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Human monoclonal antibodies have been identified which neutralize broad spectra of influenza A or B viruses. Here, we
dissect the mechanisms by which such antibodies interfere with infectivity. We distinguish four mechanisms that link the
conserved hemagglutinin (HA) epitopes of broadly neutralizing antibodies to critical processes in the viral life cycle. HA-
stem binding antibodies can act intracellularly by blocking fusion between the viral and endosomal membranes and
extracellularly by preventing the proteolytic activation of HA. HA-head binding antibodies prevent viral attachment and
release. These insights into newly identified ways by which the human immune system can interfere with influenza virus
infection may aid the development of novel universal vaccines and antivirals.
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Introduction

Influenza viruses continue to be a major cause of morbidity and
mortality due to shortcomings of currently available vaccines and
antivirals. Despite the well-established role of neutralizing
antibodies in the defense against influenza virus infection [1,2]
there is a lack of evidence on how such antibodies interfere with
infection. Further understanding of their mechanisms of action,
correlated to the structures involved, may guide the design of
better vaccines and antivirals.

Neutralizing antibodies mainly target the hemagglutinin (HA)
protein, the major envelope glycoprotein of influenza viruses. The
HA protein is synthesized as a single precursor protein (HAO) and
requires cleavage by host serine proteases into two disulfide-linked
subunits, HA1 and HAZ2, for the virus to be infectious [3,4]. The
HAT1 “head” subunit mediates attachment of the virus to target
cells through interactions with sialic acid receptors. After
endocytosis of the virus, acidification of the endosomes triggers
large conformational changes in the HA2 “stem” subunit leading
to fusion of the viral and endosomal membranes and release of the
viral genome into the cytoplasm, allowing the infection to
progress.

The vast majority of neutralizing antibodies in infected or
vaccinated individuals interferes with attachment of the virus to
cellular receptors by binding to exposed, highly variable loops
that surround the receptor binding site. Antibodies binding to
these typically strain-specific and
following natural exposure or vaccination is mostly restricted
to closely related strains. However, in the last five years, several
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human antibodies with remarkably broad neutralizing activity
against influenza virus have been generated and characterized.
Most of these broadly neutralizing antibodies (bnAbs), such as
CR6261, F10, CR8020, FI6, and CR9114, were shown to bind
to epitopes in the HA stem which are highly conserved among
various influenza virus subtypes and have heterosubtypic
neutralizing activity [5,6,7,8,9,10]. Others, like CH65, 5]8,
CR8033, and C05, bind (close) to the receptor binding site on
the HA head and show broad neutralizing activity within one
subtype, or neutralize selected isolates from several subtypes
[10,11,12,13]. Many of these bnAbs have been shown to have
therapeutic efficacy in animal models [5,7,8,9,10,12,14,15]
and several are being developed as monoclonal antibody
therapies. The broad activity of both groups of bnAbs is a
result of the high level of conservation of their respective
epitopes, which in turn appears to be caused by structural
constraints imposed on the HA protein by the necessity to
retain its key functions; receptor binding and fusion. To
understand the structural basis of the broad activity, much
effort has been focused on the molecular characterization of
the bnAbs and their epitopes with the ultimate goal of
developing a universal vaccine against influenza virus
[1,16,17,18]. Stem binding antibodies as well as head binding
antibodies have multiple ways by which they can interfere
with the viral life cycle [19,20,21]. Detailed knowledge on the
mechanisms of action of bnAbs, as is presented here, is critical
for understanding how the human immune system interferes
with processes that are pivotal for influenza virus infection
and spread.
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Results

Stem-binding bnAbs are internalized by live cells in
complex with viral particles, reach late endosomes, and
prevent infection

Stem-binding neutralizing antibodies have been postulated to
inhibit the fusion process based on their interaction with the HA2
subunit and lack of activity in hemagglutination-inhibition (HAI)
assays, which specifically detect antibodies that interfere with
attachment of the virus to sialic acid receptors. Indirect evidence
supporting this notion comes from biochemical studies showing
that such antibodies can block the conformational changes of
recombinant HA required for membrane fusion [6,8,10], or
prevent the formation of syncytia in HA-expressing cells [7,22].
Such a mechanism of action implies that these antibodies are
internalized together with the virus and reach late endosomes, but
this has so far not been shown. By using fluorescence single
particle tracking methods we investigated the fate of viral particles
and bound antibodies during infection of live cells (Figure 1A)
[23]. Movies of cells incubated with fluorescently labeled CR8020
mixed with H3N2 virus, and CR6261 mixed with HIN1 virus
(CR8020 and CR6261 specifically bind Group 2 and Group 1
influenza A viruses, respectively. Table Sl), reveal that stem-
binding antibodies are indeed internalized in complex with the
virus and transported along the microtubule cytoskeleton
(Figure 1B, 1C; Movies S1, S2). The joint and directed movement
of internalized viruses and bound antibodies is evident from their
high degree of co-localization over consecutive frames. This
behavior was exclusively observed for viruses and bound stem-
binding antibodies since head-binding antibodies prevent viral
internalization to begin with and no evidence for the internaliza-
tion of unbound antibody could be found (Figure SI1A, S1B;
Movies S3, S5). Furthermore, pulse-labeling with a dye sensitive
for low-pH vesicles, combined with single particle tracking in cells,
demonstrated that virus-antibody complexes reach acidic late
endosomes (Figure 1D, 1E). Prolonged tracking of cells that had
internalized virus-antibody complexes allowed us to determine
their individual fate. Following a pre-incubation with H3N2 virus,
stem-binding bnAb CR8020 was observed co-localizing with viral
particles inside cells at early time points (Figure 1F, Table S2).
Cells were imaged every 30 minutes for 15 hours after which they
were fixed and probed for the expression of influenza nucleopro-
tein (NP), which was used as an indicator for infection. In cells that
had internalized CR8020 in complex with the virus, no NP
expression was detected (Figure 1G), indicating that the bound
bnAb successfully prevented infection. In contrast, a comparable
number of particles led to full infection in the control experiment
in which H3N2 virus had been pre-incubated with a non-binding
control antibody (Figure 1H, 1I). Similar results were obtained for
the inhibition of infection by HINT virus following pre-incubation

with CR6261 (Figure S2).

Stem-binding bnAbs prevent membrane fusion

The finding that stem-binding bnAbs reach late endosomes in
complex with the virus is congruent with the assumption that such
antibodies can prevent infection by blocking fusion of the viral and
endosomal membranes. To directly observe the interference of
viral fusion by bnAbs, a single particle fusion assay was applied
(Figure 2A). Hereto, the envelope membrane of virus particles
were fluorescently labeled at a density of lipophilic dye molecules
that led to fluorescence self-quenching [24,25]. Labeled viruses
were subsequently incubated with various concentrations of stem-
binding bnAbs (optionally fluorescently labeled). Virus-antibody
complexes were then bound to receptor proteins embedded in a
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target membrane and imaged. Upon lowering of the pH, HA
molecules of individual viral particles incubated with a non-
binding control antibody or low concentrations of bnAbs undergo
conformational change and mediate membrane fusion. This event
is observed as a rapid temporary increase in fluorescence signal
(Figure 2B, 2C, yellow triangles; Movie S5). Increasing bnAb
concentrations dramatically decrease the number of fusing virus
particles (Figure 2D—-G, Movie S6), demonstrating the direct
inhibition of membrane fusion by stem-binding bnAbs.

Preventing proteolytic cleavage of HA is an additional
mechanism of neutralization for some stem-binding
bnAbs

