency, group 2 HAs (Fig. 2A and
fig. S2, B and C). These findings suggest that
the FI6-GL was initially selected by a group 1 virus
and developed to a branching point character-
ized by low-level binding to group 2 HA. From
this point, the final products FI370 and FI6 may
have been selected for binding to group 1 or group
2 HAs, respectively.

The contribution of somatic mutations to FI6
binding to group 2 HAs was further dissected
by producing FI6 variant antibodies in which sin-
gle or multiple mutations in Vy and Vi genes
were reverted to the germline (fig. S1). Binding
to group 2 HA required somatic mutations present
in the CDRs of both Vi and Vi and did not rely
on framework mutations (fig. S4). Reversion of
single mutations in the CDRs did not lead to a
significant loss of binding to group 2 HA, with
the exception of the Vi R93S mutant (in which
Arg® is replaced by Ser) and the Vi F*'P-S
mutant (in which Phe’™ is replaced by Ser),
which led to a decrease in binding by factors of
44 and 12, respectively (fig. S4). On the basis of
these findings, we designed an optimized FI6
variant that lacks unnecessary somatic mutations
in the framework regions [including the glyco-
sylation site at position 75 in the heavy chain
framework region 3 (HFR3)] and two poten-
tially harmful residues, that is, an aspartate isom-
erization site at position 53—54 of HCDR2 and
an acidic cleavage site at position 101-102 of
HCDR3 (fig. S1) (18). This variant, called FI6v3,
showed binding and in vitro neutralizing prop-
erties comparable to those of FI6 (Fig. 2 and
fig. S4).

The above findings demonstrate the power
of the single—plasma cell culture method, which
allowed the interrogation of thousands of plas-
ma cells and led to the isolation of a rare pan—
influenza A-neutralizing antibody. The rarity of
this antibody is underscored by the fact that, from
interrogation of plasma cells isolated from seven
other donors, we isolated several antibodies that,
although they bound to group 1 and group 2 HAs
(such as FJ76 in Fig. 2), were unable to neutral-
ize virus infectivity. Notably, the FI6 antibody
was not found among ~20,000 immortalized B
cell clones generated from memory B cells of
the same donor.

Structures of FI6v3-H1 and Fl6v3-H3 com-
plexes. The epitope recognized by FI6 was con-
sidered likely to be located in the F subdomain
of HA, on the basis of the initial finding that
FI6 inhibited syncytia formation but not hemag-
glutination (fig. S5), bound near the HA mem-
brane anchor in electron microscopy images of
FI6-HA complexes (fig. S6), and competed for
binding to HAs with the previously described
group 1-specific antibody F10, which has been
cocrystallized with HS HA and shown to bind
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to the F subdomain (8) (fig. S7). Using Pepscan
analysis, FI6 was tested for binding to overlap-
ping 15-oligomer linear and cyclic peptides of
the F subdomain, spanning the C terminus of
HAT1 and the full HA2 of the H5 A/Vietnam/
1194/04 virus, as well as to 26-oligomer homo-
dimeric helical coiled-coil peptides covering the
subdomain’s A and B helices (/9). FI6 recog-
nized residues in the fusion peptide (fig. S8A)
and helix A of group 1 and group 2 HA
subtypes but not helix A of influenza B HA
(fig. S8, B and C). Fab fragments were prepared
from the optimized FI6v3 antibody and cocrys-
tallized with H1 (group 1) and H3 (group 2)
HAs (20). Although the two HAs are phylo-
genetically and structurally distinct and the
complexes crystallize with different packing
arrangements, the interaction surfaces were found
to be similar (fig. S10, A and B) and to agree
perfectly with the peptide-binding studies (fig.
S8, D and E). In both cases, each monomer of
the HA trimer binds one molecule of FI6v3
(Fig. 3). The HCDR3 loop of FI6v3 binds into a
shallow groove on the F subdomain of the HAs,
where the sides of the groove are formed by

