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Abstract

Identifying major antigenic and protective epitopes of the H7 hemagglutinin (HA) will be
important for understanding the antibody response to vaccines developed against the novel
influenza H7N9 viruses that emerged in China in 2013. To facilitate antigenic characteriza-
tion of the H7N9 HA and to develop reagents for evaluation of H7N9 candidate vaccines,
we generated a panel of murine monoclonal antibodies (mAbs) to the HA of A/Shanghai/2/
2013 using mammalian cell-derived virus-like particles (VLP) containing the H7 HA. Neu-
tralizing antibodies identified an HA epitope corresponding to antigenic site A on the struc-
turally similar influenza H3 hemagglutinin. Importantly, the neutralizing antibodies protect
against A/Shanghai/2/2013 challenge. This antigenic site is conserved among many H7
viruses, including strains of both Eurasian and North American lineage, and the isolated
neutralizing antibodies are cross-reactive with older H7 vaccine strains. The results indicate
that the identified antigenic site is a potentially important protective epitope and suggest the
potential benefit of cross-reactive antibody responses to vaccination with H7 candidate
vaccines.

Introduction

The novel H7N9 viruses that emerged in China in 2013 [1] resulted in severe respiratory
disease in humans [2] with nearly 400 fatalities by mid-2014 (http://www.who.int/influenza/
human_animal_interface/HAI Risk_Assessment/en/). Previously reported infections with
influenza viruses of the H7 subtype usually resulted in relatively mild illness in humans [3], al-
though H7 viruses were known to occasionally infect humans with severe consequences [4, 5].
Because of the documented ability of H7 viruses to infect humans, as well as the sporadic out-
break of highly pathogenic H7 viruses in poultry, several candidate vaccine strains for the H7
subtype were developed well before the 2013 H7N9 outbreak [6-8]. Some of those earlier H7
candidate vaccine strains were evaluated in clinical trials, including an H7N7 vaccine contain-
ing the hemagglutinin (HA) from A/mallard/Netherlands/12/2000, an H7 virus of Eurasian
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origin that is phylogenetically related to the HA from the recent H7N9 viruses in China.
Unfortunately, the immunogenicity of these earlier H7 vaccines was poor [9, 10]. More recent-
ly, candidate H7N9 vaccines have been prepared, and the results from some of the clinical trials
with those vaccines have become available [11, 12]. However, at the present time, there is a
relatively poor understanding of the protective immunity induced by H7 vaccines.

Identifying major antigenic and protective epitopes of the H7 hemagglutinin will be impor-
tant for understanding vaccine responses. Here we report the isolation of several murine
monoclonal antibodies (mAbs) that recognize the HA of the H7N9 A/Shanghai/2/2013 virus,
including antibodies with neutralization and hemagglutination inhibition (HI) activity. The
HA epitope recognized by the neutralizing antibodies was identified by isolation of virus escape
mutants and mapped to a region analogous to the antigenic site A of influenza H3 hemaggluti-
nin. We demonstrate that neutralizing mAbs to this site are cross-reactive to other strains of
influenza H7 and are protective against an H7N9 challenge. This antigenic site is relatively well
conserved among H7 virus isolates, including older vaccine strains, suggesting potential benefit
of cross-reactive antibody responses to vaccination with H7 candidate vaccines.

Materials and Methods
Cells and viruses

Influenza viruses were propagated in 9-day-old specific pathogen-free embryonated chicken
eggs. Viruses were titered by plaque assay on Madin-Darby Canine Kidney cells (MDCK) [13],
originally obtained from the Centers for Disease Control. MDCK cells were used for isolation
of escape mutants and were maintained in Dulbecco's Modified Eagle Medium supplemented
with 10% FBS (HyClone, Logan, UT), 2 mM L-glutamine, and 50 pug/ml gentamicin.

Monoclonal Antibodies to A/Shanghai/2/2013 HA

Monoclonal antibodies to A/Shanghai/2/2013 HA were prepared by Precision Antibody
(Columbia, MD) as previously described [14]. BALB/c mice were immunized and boosted with
mammalian-derived VLP [15] containing influenza A/Shanghai/2/2013 HA as the only influ-
enza antigen.