The inhibition of the fusion between the virus and the
endosome is a mechanism shared by all neutralizing stem binding
bnAbs described to date. Inhibiting the cleavage of HAO into HA1
and HA?2 fragments removes the fusogenic potential of HA and is
a second mechanism adding to the potency of some of the stem
binding Abs. Stem-binding bnAbs CR8020 and FI6 recognize
epitopes which partially overlap with the fusion peptide and bind
close to the cleavage site of HA [8,9]. Both have been reported to
not only inhibit the conformational change of HA, but to also
prevent trypsin from cleaving the extracellular domain of purified
HA i vitro [8,9]. To test the contribution of inhibiting HA
cleavage on the potency of CR8020, we generated a batch of
H3N2 virus of which the HA proteins were uncleaved by
harvesting the virus after a single round of infection in the
absence of trypsin. As expected, such ‘uncleaved’ virus was only
infectious on MDCK cells after treatment with trypsin (Figure 3A).
Next, we compared the potency of CR8020 against this virus
treated with trypsin either before, or after addition of the antibody
(Figure 3B). When CR8020 was added before cleavage, a nine-fold
increase in potency was found compared to when antibody was
added to previously cleaved virus (Figure 3C, 3D). This difference
shows that the i vitro neutralizing potency of CR8020 is based on
prevention of both fusion and cleavage. However, although
porcine trypsin is widely used to render influenza viruses infectious
in cell culture, in human lungs cleavage is thought to be mediated
by membrane-bound proteases such as TMPRSS-2, and -4 and
Human Airway Trypsin [26] and potentially also by secreted
proteases like tryptase Clara, miniplasmin, and ectopic anionic
trypsin [3]. Human lung derived Calu-3 cells form polarized
epithelia and express TMPRSS-2 and -4 [27]. These cells allow
the propagation of influenza virus in the absence of trypsin,
indicating that cellular serine proteases are capable of mediating
cleavage of progeny virus (Figure S3A). Interestingly, uncleaved
virus is not infectious when added to Calu-3 cells, suggesting that
cell-associated proteases are unable to cleave the HA of ‘incoming’
virus particles (Figure S3B). In order to compare the cleavage
status of the HA on viral particles produced in the presence and
absence of CR8020, we infected Calu-3 cells with H3N2 virus and
added the antibody two hours later. In this way we prevented
interference of the antibody with the initial infection, but allowed
it to bind immediately to newly expressed HA molecules on the
cell surface. Virus particles were harvested from the supernatant
20 hours post infection and analyzed by Western blot. Whereas in
the presence of a non-binding control antibody (CR6261) a
portion of the HA molecules on viral particles were cleaved, as
indicated by the presence of the HA2 band, CR8020 efficiently
blocked HA cleavage at a concentration as low as 0.4 ug/mL
(Figure 3E). Interestingly, not all HA molecules incorporated in
viral particles need to be cleaved to allow spread of infection in
Calu-3 cells, as apparent from the observation that virus spreading
in these cells in the absence of trypsin (Figure S3A) contains both
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Figure 1. Stem-binding bnAbs are internalized into live cells in complex with viral particles, reach late endosomes, and prevent
infection. (A) Experimental layout. Fluorescently labeled viruses and antibodies were pre-incubated and subsequently added to live cells and
tracked. Whether or not cells were eventually infected was determined by staining for influenza NP after tracking individual cells for 15 hours. (B and
C) Stills of movies (Movies S1 and S2) showing the joint and directed motion of R18-labeled A/Aichi/2/1968-X31 (H3N2) (red) and AF647-labeled
CR8020 (green) (B), and R18-labeled A/Puerto Rico/8/1934 (H1N1) virus (red) and AF647-labeled CR6261 (green) (C), along TubulinTracker-stained
microtubules (white) of live MDCK cells (nucleus, blue) approximately 30 minutes after addition of the pre-incubated virus-antibody mixtures. Dashed
lines outline the trajectories of the virus-antibody complexes (red triangles) as seen in movies S1 and S2. (D) A/Aichi/2/1968-X31 (H3N2) virus was pre-
incubated with AF647-labeled CR8020 (green) before addition to live MDCK cells labeled with LysoTracker (magenta) and imaged when virus-
antibody complexes reached the perinuclear region. Arrows indicate co-localization of virus-antibody complexes with low-pH vesicles (white). (E) As
in (D), except that here A/Puerto Rico/8/1934 (H1N1) virus and AF647-labeled CR6261 were used. (F) R18-labeled A/Aichi/2/1968-X31 (H3N2) virus
(red) was incubated with AF647-labeled CR8020 (green) before addition to live MDCK cells expressing a GFP-cell tracer (grey cell outline). Virus-
antibody complexes (co-localization shown in yellow, compare also split channels in the inset) were detected in live cells 30 minutes after
inoculation. (G) To determine whether internalized virus-antibody complexes prevent infection, the fate of individual cells was assessed by tracking
them over night (imaged in 30 min intervals). 15 hours post-incubation (hpi) the same cells (including their progeny) were fixed and stained for
expression of influenza nuclear protein (NP, blue). (H) Incubation of R18-labeled A/Aichi/2/1968-X31 (H3N2) virus (red) with non-binding AF647-
labeled CR6261 did not result in internalization of antibody. Only viral particles were detected in live cells 30 minutes after addition of the virus-
antibody mixture and infection was not prevented, as demonstrated by the expression of NP (blue) in these same cells 15 hours later (I). Examples of
progeny cells are indicated with numbers. Scale bars B-E equal 10 um, F-I equal 25 um.

doi:10.1371/journal.pone.0080034.g001

cleaved and uncleaved HA (Figure 3E). Nevertheless, in the
presence of sufficient amounts of CR8020, newly budded viral
particles contain only uncleaved HA molecules, rendering them
non-infectious. This shows, in a physiological situation, that
CR8020 inhibits cleavage and spread of influenza virus and that a
single type of antibody can act intra-cellularly (fusion inhibition) as
well as extra-cellularly (cleavage inhibition).

cells (Figure S1C), we hypothesized that egress inhibition is a more
common mechanism of action for antibodies directed against HA
of influenza A and B. To test this, cells were infected and three
hours later, various stem- and head-binding antibodies were added
(see Table S1). Delaying the addition of antibodies ensured
unhindered initial infection and allowed assessment of the effect on
egress only. Twenty hours after infection, the amounts of newly
produced viral particles present in the supernatants and cell lysates
were analyzed. Since the presence of the neutralizing antibodies

HA head-binding antibodies not only block attachment, would interfere with assays assessing virus titers (e.g. TCIDs5), we

but also viral egress

Head-binding neutralizing antibodies are well-documented to
prevent viral attachment to the receptor. However, we have
recently described two bnAbs, CR8033 and CR8071, which bind
to the globular head of influenza B HA and are able to inhibit viral
egress [10]. Whereas CR8033 also interferes with attachment of
the virus to its cellular receptor, egress inhibition appears to be the
only neutralization mechanism of CR8071. Since both head- and
stem-binding antibodies can bind to HA on the surface of infected
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used Western blot analysis to determine the amount of virus. As
observed with influenza B specific antibodies CR8033 and
CR8071, the presence of head-binding antibodies against influ-
enza A viruses of the HIN1 (CR9020, CH65 and 2D1) and H3N2
(CR8057) subtypes led to a significant reduction in the amount of
viral particles released into the supernatant (shown by the absence
of HA), while the production and accumulation of HA in the cell
was not affected (Figure 4A, 4B and S5A). In contrast, the
presence of HA stem-binders (CR6261 and CR8020) had no effect
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Figure 2. Stem-binding bnAbs prevent membrane fusion in an in vitro single particle fusion assay. (A) Assay setup in microfluidic
chamber mounted on an inverted fluorescent microscope. (B and D) Stills of movies of individual R18-labeled A/Aichi/2/1968-X31 (H3N2) or (C and E)
A/Puerto Rico/8/1934 (H1N1, Movie S5 and S6) virus particles (magenta) incubated with AF488-labeled bnAbs (green) and bound to sialic acid
decorated proteins embedded in a supported lipid bilayer where they co-localize (white, merge). Upon lowering the pH from 7.4 to 5.0
(t=0 seconds), viruses incubated with only 15 nM CR8020 or CR6261 undergo HA-mediated fusion with the target membrane, visualized as a rapid
increase in signal due to fluorescence dequenching followed by diffusion of R18 molecules away from the fusion site (B and C, yellow triangles),
whereas no fusion events occur when viruses are incubated with 1500 nM bnAbs (D and E). Scale bars equal 3 um; illumination conditions and image
contrast settings are identical in B-E. (F and G) The percentage of H3N2 and H1N1 particles undergoing fusion after the pH drop decreases with
increasing concentrations of CR8020 and CR6261, respectively (black symbols). In contrast, high concentrations of bnAbs used as non-binding control

antibody have no effect on the percentage of fusion (open symbols).
doi:10.1371/journal.pone.0080034.9002

on the amount of viral particles released into the supernatant.
Thus, egress inhibition appears to be a common mechanism of
antibodies directed against the head region of HA of both
influenza A and B viruses. Since head-binding antibodies are
dominant in the response to infection or vaccination, we were
interested to see whether polyclonal serum (besides the well-
documented inhibition of receptor interaction) could also inhibit
viral egress. Indeed, addition of HA-specific polyclonal mouse
serum to infected cells caused a concentration dependent
reduction of viral particles in the supernatant, without affecting
the accumulation of HA in the cell (Figure 4C).

Confirmation that head-binding antibodies inhibit egress comes
from Scanning EM (SEM) images showing that whereas separate
budding particles are present at the surface of infected cells in the
presence of stem-binding antibody CR6261, large aggregates of
particles are visible in the presence of each of the head-binding
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antibodies (Figure 4E and S4, S5C). Transmission EM (TEM)
images further reveal that the aggregated virions resemble fully
formed free virus particles, with an electron dense core due to the
vRNPs and spike proteins on the surface (Figure 4F, 4G and S4,
S5D, S5E). Moreover, completely formed viral particles surround-
ed by an endosomal membrane were detected in the cytoplasm
near the surface, suggesting that un-budded particles can be re-
internalized (red triangles in Figure 4G and S5E). In all these
aspects, the phenotype is similar to what is seen with the antiviral
drug zanamivir, which inhibits egress by blocking the enzymatic
activity of the neuraminidase (NA) protein (Figure S5C-E).

