
Dissection of Epitope-Specific Mechanisms of Neutralization of
Influenza Virus by Intact IgG and Fab Fragments

James A. Williams,a Long Gui,a,b Nancy Hom,a Alexander Mileant,a,b Kelly K. Leea,b,c

aDepartment of Medicinal Chemistry, University of Washington, Seattle, Washington, USA
bBiological Physics, Structure and Design Graduate Program, University of Washington, Seattle, Washington, USA
cDepartment of Microbiology, University of Washington, Seattle, Washington, USA

ABSTRACT The neutralizing antibody (nAb) response against the influenza virus
hemagglutinin (HA) fusion glycoprotein is important for preventing viral infection,
but we lack a comprehensive understanding of the mechanisms by which these an-
tibodies act. Here we investigated the effect of nAb binding and the role of IgG bi-
valency in the inhibition of HA function for nAbs targeting distinct HA epitopes.
HC19 targets the receptor binding pocket at the distal end of HA, while FI6v3 binds
primarily to the HA2 fusion subunit toward the base of the stalk. Surprisingly, HC19
inhibited the ability of HA to induce lipid mixing by preventing the structural rear-
rangement of HA under fusion-activating conditions. These results suggest that nAbs
such as HC19 not only act by blocking receptor binding but also inhibit key late-
stage HA conformational changes required for fusion. Intact HC19 IgG was also
shown to cross-link separate virus particles, burying large proportions of HA within
aggregates where they are blocked from interacting with target membranes; Fabs
yielded no such aggregation and displayed weaker neutralization than IgG, empha-
sizing the impact of bivalency on the ability to neutralize virus. In contrast, the
stem-targeting nAb FI6v3 did not aggregate particles. The Fab fragment was signifi-
cantly less effective than IgG in preventing both membrane disruption and fusion.
We infer that interspike cross-linking within a given particle by FI6v3 IgG may be
critical to its potent neutralization, as no significant neutralization occurred with
Fabs. These results demonstrate that IgG bivalency enhances HA inhibition through
functionally important modes not evident in pared-down Fab-soluble HA structures.

IMPORTANCE The influenza virus hemagglutinin (HA) fusion glycoprotein mediates
entry into target cells and is the primary antigenic target of neutralizing antibod-
ies (nAbs). Our current structural understanding of mechanisms of antibody (Ab)-
mediated neutralization largely relies on the high-resolution characterization of anti-
gen binding (Fab) fragments in complex with soluble, isolated antigen constructs by
cryo-electron microscopy (EM) single-particle reconstruction or X-ray crystallography.
Interactions between full-length IgG and whole virions have not been well character-
ized, and a gap remains in our understanding of how intact Abs neutralize virus and
prevent infection. Using structural and biophysical approaches, we observed that
Ab-mediated inhibition of HA function and neutralization of virus infectivity occur by
multiple coexisting mechanisms, are largely dependent on the specific epitope that
is targeted, and are highly dependent on the bivalent nature of IgG molecules.

KEYWORDS antibody, bivalency, influenza, neutralization, electron microscopy,
enveloped viruses

Neutralizing antibodies (nAbs) play a key role in the immune response against viral
pathogens by binding to viral surface proteins and preventing them from medi-

ating cell entry and infection. The influenza virus hemagglutinin (HA) fusion glycopro-

Received 18 November 2017 Accepted 8
December 2017

Accepted manuscript posted online 20
December 2017

Citation Williams JA, Gui L, Hom N, Mileant A,
Lee KK. 2018. Dissection of epitope-specific
mechanisms of neutralization of influenza virus
by intact IgG and Fab fragments. J Virol
92:e02006-17. https://doi.org/10.1128/JVI
.02006-17.

Editor Terence S. Dermody, University of
Pittsburgh School of Medicine

Copyright © 2018 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Kelly K. Lee,
kklee@uw.edu.

STRUCTURE AND ASSEMBLY

crossm

March 2018 Volume 92 Issue 6 e02006-17 jvi.asm.org 1Journal of Virology

https://orcid.org/0000-0003-4998-6571
https://doi.org/10.1128/JVI.02006-17
https://doi.org/10.1128/JVI.02006-17
https://doi.org/10.1128/ASMCopyrightv2
mailto:kklee@uw.edu
http://crossmark.crossref.org/dialog/?doi=10.1128/JVI.02006-17&domain=pdf&date_stamp=2017-12-20
http://jvi.asm.org


tein is the dominant surface antigen and primary target of nAbs, with an estimated
abundance of �300 to 500 HA glycoproteins per virion (1–3). HA is expressed as a
single polypeptide chain, HA0, which trimerizes to form a 225-kDa spike on the virus
surface (4). Each HA0 chain is cleaved by host proteases into the receptor binding
domain, HA1, and the fusion subunit, HA2 (Fig. 1). HA mediates cell entry by binding
to sialic acid on cellular glycoproteins and glycolipids, initiating internalization through
endocytosis (4). As the endosomes mature, their lumens acidify, triggering HA to
undergo a large-scale conformational change that drives the fusion of viral and
endosomal membranes and generates a fusion pore through which the viral genetic
material is delivered to the cytosol (4–7).

Much of our understanding of the mechanisms of antibody (Ab)-mediated neutral-
ization is based upon high-resolution structural studies of antigen binding (Fab)
fragments in complex with soluble, isolated antigen constructs (8). Structures for
several neutralizing antibodies against HA have been reported (9–13). Based upon
high-resolution structures of Fab-HA complexes, it is usually inferred that the blockage
of receptor binding sites or inhibition of conformational changes required for mem-
brane fusion is responsible for neutralization. The static structures reveal antibody-
antigen recognition in detail but do not necessarily enable the functional conse-
quences of these interactions to be assessed. Recent structural and biophysical studies
have begun to reveal the nature of the structural calisthenics performed by the HA
fusion protein as well as the sequence of HA-induced membrane remodeling that lead
to membrane fusion (5–7, 14, 15). With these new insights into fusion machinery
function, it is possible to analyze mechanisms of the antibody-mediated disruption of
these dynamic events that are essential for virus entry into cells. In addition, relatively
few studies have characterized the interactions between full-length IgG and whole
virions, where these modes of interaction are distinct from the picture provided by
isolated Fab fragments due to the bivalency of IgG molecules and the multivalent
display of antigens on the surface of most virus particles. Although the binding of IgG
to antigens presented on the surface of the virus has been observed in some previous
studies (16, 17), we are left with an incomplete picture of the relationship between IgG
bivalency and mechanisms of inhibition of virus function. Interactions between intact
IgG and proteins on the surface of the virus may increase binding avidity as well as
expand the modes of neutralization through the cross-linking of antigenic sites on the
same viral particle or on separate particles that lead to aggregation. These additional

FIG 1 Cryo-electron tomography used to visualize the high density of HA on the viral surface. (A) An
8.0-nm computational slice through X31 influenza virus imaged by cryo-ET, with an individual HA trimer
highlighted (yellow box). (B) Structural features of HA modeled in an expanded view of the highlighted
trimer in panel A, with a single HA monomer consisting of the receptor binding domain (HA1) and the
fusion domain (HA2) shown in a ribbon diagram (PDB accession number 4FNK). Epitopes for HC19 (PDB
accession number 2VIR) and FI6v3 (PDB accession number 3ZTJ) are highlighted using the respective
crystal structures. Bar � 25 nm.
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modes of action may be responsible for observations that high levels of virus neutral-
ization are often observed even when saturation of binding sites by antibodies is not
achieved (18–20).