Passive transfer of monoclonal antibodies and animal challenge

BALBc/cBy] mice were purchased from Jackson Laboratories and housed in cages at a core
facility at CBER/FDA. Sterile food and water were supplied ad libitum. All antibody transfers,
and challenges were performed in accordance with an animal protocol approved by the
Center for Biologics Evaluation and Review/FDA Animal Care and Use Committee (#2008-02);
procedures were similar to those described previously [14, 15]. Monoclonal antibodies
(100 pug/mouse in 0.5 ml) were delivered by intraperitoneal (i.p.) injection; for virus
challenge, each mouse received 10 pl of virus suspension in the naris of each nostril (total
virus - 1.4 x 10* pfu) while under anesthesia (i.p. injection of Avertin (20 ul/gram body weight
of an aqueous solution of tribromoethanol [17.23 grams/1]). Mice were weighed daily thereaf-
ter, and monitored for 2 weeks. Any mouse that lost 25% of body weight at any time point was
sacrificed according to the approved animal protocol, by means of carbon dioxide inhalation
in a euthanasia chamber where the CO, obtained is from a cylinder source. Carbon dioxide

is introduced at the rate of at least 20% of the chamber volume per minute and animals are
observed for 10 minutes to verify death.
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Hemagglutination Inhibition and Plaque Reduction Neutralization
Assays

The hemagglutination inhibition assay (HI) was performed in 96-well plates (U-bottom) by a
standard method, essentially as described previously [16] using 0.5% chicken red blood cells
suspended in PBS (pH 7.2). For the plaque reduction neutralization assay, virus was titrated to
approximately 250 pfu/ml and incubated with concentrations of mAb from 20 to 0.032 pg/ml
for 1 hour at room temperature before infection of MDCK cells. After 1.5 hour adsorption,
virus inoculum was removed and the cells overlaid with a 50:50 mixture of 2X EMEM plaque
media (BioWhittaker, Walkersville, MD) and 2.4% Avicel RC-581 (FMC BioPolymer, Philadel-
phia, PA) [17] with TPCK-trypsin (Sigma-Aldrich Corp. St. Louis, MO) at a final concentra-
tion of 2 pg/ml. At 96 hours, the plaque media was removed and the cells fixed and stained
with 0.3% crystal violet/20% methanol. Percent neutralization was calculated for each mAb
concentration versus no mAb controls.

HA-Pseudotype Neutralization Assay

Retroviral pseudotypes expressing the influenza HA of A/Shanghai/2/2013 HA were con-
structed and were produced in 293T cells essentially as described previously [14, 18, 19]. HA-
pseudotypes containing approximately 15 ng/ml of p24 antigen were incubated with antibody
samples for 1 h at 37°C, then 100 ul of pseudovirus and antibody mixture was inoculated onto
96-well plates that were seeded with 2 x 10* 293T cells/well one day prior to infection. The anti-
body dilution causing a 95% reduction of vector expressed luciferase compared to control was
used as the neutralization endpoint titer (ICys-neutralizing antibody titer). ICqs was calculated
using Prism software (GraphPad Software, Inc., La Jolla, CA). Data reported were from at least
duplicate testing of antibody samples.

Selection of Escape Mutants

Isolation and selection of influenza virus escape mutants to monoclonal antibodies was per-
formed in MDCK cells. Briefly, ~2 x 10* pfu of A/Shanghai/2/2013 virus was incubated with
each mAb over a range of concentrations from 8.0-0.064 pg/ml (ICs, concentrations for 5A6,
2C4, and 4A2 were ~ 1 ug/ml) in a total volume of 1 ml for 1 hour at room temperature, fol-
lowed by infection of ~ 2.5 x 10° MDCK cells with the virus-antibody mixtures. After 1.5 hour
adsorption, virus inoculum was removed and the cells overlaid with serum-free media contain-
ing 2 pg/ml TPCK-trypsin. Using virus obtained at the highest concentration of mAb, the
process was repeated at a 5-fold higher mAb concentration for up to 3 additional rounds of
neutralization. Potential escape viruses were tested for reduced inhibition of neutralization by
the mAb compared to the parent virus and consensus nucleotide sequences of viral HAs were
determined by direct DNA-sequencing of RT-PCR products and compared with those of the
parental virus stock.

Surface Plasmon Resonance (SPR) analysis

Surface Plasmon Resonance (SPR) analysis was performed on a Biacore T200 (GE Healthcare
Bio-Sciences, Pittsburgh, PA). Antibody-antigen interactions were measured in running buffer
(0.01M HEPES pH 7.4, 0.15M NaCl, 0.005% Surfactant P20) at 25°C. The surface of a CM5
sensor chip was coated with rabbit anti-mouse IgG Fcy (RAMG) (Jackson ImmunoResearch
Laboratories, Inc.,West Grove, PA) at a density of 6,000 resonance units (RU) by amine
coupling technique using 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide (EDC) and N-
hydroxysuccinimide (Sulfo-NHS) for activation and 1M ethanolamine hydrochloride for
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blocking. All H7N9 monoclonal antibodies were diluted to 10 ug/ml, blocking mAb was diluted
to 50 ug/ml, and the H7 HA antigen was diluted to 25 pg/ml in running buffer. One mAb was
captured on the sensor chip surface via the anti-mouse IgG Fcy by injecting the mAb at a flow
rate of 5 pl/min for a contact time of 60s and then washing with running buffer for a dissocia-
tion time of 300 seconds. Free RAMG sites were blocked by injecting a non-specific mAb