We hypothesized that HA head-binding antibodies inhibit
egress by cross-linking of newly formed virions to each other and
to HA on the cell membrane. In line with this hypothesis, the
presence of the monovalent Fab fragments of CR8057, CR8033
and CR8071 had no effect on the amount of HA in the
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Figure 3. Blocking HA cleavage by CR8020 has an additive effect on virus neutralization /n vitro. (A) Expression of influenza NP (green) in
MDCK cells (nuclei labeled with DAPI in blue) 16 hours after inoculation with A/Wisconsin/67/2005 (H3N2) virus of which the HA was uncleaved (top)
or cleaved by prior incubation with trypsin (bottom). (B) Experimental layout to study the additive effect of cleavage inhibition on the potency of
CR8020 in vitro. (C) A/Wisconsin/67/2005 (H3N2) virus was either first incubated with trypsin and then with a serial dilution of neutralizing antibody
(i.e. CR8020 after trypsin), or the virus was first incubated with serial dilutions of antibody and then treated with trypsin (i.e. CR8020 before trypsin).
After 18 hours of infection, cells (nuclei stained with DAPI, blue) were stained for infection (NP expression, green). (D) Graph shows numerical analysis
of results; normalized percentage of infection versus antibody concentration was used to compare the IC5, values for each condition. Change in I1Csq
is 9.2-fold (95% C.I. 6.8-12.3). (E) Calu-3 cells (polarized human lung epithelia) were infected with cleaved A/Wisconsin/67/2005 (H3N2). Virus was
washed away after 2 hours, and cells were incubated with test and control antibody for 18 hours in the absence of trypsin. Newly produced viral
particles released into the culture supernatant were harvested and the HA cleavage status was analyzed by Western blot (using rabbit polyclonal anti-
HA serum). The presence of the HA2 band is indicative for cleavage (the HA1 band is not efficiently stained by the polyclonal serum).
doi:10.1371/journal.pone.0080034.g003

supernatant of cells infected with H3N2 and influenza B virus,
respectively (Figure 4D and Figure S5B). Interestingly however,
the Fab fragment of CH65 did result in a reduction of HA in the
supernatant of cells infected with HIN1 virus, similar to the IgG
molecule. Considering the phenotypic resemblance with zanami-
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vir, one may speculate that CH65 prevents NA from performing
its function through steric hindrance, rather than through cross-
linking newly formed virions. However, it is also possible that all
these antibodies inhibit egress in the same way (be it through
hindrance of NA or otherwise), but that differences in affinity, or

December 2013 | Volume 8 | Issue 12 | e80034



Mechanisms of HA Targeted Influenza Neutralization

A B

[ug/mL] 100 33 11 3.7 1.2 0.4 0.1 0 [Mg/mL] 100 33 11 3.7 1.20.4 0.1 0
ML s DD EEDEDED
CR6261 CR8020
L | (D GO GID G &0 D G L o ool oo (ot o) 0D R
S ... S .0‘
aH1 head oH3 head
CH65 CR8057
L GGG " L o S s 00 000 S0 SR N
m C serum dilution o~ m D H1iN1
o o o o [ug/mL] 11 3.7 1.20.4 0.1 0
© © © © © © a -
pe8ggefesg . ot
aH1 head - & :
«H1 HA| S e e Fat-::sf -
mouse L e e g oo
SETUM | ) | s cup aon GUD oo = e owp o=
H3N2
control | S | S e—tSasenee = oH3 head SIM
mouse Fab of
SETHT L e o o o o e o - - CR8057 | | ---..q
HiN1 H3N2 Influenza B
CR6261 aH1 head CH65 aH3 head CR8057 ahead CR8033
E ? SR REL ¥ ) 7
= £9. 09"
L e =
« b |
o
-
]
1
]
1
e e R
F i
A
9
=
=
=
G

Figure 4. HA head binding antibodies inhibit influenza virus egress. (A) Calu-3 cells were infected with A/Puerto Rico/8/1934 (H1N1) and
3 hours later stem-binding antibody CR6261 or head-binding antibody CH65 was added. Twenty hours later, the amounts of HA present in the cell
supernatant (S) and lysate (L) were analyzed by Western blot (HAO band shown). (B) As in (A) except that cells were infected with A/Wisconsin/67/
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2005 (H3N2) virus and stem- and head-binding antibodies CR8020 and CR8057, respectively, were used. (C) Naive mice were immunized and boosted
twice with DNA encoding the HA of influenza A/Brisbane/59/2007 (H1N1) virus. Serum was collected and added to MDCK cells 3 hours after infection
with the same virus. The amount of newly produced particles in culture supernatants and cell lysates were analyzed 20 hours later by Western blot
(HAO band shown). As positive and negative controls 1 ug/mL of CR9020 and CR8057 were included, respectively. (D) Fab fragments of head-binding
antibodies CH65 and CR8057 were added 3 hours after infection of MDCK cells with A/Puerto Rico/8/1934 (H1N1) and A/Wisconsin/67/2005 (H3N2)
virus, respectively, and 20 hours later the amounts of HA present in the supernatant were analyzed as above. (E) SEM images of the surface of MDCK
cells infected with influenza A/New Caledonia/20/1999 (H1N1), A/Wisconsin/67/2005 (H3N2), or influenza B/Florida/04/2006 virus and subsequently
incubated (from 3 hours post infection) with CR6261 (50 ug/mL, 333 nM), CH65 (10 ug/mL, 67 nM), CR8057 (0.5 png/mL, 3 nM) or CR8033 (2.5 ug/mL,
17 nM) respectively. Representative images of three independent experiments are shown. Scale bar 1 um. (F and G) As in (E) except TEM images of
ultrathin sectioned MDCK cell (re-internalized particles indicated with red triangles). Scale bar in (F) 500 nm and in (G) 100 nm.

doi:10.1371/journal.pone.0080034.9g004

the orientation in which they bind to HA determines whether the
Fab alone or the larger IgG molecule is required. Either way, our
results show that many, if not all, head-binding neutralizing
antibodies, next to preventing attachment to the receptor, also
inhibit egress.

Discussion

The in vivo activity of antiviral antibodies is thought to be a
combination of direct mechanisms of action (e.g. neutralization)
and indirect mechanisms of action, generally mediated by immune
cells (e.g. NK cells) or complement factors interacting with the Fe-
tail of the bound antibodies and inducing cell toxicity [28,29]. In
this study, we focused on the direct mechanisms of action of bnAbs
as a consequence of their binding to different epitopes on HA. By
using live cell imaging and infectious viruses we distinguish four
physiologically relevant mechanisms by which anti-HA antibodies
can interfere with the pivotal functions of HA and neutralize the
virus: inhibition of receptor binding, inhibition of membrane
fusion, inhibition of HAO cleavage and inhibition of egress. These
mechanisms, being so diverse and tailored to different stages in the
life-cycle of the influenza virus (Figure 5A), are not readily
captured in a single assay format. Consequently, when assessing
the potency of a particular antibody, antiviral, or a (universal)
vaccine, it will be necessary to use various assays. Indeed, the use
of HAI and standard microneutralization assays is one of the
reasons why the existence of bnAbs has long gone undetected [30].
Likewise, some of the head-binding antibodies described previ-
ously may in addition to preventing attachment also inhibition
egress [11,13,31,32,33]. Because the epitopes of the bnAbs studied
here (and several others) are known, we can link their mechanisms
of action to specific regions on the HA molecule (Figure 5B).
Although this link is not absolute in the sense that only antibodies
binding to these regions exert these mechanisms [34], the bnAbs
show us highly conserved sites where interference with crucial
processes involving HA is possible (Figure 5A, 5B). This
information may be exploited to design broad-spectrum anti-
influenza virus molecules since the broad reactivity of these
antibodies means that antivirals mimicking their mechanisms of
action will be broadly active, provided that they bind to the same
highly conserved regions on HA.

Materials and Methods

Cell Culture

Suspension PER.C6® (sPER.C6®) cells [35,36] were cultured in
Adenovirus Expression Medium (AEM, Invitrogen) supplemented
with 4 mM L-glutamine and passaged twice weekly. Cells were
cultured at 37°C, 10% COs in a shaking incubator. The canine
kidney cell line MDCK (ATCC, CCL-34) was cultured in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
10% fetal bovine serum and 2 mM L-Glutamine and passaged
twice weekly. The lung adenocarcinoma cell line Calu-3 (ATCC,

PLOS ONE | www.plosone.org

HTB-55) was cultured in the same medium supplemented with
Non Essential Amino Acids and passaged once a week. Cells were
cultured at 37°C, 10% CO,. All culture reagents were purchased
from Invitrogen (Carlsbad).