Here we examined the interaction of two nAbs targeting different sites on the HA
fusion protein presented on intact influenza virus. HC19 targets the receptor binding
domain (RBD) on membrane-distal HA1, while FI6v3 targets the HA2 fusion subunit on
the HA stalk (10, 13). We hypothesized that due to the location of the HC19 epitope on
the highly exposed end of HA, the bivalency of IgG could enhance its mechanism of
action by aggregating virus particles and by cross-linking adjacent HA trimers on a
virion. In contrast, the epitope for FI6v3 is located further down along the HA spike,
where it may be unable to reach across to HA on a separate particle (Fig. 1B) (13). More
specifically, we sought to investigate the effect of antibodies targeting these distinct
epitopes on the ability of HA to undergo the conformational changes required to drive
membrane fusion to completion. In addition, we examined the impact of bivalency on
the ability of IgG to arrest infectivity by comparing the neutralization of virus by intact
IgG and monovalent Fab domains. We report that the inhibition of specific stages of
HA-mediated fusion, starting with membrane disruption caused by fusion peptide
insertion and followed by lipid mixing leading to pore formation as well as virus
infectivity, showed dramatic differences for Fabs and intact IgG. These results suggest
a pivotal and complex role for bivalency in effecting antibody neutralization of virus
entry.

RESULTS
Binding affinities of IgG and Fab for soluble bromelain-released HA. The affinity

of bromelain-released HA (BHA) for HC19 and FI6v3 (IgG and the respective Fab) was
determined by using biolayer interferometry (BLI) (Fig. 2). For BLI data collection, assays
using anti-human Fab-CH1 biosensors were used to capture both IgG and isolated Fabs
in our study. Anti-human Fc biosensors capturing IgG were also tested, yielding rates
of association (kon) similar to those for isolated Fab; however, rates of dissociation (kdis)
for IgG could not be accurately determined. We chose to use the anti-human Fab-CH1
biosensors as the common means of capturing both Fab and IgG in order to make the
experiments and observed binding kinetics as comparable as possible.

BHA binds HC19 IgG and isolated Fab with nanomolar affinities (3.25 nM and 1.13
nM, respectively). The variance in the affinities between HC19 IgG and Fab is attributed
to an accelerated kdis for IgG (Fig. 2B). kon values were similar for both HC19 IgG and
Fab, and no avidity effects were detected for captured IgG when loading densities
of 3 �g/ml, 5 �g/ml, and 10 �g/ml were compared. For FI6v3, the kon and kdis of BHA
were similar and yielded only a modest difference in the KD (equilibrium dissociation
constant) values (Fig. 2B). Overall, BLI shows that digestion of IgG into monovalent Fab
does not impact the antibody paratope. The Fabs bind with affinities similar to those
of full-length IgG, suggesting that any differences between IgG and Fab in subsequent
experiments are due to the effects of bivalent Fab presentation by IgG and not a
change in the Fab domain’s capacity to bind HA.

Inhibition of HA-mediated membrane disruption and fusion activities by IgG
and Fab. Fluorescence spectroscopy was used to monitor HA-mediated fusion be-
tween influenza virus and liposomes and to compare the inhibitory effects of IgG and
Fab fragments targeting two distinct epitopes on HA. DiD (1,1=-dioctadecyl-3,3,3=,3=-
tetramethyl-indodicarbocyanine,4-chlorobenzenesulfonate salt)-labeled virus was pre-
incubated with IgG or Fab at the desired Ab/HA ratios prior to the addition of
sulforhodamine B (SRB)-encapsulating liposomes. Following the mixing of these com-
ponents, the solution was acidified to trigger HA activation. The fluorescence assay
enables us to monitor two stages of HA activity: (i) fusion peptide insertion into the
target liposomal membrane, which leads to leakage and fluorescence dequenching of
the encapsulated SRB dye, and (ii) lipid mixing of the merged membranes that occurs
during fusion pore formation, reported by DiD dequenching (5, 6).
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Increasing molar fractions of IgG and Fab relative to a constant amount of HA led to
the increased inhibition of HA activities. Comparison of fusion peptide disruption of
target membranes, monitored by SRB dequenching for HA1 head domain-targeting
HC19 IgG and Fab, demonstrated that bivalent IgGs were more potent in their ability
to reduce apparent HA activity than were monovalent Fabs, where levels of activity
were only modestly diminished relative to those of the control (Fig. 3A). At the highest
concentration of full-length IgG or Fab, SRB leakage was reduced by �75% for IgG,
compared to only �20% inhibition for Fabs. A substantially smaller difference between
IgG- and Fab-mediated inhibition was observed for the lipid-mixing stage of HA-
mediated membrane fusion, which was inhibited to similar extents for both intact IgG
and Fab (�85% and 74% for IgG and Fab, respectively) (Fig. 3B). Thus, it appears that
intact HC19 IgG could effectively inhibit both an early stage of fusion peptide-induced
membrane disruption and the later stage of lipid mixing of HA-mediated membrane
fusion, while the Fab fragment was effective only in inhibiting lipid mixing while
permitting significant fusion peptide interactions with and disruption of membranes.

For the stem-targeting broadly neutralizing antibody (bnAb) FI6v3, the Fab frag-
ment showed a significantly reduced ability to inhibit fusion peptide-induced mem-
brane disruption, monitored by SRB dequenching, compared to IgG, even at concen-
trations approaching saturation, �40% and �70%, respectively (Fig. 3C). Late-stage
lipid mixing, as indicated by DiD dequenching, was potently inhibited by intact FI6v3
IgG, while surprisingly, FI6v3 Fab was far less effective in inhibiting membrane fusion,
even at concentrations approaching equivalence with the binding sites on HA, 90%

FIG 2 Affinities of IgG and Fab measured by using biolayer interferometry. (A) Binding sensorgrams show binding of BHA to
immobilized HC19 IgG (blue), HC19 Fab (green), FI6v3 IgG (red), and FI6v3 Fab (orange). (B) Association and dissociation
constants yield similar KDs between HC19 IgG and Fab and between FI6v3 IgG and Fab. Values shown are the averages and
standard deviations of data from experiments repeated in triplicates.
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versus 50%, respectively (Fig. 3D). The presentation of the Fab domains in the context
of intact, bivalent IgG thus appears to play a prominent role in the stem-targeted
antibody’s ability to arrest HA-mediated membrane fusion activity.