at 5 pl/min for 360s association and 600s dissociation. Recombinant influenza A/H7N9/
Shanghai/2/2013 HA protein (Sino Biological Inc., Beijing P.R.China) was injected for a con-
tact time of 360s association and 600s dissociation. Following the antigen each of the remaining
mAbs in the test panel were injected sequentially on the sensor chip surface for a contact time
of 360s association and 600s dissociation. Regeneration of the chip surface was performed with
10mM glycine-HCI pH 2.0. Binding kinetics were evaluated using Biacore T 200 evaluation
software version 1.0. The procedure was repeated using each mAb in the panel as the first mAb
in the binding assay. Likewise, reversed-order multi-determinant tests were performed.

For the affinity analysis, each of the mAb was captured on the sensor surface using the anti-
mouse IgG Fcy. The antigen was diluted in running buffer to a concentration of 100, 50, 25, 12.5,
6.25 and 0 nM. Each antigen concentration was injected sequentially onto the chip at a flow rate
of 5 pl/min for a contact time of 60s and washed with running buffer for a dissociation time of
600s. Regeneration of the chip surface was performed with 10 mM glycine-HCI pH 2.0. Affinity
analysis was performed using the single kinetic analysis method with a 1:1 binding model.

Results

Isolation and characterization of monoclonal antibodies to the H7 A/
Shanghai/2/2013 hemagglutinin

To facilitate antigenic characterization of the H7N9 HA and to develop reagents for evaluation
of H7N9 candidate vaccines, we generated a panel of murine monoclonal antibodies (mAbs) to
the HA of A/Shanghai/2/2013. Mammalian-derived virus-like particles (VLP) containing the
hemagglutinin (HA) of the influenza H7N9 A/Shanghai/2/2013 virus were prepared as previ-
ously described [15] and used to immunize mice and generate hybridoma clones secreting
mAbs to H7 HA [14]. Antibodies were assessed for binding to the A/Shanghai/2/2013 HA in
an ELISA using the inactivated candidate vaccine virus A/Shanghai/2/2013 (H7N9) IDCDC-
RG32A (http://www.who.int/influenza/vaccines/virus/en/) and five mAbs with the strongest
binding to A/Shanghai/2/2013 HA were selected for further characterization (Table 1). All five
H7 mAbs also bound an older H7N7 vaccine virus [9] containing the A/mallard/Netherlands/
12/2000 HA. The three antibodies that bound most strongly to A/Shanghai/2/2013 HA in the
ELISA assay inhibited A/Shanghai/2/2013 hemagglutination more strongly than other two H7
mAbs (4F12, 6D1) when analyzed in a hemagglutination inhibition (HI) assay (Table 1).

Further characterization of the neutralizing potential of the five H7 mAbs was carried out
using a pseudotype neutralization assay [18, 19] (Table 1). In this assay, retroviral pseudotypes
expressing influenza A/Shanghai/2/2013 HA were incubated with individual antibodies, fol-
lowed by infection of 293T cells and measurement of vector expressed luciferase. Three anti-
bodies (5A6, 2C4, and 4A2) neutralized H7 A/Shanghai/2/2013 HA-containing pseudotype
viruses more strongly than the other mAbs (4F12, 6D1), consistent with the results of the A/
Shanghai HI assay.

Monoclonal antibody epitope mapping

A initial experiment using Surface Plasmon Resonance (SPR) was designed to determine
whether the 3 antibodies exhibiting A/Shanghai HI and pseudotype neutralization activity
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Table 1. Characterization of H7 A/Shanghai/2/2013 monoclonal antibodies.