residues from helix A of HA2 and parts of two
strands of HA1 (38 to 42 and 318 to 320),
whereas the bottom is formed by the HA2 turn,
encompassing residues 18 to 21 (fig. S10, A
and B). The HCDR3 loop crosses helix A, at an
angle of about 45 degrees, enabling Leu'"*,
Tyr'%C, Phe'®P, and Tip'®" to make hydro-
phobic contacts with residues in the groove (Fig.
4, A and B). Tyr'®C and Trp'®F also make po-
tential hydrogen bonds with the side chain of
Thr*'® of HA1 and the main-chain carbonyl of
residue 19 of HA1, respectively. Two additional
polar interactions are formed by main-chain
carbonyls at residues 98 and 99 of HCDR3 with
Asn®? and The*® on helix A. Taken together, the
interaction of HCDR3 with HA (H1 and H3)
buries about 750 A of the surface of the anti-
body, and about two-thirds of this interaction is
accounted for by the interaction with the HA2
chain. Overall, the interactions made by FI6v3
with the hydrophobic groove on H1 and H3 are
remarkably similar.

The light chain CDR1 (LCDR1) loop of FI6v3
makes two contacts with the side of helix A, op-
posite the side that contributes to the hydropho-
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bic groove; Phe?’” makes hydrophobic contact

with the aliphatic part of Lys®’, and Asn®® hy-
drogen bonds to Asn®, together accounting for
a buried surface area of about 190 A? for both
H1 and H3. With H1 HA, which was cocrystal-
lized in the uncleaved form, LCDR1 also makes
extensive contact with the uncleaved “fusion pep-
tide” of the neighboring HA monomer (Fig. 3,
B and C, and Fig. 4, A and B), which accounts
for an additional 320 A2 of FI6v3 buried sur-
face. Residues 28 and 29 of LCDR1 make main-
chain amide hydrogen bonds with the main-chain
carbonyls of HA1 residue 329 and the next-but-
one residue, Leu?, of HA2 and thus span the
cleavage site. Phe’’” of LCDRI makes hydro-
phobic contacts with Leu® of the neighboring
HA2, whereas the side-chain hydroxyl of Tyr’
hydrogen bonds to the main-chain carbonyl of
residue 325 of the neighboring HA1 chain. In
contrast to the similar interaction of HCDR3
with H1 and H3 HAs, the interaction of LCDR1
with the fusion peptide from the neighboring
cleaved H3 HA monomer is substantially less ex-
tensive than the interaction formed with the un-
cleaved H1 HA (Fig. 3, inset B). Although Phe?’P

H16 H13 H11

xT <

S

> ® o

22z = . . H5
o3 2 s &

2 E 85, SO
e T AN

5!
SSN‘ HK/97
H2N2 sI/57  H2

%x’] Ws/35
T 74/,7/?/3
T 2255 %
g L8k
S T 2%,
g > S % ¢
TIZF c © ©
oy N H1
S &=z ™
TEE 0.1
by .
HO 412 Hg  H6

Fig. 2. FI6 binds and neutralizes group 1 and group 2 influenza A viruses.
TY05 (A) Antibody binding (ECs, ELISA values) to recombinant or purified HAs
representative of group 1 (red symbols) or group 2 (blue symbols) sub-
types. ECs values above 10* ng/ml (dotted line) were scored as negative.
Antibodies tested include Fl6, FI6-GL, FI370 (an antibody clonally related to
Fl6), FI6/370-BP (the evolutionary branch point of FI6 and FI370), Fl6v3 (an
optimized version of F16), FJ76 (an antibody isolated from plasma cells from
a different donor), F10 and CR6261 (two broadly neutralizing antibodies
10/30 against group 1 HAs) (7, 8), and H]J16 (a control antibody against HIV-1
gp120. (B) Neutralization of pseudoviruses representative of group 1 (red
symbols) or group 2 (blue symbols) subtypes. Shown are ICsq values. 1Cso
values above 10* ng/ml (dotted line) were scored as negative. (C) Neu-
tralization of infectious viruses representative of group 1 (red symbols) or
group 2 (blue symbols) subtypes. ICsq values were determined by a cytopathic
effect—based neutralization assay using the Reed and Muench formula
(16). ICs, values above 10° ng/ml (dotted line) were scored as negative. None
of the antibodies bound to the unrelated influenza B HA or neutralized
vesicular stomatitis virus (VSV) pseudoviruses. (D) The dendrogram, made
by the neighbor-joining method, shows the protein distance of the 39 HA