Neutralization of influenza virus by bivalent IgG versus monovalent Fab. The
inhibitory activity of HC19 and FI6v3 (both IgG and Fab) on influenza virus infection was
evaluated by measuring the 50% tissue culture infective dose (TCID50) of X31 influenza
virus. We hypothesized that neutralization would follow a profile similar to that for
fluorescence fusion assays. A molar ratio of 1:1 (IgG/HA) was chosen, where HA would
not be completely inhibited and a degree of fusion activity would remain. In the case
of Fabs, the concentration was selected to include the equivalent number of Fab copies
as present in IgG (two Fab copies per IgG copy); thus, the molar concentration of Fab
was 2-fold higher than that of IgG.

Both HC19 and FI6v3 intact IgGs displayed strong neutralizing activity against X31
influenza virus, where 70% and �95% neutralizations were achieved, respectively (Fig.
4). FI6v3 was more efficient at inhibiting virus infectivity, even at an IgG/HA trimer ratio
of only 1:1, suggesting that stem-directed antibodies require an occupancy of only a

FIG 3 Fluorescence fusion assay monitors antibody-mediated inhibition of HA function by tracking dequenching
of the fluorescent dyes SRB, indicating membrane disruption, and DiD, indicating lipid mixing. Plotted are the
inhibitory effects of IgG and Fab. The dashed line is a normalized version of the Fab inhibition data and represents
inhibition at an equivalent number of Fab arms compared to IgG (1 Fab � 0.5 IgG). (A) HC19 inhibition of
membrane disruption is enhanced through bivalent interactions between IgG and HA on X31 virus, even at
subsaturating concentrations, where aggregation was observed by DLS. Fab binding has little impact on mem-
brane disruption inhibition. (B) Extents of inhibition of lipid mixing by IgG and Fab are similar, suggesting that
bivalency may not play a large role in fusion inhibition for HC19. (C) Membrane disruption is more potently
inhibited by FI6v3 IgG than by monovalent Fab. (D) Inhibition of lipid mixing by FI6v3 IgG is greater than that by
Fab, suggesting that cross-linking of neighboring trimers is important for HA inhibition.
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fraction of the binding sites to achieve potent neutralization. Antibodies such as HC19
that target the RBD may require a higher occupancy of binding sites to achieve levels
of neutralization similar to those of FI6v3.

HC19 IgG and Fab exhibited differences in the extents of neutralization that paral-
leled the trends in the inhibition of HA function observed in fluorescence fusion assays.
HC19 IgG neutralized 70% of virus infectivity, compared to only 40% neutralization by
an equivalent number of monovalent Fabs. Even larger differences in neutralization
between IgG and Fab were observed for the stem-directed antibody FI6v3. More than
95% neutralization efficacy against X31 influenza virus was observed for FI6v3 IgG;
however, no significant neutralization by Fab was detected. Overall, bivalent interac-
tions by IgG appear to play a pivotal role in the antibody’s ability to effectively
neutralize influenza virus and prevent infection of cells.

Imaging of Fab:BHA complexes under neutral and acidic pH using negative-
stain EM. Negative-stain transmission electron microscopy (EM) imaging was per-
formed on Fab:BHA complexes at pH 7.5 and 5.25 to assess the impact that Fab binding
may have on the ability of BHA to undergo the acidic-pH-triggered conformational
changes that are required to mediate fusion. Class averages of �8,000 BHA trimers at
pH 7.5 exhibit the characteristic prefusion “peanut-shaped” structure that is observed
on the surface of virus particles (Fig. 5A). After adjusting the pH to 5.25 for 10 min, BHA
aggregates into rosettes commonly observed in solubilized fusion glycoproteins due to
the formation of the stable postfusion helical bundle with tightly clustered fusion
peptides (21–23).

Imaging of HC19 Fab bound to BHA showed classes of particles where Fab density
could be observed projecting from the receptor binding domain on HA1 (Fig. 5B). The
HC19 Fab:BHA complex at pH 7.5 displays a prefusion organization for the spike that
was similar to that observed with BHA alone. After HC19 Fab and BHA were complexed
for 1 h, the pH was adjusted to pH 5.25 for 10 min prior to grid preparation and
imaging. Classification of particles shows that the acidified complex retains an organi-
zation similar to that of the neutral-pH complex, indicating that the binding of HC19 to
BHA stabilizes the trimer in a state that is similar to that of the prefusion form, in which
the HA spike remains largely intact (Fig. 5B). A modest narrowing of the base of the BHA
stem is observed under acidic conditions with HC19 bound, which would be consistent
with previous low-resolution imaging of HA-intermediate states on the surface of intact
influenza virus virions, which suggested that the fusion peptide-associated regions
were released from the main stem body and otherwise maintained an intact prefusion-
like HA spike under activation conditions (24).

FIG 4 Neutralization assay measuring TCID50. Antibody-mediated neutralization of influenza virus was
evaluated by measuring the TCID50 of influenza virus. IgGs for both FI6v3 and HC19 displayed stronger
neutralization than did the respective Fabs. While HC19 Fab could neutralize virus to some degree, FI6v3
Fab did not exhibit a significant ability to neutralize the virus (*, P � 0.05; **, P � 0.01).
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For FI6v3 Fab, density in the negative-stain EM images could be observed projecting
from the HA2 fusion domain, consistent with the reported Fab-HA structure (13). Under
neutral conditions, the BHA trimer remained in its prefusion form. The proposed
mechanism of action for stem-directed antibodies is to prevent HA from undergoing
critical changes necessary for fusion, and indeed, after exposure to acidic pH, the
Fab:BHA complex, at the level of resolution afforded by negative-stain EM, appeared to
maintain the prefusion organization (Fig. 5C).

Assessment of the ability of nAb to mediate particle aggregation by dynamic
light scattering and negative-stain EM. We hypothesized that an epitope’s position
on the HA spike could impact the ability of IgG to mediate interparticle aggregation. To
test for interparticle aggregation, we used dynamic light scattering (DLS) to measure
the time-dependent aggregation of influenza virus across various IgG/HA trimer molar
ratios. We first examined if antibodies bound to the HC19 epitope at the RBD on the

FIG 5 Negative-stain EM and 2D classification of Fab:BHA complexes under neutral and acidic conditions
reveal structural similarities. (A) Electron micrographs and representative class averages of BHA at pH 7.5
and BHA that has been acidified for 10 min at pH 5.25. In response to acidic pH, BHA refolds into a
postfusion conformation, forming small aggregates (rosettes) that are not amenable to 2D classification.
(B) BHA bound by HC19 Fab at pH 7.5 maintains the prefusion form of the BHA trimer. After acidification
for 10 min at pH 5.25, HC19 Fab appears to stabilize the BHA timer in a structure similar to that at neutral
pH. (C) Both BHA bound by FI6v3 Fab at pH 7.5 and the Fab:BHA complex acidified for 10 min at pH 5.25
stabilize the BHA trimer and prevent refolding into a postfusion form. Bar � 20 nm.