H7 mAb A/Shanghai/2/2013 ELISA A/mallard/NL/12/2000 A/Shanghai/2/2013 HI A/Shanghai/2/2013 Pseudotype
End-point Titer (ug/ml)? ELISA End-point Titer (ug/ml)? Titer (ug/ml)® Neutralization Titer (ug/ml)®

5A6 3.1x10™ 1.6x10* 6.25 <0.0625

2C4 1.6x10™ 7.8x10° 3.125 0.144

4A2 1.6x10* 7.8x10° 3.125 0.161

4F12 1.3x10° 7.8x10™* 200 >8

6D1 1.3x10° 6.3x 102 238 >8

& The end-point titer was defined as the lowest antibody concentration that gave an absorbance value at 405 nm value that was greater than 0.05.
® Lowest antibody concentration that inhibited A/Shanghai/2/2013 hemagglutination of chicken red blood cells; initial mAb concentration 400 pg/mi.
¢ Antibody concentration resulting in a 95% reduction in relative luciferase units of retrovirus pseudotype expressing A/Shanghai/2/2013 H7 HA.

doi:10.1371/journal.pone.0117108.t001

competed for the same epitope. Each of the 3 neutralizing mAbs readily bound recombinant
influenza A/H7N9/Shanghai/2/2013 HA protein (Sino Biological Inc.), but subsequent addi-
tion of the other two mAbs resulted in little additional binding, suggesting that 5A6, 2C4, and
4A2 epitopes overlap (data not shown). In addition, the KD values (affinity) determined by
SPR analysis were in the 10°M range for all these mAbs (data not shown).

In order to determine the epitope identified by the H7 neutralizing mAbs, escape mutants
to A/Shanghai/2/2013 were selected by incubation of A/Shanghai RG32A with each of the
neutralizing monoclonal antibodies over a range of concentrations, followed by infection of
MDCK cells with the virus-antibody mixtures. Using virus obtained at the highest concentra-
tion of mAb, the process was repeated at a 5-fold higher mAb concentration. Following 4
rounds of neutralization, the HA gene of potential escape viruses was sequenced, and the re-
sults compared to the sequence of the parent virus. For each mAb, a single arginine to glycine
amino acid change was identified at position 131 of the mature HA (position 149 numbered
from the first Met of the open-reading frame), confirming that all three neutralizing mAbs
recognized the same epitope. Fig. 1 shows the sequence of the escape mutants and the location
of the epitope on the HA molecule. The HA epitope recognized by H7 mAbs 5A6, 2C4, and
4A2 overlaps antigenic site A that was defined many years ago for influenza H3 HA [20, 21].
This site is well conserved among H7 hemagglutinins from many influenza strains, including
other Eurasian strains such as the earlier H7 vaccine strain containing A/mallard/Netherlands/
12/2000 (Fig. 1A), but also HAs from H7 viruses of the North American lineage [22].

To further assess the potential importance of an antibody response to the H7 antigenic
site A, we measured the neutralizing activity of mAbs 5A6 and 2C4 against A/Shanghai/2/
2013 RG32A, the A/Shanghai-derived escape virus containing the R131G mutation, and an
H7N3 vaccine virus A/mallard/Netherlands/12/2000 (NIBRG-60) in a plaque reduction neu-
tralization assay (Fig. 2). Each virus was titrated to approximately 250 pfu/ml and incubated
with concentrations of each mAb from 20 to 0.032 pg/ml for 1 hour at room temperature be-
fore infection of MDCK cells. Percent neutralization was calculated for each mAb concentra-
tion versus no mAb controls. Both antibodies had neutralization activity against A/Shanghai/
2/2013, with 50% inhibitory concentrations (ICs) of approximately 0.95 ug/ml (5A6) and
1.2 pug/ml (2C4), but were unable to neutralize the escape mutant with a R149G mutation
even at 20 pg/ml, verifying the escape phenotype conferred by the R131G mutation. Both
mADbs readily neutralized the A/mallard/Netherlands/12/2000 virus, which has the same se-
quence around antigenic site A (Fig. 1A), with ICs, of approximately 0.17 pg/ml (5A6) and
0.06 ug/ml (2C4).
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Figure 1. Location of HA amino acid changes in A/Shanghai/2/2013 escape mutants to mAb 5A6, 2C4, and 4A2. (A) HA sequence alignment of A/
Shanghai/2/2013, escape mutants selected by H7 monoclonal antibodies, and A/mallard/Netherlands/12/2000. The antigenic site A, based on the similar

region for H3, is shown in color. The amino acid change identified in the escape mutants is shaded. (B) Antigenic structure of the A/Shanghai/2/2013 HA
trimer and location of the R131G mutation, highlighted in yellow (PDB ID: 4LN6).

doi:10.1371/journal.pone.0117108.9001

Protection afforded by passive transfer of H7 HA monoclonal antibodies
To assess the protective capacity of the A/Shanghai/2/2013 HA monoclonal antibodies, mice

were passively transferred with antibodies prior to challenge with A/Shanghai/2/2013