sequences tested as representative of the 16 subtypes of influenza A HA.
The amino acid distance scale is indicated with a value of 10% distance. Group 1 subtypes are in red and group 2 subtypes in blue. Complete viral strain
designations are listed in (26). Experiments were performed in duplicates for binding or in quadruplicates for neutralization assays. Data are representative of
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again makes contact with the aliphatic moiety of
Lys®® of HA2, Tyr** makes potential hydrogen
bond contact with the main-chain carbonyl of
Ala’ of the neighboring HA2 (as opposed to
residue 329 in uncleaved H1 HA). In contrast,
there are no main-chain contacts between the
LCDRI loop and the fusion peptide of the cleaved
H3 HA, which accounts for the smaller con-
tact area of 114 A% (compared with 320 A% in H1
HA). It also seems that cleavage of the HA
precursor to produce the H3 HA results in the
slightly different orientation of FI6v3 with re-
spect to the HA in the FI6v3-H3 and FI6v3-H1
complexes.

The structures of two cross-reactive antibodies,
CR6261 and F10, which are group 1-specific,
have previously been reported as complexes with
HS5 and H1 HAs (Fig. 3, D and E) (8, 27). The
binding of CR6261 and F10 antibodies to HA is
mediated only by their Vi3 domains, which are
oriented approximately the same as each other
with respect to the HA, but both antibodies are
significantly rotated relative to FI6v3 and are 5 to
10 A nearer to the membrane-proximal end of
HA (Fig. 3, D and E). The structures of FI6v3-H1
and FI6v3-H3 presented here also reveal that,

Fl6v3/H1
]

although the binding sites on HA of the three
antibodies overlap extensively, the nature of the
interactions made by FI6v3, and presumably
FlI6, is markedly different from that of those
made by CR6261 and F10 antibodies. The most
striking difference is that the interaction of
FI6v3 with the hydrophobic groove on HA is
mediated solely by the long HCDR3, whereas for
CR6261 and F10, all three HCDRs are involved
in binding (Fig. 4, C and D).

An important difference between the FI6v3-H1
and FI6v3-H3 complexes is that H3 HA is gly-
cosylated at Asn®® (HA1), as are H7, H10, and
H15 HAs of group 2, whereas H1, in common
with all group 1 HAs, is not. In the unbound
structure of H3 (22), this carbohydrate side chain
projects from the beta strand of HAI, which
contains the Asn®® residue, toward helix A of
HAZ2 of the same HA subunit, such that it would
overlap the footprint of FI6v3 (Fig. 5A). Car-
bohydrate side chains are known to influence
the antigenicity of virus glycoproteins (23-25);
therefore, this overlap has been suggested to
account for the lack of binding to group 2 HAs
of other group 1 cross-reactive antibodies that tar-
get the membrane-proximal region of HA (8, 21).