IgG-Mediated Inhibition of the HA Fusion Glycoprotein Journal of Virology

March 2018 Volume 92 Issue 6 e02006-17 jvi.asm.org 7

http://jvi.asm.org


membrane-distal end of HA could mediate the cross-linking of HA on separate virus
particles. DLS detected HC19-mediated aggregate formation at IgG/HA ratios of �1:3
(Fig. 6A). Over the final 30 min, at this relatively low IgG/HA ratio, a modest 11% � 1%
increase in the average particle radius was detected. This indicates that only a fraction
of sites needs to be bound for aggregate formation to start to occur. Increasing the
concentration of HC19 further promoted aggregation, with an increase in the average
measured particle radius of 88% � 6% relative to the control at IgG/HA ratios of 2:1.
Aggregates showed a high degree of polydispersity, with a particle distribution ranging
from 100 nm to 1 �m. Negative-stain imaging further illustrated the IgG-mediated
aggregation of virus with increasing concentrations of HC19 (Fig. 6B). Interestingly, the
particle size appeared to slightly decrease when approaching a 3:1 ratio (averaged
radius of �170 nm). Such a reduction in aggregation may be due to a further coating
of the viral surface where Ab competes for available HA molecules (25).

To investigate if aggregation was due to IgG bivalency, parallel experiments using
HC19 digested into monovalent Fab fragments were carried out. HC19 Fab binding to
HA on the surface of the virus had a negligible impact on the size of scattering
populations, with only a 4% � 2% increase across all ratios, which is likely the result of
the bound Fab extending from the tops of HA trimers (Fig. 6C). The HC19 Fab data
support the conclusion that aggregation by IgG is attributed to bivalent interactions in
the intact HC19 antibody.

To test the dependency of the epitope location on the ability of IgG to aggregate
the virus, we performed parallel experiments using FI6v3, a stem-directed bnAb. Both

FIG 6 Dynamic light scattering monitors the time- and concentration-dependent aggregation of influ-
enza virus X31 by HC19 IgG. (A) As the ratio of IgG/HA increases, HC19 aggregates virus particles, with
peak aggregation occurring at 2:1 ratios. (B) Negative-stain micrographs further illustrate the extent of
aggregation as the ratio of IgG/HA increases. (C) Digestion of IgG into monovalent Fab arms fails to
aggregate influenza virus X31, emphasizing the complex binding that occurs between bivalent IgG and
HA presented on the virus surface. Bar � 200 nm.
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FI6v3 IgG and FI6v3 Fab failed to produce an increase in the particle radius as measured
by DLS (Fig. 7A and C). Negative-stain EM micrographs of FI6v3 bound to X31 influenza
virus particles appear monodispersed across a range of IgG concentrations (Fig. 7B).
These data suggest that the aggregation of influenza virus is dependent not only on
bivalent interactions but also on the epitope targeted by IgG.

HC19 IgG cross-linking of HA spikes imaged by cryo-ET. From the negative-stain
EM data, we observed an extensive aggregation of influenza virus by HC19 but were
unable to resolve the 3-dimensional organization of IgG bound to HA trimers. To
overcome this limitation, we used cryo-electron tomography (cryo-ET) to characterize
IgG-virus interactions under more native conditions. Cryo-ET has been instrumental in
the visualization of enveloped viruses that exhibit a pleomorphic structure and are
unsuitable for traditional single-particle techniques, with the resolution being sufficient
to distinguish different forms of viral surface glycoproteins alone and in complex with
antibody Fabs (3, 5, 6, 26–28).

Tomographic analysis of HC19 associated with X31 virus demonstrated the anti-
body’s ability to cross-link HA spikes within a given particle as well as to aggregate
multiple particles by cross-linking HA spikes on separate viruses. Analysis of �20
tomograms revealed that the cross-linking of adjacent HA on a single virion appeared
to be the dominant binding mode at lower concentrations of HC19 (IgG/HA ratio of
1:6), and the observed densities linking HA spikes were consistent with our negative-
stain two-dimensional (2D) classification of HC19 bound to BHA (Fig. 5 and 8A and B).
Both the cross-linking of adjacent HA molecules and aggregation of the virus were

FIG 7 Dynamic light scattering does not detect aggregate formation of influenza virus X31 in the
presence of IgG or Fab from stem-directed antibody FI6v3. (A) IgG incubated with influenza virus X31 at
various ratios had no effect on particle radius in solution. (B) Negative-stain micrographs of influenza
virus across various ratios of IgG/HA appear monodispersed, demonstrating the inability of FI6v3 to form
bivalent interactions across multiple virus particles. (C) Similar to IgG, FI6v3 Fab fails to aggregate
influenza virus X31. Bar � 200 nm.
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observed in �30 tomograms of samples collected at IgG/HA ratios of 1:3. Density for
lipid and protein components across the interface of two viruses can be assigned from
a radial density plot in which the complete HA density measures �14 nm across and
is consistent with known crystal structures (Fig. 8C) (29). The density between the two
particles shown in Fig. 8C is consistent with 2 Fab layers with a thickness of �7 nm, with
the Fc fragment likely being localized in an adjacent x-y plane at a different z height.

Further increasing the HC19/HA ratio to 1:2 (�15 tomograms) led to extensive
aggregation and coating of exposed HA by HC19 (Fig. 8D and E). At this HC19/HA ratio,
clear imaging of virus bound by saturating amounts of IgG was not possible; due to the
larger aggregates, the ice layer was too thick to provide sufficient beam penetration,
resulting in poor image contrast.

In contrast to the high levels of HC19-induced influenza virus aggregation that were
observed, FI6v3-bound viruses imaged by cryo-ET were largely monodispersed, as
sampled across �10 tomograms. This is consistent with the observations by negative-
stain EM and provides support for the hypothesis that the Ab-mediated aggregation of

FIG 8 HC19 IgG-mediated cross-linking of HA on the surface of intact X31 influenza virus occurs between
adjacent antigens on single particles and between antigens on separate particles, causing aggregation
to occur. (A and B) A 4.4-nm-thick computational slice through HC19 IgG-complexed virus at a ratio of
1:6 (IgG/HA). Black arrowheads point toward IgG-cross-linked HA trimers on the surface of individual
particles, and expanded views of these interactions are shown in the insets. (C) A 4.4-nm-thick compu-
tational slice through HC19 IgG-complexed virus at a ratio of 1:3 (IgG/HA). The radial density average at
the interface between two virus particles was measured so that the distribution of lipid and protein
components could be assigned. The blue box indicates the measured area used for the radial density
plot. (D and E) Computational slices (8.0 nm thick) through HC19 IgG-complexed virus at a ratio of 1:2
(IgG/HA) illustrating extensive aggregation that occurs. Bar � 25 nm.
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virus is heavily dependent upon the epitope location. The positioning of lobes of extra
density that we attribute to antibody bound to an HA spike by the Fab domain is
consistent with known cocrystal structures of FI6v3 Fabs bound to isolated HA trimers
(13). Imaging of FI6v3-complexed virus at an IgG/HA ratio of 1:2 revealed regions where
the organization of HA appears disrupted, with dense arrays of HA spikes that are
normally observed on the viral surface no longer being apparent. It appears that the
binding of IgG to the HA stem may cause this reorganization of HA by displacing the
trimer spikes (Fig. 9).