RG32A. Preliminary experiments determined that this vaccine virus was lethal in mice and
established an LDsj for subsequent challenge experiments. Antibodies or PBS were injected
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Figure 2. Plaque-reduction neutralization of H7 viruses with H7 mAbs. A/Shanghai/2/2013, A/Shanghai
R131G escape virus, and A/mallard/Netherlands/12/2000 H7N3 were incubated with the indicated
concentrations of mAb 5A6 (A) or 2C4 (B) before infection of MDCK cells to determine neutralization. Data
are the average (mean) of two replicate experiments.

doi:10.1371/journal.pone.0117108.9002
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Figure 3. Protection of mice from A/Shanghai/2/2013 challenge. PBS or the indicated mAb (100 pg) were transferred by the intraperitoneal route

to mice (groups of 5) approximately 6 hours before being challenged intranasally with A/Shanghai/2/2013. Animals were observed for 2 weeks for weight
loss and/or death, and the average percentage change in body weight and deaths (*) in each group are shown. Data are the average (mean) of two
replicate experiments.

doi:10.1371/journal.pone.0117108.g003

intraperitoneally into groups of mice approximately 6 hours before intranasal challenge with
1.4 x 10* pfu of A/Shanghai/2/2013 (~1.4 LDs,). Mice were monitored for 2 weeks for morbidi-
ty (body-weight loss) and mortality (Fig. 3). PBS or an unrelated antibody (H1-5F4) failed to
protect mice from death (40-50% mortality) or morbidity. Average maximal weight loss in
these groups was approximately 20% and occurred 8 days following virus challenge. In con-
trast, both neutralizing H7 antibodies (5A6 and 2C4) provided protection against challenge.
None of the mice in these groups died, and no weight loss was observed in each of 2 replicate
experiments. The results indicate that the H7 mAbs with in vitro neutralizing activity are
protective in vivo in this mouse challenge model.

Discussion

At the time of the emergence of deadly H7N9 viruses in China in 2013, only a limited number
of candidate vaccine strains had been prepared to influenza H7 subtypes. The available data
indicated that the antibody response to HA in experimental vaccines was relatively poor com-
pared to seasonal influenza strains. More recently, a study examining the antibody responses to
H7N9 infection seemed to suggest that the natural immune response to H7 HA was weak [23].
Clinical trials undertaken with H7N9 vaccines prepared in response to the H7N9 emergence
were encouraging, but the need for adjuvants and 2 doses of vaccine seemed to confirm the
expectations of relatively poor HA immunogenicity. Compounding the problem of poor
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immunogenicity, very little is known about what constitutes a protective immune response to
the H7 subtype of influenza.

The majority of neutralizing antibodies to influenza, elicited by infection or vaccination,
recognize the globular head of HA. Five distinct antigenic sites on the HA have been defined
and characterized, designated as either antigenic sites A-E using influenza H3 [20, 21] or Sa,
Sb, Cal, Ca2, and Cb using influenza H1 [24, 25]. As a consequence of amino acid sequence
variability in these sites, the antibody response to infection or vaccination is highly strain-
specific. Although the major antigenic sites for other influenza HA subtypes such as H7 are less
well understood, the conserved structure of the HA receptor binding site in the globular head
suggests that the previously defined antigenic sites will be similar, particularly for HA subtypes
within phylogenetic Group 1 (e.g., H1, H5) and Group 2 (e.g., H3, H7). Indeed, a recent align-
ment of H7 hemagglutinin sequences in comparison with the structurally similar H3 HA is
revealing [22]. Putative antigenic sites A-E were identified in the H7 HA, although with exten-
sive variability relative to the analogous antigenic sites in H3. Interestingly, the amino acid se-
quences of the compared H7 HAs were relatively well conserved in this analysis. Further, sera
from animals immunized with a North American lineage H7 HA was cross-reactive to a broad
range of H7 viruses, suggesting the importance of conserved antigenic sites in the H7 HA.

Identifying major antigenic and protective epitopes of the H7 hemagglutinin will be impor-
tant for understanding vaccine responses as H7 vaccine development and evaluation continues.
Toward this goal, we generated a panel of murine monoclonal antibodies to the HA of A/
Shanghai/2/2013 and identified mAbs that were neutralizing. All of the neutralizing antibodies
obtained in this initial study were directed to the same antigenic site, a region analogous to the
antigenic site A of influenza H3 hemagglutinin. The immunogen used for immunization was a
tull-length mammalian expressed HA, presented as a virus-like particle. We do not know at
this time whether the failure to isolate neutralizing antibodies to other HA epitopes is meaning-
ful or just the chance result in a relatively small number of hybridoma clones, but additional
studies to isolate and screen more mAbs are underway.