Receptor Binding
Subdomain

= [
T S & S G JO%
Z )
= LN ESE ‘\’ &%« _ Light Chain
C5 A (AT (X 7* \ . ) Constant Domain
e & ‘,0 \ /2. ‘i Light Chain
g &7 ! Zé) 5 “" Variable Domain
FI6v3/H3 Ugd @l hA

U HA2 Nterm
LCDR1' 2N

F Subdomain

Fig. 3. FI6v3 binding to the F subdomain of the HA trimer. (A) Trimer of H3 HA binding three FI6v3
[Protein Data Bank (PDB) identification no. 3ZT]] antibodies in Ribbons representation. One of the HA
monomers is colored blue for HA1 and red for HA2; the other two HA monomers are gray. (B and C)
Enlarged view of the interaction of the LCDR1 loop with the fusion peptide of the neighboring HA in
FI6v3-H1 (B) and FI6v3-H3 (C) complexes, respectively. (D and E) Structures of monomers from H5 HA
in complex with CR6261 (PDB 2GBM) (D) and F10 (PDB 3FKU) (E) binding to a region similar to that of
FI6v3 but with their V,; domain sitting 5 to 10 A lower on the HA.
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FI6v3 binding to H3 HA, however, is enabled
by reorientation of the oligosaccharide, a rota-
tion of about 80° away from the surface of the
HA, so that it makes new contacts with Asp>
and Asn> of the HCDR2 loop (Fig. 5B). Given
that the flexibility of the carbohydrate side chain
at Asn®® allows it to accommodate FI6v3 bind-
ing to H3 HA, we asked whether this glycosyl-
ation site was likely to be the reason that H3 HA
does not bind to CR6261 or F10. Simple model-
ing suggests that the same change in orientation
of the carbohydrate side chain would be com-
patible with the binding of the CR6261 (27), but
not the F10 (8), cross-reactive antibodies. The
beta turn encompassing Vi residues 73 to 77 of
F10 would clash with the Asn**-linked carbohy-
drate in the orientation it adopts in the FI6v3-H3
complex, and it is unclear whether the carbohy-
drate would be free to rotate further out of the
binding site to accommodate F10 binding. How-
ever, neither CR6261 nor F10 were able to neu-
tralize an H7 pseudovirus (A/chicken/Italy/99)
in which the glycosylation site (Asn*®) was re-
moved [half maximal inhibitory concentration
(ICs0) > 50 pg/ml], which indicated that the
steric hindrance of the glycan is not the only
structural constraint that prevents binding of
CR6261 and F10 antibodies to group 2 HAs.
Besides the glycosylation of Asn’®, the most
striking difference in the F subdomain structure
between group 1 and group 2 HAs involves the
group-distinctive environment and orientation
of HA2 Trp?! (26, 27). In group 1 HAs, Trp?! is
approximately parallel to the surface of the F
subdomain, whereas in group 2 HAs, it is ori-
ented roughly perpendicular to the surface (Fig.
5, C and D). All three antibodies (FI6v3, CR6261,
and F10) make contacts with Trp®!, mainly
through a phenylalanine side chain: Phe'%°P
on FI6v3, Phe™* on CR6261, and Phe® on F10
(Fig. 5, C and D). In the case of FI6v3, local
rearrangements in the HCDR3 loop mean that
Phe'%P sits ~2 A deeper in the hydrophobic
groove in the H1 complex than it does in the H3
complex; it thus maintains a similar contact dis-
tance with Trp®' in both cases. The two group
1-specific antibodies position Phe™* (CR6261)
and Phe® (F10) similarly to FI6v3 in complex
with H1 HA. However, as Phe®* (CR6261) and
Phe®® (F10) are located on the short loop of
HCDR2, which connects two adjacent antipar-
allel strands, it seems that there is less flexibil-
ity than in FI6v3 for the phenylalanine to move
further out of the hydrophobic groove to ac-
commodate the group 2 orientation of Trp®'.
Thus, binding of CR6261 and F10 to group 2
HAs is likely blocked by a steric clash between
the HCDR2 phenylalanine and Trp*'. In sum-
mary, the structural data obtained indicate that,
although the core epitope on helix A is similar to
that recognized by CR6261 and F10, FI6v3 (and
likely FI6) binds with a different angle, 5 to 10 A
more membrane distal, and contacts a larger area,
embracing helix A and extending to the fusion
peptide of the neighboring monomer both in the
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cleaved and uncleaved forms (fig. S11). Fl6v3
binding is mediated by both Vy; and Vi CDRs,
with prominent contributions of the long HCDR3,
which accommodates different conformations of
the group-specific Trp*' loop, and of the heavily
mutated LCDRI1. The use of both Vy; and Vi
chains and the long HCDR3 are characteristic
of naturally selected antibodies and contrast with
a property of phage-derived antibodies, such
as CR6261 and F10, which bind using only the
Vg chain.