DISCUSSION

HA-mediated virus entry begins with receptor binding and ends with the merging
of virus and host membranes that is driven by the fusion protein carrying out a
sequence of dynamic conformational changes. For at least some influenza virus strains,
including X31 H3N2 Aichi, this sequence of HA reorganization commences with fusion
peptide release, only later to be followed by HA1 receptor binding subunit dissociation
and large-scale HA2 fusion subunit refolding to the postfusion state (14, 24, 30). Binding
of nAbs to HA is thought to interrupt various steps in the sequence of events that HA
must traverse to carry out membrane fusion. From recent studies of whole viruses
undergoing fusion, it has been possible to determine that as HA refolds, the viral and
host membranes are drawn into tightly localized close apposition through the action of
a set of several HA spikes (5, 6, 31, 32). These localized dimples transition to encompass
increasingly large areas of virus and host membranes that are in direct contact (6). The
formation of these tightly docked virus-target membrane intermediate states requires
HA spikes to exhibit a degree of lateral mobility, as the fusion proteins are displaced
from the membrane contact zones and instead are observed in partially refolded
hairpin configurations at the periphery of membrane contact zones. Crystal structures
of Fab bound to soluble antigen have been used to infer the stage at which the
antibody is inhibiting the activity of HA; however, to understand the mechanism of
inhibition, it is necessary to characterize the direct functional consequences of binding
in the context of intact IgG, which can exhibit bivalent interactions and cross-linking of
antigen copies on the virus surface. Here we sought to examine how intact, neutralizing
antibodies targeting distinct epitopes on HA in the context of whole virus particles
could interfere with the fusion protein’s function and sequence of events that lead to
virus entry.

The receptor binding subunit HA1 is highly immunodominant and often elicits

FIG 9 FI6v3 bound to X31 may disrupt the dense network of HA on the surface of the virus. Shown is
a 6.4-nm-thick computational slice of FI6v3 bound to X31 at a ratio of 1:2 (IgG/HA). Black arrowheads
point toward FI6v3 IgG-bound HA. Additional density �6 nm above the viral membrane corresponds to
FI6v3 bound to the stem region of HA2. FI6v3 fails to aggregate X31 due to the epitope’s location further
down the HA stem. The IgG-virus mixture was incubated for 30 min prior to vitrification. Bar � 25 nm.
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subtype-specific Abs; however, neutralizing Abs with cross-reactivity against various HA
subtypes, such as S139/1 and 5J8, have been detected (33, 34). Anti-HA1 Abs often
block receptor binding and can prevent virus release from infected cells (35). A
correlation between binding affinity and neutralization potency is commonly observed
for Abs targeting the RBD, where bivalent interactions are thought to enhance antibody
avidity (33, 34, 36). In instances where individual monovalent binding by Fab to HA
across subtypes is weak, it has been proposed that bivalent binding by IgG may result
in increased avidity, leading to broader antibody specificities and enhanced cross-
subtype neutralization (33). The first nAb that we examined, HC19, has an epitope that
overlaps the receptor binding site of HA1. The intraparticle spike cross-linking that we
observed by cryo-ET, particularly at lower IgG/HA ratios, is consistent with this antibody
exhibiting avid, bivalent binding. The 50% inhibitory concentration (IC50) for HC19 IgG
(�10 nM) in previously reported plaque reduction assays was 3 orders of magnitude
lower than that observed for the respective Fab fragment, underscoring the greater
potency of bivalent IgG (11). While we did not observe as dramatic an effect, we found
that HC19 Fab was indeed significantly less effective than IgG in neutralizing virus, and
data from fluorescence assays of the inhibition of HA-mediated fusion were in excellent
agreement with the infectivity results. These results support the role of antibody
bivalency in enhancing the activity of HC19.

Bivalent interactions of such antibodies may also result in the cross-linking of
antigenic sites on separate particles, potentially expanding the modes of Ab-mediated
neutralization by aggregating virions together. The angle at which the Fab arm binds
to the HA spike, as seen in a previously reported crystal structure, is consistent with the
Fab arms in intact IgG being able to reach adjacent trimers within a virus particle as well
as bridge separate particles (10, 11). The binding angle and the specific epitope position
on HA, even for antibodies targeting the HA1 subunit, are key determining factors of
an antibody’s ability to induce virus aggregation. It has been shown, for example, that
HA1-directed nAbs 3F5 and 7B2 also form clusters of aggregated influenza virus
particles (16), while nAbs targeting the hinge region of HA1, which is lower on the
spike, orient the IgG molecule more in plane with the virus surface and have activity
that is less dependent on antibody bivalency and spike cross-linking that could produce
virus aggregation (37, 38).

When antibodies such as HC19 that target the receptor binding site produce large
particle aggregates, numerous HAs that are not necessarily bound by an antibody are
likely inaccessible due to their burial in the aggregates. In our DLS and EM studies, we
observed that the degree of aggregation was largely dependent on the IgG concen-
tration and that aggregates began to form rapidly even before the first measurement
time point. Aggregates were detected at lower concentrations of HC19 IgG (1:3 ratio of
IgG/HA), and the particle radius continued to increase until the Ab approached satu-
ration of binding sites. At a 3:1 IgG/HA ratio, the average particle radius began to
decrease, perhaps due to the saturation of the epitopes on the surface of individual
virus particles. These data indicate that, in agreement with data from previous studies,
aggregation occurs over a relatively narrow range of IgG/HA ratios (39–41).

Once the virus is aggregated into a large bolus, questions regarding the effect on
infectivity remain. One possible outcome is the internalization of aggregates through
an alternate, clathrin-independent pathway, giving rise to the delivery of a large
quantity of virus into cells (42, 43). Previous studies on influenza virus suggest that
aggregation may in some instances enhance infection rather than neutralize the virus
through the delivery of a higher viral load to permissive cells (44, 45). Alternatively,
aggregated virus could be degraded through phagocytosis by the use of Fc effector
functions (46, 47). Indeed, the role of Ab-mediated aggregation further complicates
mechanisms of neutralization of virus and may depend on the viral system being
studied. For example, the IgG-induced aggregation of nonenveloped, icosahedral
picornaviruses has been shown to contribute to Ab-mediated neutralization (48, 49).
Aggregation of HIV-1 by dimeric IgA (tetravalent Fab presentation) is thought to inhibit
movement across mucosal surfaces (50). In the present study, we observed enhanced
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neutralization by IgG compared to that by Fab at concentrations of IgG where extensive
aggregation of influenza virus by the HA1-targeting HC19 nAb occurred. This suggests
that the ability of IgG to aggregate virus can increase the efficacy of antibodies in
inhibiting influenza virus infection. From our comparison of HC19 IgG and Fab activities
with the complementary assays that we employed, we find that particle aggregation
and interspike cross-linking modestly enhanced the activity of this nAb relative to the
Fab fragment.