A mouse model of infection was used to assess protection afforded by these site A neutraliz-
ing antibodies. The challenge virus used in these studies was a candidate vaccine virus that
resulted in both morbidity and lethality at doses easily achievable without virus concentration.
In addition, use of a candidate vaccine virus for challenge only required BSL2 level contain-
ment. Importantly, the two individual neutralizing H7 mAbs tested in this model provided
protection against challenge compared to control mAbs or mock-treatment, suggesting that
the identified antigenic site is also a potentially important protective epitope. Additional stud-
ies, using a wider range of antibody concentrations and stronger challenge doses, would be
needed in order to assess the relative strength of protection afforded by these mAbs in animal
models of protection. Such studies would ideally be performed in conjunction with additional
neutralizing mAbs targeting other H7 epitopes to better define the role of specific antigenic
epitopes in a protective antibody response. Finally, understanding how antibodies elicited to
antigenic site A and other antigenic sites in the H7 HA contribute to protection in humans will
require a detailed study of antibody responses to vaccination, correlated with efficacy and
effectiveness studies.

Antigenic site A is relatively well conserved among H7 virus isolates, including older vaccine
strains such as the A/mallard/Netherlands/12/2000 strain used in a previous clinical trial. Pla-
que reduction neutralization assays using this virus confirmed the cross-reactivity of the neu-
tralizing mAbs isolated to the A/Shanghai/2/2013 HA, as would be predicted from the analysis
of amino acid sequences of the respective HAs. In fact, the neutralizing activity of the mAbs
against A/mallard/Netherlands/12/2000 appeared to be even stronger than against the A/
Shanghai/2/2013 virus strain (Fig. 2) by 5- to 19-fold, 5A6 and 2C4, respectively. The 95%

PLOS ONE | DOI:10.1371/journal.pone.0117108 January 28, 2015 9/11



@‘PLOS | ONE

Protective Antibodies against H7N9 Challenge

confidence limits of the ICsq calculated for 2C4 against A/mallard/Netherlands/12/2000 and
A/Shanghai/2/2013 overlap, so the significance of the measured differences in neutralizing ac-
tivity are not clear at this time. Nevertheless, differences in the overall structures of A/mallard/
Netherlands/12/2000 and A/Shanghai/2/2013 HA that could affect mAb binding to an identi-
cal antigenic site A in each HA cannot be ruled out. Although we have not yet set-up an animal
challenge model with the A/mallard/Netherlands/12/2000 virus strain, comparison of the
plaque-reduction neutralization results would suggest that the A/Shanghai/2/2013 mAbs
would be protective against A/mallard/Netherlands/12/2000. Additional neutralization and
protection studies would be needed to confirm the cross-reactivity of the A/Shanghai/2/2013
mAbs with other H7 strains as predicted by sequence comparisons.

In summary, the results presented here show that an H7 antigenic site A, predicted by com-
parison and alignment with the structurally similar H3 HA, may be important for a protective
response in vaccination. The conservation of this site among H7 isolates, including strains of
both Eurasian and North American lineage, suggests potential benefit of cross-reactive anti-
body responses to vaccination with H7 candidate vaccines and emphasizes the importance of
further studies to identify protective epitopes on the H7 hemagglutinin. A better understanding
of H7 protective epitopes and the specific antibody response to candidate vaccine viruses
would be extremely important for vaccine policy decisions in the event of a pandemic.

Acknowledgments

We thank Limei Chen (CDC) and Othmar Engelhardt (NIBSC, UK) for H7 candidate vaccine
viruses RG32A and NIBRG-60, respectively. Anupama Vasudevan, Vajini Atukorale, and
Esmeralda Alvarado were participants in the Oak Ridge Institute for Science and Education
program at CBER. We thank Zhiping Ye and Vladimir Lugovtsev for thorough review of

the manuscript.

Author Contributions

Conceived and designed the experiments: FS SV WW CW CM JPW. Performed the experi-
ments: FS AV SV WW EA CM VA JPW. Analyzed the data: FS SV WW CW CM JPW. Wrote
the paper: FS SV CW CM JPW.

References

1. GaoR,CaoB,HuY, FengZ, Wang D, et al. (2013) Human Infection with a Novel Avian-Origin Influen-
za A (H7N9) Virus. N Engl J Med 368: 1888—1897. doi: 10.1056/NEJMoa1304459 PMID: 23577628

2. LiQ,Zhoul, ZhouM, Chen Z, LiF, et al. (2014) Epidemiology of human infections with avian influenza
A(H7N9) virus in China. N Engl J Med 370: 520-532. doi: 10.1056/NEJMoa1304617 PMID: 23614499

3. BelserJA, Davis CT, Balish A, Edwards LE, Zeng H, et al. (2013) Pathogenesis, transmissibility, and
ocular tropism of a highly pathogenic avian influenza A (H7N3) virus associated with human conjunctivi-
tis. J Virol 87:5746-5754. doi: 10.1128/JVI.00154-13 PMID: 23487452