Prophylactic and therapeutic efficacy of Fl6
and Fl6v3 in vivo. The protective efficacy of FI6
and FI6v3 was tested in mice lethally infected
with A/Puerto Rico/8/34 (HIN1) virus. In this mod-
el, FI6 and FI6v3 showed comparable prophy-
lactic efficacy, as they were fully protective when
administered at 4 mg per kg of body weight and
partially protective at 2 mg/kg (Fig. 6A and
fig. S12). When tested therapeutically at 15 mg/kg
in mice lethally infected with A/Puerto Rico/8/34,
FI6v3 was able to protect from lethality when
administered 1 or 2 days post infection (Fig. 6B).
Lung virus titers on day 4 after infection in
mice treated with FI6v3 on day 0 or 1 day after
infection were reduced to about 1/100th the titers
in control antibody-treated mice (fig. S13). FI6v3
was also effective in reducing body weight loss
in mice challenged with a H3 HK-x31 reas-
sortant virus, which failed to exert a lethal effect
even at the high dose tested (Fig. 6C). Further-
more, FI6 protected ferrets from a lethal chal-
lenge with the highly pathogenic HSN1 virus
(A/Vietnam/1203/04) (Fig. 6D and fig. S14).

For in vivo experiments aimed at determin-
ing the role of antibody effector functions in
the protective efficacy of F16, we produced Fc
mutants of FI6 that lacked complement bind-
ing (FI6-KA) or complement and Fc receptor
(FcR) binding (FI6-LALA) (28). These antibodies
showed the same binding and in vitro neutraliz-
ing properties as FI6 and comparable half-lives
in vivo (mean values 3.3, 3.4, and 3.5 days for
FI6, FI6-KA, and FI6-LALA, respectively). When
administered at 10 mg/kg, FI6 and FI6-KA were
fully protective, whereas FI6-LALA showed a
substantial loss of activity, as it was able to
protect only 40% of the animals (Fig. 6E). This
decreased efficacy was particularly evident when
mutant antibodies were administered at the lim-
iting concentration of 3 mg/kg (Fig. 6F). These
data suggest that in vivo efficacy is substantially
dependent on FcR binding, which implies that
the killing of infected cells might play a role in
limiting infection in vivo. This conclusion is
compatible with the finding that FI6 binds effec-
tively to the HA expressed on influenza virus—
infected cells (fig. S15).

Mechanisms of neutralization of virus infec-
tivity. From the data obtained, a number of sug-
gestions can be made regarding mechanisms
by which FI6 (and the optimized FI6v3 version)
might neutralize virus infectivity. The increase
in stability of the F subdomain, which would re-
sult from high-affinity antibody binding, would
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FI6v3/H1

Fig. 4. Fl6v3 interactions with the F subdomain of HA. (A and B) Surface representation of the F sub-
domain of H1 HA (A) (PDB 3ZTN) and H3 HA (B) colored according to atom type (carbon, gray; oxygen,
red; nitrogen, blue; sulfur, yellow) with the HCDR3 and LCDR1 loops of FI6v3 shown as a yellow coil
and green coils, respectively, with selected side chains. (C and D) Similar views of H5 HA in complex
with F10 (C) and CR6261 (D) with the HCDR1, HCDR2, and HCDR3 loops as yellow coils.
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Fig. 5. Group-specific differences at the cross-reactive antibody—binding sites. (A and B) Positioning of
the carbohydrate side chain at Asn®® in the H3 HA apo structure (A) and in the Fl6v3-bound structure
(B). (C and D) Orientation of HA1 Trp?* in different antibody complexes. (C) Phe®® of the HCDR3 loop
of Fl6v3 interacting with the F subdomain of the HAs. The FI6v3-H3 complex is orange and the
FI6v3-H1 complex is gray. (D) The HCDR2 loop of the F10 and CR6261 antibodies presenting Phe®®

and Phe®*, respectively, toward Trp?* of H5 HA.