Viruses

Purified wild type influenza viruses A/Puerto Rico/8/1934
(HIN1) and A/Aichi/1968-X31 (6:2 reassortant of A/Puerto
Rico/8/1934 with the HA and NA segments of A/Aichi/1968
(H3N2)) propagated in eggs were purchased from Charles River
Laboratories and used for live cell imaging. Stock samples were
certified to contain 2 mg of protein per mL and stored at —80°C.
A/New Caledonia/20/1999 (HINI1), A/NYMC/X-181 (6:2
reassortant of A/Puerto Rico/8/1934 with the HA and NA
segments of A/California/07/2009 (HIN1)), A/Puerto Rico/8/
1934 (HIN1), A/New Caledonia/20/1999 (HIN1), A/Brisbane/
59/2007 (HINT1), A/Wisconsin/67/2005 (H3N2), A/Aichi/2/
1968-X31 (H3N2), A/NYMC/X-161B (A/Puerto Rico/8/1934
with the HA and NA segments of A/Wisconsin/67/2005 (H3N2)),
and B/Florida/04/2006 were grown by infecting sSPER.C6® cells
with virus at MOI 1x10™* in infection medium (AEM and VP-
FSM (2:1), supplemented with 2.6 mM L-glutamine and 3 pg/mL
trypsin (all reagents from Invitrogen)). After 72 h of incubation,
virus containing cell culture supernatant was harvested by
centrifugation at 4000 g for 10 min. Virus aliquots were stored
at —80°C. For colocalisation and entry studies in live cells, A/New
Caledonia/20/1999 and A/NYMC/X-161B were purified by
ultracentrifugation at 27,000 rpm for 2 h at 4°C through a 25%
sucrose cushion. The virus pellet was resuspended in NTE buffer
(150 mM NaCl, 10 mM Tris, | mM EDTA), pH 7.4 overnight at
4°C before aliquotting and storage at —80°C.

Uncleaved viruses were produced by infecting sSPER.C6® cells
with cleaved virus at MOI 2 for 2 h in infection medium without
trypsin. Cells were subsequently washed extensively with 10% FBS
in PBS and incubated in infection medium in the absence of
trypsin. Virus supernatant was harvested by centrifugation at
4000 g for 10 min. All incubations were done at 35°C, 10% COs,
on a shaking platform. Uncleaved status of HA was confirmed by
Western blotting after probing with HI-HA or H3-HA specific
polyclonal serum and infection assays to confirm the absence of
infection without prior treatment with 5 pg/mlL trypsin for 30 min
at 37°C.

All viruses were specifically titrated to reach >90% infection in
cach of the experimental conditions. Controls confirmed the
successful infection in every experiment.

Antibodies (IgG expression, Fabs and polyclonal sera)
Fully human IgGl antibodies CR6261, CR8020, CR8033,
CR8057, CR9020, CR11054, and CR11055 were constructed
and expressed as described previously (Ekiert et al., 2011). Fab
fragments were obtained by IdeS digestion of antibodies, followed
by purification via protein G (GE Healthcare), cation exchange
(MonoS, GE Healthcare), and gel filtration (Superdex200, GE
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Figure 5. Mechanisms of action of bnAbs map to conserved regions on HA and thereby reveal conserved vulnerabilities of
influenza virus. (A) Influenza virus life cycle highlighting the four distinct mechanism of actions of HA head-binding (green) and stem-binding
(blue) bnAb. (Panel B, left) X-ray structure of an uncleaved H3 trimer (A/Hong Kong/1/68 PDB 1HAO) in a space filling representation. For clarity, only
one monomer of the trimer is colored (HA1 green, HA2, yellow). The head region, comprising lectin and vestigial esterase domains, and the stem
region, containing the fusion machinery, are indicated with dotted black lines. The receptor binding site is plotted in blue and the cleavage site in
pink. The regions around these sites (solid orange lines) are the footprints of sialic acid and trypsin, respectively. To roughly estimate the trypsin
footprint, a trypsin structure (PDB 1YF4) was docked on the HA cleavage site such that the cleaved HA arginine overlapped with the bound arginine
from 1YF4. HA amino-acids within 5A from trypsin were then taken as an approximation of the footprint. (Panel B, right) Footprints, indicated by solid
cyan lines, of the bnAbs studied here superimposed on HA: CH65 and CR6261 footprints are plotted on HA from A/South Carolina/1/1918 (PDB ID
3GBN), and the CR8020 footprint on A/Hong Kong/1/1968 HA (PDB ID 3SDY). For the flu B antibodies, the B/Brisbane/60/2008 structure (PDB ID
4FQM) is used. Each of the HA structures has been colored with amino-acid conservation index, corresponding to their respective virus groups: H1 —
group1, H3 - group 2 and B - entire influenza B. Conservation was calculated based on the NCBI flu database set as of December 2011, assuming a
number of conservative substitutions [8]. Red color corresponds to more than 99% conservation, white to less than 60% conservation. Additional

human antibodies of which the epitopes and/or mechanism(s) of action are known are indicated on the far right.

doi:10.1371/journal.pone.0080034.g005

Healthcare). All antibodies and Fab fragments were more than
97% pure and monomeric. Influenza A nucleoprotein (NP)
specific monoclonal mouse antibody was obtained from Abbiotec
(clone 5D8) and for influenza B NP from Santa Cruz (sc-52027).
Goat F(ab')s anti-mouse- or anti-human Alexa Fluor conjugated
secondary antibodies (Invitrogen) were used for fluorescent
imaging at 2 pug/mL. HA specific rabbit polyclonal serum for
Immunoblot analysis was obtained from Protein Sciences.
Secondary HRP-coupled anti-rabbit F(ab)2-fragment were pur-
chased from Jackson Immuno Research Laboratories (111-036-
047). Polyclonal sheep sera directed against B/Florida/4/2006
(07/356, sheep 478 and 479) were obtained from the NIBSC and
derived from sheep immunized with the respective purified HA.
HA-specific polyclonal serum was derived from mice immunized
intramuscularly three times at a 3-week interval with 50 ug
plasmid DNA encoding full-length A/Brisbane/59/07 HA,
codon-optimized for mammalian expression, mixed with 50 pg
plasmid DNA encoding murine Granulocyte Macrophage-Colony
Stimulating Factor (GM-CSF).

In all experiments antibodies were either used at a range of
concentrations or at sufficiently high concentration to neutralize
the virus under the given experimental settings. This was
confirmed by neutralization controls in every experiment. Imaging
also confirmed that the used antibody concentrations were
sufficient to binding nearly 100% of viral particles including
infectious and potentially non-infectious particles (Figure 1, Figure

S1, Table S2).

Virus labeling

Purified and concentrated viruses were diluted in HNE buffer
(5 mM Hepes, 140 mM NaCl, 0.2 mM EDTA, pH 7.4) for
labeling. The lipophilic fluorescent dye, Octadecyl Rhodamine B
chloride (R18, Molecular Probes) dissolved in DMSO or DMSO
alone as a mock labeled control was added to the samples to a final
dye concentration of 1-2 uM and 0.4-0.5% DMSO. The samples
were mixed for 2-3 h at room temperature, protected from light.
Unincorporated dye was removed by passing the virus-dye
solution through a PD-10 desalting column (GE Healthcare).
Fractions containing labeled virus were pooled and labeling
verified by fluorescence microscopy.

To confirm that labeling did not affect the infectivity of viruses,
labeled- and mock-labeled virus samples were compared in
imaged based infection assays (Figure S6). Only batches of labeled
virus showing less than 2 fold differences in titer were used.

Antibody labeling

For imaging studies, HA-specific monoclonal antibodies were
fluorescently labeled according to manufacturer’s guidance with
the amine reactive dyes (Molecular Probes) Alexa Fluor 488
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(AF488) or Alexa Fluor 647 (AF647). Briefly, dye dissolved in
DMSO was added to antibodies diluted in sodium bicarbonate
buffer to a basic pH. For each antibody different dye concentra-
tions where tested to avoid over-labeling. Contents were mixed
and incubated for ~2 h protected from light. Free dye was
removed from the sample by desalting and buffer exchange using
PD-10 sephadex G-25 columns (GE Healthcare). Antibodies were
labeled with 3-8 dyes per IgG molecule.

The biological activity of all labeled antibodies was confirmed
and compared to unlabeled antibodies in viral neutralization
assays before they were used in imaging experiments. Only
batches of labeled antibodies showing less than 2 fold differences in
titer where used.

Virus Neutralization Assay (VNA)

MDCK cells were seeded on the day of experiment at 40,000
cells/well into 96-well flat bottom plates. Antibodies were serially
diluted, mixed with an equal volume of viral inoculum and
incubated for 2 h at 37°C in medium (DMEM supplemented with
2 mM L-glutamine and 3 ug/mL trypsin-EDTA). The mixture
(~100 TCIDs5q/well) was then added to confluent MDCK
monolayers in quadruplicate. Cells were cultured for 72 h before
supernatant was added to an equal volume of 1% Turkey red
blood cells and incubated for 1 h at room temperature in a 96-well
V-bottom plate. The absence of hemagglutination was defined as
protection. Titers were determined using the Spearman-Kéarber
formula.