4. Fouchier RA, Schneeberger PM, Rozendaal FW, Broekman JM, Kemink SA, et al. (2004) Avian influen-
za A virus (H7N7) associated with human conjunctivitis and a fatal case of acute respiratory distress
syndrome. Proc Natl Acad SciU S A 101: 1356—1361. PMID: 14745020

5. Koopmans M, Wilbrink B, Conyn M, Natrop G, van der Nat H, et al. (2004) Transmission of H7N7 avian
influenza A virus to human beings during a large outbreak in commercial poultry farms in the Nether-
lands. Lancet 363: 587-593. PMID: 14987882

6. Jadhao SJ, Achenbach J, Swayne DE, Donis R, Cox N, et al. (2008) Development of Eurasian H7N7/
PR8 high growth reassortant virus for clinical evaluation as an inactivated pandemic influenza vaccine.
Vaccine 26: 1742—-1750. doi: 10.1016/j.vaccine.2008.01.036 PMID: 18336962

7. Pappas C, Matsuoka Y, Swayne DE, Donis RO (2007) Development and evaluation of an Influenza
virus subtype H7N2 vaccine candidate for pandemic preparedness. Clin Vaccine Immunol 14: 1425—
1432. PMID: 17913860

PLOS ONE | DOI:10.1371/journal.pone.0117108 January 28, 2015 10/11


http://dx.doi.org/10.1056/NEJMoa1304459
http://www.ncbi.nlm.nih.gov/pubmed/23577628
http://dx.doi.org/10.1056/NEJMoa1304617
http://www.ncbi.nlm.nih.gov/pubmed/23614499
http://dx.doi.org/10.1128/JVI.00154-13
http://www.ncbi.nlm.nih.gov/pubmed/23487452
http://www.ncbi.nlm.nih.gov/pubmed/14745020
http://www.ncbi.nlm.nih.gov/pubmed/14987882
http://dx.doi.org/10.1016/j.vaccine.2008.01.036
http://www.ncbi.nlm.nih.gov/pubmed/18336962
http://www.ncbi.nlm.nih.gov/pubmed/17913860

@‘PLOS | ONE

Protective Antibodies against H7N9 Challenge

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

Whiteley A, Major D, Legastelois |, Campitelli L, Donatelli I, et al. (2007) Generation of candidate
human influenza vaccine strains in cell culture—rehearsing the European response to an H7N1
pandemic threat. Influenza Other Respir Viruses 1: 157-166. doi: 10.1111/j.1750-2659.2007.00022.x
PMID: 19432631

Couch RB, Patel SM, Wade-Bowers CL, Nino D (2012) A randomized clinical trial of an inactivated
avian influenza A (H7N7) vaccine. PLoS One 7: e49704. doi: 10.1371/journal.pone.0049704 PMID:
23239968

Cox RJ, Madhun AS, Hauge S, Sjursen H, Major D, et al. (2009) A phase | clinical trial of a PER.C6 cell
grown influenza H7 virus vaccine. Vaccine 27: 1889-1897. doi: 10.1016/j.vaccine.2009.01.116 PMID:
19368768

Bart SA, Hohenboken M, Della Cioppa G, Narasimhan V, Dormitzer PR, et al. (2014) A cell culture-
derived MF59-adjuvanted pandemic A/H7N9 vaccine is immunogenic in adults. Sci Transl Med 6:
234ra255.

Fries LF, Smith GE, Glenn GM (2013) A recombinant viruslike particle influenza A (H7N9) vaccine.
N Engl J Med 369: 2564—2566. doi: 10.1056/NEJMc1313728 PMID: 24369087

Gaush CR, Hard WL, Smith TF (1966) Characterization of an established line of canine kidney cells
(MDCK). Proc Soc Exp Biol Med 122:931-935. PMID: 5918973

Schmeisser F, Friedman R, Besho J, Lugovtsev V, Soto J, et al. (2013) Neutralizing and protective
epitopes of the 2009 pandemic influenza H1N1 hemagglutinin. Influenza Other Respi Viruses 7: 480—
490. doi: 10.1111/irv.12029 PMID: 23122228

Schmeisser F, Adamo JE, Blumberg B, Friedman R, Muller J, et al. (2012) Production and characteriza-
tion of mammalian virus-like particles from modified vaccinia virus Ankara vectors expressing influenza
H5N1 hemagglutinin and neuraminidase. Vaccine 30: 3413-3422. doi: 10.1016/j.vaccine.2012.03.033
PMID: 22465746