be expected to inhibit the conformational changes
in HA that are required for membrane fusion
(23), as shown by the inhibition of syncytia for-
mation (7—9). Two other mechanisms may be in-

volved in neutralization. In the first, the antibody
light chain binding to unprocessed HAO would
block cleavage and hence infectivity, at least for
those viruses where cleavage occurs extracellu-
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Fig. 6. Passive transfer of FI6 or FI6v3 confers protection to mice and ferrets.
Survival curves and body weight loss (A) of BALB/c mice (five per experimental
condition) that received different doses of FI6v3 or H]16 as a control in-
travenously (i.v.) 3 hours before intranasal infection with 10 minimal doses
lethal to 50% of mice (MLDsp) (2400 median tissue culture infectious doses)
of HIN1 PR/34 virus. Shown is one experiment out of three. (B) Survival curves
and body weight loss of mice (five per experimental condition) that received
15 mg/kg of FI6v3 i.v. on day 0 (3 hours before infection) or on day 1, 2, and 3
after infection with 10 MLDso PR/34 virus. One experiment out of two. (C)
Body weight loss of mice (10 per experimental condition) that received
different doses of FI6v3 i.v. 3 hours before infection with 3 x 10° plaque-
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forming units (PFUs) H3N2 HK-x31 virus. The reduction of body weight was
significant from day 2 to day 8 at the two highest concentrations tested and
from day 3 to day 8 at all remaining concentrations tested (P values ranging
from 0.01 to 0.001 as measured using the two-way analysis of variance
method). One experiment out of three. (D) Survival curves of ferrets (four per
experimental condition) that received 20 mg/kg of FI6 or phosphate-buffered
saline as a control 1 day before infection with 10° PFUs of H5N1 VN/1203/04.
(E and F) Survival curves of mice (10 per experimental condition) that received
10 mg/kg (E) or 3 mg/kg (F) of FI6, FI6-KA, FI6-LALA, or H]16 as a control
1 day before infection with PR/34 virus. One experiment out of two. p.i., post
infection. Values are means + SD.

larly (29, 30). This hypothesis is supported by the
finding that FI6v3 inhibits cleavage of HAO by
trypsin treated with L-(tosylamido-2-phenyl) ethyl
chloromethyl ketone (TPCK trypsin) (fig. S16).
In the second, the light-chain interactions with
the fusion peptide and the C-terminal HA1 resi-
dues of the neighboring subunit may prevent fu-
sion by cross-linking the subunits of the HA
trimer (37, 32). In all cases, the efficiency of neu-
tralization would depend on the accessibility
to the binding site at the membrane-proximal
region of HA (33), which is limited by the HA
surface coverage on the virus, estimated to vary
between 20 and 50% (34, 35). In contrast, on
the surface of infected cells, the interaction of
FI6 with newly made HA is unlikely to be re-
stricted by spacing considerations, and there-
fore, the antibody may prevent virus assembly,
recruit complement and FcR™ cytotoxic cells, or
act by other mechanisms yet to be defined (36).

Concluding remarks. A common objective of
studies of antibody-HA complexes is to deduce
structural parameters that would direct vaccine
design. The importance of helix A in HA-mediated
membrane fusion is clear from structural analy-

bodies able to bind helix A and to accommodate
the structural differences in the Trp*' region
represents a favorable characteristic for a pan-
influenza vaccine.