Hemagglutination inhibition (HI) Assay

Virus was diluted to 8 HA wunits/50 pl. and 25 pul. was
combined in quadruplicate wells with an equal volume of antibody
serially diluted in PBS. Plates were incubated for 1 h at 37°Ci in
96-well V-bottom plates. 50 pL of 1% Turkey red blood cells was
then added to each well and incubated for 1h at room
temperature. Button formation was scored as evidence of
hemagglutination inhibition. Titers were determined using the
Spearman-Kérber formula.

Imaging

All experiments were performed using black flat bottom 96-well
imaging plates (BD Falcon) which were sealed with oxygen
permeable film (Sigma Aldrich) before imaging. Images were taken
after laser-based auto-focusing using a Pathway 855 high content
mmager (Becton Dickinson) equipped with different objectives
(Olympus: 4X 0.16 NA, 20X 0.75 NA, and 40X 0.90 NA). Movies
were taken with the 40X objective at4 frames/s while alternating
between two channels over the duration of 3-5 min. For the
overnight tracking of cells images were automatically taken at pre-
defined positions over the duration of ~15 h at ~30 min intervals.
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Confirming infection (NP expression) after fixation and staining of
the cells was carried out at the same pre-defined positions with the
40X objective, and also throughout the well with a 20X objective
to determine the percentage of infected cells. Images of individual
channels where overlaid and movies were compiled using Image]
software [37]. Due to limited recording speed and alternating
channels the registration of fast moving particles is not perfectly
synchronized leading sometimes to the artificial separation of virus
and antibody signal in adjacent movie frames. To determine the
percentage of infected cells, image channels (e.g. cell nucleus and
cytoplasm) were analyzed and segmented using Attovision
software (Becton Dickinson) followed by the 1C5 value calculation
by SPSS software (IBM) and graphs plotted using GraphPad Prism
software.

Imaged based infection assay

Cells were infected with an MOI of 3 for at least 15 h and then
rinsed twice with PBS followed by fixation with 80% ice cold
acetone for 10 min. After removing the acetone and drying the
wells the plates were washed 3 times with 300 puL per well wash
buffer (PBS, 0.05% Tween-20) then incubated for 1 h with mouse
anti-influenza NP antibody (1 pg/mL) in antibody dilution buffer
(1% BSA, 0.1% Tween-20 in PBS) at room temperature. After
washing three times with 300 pl. wash buffer the wells were
incubated with 2 pg/mL goat-anti mouse AF488 labeled second-
ary antibody and 1 pug/mL 4’,6-diamidino-2-phenylindole (DAPI)
for 1 h. After three wash steps buffer was replaced with 100 pL
PBS containing 0.25 mM Sodium Azide, plates sealed, and
imaged.

HA-specific staining of particles and infected cells

All staining steps described below were performed for 1 h at
room temperature in the dark. Viral particles: R18-labelled A/
New Caledonia/20/99 (HIN1), A/Puerto Rico/8/34 (HIN1), A/
NYMC/X-161B (H3N2) or A/Aichi/68-X31 (H3N2) virus was
diluted in COg-independent medium (Invitrogen) supplemented
with 2 mM L-glutamine and spotted onto glass bottom 96-well
imaging plates for 30 min at 37°C before washing with PBS and
staining with anti-HA specific antibodies at 5 pg/mL in 1% BSA/
PBS, followed by detection with 2 pg/mL goat anti-human-Alexa
Fluor 647 secondary antibody. Wells were washed four times with
medium before replacing with COg-independent (phenol red free)
medium (Invitrogen) supplemented with 2 mM L-glutamine for
imaging.

Infected cells: MDCK cells were infected overnight with virus
serially diluted in DMEM supplemented with 2 mM L-glutamine
before fixing with either 3% paraformaldehyde (PFA) in PBS or
ice cold 80% acetone for 10 min. Staining was carried out as
mentioned for viral particles under both permeabilizing (acetone)
and non-permeabilizing (PFA) conditions. Under permeabilizing
conditions, cells were also stained for influenza NP to confirm the
presence of viral infection. Nuclei were counterstained with
0.1 ug/mL DAPL

Virus entry inhibition

An immunofluorescence entry assay was designed to assess the
ability of HA head-binding antibodies to prevent viral internal-
ization into cells. R18-labelled HIN1 or H3N2 (MOI 3) was pre-
incubated with Alexa-Fluor 647 labeled HA-specific antibodies to
a final concentration of 30 ug/mL (200 nM) for 1 h at 37°C
before being added to MDCK cells seeded in 96-well black-sided
imaging plates (Becton Dickinson). MDCK cells stably expressing
a GIP cell marker (OriGene, Rockville, USA) were incubated with
virus for 15 min at 37°C followed by treatment of the cells with
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0.05 U/well neuraminidase (Sigma) for 5 min at 37°C to remove
non-internalized viruses. Cells were washed twice with PBS before
imaging live in COy-independent medium supplemented with
2 mM L-glutamine.

Virus internalization

An immunofluorescence internalization assay was designed to
assess the ability of HA stem-binding antibodies to be internalized
mto cells in complex with infectious virus particles. A pre-
determined amount of R18-labelled HIN1 or H3N2 virus giving
rise to 90-100% infection under the following experimental
conditions was pre-incubated with Alexa-Fluor 647 labeled HA-
specific bnAbs to a final concentration of 30 pg/mlL (200 nM) for
1 hat 37°C. MDCK cells were treated for 5 min at 37°C with the
cell permeant nuclear counterstain Hoechst 33342 (10 ug/mlL,
Invitrogen), followed by treatment with 3 uM tubulin tracker
green reagent (Molecular Probes) for 30 min at 37°C to stain the
microtubules. Cells were then incubated for 15 min at 37°C with
the prepared virus-antibody mixture, followed by treatment with
0.05 U/well neuraminidase (Sigma Aldrich) for 5 min at 37°C. All
reagents were diluted in COq-independent medium supplemented
with 2 mM L-glutamine. Cells were washed four times in medium
before imaging live in COq-independent medium supplemented
with 2 mM L-glutamine and the glucose oxidase/catalase oxygen
scavenging system (GODCAT, 1% glucose, 0.5 mg/mlL glucose
oxidase, 40 pug/mL catalase; all reagents from Sigma) to prevent
photobleaching [38]. To avoid a decrease in cell viability and viral
replication the exposure with light and oxygen scavenging system
was limited to two hours and the medium then replaced. Movies
were captured at manually selected positions with a 40X 0.90 NA
objective.

Virus colocalization

Mock-labelled HIN1 or H3N2 virus was pre-incubated with
Alexa-Iluor 647 labeled anti-HA bnAbs to a final concentration of
30 pg/mL (200 nM) for 1 h at 37°C. Immediately prior to
infection, MDCK cells were treated for 5 min at 37°C with the cell
permeant nuclear dye Hoechst 33342 (Invitrogen) at 10 pg/mL.
Cells were then infected with the virus-mAb mixture (MOI 3)
mixed 1:1 with 100 nM Lysotracker Red reagent (Molecular
Probes) for 15 min at 37°C, followed by treatment with 0.05 U/
well neuraminidase (Sigma Aldrich) for 5 min at 37°C. All
reagents were diluted in COy-independent medium supplemented
with 2 mM L-glutamine. Cells were washed four times with
medium before imaging live in COg-independent medium
supplemented with 2 mM L-glutamine and the glucose oxidase/
catalase oxygen scavenging system.

Colocalization analysis

To determine percentage colocalization between R18-labelled
virus and AF647-labelled antibodies, images were analyzed using
Image] software with the particle analysis plugin — 3D Object
Counter [39].

Overnight cell tracking

A pre-determined amount of R18-labelled HINI or H3N2
virus giving rise to 90-100% infection under the following
experimental conditions, was pre-incubated with Alexa-Fluor
647 labeled anti-HA bnAbs to a final concentration of 30 ug/
mL (200 nM) for 1 h at 37°C. MDCK cells stably expressing a
GFP cell marker, were seeded into 96-well black-sided imaging
plates and subsequently infected with the virus-mAb mixture for
15min at 37°C, followed by treatment with 0.05 U/well
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neuraminidase for 5 min at 37°C. All reagents were diluted
in COg-independent medium supplemented with 2 mM L-
glutamine. Cells were washed extensively before imaging live
for 15h in COg-independent medium supplemented with
2 mM L-glutamine and 1% FBS. The following day, cells
were fixed with ice cold 80% acetone for 10 min and stained
for influenza A NP expression as previously described to
confirm infection inhibition in the presence of neutralizing
antibody.

Single particle fusion assays

Fusion experiments were executed as described in the
supporting information (Text S1). Briefly, R18-labeled viruses
were pre-incubated with either AF488 labeled or unlabeled
bnAb. A proteoliposome solution was added to the microfluidic
flow cell to form a glass-supported planar lipid bilayer. Virus-
bnAb mixture was added to the flow cell and viruses were
immobilized onto the planar lipid bilayer (Figure S2). Fluores-
cein-labeled streptavidin was then added followed by washing.
Viral fusion was initiated by rapid injection of a pH 5 buffer and
recorded using an inverted TIRF microscope setup. IFusion
events were detected as a sharp temporary increase in the
fluorescence. Fusion percentage was calculated as the number of
fusion events divided by the total number of virions observed in
a field of view.