Additionally, in a previously unanticipated role, we found that HC19 and likely
similar antibodies that bind to the HA1 receptor binding subunit also appear to be able
to inhibit later stages of HA’s conformational change that are required for lipid mixing.
The fusion inhibition data shown in Fig. 3 suggest that HC19 may bind to the HA trimer
in such a fashion that the fusion peptides can still be released and then bind to and
perturb the target membrane; however, lipid mixing was dramatically inhibited, even
by Fab alone. We note that these data are consistent with an HA fusion activation
pathway where the fusion peptide can be released prior to HA1 dissociation without
requiring full HA spike reorganization (14, 30, 51). Another HA1-targeted nAb, HC63,
was previously shown to inhibit HA activation; however, in that case, the antibody itself
bridges two HA1 subunits of the same trimer, preventing their dissociation (9, 12). For
HC19, Fab interacts with a single protomer (10), and hence, we infer that it acts by
stabilizing the subunit’s conformation and, indirectly, the HA1-HA1 “cage” that prevents
the full refolding of the HA2 subunit. In support of this model, negative-stain EM
analysis of the soluble bromelain-released HA trimer bound by HC19 Fab and exposed
to acidic pH indicated that the trimeric spike overall remained intact. It thus appears
that the gross refolding of HA, required for the merging of the two membranes, is
prevented when HC19 Fab was bound, although the fusion peptide appears to be
deployed and able to disrupt membranes (Fig. 3 and 5). Alternatively, it is conceivable
that with Fab bound to the HC19 epitope at the apex of the spike, the fusion machinery
may be sterically blocked from drawing the two membranes into close enough
proximity to fuse, despite allowing fusion peptide insertion into the target membrane.
In total, the multiple mechanisms by which HC19 perturbs HA function, including
blocking receptor binding, cross-linking HA spikes, aggregating particles, and inhibiting
the conformational changes leading to membrane merging, are likely responsible for
the reduction in infectivity observed in our neutralization assays (Fig. 4).

Whereas the effect of antibody bivalency in HC19 was measurable but relatively
modest, in the case of FI6v3, IgG and Fab exhibited dramatic differences in their abilities
to arrest the fusion process as well as neutralize virus and inhibit infection. We observed
that fusion peptide-induced SRB dequenching and lipid mixing were far more potently
inhibited by intact FI6v3 IgG than by Fabs. While it was tempting to speculate that
differences in binding affinities could be the cause of this variation, BLI measurements
of IgG and Fab bound to BHA, in the cases of both HC19 and FI6v3, yielded similar KDs,
suggesting that these differences are instead due to the ability of IgG to form bivalent
interactions. The highest levels of FI6v3 inhibition were observed for a range of IgG/HA
ratios similar to those reported previously for other stem-directed antibodies, CR8020
and CR6261 (19). Our data are consistent with results from a single-particle fluorescence
microscopy study of fusion inhibition, which suggested that bivalent IgG targeting the
stems can disrupt networks of HA spikes that must work together for productive fusion
to occur. Previous work showed that fusion requires the engagement of HA with a
minimum of 3 to 5 neighboring spikes (5, 31, 32). In addition, in that fluorescence study,
the authors deduced that �60% occupancy by stem-directed antibodies was required
to inhibit fusion (19). That level of bound antibody is roughly consistent with ratios of
IgG/HA spike (between 0.5:1 and 1:1) where we observed both potent inhibition of HA
function and neutralization of virus infectivity. If bivalent IgG is cross-linking adjacent
HA spikes on a virion, this would result in tightly bound networks of HA that have
constrained lateral mobility. IgG displayed potent neutralizing activity with a 95%
reduction in infectivity when bound at an IgG/HA ratio of 1:1. At this same ratio, Fab
was unable to inhibit the virus, further suggesting that the ability of IgG to bind
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bivalently to HA is critical for FI6v3 and likely other stem-directed antibodies. Indeed,
a significant decrease in fusion activity, as measured by fluorescence spectroscopy,
materialized only once the Fab/HA ratio was 3:1. We postulate that complete saturation
of the available binding sites on the trimeric HA spike may be necessary for Fab to have
an inhibitory effect on the fusion protein’s function. This may suggest that the three
HA2 subunits per trimer are not cooperatively coupled to each other. In terms of using
stem-targeting nAbs or engineered binders as entry-inhibiting antiviral agents, the
relatively low potency of FI6v3 Fab may hint that high concentrations of inhibitors will
be necessary for the compounds to be effective.

Why was FI6v3 IgG so effective when Fab was not? Our recent cryo-electron
tomography studies depicting the interplay of HA and membrane remodeling during
fusion indicate that shortly after initial contact and HA-induced dimple formation on
the target membrane, large spans of the target and virus membranes are drawn into
direct apposition (6). HA becomes excluded from these regions and must be laterally
displaced to the periphery of the membrane contact zone. IgG bound to two HA spikes
and, on a broader scale, cross-linking many spikes into a network, would prevent such
displacement from occurring. Additionally, a cross-linked network of HA may act at an
even earlier stage to prevent sufficient numbers of activated HA trimers from being
recruited to the fusion site in order to produce the proper sequence of membrane
docking and remodeling that can lead to fusion.

While bivalent interspike cross-linking by FI6v3 IgG within a given virus particle
appears to be critical for its activity, in contrast to HC19, neither FI6v3 IgG nor Fab was
able to aggregate virus. Stem-directed Abs such as FI6v3 must diffuse through a dense
array of HA spikes on the surface of influenza virus, and the location of this epitope
further down the HA stem prevents the Ab from being able to reach across to bridge
two epitope sites on separate particles. Previous studies examined the HA distribution
on the virus and inferred the accessibility of the HA2 stem epitope to antibodies (52)
but did not actually examine whole virus complexed with antibody. Another cryo-
electron tomography study previously examined a stem-targeting bnAb, C179, bound
to H1N1 influenza virus virions but focused on the averaged structure of the trimer-
antibody complex, which primarily revealed the orientation of one Fab domain pro-
jecting from the prefusion trimer (17). In that study, Harris et al. also observed that the
distribution of trimers on virions was able to accommodate up to 75% antibody
occupancy of HA. We note that for FI6v3, consistent with the findings of the study on
C179, we also did not observe significant density for the Fc domain in an orientation
where it would be accessible or extend beyond the HA arrays. We speculate that this
may indicate that the Fc-mediated effects associated with stem-targeting nAbs such as
FI6v3 may be targeting HA on the surface of infected cells, where the HA density may
be lower, rather than on free virus (46, 47).