The main incentives for our studies of anti-
influenza antibodies are the unpredictability of
the occurrence of influenza pandemics, the wide
range of antigenically novel viruses, and the need
for new antiviral treatments of severe influenza
infections. The results of prophylaxis and therapy
that we report identify FI6 as the first example of
a neutralizing monoclonal antibody for potential
use against all influenza A viruses.
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Circumstellar Material in
Type la Supernovae via Sodium
Absorption Features

A. Sternberg,™ A. Gal-Yam,** ]. D. Simon,? D. C. Leonard,® R. M. Quimby,* M. M. Phillips,’
N. Morrell,® 1. B. Thompson,? I. Ivans,® J. L. Marshall,” A. V. Filippenko,® G. W. Marcy,®
]. S. Bloom,® F. Patat,’ R. ]. Foley,™® D. Yong,'* B. E. Penprase,*? D. ]. Beeler,?

C. Allende Prieto,**** G. S. Stringfellow®

Type la supernovae are key tools for measuring distances on a cosmic scale. They are generally thought
to be the thermonuclear explosion of an accreting white dwarf in a close binary system. The nature of
the mass donor is still uncertain. In the single-degenerate model it is a main-sequence star or an
evolved star, whereas in the double-degenerate model it is another white dwarf. We show that the
velocity structure of absorbing material along the line of sight to 35 type la supernovae tends to be
blueshifted. These structures are likely signatures of gas outflows from the supernova progenitor systems.
Thus, many type la supernovae in nearby spiral galaxies may originate in single-degenerate systems.

ype la supernovae (SNe Ia) have large
and calibratable luminosities, making them
good tools for measuring distances on a
cosmic scale to gauge the geometry and evolu-
tion of the universe (/, 2). Understanding the
nature of the progenitor system is important, as
progenitor evolution or a changing mix of dif-
ferent progenitors may bias cosmological infer-
ences. The consensus view of SNe Ia is that mass
transfer onto a massive carbon-oxygen white-dwarf
(WD) star in a close binary leads to a thermonu-
clear explosion, as the mass of the WD approaches
the critical Chandrasekhar mass limit (3). In the
single-degenerate (SD) model, the mass donor is
either a main-sequence star or an evolved subgiant
or giant star, whereas in the competing double-
degenerate (DD) model it is another WD (4).
In the SD scenario, nonaccreted material blown
away from the system before the explosion should
remain as circumstellar matter (CSM) (5); thus,
detection of CSM in SN Ia spectra would lend
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support to the SD model. Patat et al. reported
such a detection on the basis of time-variable
absorption features of the Na I doublet (Na I D,
and D; Ap; = 5896 A and Ap, = 5890 A rest-
frame wavelengths) in optical spectra of SN
2006X (6). These authors suggest that CSM
may be common to all SNe Ia, though variation
in its detectability can exist due to viewing angle
effects. Although multi-epoch high-resolution
spectra of SN 2000cx (7) and SN 2007af (8)
exhibited no absorption features or no time va-
riation in them, additional detections were re-
cently reported for three other events: SNe 2007le,
1999cl, and 2006dd (9—11). Although it has been
suggested that Na D absorption could not have
been caused by CSM owing to ionization con-
siderations (/2), detailed arguments to the con-
trary have been presented (9, 13).

Absorption features from unrelated interven-
ing gas clouds are expected to have random
velocity offsets with respect to the SN, whereas

absorption due to winds blown by the progen-
itor system is expected to be always blueshifted
with respect to the SN, because the source of
light is behind the outflowing absorbing material.
We thus searched for this signature in a large
sample of high-resolution, single-epoch observa-
tions of SNe la. Our sample consisted of spectra
of 35 SNe la and 11 core-collapse (CC) SNe ob-
tained with the Keck HIRES and Magellan MIKE
spectrometers. We also studied previously pub-
lished spectra of six SNe Ia (6, /4-17) and seven
CC SNe (16-22). A bias may exist if other spec-
tra were obtained but not published. Therefore,
we report results separately with and without
these historical SNe (hereafter “the extended sam-
ple,” for which results are given in square brack-
ets). Detailed analyses of a few events from our
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