HA-cleavage inhibition

To study the additive effect of HA-cleavage inhibition,
uncleaved A/Wisconsin/67/05 (H3N2, MOI 3) was either first
incubated with trypsin (Gibco) at 1.5 pg/mlL, followed by
incubation with antibodies serially diluted from 0-10 ug/mL
(0-67 nM), or, first incubated with antibodies serially diluted
from 0-10 pg/mlL, followed by incubation with trypsin at
1.5 ng/mL. FBS was added to a final concentration of 10%
after trypsin treatment to inhibit trypsin activity and all
incubation steps were carried out for 45 min at 37°C. Virus-
antibody mixtures were then added to confluent MDCK
monolayers and allowed to incubate overnight. HA cleavage
status was verified by Western blot analysis with a portion of the
treated samples (data not shown). Cells were fixed with ice cold
80% acetone for 10 min and stained for influenza A NP
expression as described above. Calu3 cells were infected with
cleaved A/Wisconsin/67/05 (H3N2) or A/New Caledonia/20/
99 (HIN1) with an MOI 3 in DMEM supplemented with 2 mM
L-Glutamine. Three hours post infection cells were washed
twice with PBS and incubated overnight with a concentration
range (0-100 pg/mL) of test or control antibody in 50 uL
medium and incubated overnight. The following day, the
medium of three replicate wells was pooled and spun down for
10 min at 200x g to remove cell debris. One well from each
triplicate was used to obtain cell lysate by resuspending the cell
layer in 150 pL lysis buffer (50 mM Tris-HCI, 150 mM NaCl,
5 mM EDTA, 1% Triton X-100, pH 7.5). As a positive control
for HA cleavage, supernatant from cells infected with virus in
the absence of antibody was used and treated with 5 ug/mL
trypsin for 30 min at 37°C for complete HA cleavage. Samples
were then subject to Western blot analysis. To confirm viral
infection, plates were also fixed and stained with ice cold 80%
acetone for 10 min and stained for Influenza A NP expression.

Statistical analyses

Single-particle fusion, and cleavage inhibition data were
analyzed using a 4-parameter logistic model in which for variance
stabilization the ‘transform both sides’ approach was used as described

PLOS ONE | www.plosone.org

1

Mechanisms of HA Targeted Influenza Neutralization

previously [40]. For transformation, a logit transformation was
selected:

A—-D

X B
1+ (1o¢)

where F represents the proportion fusing virions over total virions,
D and A represent respectively the upper and lower asymptote, B
represents a slope factor, X represents the antibody concentration
(nM) and C represents the inflection point (estimated on a logiq
scale). For stabilization of the model fusion data obtained without
antibody present was placed at an infinite low antibody concen-
tration. Conditions with no events were set to 1 fusion event.

logit(F) =logit| D+

To be able to determine the effect of trypsin on the potency of
CR8020, the model was modified to include an indicator variable
in the estimation of the inflection point that takes the value 0 for
data before trypsin and a 1 for data after trypsin (C+ID*Ac). The
difference, in location, between the dose-response curves is then
indicated by Ac and represents a difference in potency of the mAb
under these conditions. Statistical analysis was performed using
IBM SPSS statistics (version 20).

SDS-PAGE and Immunoblotting

Relative amounts and cleavage status of hemagglutinin in the
samples were determined by Western blotting. First 2 uL reducing
agent (Invitrogen) and 5 puL. 4x loading buffer (Ivitrogen) was
added to 13 pL sample followed by 10 min incubation at 90°C.
Proteins in each sample were resolved by 4-12% Bis-Tris SDS-
PAGE (NUPAGE, Invitrogen) followed by trans-blotting onto a
PVDF membrane (0.45 pm, P-Immobilon, Millipore, Massachu-
setts) in transfer buffer (NUPAGE, Invitrogen) containing 5%
methanol at 30 V for 60 min. The membrane was blocked by
incubation in blocking solution containing 4% non-fat dry milk
(Bio-Rad) in TBST (20 mM Tris-HCl, 150 mM NaCl, 0.2%
Tween 20) overnight at 4°C. The blocked membrane was
incubated with rabbit anti-HAl or -HA3 polyclonal serum,
60 ng/mL for 1 h at room temperature and washed 3 times with
TBST. Subsequently, the membrane was incubated with goat
anti-rabbit peroxidase conjugated F(ab)y fragment (1:3,000 v/v)
for 1 h at room temperature. After three washes with TBST, the
membranes were incubated for 5 min with ECL-Plus substrate
solution (GE Healthcare). Stained proteins were visualized using
Amersham Hyperfilms (GE Healthcare).

Egress inhibition assay

Four hours prior to the experiment, 40,000 MDCK cells per
well were seeded in DMEM/glutamine into flat bottom 96 well
imaging plates (BD Falcon). The amount of virus needed to
achieve 90-100% infection was titrated in a separate experiment.
The required amount of virus was added to the cells washed twice
with PBS and incubated at 37°C, 5% CO,. After three hours, the
supernatants were removed and cells were washed twice with PBS
to remove non-internalized virus particles. Cells were replenished
with 50 pL infection medium containing serial diluted antibodies.
After incubation for 16-18 h at 37°C, 5% CO2, the supernatants
were harvested, spun down to remove debris (200 x g for 10 min).
The remaining cells were lysed (Tris HCI pH 7.5, 150 mM NaCl,
5mM EDTA, 1% (v/v) Triton-X). Lysate and supernatant
samples were treated with loading buffer and reducing agent,
incubated for 10 min at 90°C, and analyzed by SDS-PAGE and
Western blot to determine the amount of virions produced and
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released into the supernatant. As a control for infection, replicate
identically-treated wells were fixed with 80% acetone and the
number of infected cells was assessed using the imaged based
infection assay (data not shown).

Scanning electron microscopy of influenza virus infected
cells

MDCK cells seeded on coverslips (sterile 15 mm thermanox
plastic, Thermo Scientific, #174969) were infected with a pre-
determined amount of virus (separate experiment) to yield 90—
100% infected cells 18 h post infection. Three hours after the
initial infection, the supernatants were removed; cells were washed
thrice with PBS, before media containing the indicated concen-
tration of antibodies were added. After an additional 15 h, the cell
culture medium was removed and cells were fixed in phosphate
buffered 2.5% glutaraldehyde buffer pH 7.4 for 1-2 h and stored
at 4°C until further analysis. The coverslips were rinsed in PBS
followed by distilled water and then dehydrated in 70%, 95%,
anhydrous ethanol and finally in acetone and subjected to critical
point drying in acetone and liquid CO,. Finally, the cells were
mounted on alumina stubs and coated with a thin layer of carbon
and examined in a Zeiss Ultra 55 SEM field emission microscope
using an accelerating voltage of 3 keV and InLens detection at
Vironova, Sweden.

Transmission electron microscopy of influenza virus
infected cells

MDCK cells seeded on coverslips were infected with a pre-
determined amount of virus (separate experiment) to yield 90—
100% infected cells 18 h post infection. Three hours after the
initial infection, the supernatants were removed; cells were washed
thrice with PBS, before media containing the indicated concen-
tration of antibodies were added. After an additional 15 h, the cell
culture medium was removed and cells were fixed in phosphate
buffered 2.5% glutaraldehyde buffer for 1-2 h and stored at 4°C
until further analysis. The samples were subsequently scraped and
pelleted using a table top centrifuge, before being washed twice in
0.1 M phosphate buffer and chemically post-fixed with 2%
osmium tetroxid (OsO4) in 0.1 M phosphate buffer for 2 h at 4°C
followed by stepwise dehydration with ethanol, followed by LX
112-embedding by stepwise infiltration and polymerization at
60°C. Microtome sections of ~60 nm were prepared and applied
to one-slot formvar nickel grids. The sections were finally post-
stained with uranyl acetate and Reynold’s lead citrate before being
imaged with a FEI Tecnai 10 electron microscope run at 100 kV
accelerating voltage using a 2k x 2k Veleta CCD camera
(Olympus Soft Imaging Systems) at Vironova, Sweden.