In conclusion, we observed that the Ab-mediated inhibition of HA function occurs
by multiple complementary mechanisms and is largely dependent on the specific
epitope that is targeted and on the bivalent nature of IgG molecules. We have shown
that the ability of nAbs to aggregate influenza virus particles enhances the inhibition of
HA at an early stage of fusion peptide-induced membrane disruption through the
occlusion of infectious virions, even at concentrations well below antigen saturation.
Surprisingly, for HC19, binding to HA also inhibited HA function at the lipid-mixing
stage of the fusion pathway by preventing the refolding of HA through the stabilization
of the trimer under fusion-activating conditions. Epitopes further down the HA stem do
not exhibit cross-linking across separate particles, but the findings here support a
model of neutralization where bivalent binding to a sufficient amount of antigen is
needed to disrupt the cooperative network of HA required for fusion. The epitope that
is targeted influences the type of bivalent interactions that can take place between HA
and the virus and should be considered when developing a general model of Ab-
mediated neutralization.

Williams et al. Journal of Virology

March 2018 Volume 92 Issue 6 e02006-17 jvi.asm.org 14

http://jvi.asm.org


MATERIALS AND METHODS
IgG purification and Fab preparation. nAb HC19 was transiently expressed by using the FreeStyle

293F expression system (Life Technologies), while FI6v3 was constitutively expressed from a stable
HEK293F cell line. Plasmids encoding HC19 IgG and the stable cell line expressing FI6v3 IgG were kindly
provided by Jesse Bloom at Fred Hutchinson Cancer Research Center (Seattle, WA). After production in
HEK293F cells, secreted IgGs were isolated by centrifugation and further purified from the cell culture
supernatant by gravity flow over protein A-agarose resin. IgGs were eluted from protein A by using 100
mM glycine buffer (pH 2.0). Fractions were analyzed by SDS-PAGE, pooled, and concentrated by using
Vivaspin 2 centrifugal concentrators. Purified IgG was further digested into Fab domains by papain
digestion (Pierce Fab preparation kit) and purified from Fc fragments and undigested IgG by gravity flow
over protein A resin. Fractions were pooled and analyzed by SDS-PAGE to assess purity.

Influenza virus purification. X31 (H3N2) influenza A virus grown in allantoic fluid of embryonated
chicken eggs and purified by density gradient centrifugation was purchased from Charles River Labo-
ratories. Virus stocks (2 mg/ml) were centrifuged at 2,320 relative centrifugal force (rcf) at 4°C for 5 min
to remove residual egg protein contaminants. Virus in the supernatant was pelleted by centrifugation at
25,000 rcf for 60 min at 4°C and resuspended in HEPES-buffered saline (HBS) (pH 7.5) (150 mM NaCl, 50
mM citrate, 10 mM HEPES, 0.02% NaN3). For influenza virus used in fluorescence assays, the supernatant
containing the virus was mixed with lipophilic tracer dye Vybrant DiD (1,1=-dioctadecyl-3,3,3=,3=-
tetramethyl-indodicarbocyanine,4-chlorobenzenesulfonate salt) cell-labeling solution (Invitrogen), at a
final dye concentration of 2.5% (vol/vol) for 60 min at 37°C prior to the final centrifugation.

HA quantitation. The concentration of trimeric HA in influenza virus stocks was determined by
Western blot analysis using BHA as a protein standard. X31 virus and known quantities of BHA (quantified
by the A280) were run on NuPAGE 4% to 12% Bis-Tris gels and subsequently transferred to Immobilon-P
polyvinylidene difluoride (PVDF) membranes (Millipore). After transfer, membranes were blocked with
5% nonfat dry milk buffered in Tris-buffered saline (TBS) (pH 7.2)–150 mM NaCl– 0.1% Tween 20 (TBST).
Anti-HA-tagged antibody (Millipore) was diluted in blocking buffer at a 1:2,000 dilution and incubated
with membranes for 1 h at room temperature. After incubation with primary antibody, membranes were
washed with TBST. After washing, horseradish peroxidase (HRP)-conjugated protein G was diluted in blocking
buffer at a 1:5,000 dilution and incubated with membranes for 1 h. Membranes were washed with TBS and
developed by using enhanced chemiluminescence (ECL) detection methods. The band density for HA was
measured and the concentration was calculated by using ImageJ software for gel analysis (53).

Antibody-mediated neutralization of virus measured by a TCID50 assay. X31 (H3N2) influenza A
virus mixed with either IgG at a 1:1 molar ratio or Fab at a 2:1 molar ratio to the HA trimer presented on
the surface of the virus was incubated for 10 min at 37°C. The use of a 2:1 (Fab/HA) ratio offers a better
comparison in our assay by accounting for the bivalent presentation of Fab on IgG and the number of
potential interactions with the antigen. Samples of influenza virus without antibody were treated
identically as a control. Neutralization was measured by a TCID50 assay in a 96-well-plate format. In the
initial well of a column, 10 �l of the sample was added to 90 �l of influenza growth medium (IGM) (20
ml bovine serum albumin [BSA], 5 ml penicillin-streptomycin, 500 �l of 100 mg/ml CaCl2, 50 �l fetal
bovine serum [FBS], and up to 500 ml of Opti-MEM). The total amount of HA from the virus in each initial
well was 14.4 �g. The sample was then serially diluted 1:10 down the column of the plate. Fifty
microliters of 105 MDCK-SIAT1-TMPRSS2 cells/ml (referred to as “MDCK cells”) was added to each well.
Four columns were used per sample in each replicate. Plates were incubated at 37°C and scored for
cytopathic effects at 72 h postinfection. Viral titers were calculated by Reed-Muench analysis imple-
mented by the Python script at https://github.com/jbloom/reedmuenchcalculator. A total of 4 to 5
replicates for each sample was used for the statistical calculation of P values between groups by analysis
of variance (ANOVA).

Dynamic light scattering. Dynamic light scattering measurements were performed by using a
Dynapro Nanostar instrument (Wyatt Technologies, Santa Barbara, CA). IgG or Fab was titrated into
purified X31 influenza virus at the desired molar ratios of Ab to HA prior to addition to a low-volume
quartz cuvette. For DLS measurements, the HA concentration was kept constant at 100 �g/ml. Concen-
trations of polyclonal Ab in serum in response to infection are estimated to be on the order of 1 mg/ml;
however, concentrations of monoclonal Ab are not easily quantified. Therefore, concentrations of IgG
ranging from 0.1 to 100 �g/ml, consistent with quantities used in previous neutralization assays, were
examined (37, 54). Measurements were taken over the course of an hour at 25°C, and the mean estimated
radius at each time point was calculated from 10 individual measurements.