Palmer DF, Coleman MT, Dowdle WR, Schild GC (1975) Advanced Laboratory Techniques for
Influenza Diagnosis. Washington, D.C.: U.S. Department of Health, Education and Welfare. PMID:
25077283

Matrosovich M, Matrosovich T, Garten W, Klenk HD (2006) New low-viscosity overlay medium for viral
plaque assays. Virol J 3: 63. PMID: 16945126

Wang W, Butler EN, Veguilla V, Vassell R, Thomas JT, et al. (2008) Establishment of retroviral
pseudotypes with influenza hemagglutinins from H1, H3, and H5 subtypes for sensitive and specific
detection of neutralizing antibodies. J Virol Methods 153: 111—119. doi: 10.1016/j.jviromet.2008.07.
015 PMID: 18722473

Wang W, Xie H, Ye Z, Vassell R, Weiss CD (2010) Characterization of lentiviral pseudotypes with
influenza H5N1 hemagglutinin and their performance in neutralization assays. J Virol Methods 165:
305-310. doi: 10.1016/j.jviromet.2010.02.009 PMID: 20153374

Wiley DC, Skehel JJ (1987) The structure and function of the hemagglutinin membrane glycoprotein of
influenza virus. Annu Rev Biochem 56: 365-394. PMID: 3304138

Wiley DC, Wilson IA, Skehel JJ (1981) Structural identification of the antibody-binding sites of Hong
Kong influenza haemagglutinin and their involvement in antigenic variation. Nature 289: 373-378.
PMID: 6162101

Goff PH, Krammer F, Hai R, Seibert CW, Margine |, et al. (2013) Induction of cross-reactive antibodies
to novel H7N9 influenza virus by recombinant Newcastle disease virus expressing a North American
lineage H7 subtype hemagglutinin. J Virol 87: 8235-8240. doi: 10.1128/JVI1.01085-13 PMID:
23698299

Guo L, Zhang X, Ren L, Yu X, Chen L, et al. (2014) Human antibody responses to avian influenza A
(H7N9) virus, 2013. Emerg Infect Dis 20: 192—200. doi: 10.3201/eid2002.131094 PMID: 24447423

Caton AJ, Brownlee GG, Yewdell JW, Gerhard W (1982) The antigenic structure of the influenza virus
A/PR/8/34 hemagglutinin (H1 subtype). Cell 31: 417-427. PMID: 6186384

Gerhard W, Yewdell J, Frankel ME, Webster R (1981) Antigenic structure of influenza virus
haemagglutinin defined by hybridoma antibodies. Nature 290: 713-717. PMID: 6163993

PLOS ONE | DOI:10.1371/journal.pone.0117108 January 28, 2015 11/11


http://dx.doi.org/10.1111/j.1750-2659.2007.00022.x
http://www.ncbi.nlm.nih.gov/pubmed/19432631
http://dx.doi.org/10.1371/journal.pone.0049704
http://www.ncbi.nlm.nih.gov/pubmed/23239968
http://dx.doi.org/10.1016/j.vaccine.2009.01.116
http://www.ncbi.nlm.nih.gov/pubmed/19368768
http://dx.doi.org/10.1056/NEJMc1313728
http://www.ncbi.nlm.nih.gov/pubmed/24369087
http://www.ncbi.nlm.nih.gov/pubmed/5918973
http://dx.doi.org/10.1111/irv.12029
http://www.ncbi.nlm.nih.gov/pubmed/23122228
http://dx.doi.org/10.1016/j.vaccine.2012.03.033
http://www.ncbi.nlm.nih.gov/pubmed/22465746
http://www.ncbi.nlm.nih.gov/pubmed/25077283
http://www.ncbi.nlm.nih.gov/pubmed/16945126
http://dx.doi.org/10.1016/j.jviromet.2008.07.015
http://dx.doi.org/10.1016/j.jviromet.2008.07.015
http://www.ncbi.nlm.nih.gov/pubmed/18722473
http://dx.doi.org/10.1016/j.jviromet.2010.02.009
http://www.ncbi.nlm.nih.gov/pubmed/20153374
http://www.ncbi.nlm.nih.gov/pubmed/3304138
http://www.ncbi.nlm.nih.gov/pubmed/6162101
http://dx.doi.org/10.1128/JVI.01085-13
http://www.ncbi.nlm.nih.gov/pubmed/23698299
http://dx.doi.org/10.3201/eid2002.131094
http://www.ncbi.nlm.nih.gov/pubmed/24447423
http://www.ncbi.nlm.nih.gov/pubmed/6186384
http://www.ncbi.nlm.nih.gov/pubmed/6163993


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