Supporting Information

Figure S1 Stem-binding bnAbs co-localize with influen-
za particles in vitro and in live cells, bind on the surface
of infected cells. (A) Influenza A/Puerto Rico/8/1934 (HINI)
and A/Aichi/2/1968-X31 (H3N2) viruses were labeled with the
lipophilic dye octadecyl rhodamine B (R18, red), spotted onto
glass, and incubated with fluorescently labeled antibodies CR6261
or CR8020. Head-binding control antibodies, CR9020 (binding to
head region of a narrow spectrum of H1 HAs) and CR8057
(binding to the head region of a narrow spectrum of H3 HAs) were
used in combination with R18-labeled A/New Caledonia/22/
1999 (HINI) and A/Wisconsin/67/2005 (H3N2), respectively.
Antibodies CR6261 and CR8020 served as non-binding controls
on H3N2 and HINI viruses, respectively. Virus-antibody
complexes were bound to the glass bottom of 96 well plates and
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imaged. R18-labeled virus and AF647-labeled antibody are shown
in separate channels in grayscale and in the merged image in red
and green, respectively. Antibodies co-localize with the virus to
which they bind i vitro. (B) Live MDCK cells expressing a GFP
cell marker (grey) were incubated for ~20 min (at 37°C) with viral
particles (red) pre-incubated with antibodies and imaged as in (A).
To allow detection of internalized particles only, non-internalized
particles were removed by neuraminidase treatment. Whereas
head-binding antibodies prevent internalization, stem-binding
bnAbs co-localize with internalized viral particles (yellow). (C)
MDCK cells were infected, fixed 15 hours later, and subsequently
stained with anti-HA antibodies as in (A) and anti-influenza A
nucleoprotein (NP) antibody to confirm infection (magenta, only
detectable under permeabilizing conditions). Infected cells were
also incubated with fluorescently labeled bnAb (green) to
demonstrate their ability to bind surface-expressed HA and
budding viral particles.

(TTF)

Figure S2 CR6261 is internalized into live cells in
complex with HIN1 viral particles and prevents infec-
tion). (A) Separate channels (in grey scale) of a three color image
showing live MDCK cells expressing a GFP-cell tracer incubated
with R18-labeled A/Puerto Rico/8/1934 (HINI) virus in
complex with AF647-labeled CR6261. Internalized virus-antibody
complexes (red triangles) were detected in live cells 30 min after
inoculation. Individual cells were tracked over 15 hours before
being fixed and stained for influenza nuclear protein (NP) to detect
infection. (B) Coontrol experiment showing that incubation of R18-
labeled A/Puerto Rico/8/1934 (HIN1) virus with non-binding
AF647-labeled CR8020 did not result in internalization of
antibody. Only viral particles are detectable inside live cells
30 min after inoculation and 15 hours later these cells were
infected as evident from the expression of NP.

(TIF)

Figure S3 Calu-3 cells support the propagation of
influenza virus in the absence of trypsin, but cannot be
infected by uncleaved virus. (A) Calu-3 cells were infected
with 10 TCIDs cleaved A/Wisconsin/67/2005 (H3N2) influenza
virus in the absence of trypsin. 24 hours after infection cells (nuclei
blue) were fixed and stained for influenza NP (green) as indication
for infection. (B) 100 TCID5(, of uncleaved A/Wisconsin/67/2005
and A/Brisbane/59/2007 (harvested from MDCK cells in the
absence of trypsin) were added to Calu-3 cells with or without
trypsin. Uncleaved virus is not infectious but can be rendered
infectious when treated with trypsin. Images (A and B) show an
entire well.

(TIF)

Figure S4 Influenza virus egress. Scanning electron mi-
croscopy (SEM) and transmission electron microscopy (TEM)
images of the surface of (A) non-infected or (B) influenza (B/
Florida/04/2006) virus infected MDCK cells. High numbers of
spherical viral particles are budding off the surface and are clearly
distinguishable form microvilli or smooth cell protrusions by size,
electron density, and their double membrane. Scale bar in SEM is
1 um and in TEM 200 nm.

(TIF)

Figure S5 HA head binding antibodies inhibit influenza
virus egress. (A) Calu-3 cells were infected with A/Puerto Rico/
8/1934 (HINI) and 3 hours later head-binding antibody CR9020
or 2D1 was added. Twenty hours later, the amounts of HA present
in the cell supernatant (S) and lysate (L) were analyzed by Western
blot (HAO band shown). (B) As in (A) except MDCK cells were
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infected with B/Florida/04/2006 and the Fab fragments of
CR8071 and CR8033 were used in the egress assay. (G) SEM
images of the surface of MDCK cells infected with influenza A/
California/07/2009  (HIN1), A/New  Caledonia/20/1999
(HINT), A/Wisconsin/67/2005 (H3N2), or influenza B/Florida/
04/2006 virus and subsequently incubated (from 3 hours post
infection) with 2D1 (5 ug/mL), CR9020 (15 ug/mL), and
Zanamivir (0.5 pM) respectively. Representative images of three
independent experiments are shown. Scale bar (C) 1 um. (D-E) As
in (B) except TEM images of ultrathin sectioned MDCK cell (re-
internalized particles indicated with red triangles). Scale bar in (D)
500 nm and in (E) 100 nm.

(TIF)

Figure S6 RI18 labeled influenza virus remain infec-
tious. MDCK cells were infected with R18- or MOCK-labeled
A/Puerto Rico/8/1934 (HIN1) or A/Aichi/2/1968-X31 (H3N2)
and the number of infected cells (nucleus stained with DAPI, blue)
for each virus was determined by staining for influenza NP
expression (green).

(TIF)

Movie S1 Stem-binding bnAb CR8020 is internalized
into live cells in complex with H3N2 virus particles. R18-
labeled A/Aichi/2/68-X31 (H3N2) virus particles pre-incubated
with AF647-labeled CR8020 are internalized into live MDCK
cells (nucleus, blue). Movie (~27 min past incubation, mpi) shows
the directed motion of virus particles (red) together with mAbs
(green) along Tubulin Tracker-stained microtubules (white).

(AVT)

Movie S2 Stem-binding bnAb CR6261 is internalized
into live cells in complex with HINI1 virus particles. R18-
labeled A/Puerto Rico/8/34 (HIN1) virus particles pre-incubated
with AF647-labeled CR6261 are internalized into live MDCK
cells (nucleus, blue). Movie (~40 mpi) shows the directed motion
of virus particles (red) together with mAbs (green) along
Tubulin Tracker-stained microtubules (white).

(AVI)

Movie 83 Stem-binding bnAb CR8020 is not internal-
ized after incubation with HINI1 virus particles. After
incubation of R18-labeled A/Puerto Rico/8/34 (HINI1) virus
particles (red) with AF647-labeled non-binding control antibody
CR8020, only virus particles are internalized ~33 mpi into live
MDCK cells (nucleus, blue).

(AVI)

Movie S4 Stem-binding bnAb CR6261 is not internal-
ized after incubation with H3N2 virus particles. After
incubation of Rl18-labeled A/Aichi/2/68-X31 (H3N2) virus
particles (red) with AF647-labeled non-binding control antibody
CR6261, only virus particles are internalized ~41 mpi into live
MDCK cells (nucleus, blue).

(AVI)

Movie S5 HINI1 virus incubated with only 15 nM
CR6261-AF488 can undergo fusion. Representative portions

References

1. Burton DR, Poignard P, Stanfield RL, Wilson IA (2012) Broadly neutralizing
antibodies present new prospects to counter highly antigenically diverse viruses.
Science 337: 183-186.

2. Gerhard W (2001) The role of the antibody response in influenza virus infection.
Curr Top Microbiol Immunol 260: 171-190.

3. Bertram S, Glowacka I, Steffen I, Kuhl A, Pohlmann S (2010) Novel insights into
proteolytic cleavage of influenza virus hemagglutinin. Rev Med Virol 20: 298-310.

4. Gamblin SJ, Skehel JJ (2010) Influenza hemagglutinin and neuraminidase
membrane glycoproteins. J Biol Chem 285: 28403-28409.

PLOS ONE | www.plosone.org

13

Mechanisms of HA Targeted Influenza Neutralization

of dual-color fluorescence viral fusion recordings obtained with
200 ms exposure times; scale bar equals 2 um. R18-labeled A/
Puerto Rico/8/34 (HINI) virus (false colored magenta, center
column) incubated for 30 min with 15 nM AF488-labeled
CR6261 (green, right column). Co-localization between the
virus and bound bnAb (white) is shown in the left column
(merge). Time ¢= 0 indicates drop of pH from 7.4 to 5.0. Fusion
events are observed as the rapid increase in fluorescence signal
(dequenching) at the site of a virus, followed by quick, outward
diffusion of the lipophilic R18 dye away from the fusion site.
Both movies (S5 and S6) were recorded under identical
illumination conditions. Contrast settings of the 15 nM bnAb
incubation has been enhanced 25% relative to the 1500 nM
incubation (Movie S6). All images were scaled 4-fold larger
using bicubic interpolation. For assay details see experimental
procedures.

(AVI)

Movie S6 HINI virus incubated with 1500 nM CR6261-
AF488 is fusion incompetent. As in (S5) except, R18-A/
Puerto Rico/8/34 (HIN1, magenta) was incubated with 1500 nM
AF488-labeled CR6261 (green). The higher bnAb concentration
inhibited HA-mediated fusion and no dequenching or R18
diffusion is observed. Both movies (S5 and S6) were recorded
under identical illumination conditions.

(AVT)

Table S1 Characteristics of broadly neutralizing anti-
bodies, control antibodies, and Fab fragments used in
this study.