Liposome preparation. Liposomes composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
lipid and 25% cholesterol (molar ratio to DOPC) and decorated with 5% ganglioside (molar ratio),
aNeu5Ac(2-3)bDGalp(1-3)bDGalNAc(1-4)[aNeu5Ac(2-3)]bDGalp(1-4)bDGlcp(1-1)Cer (gD1a), serving as a sialic
acid receptor for the HA glycoprotein, were prepared by lipid extrusion according to a previously described
protocol (5). DOPC, cholesterol, and gD1a were combined from chloroform stock solutions and dried under
nitrogen gas. The lipid films were resuspended in buffer containing 25 mM SRB dye, 150 mM NaCl, 10 mM
HEPES, 50 mM sodium citrate (pH 7.5), and 0.02% NaN3. After 10 freeze-thaw cycles in liquid nitrogen,
liposomes were extruded 29 times through a 100-nm polycarbonate membrane (Avanti Polar Lipids).
Extruded liposomes were passed over a PD-10 desalting column (GE Healthcare) and stored in pH 7.5
HEPES-citrate buffer. DLS was used to measure the average diameter and polydispersity of the liposomes at
room temperature. The liposome diameter ranged from 165 nm to 182 nm, with low polydispersity.

Biolayer interferometry. Binding kinetics of HC19 and FI6v3 IgGs and Fabs with trimeric BHA were
determined by using BLI on an Octet Red system (FortéBio). Hydrated anti-human Fab-CH1 biosensors
were immobilized for 4 min with purified IgG or Fab diluted to 10 �g/ml in phosphate-buffered saline
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(PBS) (pH 7.4) supplemented with 1% BSA, 0.03% Tween 20, and 0.02% NaN3. After reaching a stable
baseline, antibody-immobilized tips were moved to wells containing a 2-fold dilution series of trimeric
BHA to monitor association for 4 min. Tips were moved back to wells containing buffer to monitor
dissociation for 8 min. Kinetic data were analyzed by using FortéBio Data Analysis 7.0 software. Average
measurements from reference wells were subtracted, and data were processed by Savitzky-Golay filtering
prior to fitting using a 1:1 binding model. Reported values are averages of data from experiments
repeated in triplicate.

Fluorescence spectroscopy. For fluorescence-monitored membrane fusion assays, DiD-labeled virus
was incubated with IgG or Fab at 22°C for 30 min to allow complexes to form. The virus-antibody mixture
was then added to an excess volume of SRB-labeled liposomes and transferred to a 40-�l fluorescence
microcuvette. The reaction mixture was incubated at neutral pH at 37°C for 10 min to allow liposomes
and the virus to reach a stable baseline. We have observed from our recently reported studies that pH
5.25 irreversibly triggers HA and provides optimal dequenching profiles in fluorescence fusion assays;
therefore, fusion of the virus and liposomes was initiated by decreasing the pH to 5.25 by the addition
of buffer containing 150 mM NaCl, 10 mM HEPES, 50 mM sodium citrate (pH 3.0), and 0.02% NaN3 (5, 6,
14). Measurements were collected on a Varian Cary Eclipse spectrophotometer using excitation/emission
wavelength pairings of 644/655 nm for DiD and 565/586 nm for SRB, with 2.5-nm slit widths, at 37°C.

Once fusion of the liposome and viral membrane occurs, leakage of SRB from the hydrophilic
compartment of the liposome relieves fluorescence quenching. Lipid mixing occurs as the virus and
liposome fuse, and DiD dye diffuses through a larger membrane, where fluorescence dequenching is
monitored. Fluorescence dequenching of SRB and DiD was normalized by using the formula [F(t) �
F(0)]/[F(max) � F(0)], where F(0) is the fluorescence reading prior to acidification and F(max) is the fluores-
cence reading after complete dequenching by the addition of Triton X-100 detergent to a final
concentration of 1%.

Negative-stain electron microscopy of influenza virus. The HA concentration in spin-purified X31
influenza virus was determined by Western blot analysis. X31 influenza virus at 100 �g/ml (HA) was
adsorbed onto glow-discharged C-Flat, 300-mesh, Cu grids (Electron Microscopy Sciences) and stained by
using methylamine tungstate (Nano-W; Nanoprobes). Grids were imaged on a Tecnai T12 electron
microscope operating at 120 keV and equipped with a 4k-by-4k charge-coupled-device (CCD) camera at
a magnification of �42,000, corresponding to a pixel size of 2.60 Å per pixel.

Negative-stain electron microscopy of the Fab:BHA complex. The ability of Fab to stabilize
prefusion BHA under fusion-activating conditions was assessed by performing reference-free 2D classi-
fication of the Fab:BHA complex under neutral and acidic pH conditions using the EMAN 2.1 image
processing suite (55). In short, a 3-�l aliquot of the Fab:BHA complex at pH 7.4, or with the pH adjusted
to 5.25 for 10 min, was applied to glow-discharged C-Flat, 300-mesh, Cu grids (Electron Microscopy
Sciences) and stained by using Nano-W. Data were collected by using a Tecnai T12 transmission electron
microscope operating at 120 keV. Images were taken by using a Gatan 4k-by-4k CCD camera at a
magnification of either �67,000 or �52,000 and a defocus range of �3 to �1 �m, corresponding to a
pixel size of 1.60 Å or 2.07 Å per pixel, respectively. Particles were selected by using interactive particle
picking from �100 micrographs. Particle stacks of �8,000 particles were created and subjected to
reference-free 2D classification and clustering to generate 50 2D classes. Representative class averages
for each sample were chosen for clarity.

Cryo-EM and tomography processing. Purified virus, 10-nm colloidal gold beads (Electron Micros-
copy Sciences), and purified IgG were combined at the desired ratios of Ab to HA. The combined solution
was incubated at room temperature for 5 min prior to addition to glow-discharged holey carbon-coated
grids (C-flat, 200 mesh; Electron Microscopy Sciences) and plunge frozen in liquid ethane by using a
Vitrobot Mark IV specimen preparation unit (FEI Co.).

Vitrified grids were imaged at 200 keV in an FEI Tecnai F20 transmission electron microscope
equipped with a 4k-by-4k CCD camera at a nominal magnification of �50,000 (and binned by a factor
of 2, yielding a pixel size of 4.4 Å per pixel) or a Gatan K2 Summit direct detector in counting mode at
a calibrated magnification of �11,500, corresponding to a pixel size of 3.2 Å per pixel. Images were
acquired at a 3-�m defocus, and specimens were tilted in 2° increments from 58° to �58° by using the
Leginon software package (56). The total electron dose for the entire tilt series was estimated to be �80
electrons/Å2. The K2 image frames were aligned prior to tomographic reconstruction (57). Tomograms
were reconstructed by using the weighted back-projection method in the IMOD software package (58)
and denoised as previously described (5).
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