(DOC)

Table S2 Colocalization of virus-antibody complexes in
infected MDCK cells.
(DOC)

Text S1 Supporting Materials and Methods for Single
particle fusion assays.

(DOC)

Acknowledgments

We thank N. Coppens, M. Jongeneelen, E. Geelen, C. Ophorst, T. Nahar,
and O. Sahin for excellent technical support; M. Koldijk for statistical
analyses; E. Brinkman, K. Hegmans, N. Hatkemeier, G. Perdok, A. Apetri
and their teams for producing the mAbs and Fabs; H. Kuipers for mouse
serum directed against the HA of A/Brisbane/59/2007 and D. Zuijdgeest,
R. Roozendaal and A. Apetri for valuable comments. B.B., W.K., J.G.,
V.K, C.T., M\V.B, HJWMK., TK. JJ., RV, and RH.EF. are

employees of Crucell.

Author Contributions

Conceived and designed the experiments: BB VK CT MVB TK RV
RHEF JG. Performed the experiments: BB VK CT HJWMK JJO.
Analyzed the data: BB VK CT MVB HJWMK JJO JJ] AMO. Contributed
reagents/materials/analysis tools: JG JJO JJ AMO. Wrote the paper: BB
WK RV RHEF.

5. Throsby M, van den Brink E, Jongeneelen M, Poon LL, Alard P, et al. (2008)
Heterosubtypic neutralizing monoclonal antibodies cross-protective against HSN1
and HINT recovered from human IgM+ memory B cells. PLoS One 3: €3942.

6. Ekiert DC, Bhabha G, Elsliger MA, Friesen RH, Jongeneelen M, et al. (2009)
Antibody recognition of a highly conserved influenza virus epitope. Science 324:
246-251.

7. Sui J, Hwang WC, Perez S, Wei G, Aird D, et al. (2009) Structural and
functional bases for broad-spectrum neutralization of avian and human
influenza A viruses. Nat Struct Mol Biol 16: 265-273.

December 2013 | Volume 8 | Issue 12 | e80034



23.

24.

. Ekiert DC, Friesen RH, Bhabha G, Kwaks T, Jongeneelen M, et al. (2011) A

highly conserved neutralizing epitope on group 2 influenza A viruses. Science
333: 843-850.

. Corti D, Voss J, Gamblin SJ, Codoni G, Macagno A, et al. (2011) A neutralizing

antibody selected from plasma cells that binds to group 1 and group 2 influenza
A hemagglutinins. Science 333: 850-856.

. Dreyfus C, Laursen NS, Kwaks T, Zuijdgeest D, Khayat R, et al. (2012) Highly

conserved protective epitopes on influenza B viruses. Science 337: 1343-1348.

. Whittle JR, Zhang R, Khurana S, King LR, Manischewitz J, et al. (2011)

Broadly neutralizing human antibody that recognizes the receptor-binding
pocket of influenza virus hemagglutinin. Proc Natl Acad Sci U S A 108: 14216~
14221,

. Krause JC, Tsibane T, Tumpey TM, Huffman C]J, Basler CF, et al. (2011) A

broadly neutralizing human monoclonal antibody that recognizes a conserved,
novel epitope on the globular head of the influenza HINT virus hemagglutinin.
J Virol 85: 10905-10908.

Ekiert DC, Kashyap AK, Steel J, Rubrum A, Bhabha G, et al. (2012) Cross-
neutralization of influenza A viruses mediated by a single antibody loop. Nature
489: 526-532.

. Friesen RH, Koudstaal W, Koldijk MH, Weverling GJ, Brakenhoff JP, et al.

(2010) New class of monoclonal antibodies against severe influenza: prophylactic
and therapeutic efficacy in ferrets. PLoS One 5: ¢9106.

. Koudstaal W, Koldijk MH, Brakenhoff JP, Cornelissen LA, Weverling GJ, et al.

(2009) Pre- and postexposure use of human monoclonal antibody against H5N1
and HINT influenza virus in mice: viable alternative to oseltamivir. J Infect Dis

200: 1870-1873.

. Ekiert DC, Wilson IA (2012) Broadly neutralizing antibodies against influenza

virus and prospects for universal therapies. Curr Opin Virol 2: 134-141.

. Julien JP, Lee PS, Wilson IA (2012) Structural insights into key sites of

vulnerability on HIV-1 Env and influenza HA. Immunol Rev 250: 180-198.

. Nabel GJ, Fauci AS (2010) Induction of unnatural immunity: prospects for a

broadly protective universal influenza vaccine. Nat Med 16: 1389-1391.

. Reading SA, Dimmock NJ (2007) Neutralization of animal virus infectivity by

antibody. Arch Virol 152: 1047-1059.

. Han T, Marasco WA (2011) Structural basis of influenza virus neutralization.

Ann N'Y Acad Sci 1217: 178-190.

. Corti D, Lanzavecchia A (2013) Broadly neutralizing antiviral antibodies. Annu

Rev Immunol 31: 705-742.

. Okuno Y, Isegawa Y, Sasao F, Ueda S (1993) A common neutralizing epitope

conserved between the hemagglutinins of influenza A virus H1 and H2 strains.
J Virol 67: 2552-2558.

Brandenburg B, Zhuang X (2007) Virus trafficking - learning from single-virus
tracking. Nat Rev Microbiol 5: 197-208.

Floyd DL, Harrison SC, van Oijen AM (2009) Method for measurement of viral
fusion kinetics at the single particle level. J Vis Exp 31: e¢1484.

PLOS ONE | www.plosone.org

14

27.

28.

29.

31.

32.

36.

37.

38.

39.

40.

Mechanisms of HA Targeted Influenza Neutralization

. Floyd DL, Ragains JR, Skehel JJ, Harrison SC, van Oijen AM (2008) Single-

particle kinetics of influenza virus membrane fusion. Proc Natl Acad Sci U S A
105: 15382-15387.

. Bottcher E, Matrosovich T, Beyerle M, Klenk HD, Garten W, et al. (2006)

Proteolytic activation of influenza viruses by serine proteases TMPRSS2 and
HAT from human airway epithelium. J Virol 80: 9896-9898.
Bottcher-Fricbertshauser E, Stein DA, Klenk HD, Garten W (2011) Inhibition of
influenza virus infection in human airway cell cultures by an antisense peptide-
conjugated morpholino oligomer targeting the hemagglutinin-activating prote-
ase TMPRSS2. J Virol 85: 1554-1562.

Burton DR (2002) Antibodies, viruses and vaccines. Nat Rev Immunol 2: 706
713.

Hangartner L, Zinkernagel RM, Hengartner H (2006) Antiviral antibody
responses: the two extremes of a wide spectrum. Nat Rev Immunol 6: 231-243.

. Thomson CA, Wang Y, Jackson LM, Olson M, Wang W, et al. (2012) Pandemic

HINT Influenza Infection and Vaccination in Humans Induces Cross-Protective
Antibodies that Target the Hemagglutinin Stem. Front Immunol 3: 87.

Rigg RJ, Carver AS, Dimmock NJ (1989) IgG-neutralized influenza virus
undergoes primary, but not secondary uncoating in vivo. J Gen Virol 70 (Pt 8):
2097-2109.

Edwards MJ, Dimmock NJ (2000) Two influenza A virus-specific Fabs neutralize
by inhibiting virus attachment to target cells, while neutralization by their IgGs is
complex and occurs simultaneously through fusion inhibition and attachment
inhibition. Virology 278: 423-435.

. Yu X, Tsibane T, McGraw PA, House FS, Keefer CJ, et al. (2008) Neutralizing

antibodies derived from the B cells of 1918 influenza pandemic survivors. Nature
455: 532-536.

. Barbey-Martin C, Gigant B, Bizebard T, Calder I,J, Wharton SA, et al. (2002)

An antibody that prevents the hemagglutinin low pH fusogenic transition.
Virology 294: 70-74.

. Jones D, Kroos N, Anema R, van Montfort B, Vooys A, et al. (2003) High-level

expression of recombinant IgG in the human cell line per.c6. Biotechnol Prog
19: 163-168.

Sanders BP, Edo-Matas D, Custers JH, Koldijk MH, Klaren V, et al. (2013)
PER.C6((R)) cells as a serum-free suspension cell platform for the production of
high titer poliovirus: a potential low cost of goods option for world supply of
inactivated poliovirus vaccine. Vaccine 31: 850-856.

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to Image]: 25
years of image analysis. Nat Methods 9: 671-675.

Vaughan JC, Brandenburg B, Hogle JM, Zhuang X (2009) Rapid actin-
dependent viral motility in live cells. Biophys J 97: 1647-1656.

Bolte S, Cordelieres FP (2006) A guided tour into subcellular colocalization
analysis in light microscopy. J Microsc 224: 213-232.

Findlay JW, Dillard RF (2007) Appropriate calibration curve fitting in ligand
binding assays. Aaps J 9: E260-267.

December 2013 | Volume 8 | Issue 12 | e80034



